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SUMMARY

The interest in turbomachinery aerodynamics commenced with my 
Ph.D. research at Liverpool under the supervision of Professor 
Horlock. It proved possible, by extending the work of Merchant 
and Collar, to generate a new family of aerofoils and 
corresponding exact cascade flow solutions. New computational 
procedures were under development and the theory provided a 
timely and useful accuracy check. Associated work led to 
increased accuracy in cascade experimentation.

At General Electric in addition to continuing involvement in 
cascade testing and theory I had responsibility for the design 
and testing of transonic fans. This was part of the breakthrough 
which resulted in the present generation of high by-pass ratio 
turbofan engines. One project resulted in data of high quality 
from a related family of four fans. These have been used by many 
workers for evaluation of computational procedures.

At Cambridge these interests continued. There was, for example, 
a demand for an accurate transonic cascade solution which could 
be used to evaluate the accuracy of numerical procedures. Such a 
solution was produced by Hobson, under my supervision. Although 
not published, the work is referred to in "Cascade Aerodynamics". 
A parallel effort, in which I supervised the work of six graduate 
students, was in the field of inlet distortion and unsteady 
flows. I introduced the use of phase-lock averaging to flow 
measurements in turbomachinery. This was to be used in many of 
the experiments at the Whittle Laboratory and eventually to find 
widespread application in industry. The use of phase-lock 
averaging and the observation of cavitation have continued in 
research on pumps in Australia. Current work is providing new 
information on boundary layer transition under conditions of 
varying turbulence level and pressure gradient, including novel 
applications of stochastic analysis.

Because of the rapid growth in the field and the increasing 
compartmentalisation of experimental and computational work I 
have perceived an obligation to periodically survey developments 
in the field. This activity has resulted in a number of review 
papers and the reference work "Cascade Aerodynamics".



Some specific scientific contributions are:-

* Exact theory for incompressible cascade flows and 
subsequently accurate transonic theory.

* Identification of indeterminancy of potential flows for 
blading having a rounded trailing edge.

* Improvement of cascade experimental techniques.

* Correlations for axial velocity ratio effects in compressors.

* Design and development of transonic fans.

* Identification of loading penalties and optimisation of 
blade shapes for transonic fans.

* Construction of high speed aerodynamics laboratory and 
cascade tunnels.

* Introduction of phase-lock averaging to turbomachinery 
flow field investigations.

* Improvement of accuracy in turbomachinery aerodynamics by 
provision of reliable test cases and by improvements in 
data acquisition techniques.

* Experimental confirmation of slip factor in a centrifugal 
pump.

* Identification of cavitation mechanisms in axial flow pump.

* Review papers and reference work.
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SlhkhBY

The transform ation method o f  Herchant and C o lla r"  is  developed 

in order to obtain  an exact so lu tion  to the p o ten tia l flow  around 

a cascade o f  derived a e r o fo i ls .  This so lu tion  is then used as 

a check on the accuracy o f  an approximate method, given  by 

S ch lich tin g , fo r  the p re d ict io n  o f  the flow  around the derived 

cascade.

1 . DTTP.ODUCTIOIT

This paper is  prim arily  concerned with the d ir e c t  problem

o f  the a p p lica tion  o f  p o te n tia l flow  theory to cascades, i . e .

that In which a so lu tio n  to the flow about a cascade o f  g iven

geometry is  requ ired . In general most o f  the so lu tion s  which

have been given s u ffe r  from the need fo r  r e s tr ic t io n s  and

approximations and are o f  a lengthy nature.

The f i r s t  so lu tion s  to  the problem o f  p o ten tia l flow  in

cascades were fo r  cascades o f  f la t  p lates and w ith in  the

lim ita tion s  o f  zero thickness and camber, a n a ly tica l so lu tion s
9 3

fo r  l i f t  c o e f f i c ie n t  and o u t le t  angle were ochained , . The 

more general problem o f  th ick , cambered a e ro fo ils  in cascade, as 

used in a x ia l flow  compressors and turbines, has proved more 

d i f f i c u l t  to s o lv e . The so lu tion s proposed f a l l  in to  the 

two categories  o f  (a) transform ation methods and (b ) s in g u la r ity  

methods.

a) Transformation methods

Howell^ gave a s o lu tio n , based upon a conformal transform ation , 

and by the use o f  su ita b le  interm ediate stages transformed the 

cascade o f  a r b it r a r i ly  s p e c if ie d  a e r o fo i l  p r o f i le s  in to  a c i r c l e ,  

the flow  around which could be determined. This method has been



extended by Carter and Hughes5 and programmed fo r  an e le c tro n ic  

computer by P olla rd  and "ordsw orth^. I t  was found that 

approximations arose in  the transform ation to an exact c i r c l e ,  w ith 

sp e c ia l d i f f i c u l t y  at the point corresponding to the a e r o fo i l  

leading edge.

Garrick^ has a lso  given a so lu tion  to the problem based 

upon the Pheodorsen conformal transform ations, and th is method
O

o f  so lu tion  has been developed by Hall .

b) S in gu larity  methods

S ch lich tin g^ , whose method has been m odified by M e llo r^  

and programmed fo r  a low speed d ig ita l computer by P ollard  and 

Wordsworth^, d is tr ib u te d  sources, sinks and v o r t ice s  on the 

chord lin e  in order to  represent a given a e r o fo i l  cascade p r o f i l e .  

Phis lim ited  the a p p lica tion  o f  the theory to p r o f i le s  o f  low 

camber. Doubts a lso  a rise  concerning the convergence o f  the 

F ourier se r ie s  used fo r  sp ec ify in g  the s in gu la rity  d is tr ib u t io n .

A more sop h istica ted  approach is that due to Ilartenson^ , 

who d istr ib u ted  v o r t i c i t v  around the p r o f i le .  P.esults from 

th is method, which is  being w idely used by other workers, may be 

the most r e l ia b le  to date, although the method seems to f a i l  f o r  

p r o f i le s  o f  low th ick n ess.

In each o f  these methods an attempt is  nade to  p re d ic t  l i f t  

c o e f f ic ie n t ,  o u t le t  angle and d istr ib u tion  o f  pressure over a 

given blade p r o f i l e ;  resu lts  have been published, based upon 

one or other o f  these methods fo r  many d iffe re n t  a e r o fo i l  p r o f i le s  

and blade con fig u ra tion s . However, due to the p o s s ib i l i t y  o f  

error in the lengthy computations, and to the d if fe r in g  assumptions 

made, d iscrepan cies arc n oticeab le  when two or m ore-of these 

methods are applied  to  the same bkic’ e p r o f i l e 0 .



Burins the years 194-0-194-4 Her chant and Collar^ produced 

an analysis g iv in g  a transform ation link ing  the known p o te n tia l 

flow  around a se r ie s  o f  ovals to that around a cascade o f  

in clin ed  f l a t  p la te s . they also gave suggestions fo r  extension 

o f  the theory to a cascade o f  a e r o fo i l  p r o f i le s ,  in  an analogous 

manner to the theory o f  is o la te d  Joukowsky transform a e r o fo i ls ,  

this theory has n ot, to the knowledge o f  the author, been 

extended p r io r  to the work described in  the present paper, 

ike assumptions made are those o f  conventional p o te n t ia l flow  

theory and the accuracy o f  ca lcu la tion  is  lim ited  on ly  by the 

means o f  computation a v a ila b le . Blaus a standard has been 

provided fo r  comparison with the approximate methods ou tlin ed  

above.

2 . ITOlAtlO'7 ABB STCOIS (See a lso  Big. 2)

c chord length  (d istance between extrem ities o f  camber l in e )

Cw ) ,  l i f t  c o e f f ic ie n t  (based on chord and mean lin e  
Gl\m) r e sp e c t iv e ly . )

Cp = P ~ Pi pressure c o e f f ic ie n t

L = m + in  complex coordinates in  plane o f  ovals 

' = m' + in ' centre o f  o f f s e t  oval 

p lo c a l  pressure at a point on the p r o f i le

a lo c a l  v e lo c ity  on the p r o f i le

q„, = Uj. + iyj, complex v e lo c ity  in the plane 

qz = ua + i v z complex v e lo c ity  in the z plane 

s space between blades ( s = h in th is  paper)

Ul,U2

5  =  X  +

ai
a2

v e lo c it y  be fore  and a fte r  cascade

camber and thickness ordinate in  s in g u la r ity  method 

iy  complex coordinates in  cascade plane 

in le t  flow  angle 

o u t le t  flow  angle



p s iz e  parameter o f  sm aller oval

(3 ' s iz e  parameter o f  la rger oval

X = Ç + s in  brp co t li£

Y = p + s in  h^p coth  p

^  = £ + i ÿ  complex coordinates in  intermediate plane 

6 a e r o fo i l  stagger angle

p  density  o f  f lu id

f 1 = -2 11 c ir cu la t io n  around each a e ro fo il

w = 0 + i  W complex p o te n tia l in  plane o f  ovals

3 , -JEZ IXACT SOLUTION TO TEE 71.0? THROUGH A PEPITE! CASCADE

ilie procedure fo r  evaluation  o f  the blade p r o f i le  shape and
1

cascade con figu ration  fo llow s  that o f  licrchant and C ollar .

i )  The normal!1flow past a se r ie s  o f  ovals on the imaginary axis has
1°been given by Iamb .

i i )  'The normal flow  past a ser ies  o f  laminae ly in g  along the 

imaginary axis is  a lso  known and a transformation can be obtained 

which converts the laminae into the ovals o f  ( i )  (P ig . l a ) .

i i i )  In a s im ilar way the general flovr round the laminae (which 

is  known) gives the general flow  round the ova ls .

iv )  A p a rticu la r  case o f  the general flow round the ovals is  that 

fo r  which the flow  at in f in it y  is  in clin ed  to the axis but fo r  

which there- is  no c ir c u la t io n . In th is ca. e the ovals can 

immediately be transformed in to a cascade o f f l a t  p lates p a r a lle l  

to the d ire c t io n  o f  ' flow  at in f in it y  (P ig . l b ) .

_ 4 -

:iMormal Plow” -  flow  perpendicular to the imaginary a x is .

:i General Plow” -  flow  with in le t  angle and c ir cu la t io n



v) A pp lica tion  o f  th is  transform ation to ovals which are o f f s e t  

from the o r ig in  produces a cascade o f  a e r o fo i l  shapes. This is  

the class o f  a e r o fo i l  fo r  which the p r o f i le  shape, and subsequently 

the aerodynamic c h a r a c te r is t ic s , w i l l  be obtained.

The procedure is  s im ila r  to the usual Jen howshy process fo r  

an is o la te d  a e r o fo i l  and, i f  the diameter o f  each oval is  small 

compared w ith the space, these ovals tend to become c ir c le s  and 

the transorm ation used becomes the Jcukowsky transform ation .

The f u l l  analysis is  g iven below.

3.1 D erivation  o f  a e r o fo i ls

3 .1 .1  General Plow Past a Cascade o f  Ovals

The p o te n tia l f i e ld  due to normal flow  o f  a uniform stream 

past a s e r ie s  o f  uniform doublets ly in g  along the imaginary l
12plane axis is  g iven by Iamb :

+fc>ll s inh^ p -poo ......... (1 )

This ra t io n a lise s  in to

0  = ujm +
2sinh ' (3 sinh 2m )

cosh2m - cos 2n j
sinh^ g sin  2n 
cosh 2m -  cos2n

where the stream line ^ = 0  marks part o f  the n = 0 amis and the 

closed  oval

cosh 2m = cos 2n + —iflk— P. ,s . . . . . ( 2 )
n

g is  now seen to be the length  o f  the semi-major ova l a x is . 

I f  we consider a se r ie s  o f  laminae d istr ib u ted  along the 'j 

axis o f  the plane with a period o f  ft , the stagnation  poin ts 

o f  the flow  around these laminae may be made to correspond 

to those in the [  p lane. r e can thus put /=  + g, 

stagnation p o in t , in equation ( l )

}
y  = ^

as the
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Poi1 s im p lic ity , fo llow in g  Merchant and C ollar, X and Y 

are defined as

a =£ + sinh2 ¡3 coth £ .........(3)

y = (3 + sinh2 (3 coth (3 .........(4)

The flow  around the laminae is  given by2-,

w = U cosh” 2"(cosh y cosh'?) .........(5)

and s in ce , from (1 ), w = U\ fo r  the ovals

coshX = cosh y cosh ? . . . o . ( 6 )

This is  thus the required transform ation connecting the $ plane

ovals and theC plane laminae.

The general flow  past the ^ plane laminae is  known to  be

dw f3 f*Ü sinh ’j + xT7 cosh\______________ __  -  iV ......... (7)
d-s J sinh.2 *̂ + tanh2£"

where V is  the component o f  v e lo c ity  p a ra lle l to the 7 s n is , and 

there is  a c ir cu la t io n  2?>Y7 around each lamina.

I f  transform ation ( 6 ) is  applied to the general flow  past 

the laminae, the fo llow in g  equation is  obtained :-

-  xv„ dw
d/'

fWcoshX -  VsinhX\ ! ' s inh^ ß •'
X|v sinh2/\ -  sinh2Ŷ | sinh2j? j

( 8 )

This is  the general flow  past the l plane ova ls .

3 .1 .2  Transformation o f  ovals into in clin ed  f l a t  p lates and 

a e r o fo i ls

Considering the p a rticu la r  case in which XI = 0, V = U tan 6, 

equation (8 ) becomes

u. -  XV.

i j j 2
dw j ' i t  an# sinhX || ' sinh ß
df U ¡1 - sinh2A -  sinh2;y{:1 sinh2< . . ( 9 )

A lso , considering the flow  past a cascade o f  in clin ed  f l a t  

p la tes  as shown in  P ig . 2 ,

dw
äs = U(1 -  i t  ani) .....(10)
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E lim ination o f  n in  (9 ) and (10) gives

d& _ i d
d r

cos 6 is in d  sinh-^ 
sinh^A -  sinli^Y

|]_ _  s inh2 (3
inb.2̂

. . ( 11)

Hence the transform ation connecting the oval and cascade planes 

is  given by

s = e ^  (Acas^ -  i s i n 6 srccosh(sechY coshX ;) ......... ( !2 )

or , i f  the true chord is  taken as abscissa ,

Z = A cosd  -  ising» arccosh (sech  y coshX) ......... (13)

which can be expressed, fo r  ease o f  computer programming, as

Z =\cos&  -  isin<5 in seen y cos hA + coshrA - 1 ......... (14)
V c o s h ^ Y

The procedure fo r  the deriva tion  o f  a cascade o f  a e r o fo i ls  

is  i:hus to s e le c t  a su ita b le  set o f   ̂ plane ov a ls , p ostu la te  a 

set o f  la rger  ovals w ith  o f f s e t  centres, and apply transform ation 

(13) to these o f f s e t  o v a ls .

Experience enables th e  required type o f  cascade to be 

obtained. Eor example, ¡3 should be around 0.725 to  g ive  a 

space-chord ra t io  o f  un ity  and ¡3' should be approxim ately 10$ 

la rger than (3 to g ive  a maximum thickness o f  10$ o f  the chord. 

V ariation  o f  camber and p o s it io n  o f  maximum thickness is  obtained 

by v a r ia t io n  o f  n ' and m' (the coordinates o f  the o f f s e t  ov a l 

cen tre ); the proviso  is  that the transformation s in g u la r it ie s  

must be enclosed w ith in  the o f f s e t  o v c l , o r , fo r  a cusped t r a i l in g  

edge, l i e  on th is  o v a l. A more detailed  explanation  o f  th is  

procedure is  given by C olla r1-̂  and Ilerchant and C o lla r1 .

There e x is t  two extreme p a rticu lar  examples o f  the 

..eneralised method. In the f i r s t  case the transform ation is  

applied to  con cen tric  ovals and a cascade o f  e l l i p t i c  a e r o fo i ls  

is  produced in  the z p lane. In the second example (the case 

under d iscu ssion  in  th is  paper) the stagnation poin t at the 

p o s it io n  on the ovals corresponding to the t r a i l in g  edge is
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placed at the transform ation s in g u la rity , by ap p lica tion  o f  

Newton's method fo r  the determination o f  roots to equation (2 ) .  

This case gives a cascade o f  cusped a e r o fo i ls .  Between these two 

extreme cases the d eriva tion  o f  an in f in ite  va rie ty  o f  a e r o fo i l  

section s  is  p o s s ib le . A pplications o f  such a g en era lisa tion  

w i l l  be the su b je ct  o f  a second paper.

3 .2 .1  The Blow Around the A ero fo ils

The re la tion sh ip  between v e lo c it ie s  in the ? and z planes is

given by

uz iv z = u* ~ iVt 
dz

(15)

where su bscrip t z re fe rs  to the lo c a l  v e lo c ity  on the z plane 

cascade p r o f i l e ,  su bscrip t ? re fers  to the lo c a l  v e lo c ity  on the-^

plane ova l p r o f i l e .

Prom equations ( 9 ) and (11) the v e lo c ity  in  the z plane is

•"iven oy _
/ \V7

u + i ' i
uz- i v a= -

cosh* -  VsinhAi! 
i /s inh^X -  s in h ^  A*

1 - sjmh£s
sin ifv .

ICOS
is  in4 s inh X______ _"j j~ - _ s inht (3

/ s inh^X -  sinh^T |! 1 s inhi ̂

. . . . .  (16)

To obtain  7.r, the value o f  $ at the rear stagnation point 

in  the | plane is  su b stitu ted  into equation (9 ) .  I f  the t r a i l in g  

edge o f  the p r o f i le  is  cusped, then the Kutta cond ition  must be 

s a t is f ie d . Since and both and become zerodz dz/dT d£ dF
i f  the stagnation  poin t is  at the point o f  the cusp, the complex

v e lo c ity  in the z plane becomes f in it e  and the Suita con d ition

is  s a t is f ie d .  I f  the t r a i l in g  edge is . rounded then the rear

stagnation jo in t is  indeterminate and a su itab le  p o s it io n  must

be chosen.

Thus, from equation (S ), at the rear stagnation poin t

\7 = Y tanh X t  ^  iN,/ 1 - (17)



where the su bscrip t t re fe rs  to t r a il in g  edge con d ition s .

ITovj the c ir cu la t io n  is taken as P  = g iv in g  the fo llow in g
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values for air angles and

V - Ytan c, = ---------
l Ü

. v + vjtan a2 = - ¡ j -

Hence

and from equation (17) 

77 = Ü

Y = U tan a-̂  + W

/cosher
tan ax tnnh\t + J msh2 ^  - 1  

1 -  tanh\+

Y = U

S ubstitu ting these

uz “  1

tan + J cosh^Y
cosh^lj - 1

1 -  ta n h i,

values fo r  \J and Y into equation (16) ne obta in ,
_ inho
sinh ?(1 t  i A ) ( l  - - Ü S f e # - )

u cos6  - isinésinhX 
sinïi^A -  sinh“ Y [ sinh £j

. . . ( 1 8 )

where A =

Also

jta n  Og fcflfthXt+ ^ osh2^+ ~ ^jcoshX -(ta r n  -, + /c o s h ^ +~ 1 ) s ir i^

£LU

Cp

(1 - tanhA) /

J ^
u

issure coe f f  ic :
P “ Pi
ih \ 2

Prom B e rn o u lli 's  equation
i ,^2 _

th ereiore

How

therefore

p + $ ! ’’  q" = P-l + è̂ 'U-L2

P -  P i _ q
i f  ÏÏ, 2 U].2

U = U cos a-̂

Co = P ~ Pi = 1 - (uz2 + V2 ) G0g<la 
U 2

1 (19)
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l o r  the p o te n tia l flow  around the (3’ ovals to be determined, 

these ovals must be re loca ted  w ith th eir  centres at the points 

(0 , 0 ) ,  (Q,h ) ,  (0 , 2/>) ,.„in  the f  plane.

I f  ¿.¡.o = £  -  , where = m1 + in '

tKen ^
'  1 2 =  ̂t 2 + siJlh2P 1 coth t +

how

thus

J V  -  77 .  . V  +  Y7tan a-, = --------- end tan an =

tan =

1 U 

tan a

U

1 (1 + tan h X t2  ̂ + 2d ' coshrA+0 ..(20)
*

1 -  tanh\^2
idle complete flow  around the relocated  ¡3’ ovals w i l l  be 

needed, fo r  use in  obtain ing the cascade p r o f i le  pressure d is tr ib u ­

t io n ; from (8 )

u ,-  iv.
Ü

/COSh^y » iw su -y  .
(-tana1tanhXt + / ^ i ? t ;  -  ljcosh X  -l )s h X

1 + i

cosh^Y

(1 -  tanhj\+) /s in h 2\ -  sinh2r J
1 -

sinhr (31 
sinh2  ̂ 1

( 22 )

In equation (22) a l l \ ' s  and l 's  re fe r  to conditions around 

the (3' ova l re loca ted  and centred at the o r ig in .

h This corresponds to  the equation

tan a-, y + 2 tan 0 tan do = ______±______________
y + 2

o f  r e f .  15 and i t  can e a s ily  be demonstrated that

(21 )

1 + tan hVt2
y + 2 1 -  tan h\^

tan 0
i

cosh^Y2

y.
+ £  g co3h2At9

- 1

1 -  tanh X-;-,

and
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The next stage is  the evaluation o f the sca le  fa c to r  

Making use o f  equation (11) we have

dz ( . is  in  A sinhX sinh2B]
d l (cos°  yàinh2A- sinh^y ~ sinh2£/

dz
di

.(2 3 )

Here, as in the ba sic  transform ation used to  determine the

a e r o f o i l  p r o f i l e ,  the ¡3 o f  the sm aller oval is  employed.

I t  is  now p o ss ib le  to evaluate the uz ~ iv z o f  ecuation  (18)
U

using the r ig h t  hand s id e  o f  equation (22) as the numerator, and 

that o f  (23) as the denominator. The value o f  the pressure 

c o e f f ic ie n t  fo r  the corresponding point on the a e r o fo i l  surface

is  now given by equation (19) .

The only remaining aerodynamic parameter which can be 

ca lcu la ted  from p o te n t ia l flow  theory is  the l i f t  c o e f f i c ie n t .

This is  defined and ca lcu la ted  in  two d iffe ren t ways below, 

both o f  which are in  common usage,

3.3 L if t  C o e ffic ie n ts

F ir s t ly  i t  is  p o ss ib le  to base the l i f t  c o e f f ic ie n t  on the 

chord lin e  ox the p r o f i l e .  The advantage o f  th is d e fin it io n  

is  that the re su lt in g  value o f  l i f t  c o e f f ic ie n t  can be compared

with the value obtained by in tegration  o f  the pressure d is tr ib u tion

as is  shown in  F ig . 6 .

°L (c )
x /c  = 1

Cp d(S)

x /c  = 0
Thus the l i f t  c o e f f ic ie n t  perpendicular to the chord lin e  is 

defined as

0I (  ) = chord)
C

(24)

It  may be shown that

cL (c) = -  cos2a1 (tana1 -  tana2 ) • ((tana-j_ + tana2 ) sin$ + 2cos/ 
c

.........(25)
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An a lte rn a tiv e  d e f in it io n  o f  the l i f t  c o e f f ic ie n t  is  obtained 

from a consideration  o f  the l i f t  perpendicular to the mean flow  

d ire c t io n .

^L(m) ~
P Cn P

Í-VG 2C

It  fo llow s that

■'L(m)
2 cos6  CLc

l/4 + (tana-, + tana2 )2

(26)

(27)
T OCU1U2 ,

4. APPR.OXII1AIE SOLUTIONS TO TES PL0Ÿ7 THROUGH A DET.IVrD CASCADE

Of the p o te n tia l flow  solu tions mentioned in the in trod u ction  

the author was only able to  use the s in gu la rity  method o f  

SclfLichting. However, due to the cooperation o f  Dr. Hall o f  

Southampton, who used h is extended Garrick method and the use by 

a team at R olls-R oyce o f  a m odified Hardens en -Is ay method, a 

more complete comparison was p o ss ib le .

These methods fo r  determinations o f  the p o ten tia l flow  were 

applied to  the cascade o f  blades with the p r o f i le  shown in graph 

2c , having the given stagger, space/chord ra tio  and in le t  angle, 

the o b je c t  being to determine the ou tle t  angle at downstream 

in f in it y ,  the l i f t  c o e f f ic ie n t ,  and the d istr ib u tion  o f  pressure 

around the blade p r o f i l e .

This process was carried  out by the author using the 

S ch lich tin g  s in g u la r ity  method end a b r ie f  d escrip tion  o f  the 

procedure is  given below . Results o f  the comparison between 

the analysis-and the a p p lica tion  o f  the above mentioned methods 

are given in P ig . 4.

In the Sch lidhting method, sources, sinks and v o r tice s  are 

d istr ib u ted  along the true chord o f  the blade and the v e lo c it y  

induced by the sum o f  these s in g u la ritie s  is  ca lcu lated  throughout 

the flow  regime and added to the free stream v e lo c ity . The 

magnitude o f  the s in g u la r it ie s  is chosen so that a 

lin e  corresponds to each blade p r o f i le .

f lu id  stream -
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The main assumptions and approximations are as fo llow s

i )  a d is tr ib u tio n  o f  s in g u la r it ie s  is  used to match the p r o f i le  

at a f in i t e  number o f  p o in ts .

i i )  th is  number o f  matching points is re s tr ic te d  by the s ta b i l i t y  

o f  the Fourier s e r ie s  which is  used to represent the s in g u la rity  

dis tr ib u t io n ^ .

i i i )  the blade p r o f i le  is  s p l i t  into a camber lin e  and thickness

d is tr ib u tio n ; these are considered separa te ly .

iv )  the s in g u la r it ie s  are d istribu ted  along the chord l in e .

Hence the induced v e lo c it ie s  are ca lcu lated  on the chord

lin e  and corrected  to  g ive  the v e lo c ity  on the p r o f i l e ,

u t i l i s in g  a fa c to r

V l _  Vx_ 1
Vmx Vmx /T T T y ^ ±  y|F

”1 4-given by P iege ls  .

v) the Hade p r o f i le  shape is  not introduced in the form o f
civ(x ,y )  coord inates but in  the form and sin ce the p r o f i le

gradients o f  an a rb itra ry  p r o f i le  are d i f f i c u l t  to measure or 

compute with good accuracy i t  i s  d i f f i c u l t  to avoid sm all errors 

in p r o f i le  s p e c i f ic a t io n .

The ca lcu la tion s  were carried  out on the Deuce computer fo r  

the given cascade p r o f i le  o f  F ig . 2 , matching camber and thickness 

gradients at seventeen sta tion s  along the chord. The l i f t  

c o e f f i c ie n t ,  o u t le t  angle and pressure d is tr ib u tio n  were obtained. 

P rov is ion  had been made, in the work o f  P ollard  and Words worth, 

fo r  in tegratin g  the expressions fo r  camber lin e  and thickness 

gradient as f in a l ly  obtained, to  give the actual "in tegrated " 

p r o f i le  around which the flow  had been found. This in tegrated  

p r o f i le  proved to be s l ig h t ly  d iffe re n t  from the g iven  p r o f i l e ,  as 

shown in  F ig . 3a.
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The en tire  ca lcu la t io n  using the sin gu larity  method v;as 

carried  out independently severa l times in attempts to improve the 

p r o f i le  matching. The f in a l  pressure d istr ib u tion  was found to 

vary on ly s l ig h t ly  w ith change in integrated p r o f i l e .  The curves 

shown in P igs , 3a and 4 are f  or t he integrated p r o f i le  nearest to 

the required one.

5. conclusions

The analysis o f  Merchant and Collar''' has been programmed fo r  

an d le ctro n ic  computer in  order to obtain a cascade o f  a e r o fo i l  

p r o f i le s ;  th is  an alysis has been extended in order to ca lcu la te  

fu l ly  the p o te n tia l flow  around these p r o f i le s ,  I t  was a lso  

found p o ss ib le  to determine the varia tion  o f  ou tle t angle, 

th e o re tica l l i f t  c o e f f ic ie n t  and pressure d istr ib u tion  over a wide 

range o f  in le t  angles. As a check on the accuracy o f  the 

ca lcu la tion s  the th e o re t ica l l i f t  c o e ff ic ie n t  was compared w ith  

the value o f  l i f t  c o e f f ic ie n t  obtained by planimeter in teg ra tion  

o f  pressure d is tr ib u t io n , the resu lts  being shown in  P ig . 6 .

•Good agreement was obtained , as was to bo expected sin ce no 

assumptions other .than those o f  p oten tia l flow  theory were made 

and the only lim ita tion s  on the accuracy were those o f  the computing 

equipment (v iz .  7 decimal p la ces , allowance having been m&de 

fo r  rounding o f f  e r r o r s ) .  The resu lts  o f  the ca lcu la tion s 

are presented both g ra p h ica lly  and in the form o f  tables fo r  

x /c ,  y ./c and Cp, thus fa c i l i t a t in g  a check on the accuracy o f  

other, more gen era l, p o te n t ia l flow  so lu tion s .

Comparisons have been made with the s in gu larity  method o f  

p red ict ion  o f  p o te n t ia l flow  in  cascades, as developed by 

P ollard  and Wordsworth. D if f ic u l t ie s  and lim ita tion s  o f  th is  

method have been d iscussed  and graphs are presented showing the 

d i f f i c u l t i e s  o f  matching the p r o f i le  exactly . The o u tle t  angle, 

as pred icted  by the s in g u la r ity  method, is  seen to be in  error
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by 0 .7 ° and the pressure d is tr ib u tio n  is  3een to be in  reasonable 

general agreement, although discrepancies occur near the su ction  

peak.

The re su lts  which hr. Hall has provided, based on the Garrick 

method, show an accuracy in o u t le t  angle o f  almost fou r  decimal 

p laces and e x ce lle n t  agreement in pressure d istribu tion ,,

A g en era lisa tion  o f  the preceding p oten tia l flov? so lu tio n  

is  to be presented in  a fu rth er paper in which the p o s s ib i l i t i e s  

and lim ita tion s  o f  the so lu tio n  w il l  be explored.
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APPLIEDIX A.
giL.ir.:r.vA?.Y caicuiaìioìis pop t 'z i  o rm i exaitie.

A p r o f i le  with a stagger <5 o f  37.5° and a space/chord  ra t io  

o f  0.9901573 has been computed and the resu lts  are given  below .

As mentioned in paragraph 3 .1 .2  a value o f  {3 = 0.725 was 

chosen as the parameter fo r  the basic  ova l. Prom equation (4) 

we obtain

cosh y = 2.91481083.

Examining equation (11) i t  w il l  be seen that the zeroes 

o f  th is  equation are given by

sinh\  = + cosò  sinh y*

Since y an dò are known, the values o f  A, at the p os ition s  o f  the 

zeros are determined. Since \ is  a function  on ly  o f  l  fo r  

constant ¡3 the two values o f  £ can be obtained.

Por the example o f  the text

?1 = +0.632248112 -  0.351257149Ì 

l2 = -0.632248112 -  0.3512571491 

fhe negative va lue, ^ 2 1 4s taken to be the p o s it io n  o f  the rear 

stagnation poin t in  the l  plane.

Considering the la rg er  ov a ls , given by (31 = 0 .8 , these ovals 

can be placed anywhere in  the [ plane so long as they include 

a l l  zeros and in f in i t i e s .  To obtain  the lim itin g  case o f  a 

f in a l ly  transformed a e r o fo i l  which has a ctusped extrem ity, the ¡31 

oval is  p os it ion ed  so as to actu a lly  pass through the p rev iou sly  

determined ze ro . In th is example the (3 1 oval was d isp la ced  so 

that i t s  centre was at the point

t  = m' + in ' = +0.112512215 -  0 .0632Ì.

l ‘he procedure was then purely a computation o f  the a e r o fo i l  

p r o f i le  from equation (14) and subsequently computation o f  the 

pressure d is tr ib u t io n  and aerodynamic parameters from equations 

(18) and (19 ) .
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APPENDIX B

-pCPC' ASPC AND COLL* P. CASCADE DIADD DECC lip  ASH) P?J?-SSURE DIE .'.DILUTION
Calcula ted co rrect  to 7 d .p . on the L iverpool U n iversity

Deuce e le c t r on ic computer.

A rb itra r ily se lected  param eters:-

n 1 = -0.0632

al = 53.5°

S t a le r  angle= 37.5° (Compressor)

ß» = 0.8

ß := 0.725

Derived parameters

s /c  := 0.9901573

m’ := +0.112512215

n ’ and m’ are coordinates o f ß ! = 0 .8  oval centre

in  1 = m + in  plane. Also tan a2 = + 0.57793012

Deference P r o f i le  coordinates Cr

Number Based upon unit chord Cp = P "  Pi

N Z + iY
* f « l 2

1 +0.1340367 +0.0949930 -0.7329363
2 +0.6500792 +0.0889340 +0.0219360
3 +0.5685042 +0.1010401 -0.0941639
4 +0.5211449 +0.1062824 -0.1659479
5 +0.4030553 +0.1130286 -0.3597584
6 +0.3231776 +0.111738? -0.4992400
7 +0.2599128 +0.1067143 -O .6094902
8 +0.2069867 +0.0992816 -0.6973123
9 +0.1834664 +0.0948774 -0.7337957

10 +0.1616129 +0.0900909 -0.7656136
11 +0.1223507 +0.0795404 -0.8156043
12 +0.0884371 +0.0679148 -0.8470333
13 +0.0595318 +0.0554474 -0.8571795
14 +0.0356275 +0.0423583 ■-0.8368069
15 +0.0170584 +0.0288868 -0.7538457
16 +0.0046149 +0.0153348 -0.4766543
17 -0.0001414 +0.0021437 +0.4363445
18 +0.0000631 -0.0003936 +0.6827467
19 +0.0059857 -0.0099254 +0.9211494
20 +0.0308941 -0.0192226 +0.4121105
21 +0.1109821 -0.0193545 +0.2977494
22 +0.1451326 -0.0159400 +0.3248899
23 +0.1464393 -0.0157915 +0.3260522
24 +0.1653660 -0.0135341 +0.3432965
25 +0.2472125 -0.0025069 +0.4167019
26 . +0.2708527 +0.0007947 +0.4359517
27 + 0 .2 7 2 5 6 7 7 +0 .0010332 + 0 .4 3 7 3 0 6 6
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I X + i l

28 +0.3219801 +0.0077840 +0.4738667
29 +0.4999570 +0.0274401 +0.5710162
30 +0.6165678 +0.0341203 +0.611903-
31 +0.6916590 +0.0550432 +0.6304106
32 +0.7085867 +0,0348389 +0.633751"
33 +0.7840864 +0.0318926 +0.6446481
34 +0.8463846 +0.0267036 +0.647888"
35 +0.8971765 +0.0203631 +0.644997“
36 +0.9374189 +0.C137S79 +0.6367226
37 +0.9676454 +0.0077845 +0.6232786
38 +0.9880724 +0.0030860 +0.6044715
39 +0.9935953 +0.0003856 +0.5796842
40 +0.9999912 +0.0000000 +0.5647053
41 +0.9986835 +0.0003785 +0.5478059
42 +0.9871093 +0.0038330 +0.5067059
43 +0.9612585 +0.0117402 +0.4528476
44 +0.9149604 +0.0257549 +0.3782450
45 +0.8266043 +0.0505188 +0.2557337
46 +0.7860596 +0.0607335 +0.2023781
47 +0.7105268 +0.0775910 +0.1033092
48 +1.0000000 +0.0000000 +1.0000000
49 +0.5941925 +0.0976375 -0.0566467
50 +0.4847715 +0.1093610 -0.2234749
51 +0.4541581 +0.1112801 -0.2734666
52 +0.4272691 +0.1124343 -0.3134689
53 +0.3808910 +0.1131861 -0.3980766
54 +0.3603669 +0.1129881 -0.4338966
55 +0.3411983 +0.1124916 -0.4675408
56 +0.3061483 +0.1107616 -0.5291659
57 +0.2899889 +0.1095855 -O .5574506
58 +0.2746029 +0.1082308 -0.5841975
59 +0.2458548 +0.1050500 -0.6333965
60 +0.2322761 +0.1032498 -0.6559725
61 +0.1412773 +0.0849661 -0.7928747
62 +0.1047549 -0.0738467 -O .8337270
63 +0.0733664 +0.0617726 -0.8550898
64 +0.0469424 +0.0489665 -0.8519049
65 +0.0256397 +0.0356536 -O .8O72119
66 +0.0099973 +0.0220979 -0.6573834
67 +0.0011316 +0.0086575 -0.1328097
68 +0.0012478 -0.0041009 +O.94499OI
69 +0.0151904 -0.0150978 +0.6346141
70 +0.0575823 -0.0214915 +0.3034295
71 +0.1784929 -0.0118722 +0.3554600
72 +0.2320319 -0.0046258 +0.4037346
73 +0.4251358 +0.0203300 +0.5360268
74 +0.5622544 +0.0317420 +0.5947677
75 +0.6649646 +0.0350486 +0.6245159
76 +0.7481384 +0.0337241 +0.6403130
77 +0.3167564 +0.0295050 +0.6471121
78 +0.8731469 +0.0236169 +0.6471476
79 +0.9185750 +0.0170523 +0.6415090
80 +0.9537636 +0.0106676 +0.6306511
81 +0.9790821 +0.0052283 + 0.6145736
82 +0.9945930 +0.0014433 +0.5928825
83 +0.9944718 +0.0016191 +0.5285513
84 +0.9912043 +0.0025968 +0.5179857
85 +0.9821363 +0.0053448 +0.4946432



-  21 -

N ■V 4* iY Cv

86 +0.9692963 +0.0092748 +0.4678245
87 +O.9519903 +0.0145732 +0.4356321
88 +0.94-13357 +0.0178259 +0.4189820
89 +0.9290874- +O.0215307 +0.3996382
90 +0.8985445 +0.0305851 +0.3542904
91 +0.8792122 +0.0361504 +0.3269870
92 +0.8559117 +0.0426614 +0.2950046
93 +0.7630253 +0.0661807 +0.1722613

D 37989/1/w t.60 Itt. 5/65 R & CL
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P o t e n t i a l  F lo w  th r o u g h  C asca de s 

E x t e n s i o n s  t o  an E x a c t  T h e o r y  

-  B y -

J .  P .  G o s t e lo w ,
D e p a rtm e n t o f  M e c h a n ic a l E n g i n e e r i n g , 

U n i v e r s i t y  o f  L i v e r p o o l

C o m m u n ica te d  b y  P r o f .  J .  H . H « r l o c k

J u l y , -  1

SUMMARY

The ra n g e  o f  a p p l i c a t i o n  o f  a c o n fo r m a l t r a n s f o r m a t i o n , i n i t i a l l y  
g i v e n  b y  M e rc h a n t and C o l l a r  a n d  d e v e lo p e d  b y  th e  a u t h o r , i s  e x p l o r e d . 
R e s u l t s  o f  p r a c t i c a l  v a l u e  a re  o b t a in e d  i n  w h ic h  th e  p r e s s u r e  d i s t r i b u t i o n  
a ro u n d  c e r t a i n  p r o f i l e s  w i t h  a ro u n d e d  t r a i l i n g  edge i s  c o m p u te d . The 
t h e o r y  i s  u s e d  as a c h e c k  on th e  a c c u r a c y  o f  a p p ro x im a te  m ethods o f  s o l u t i o n  
due to  G a r r i c k , H o w e l l , M a rte n s e n  and  S c h l i c h t i n g .

1 •/

A1



1 In trod u ction

In an e a r lie r  paper -1 the author has given an e x p o s it io n  

o f  a p o te n tia l flow  theory, due to Merchant and C o lla r -2 , f o r  

the a n a ly tica l determ ination o f the o u t le t  angle from a cascade 

o f  prev iou sly  defined a e r o fo i ls .  The shape o f these a e r o fo i ls  

is  derived by conformal transform ation from the f i o r  past a 

series  o f  ova ls . It  ras demonstrated that th is theory cou ld  be 

extended to  give a formula fo r  the pressure d is tr ib u tio n  over the 

blade p r o f i le  without fu rther assumptions or approxim ations; the 

analysis pas subsequently programmed fo r  a d ig ita l computer, 

g iv ing  the ou tle t angle and pressure d is tr ib u tio n  fo r  the given  

p r o f i le  in  cascade to  an accuracy o f  seven decimal p la ce s .

These exact ca lcu la tion s  were performed fo r  a cascade 

o f  cusped Merchant and C ollar a e r o fo i ls ; approximate p o te n t ia l 

flow  methods were then used to ca lcu late  the pressure d is ­

tr ib u tion  and ou tle t angle fo r  th is  cascade and a comparison 

v;ith respect to  the exact so lu tion  was thereby obtained. I t  

was found that fo r  the given cascade con figu ration  the Garrick 

method-0 as developed by Hall-"4, gave excellen t agreement w ith 

the Merchant and C ollar an a lysis ; the S ch lich ting1 5 ,6 method was

0.7° in  error fo r  the ou tle t  angle and gave a m isplaced su ction  

pealc on the a e r o fo i l ;  and that d i f f i c u l t y  was encountered in  

using the Hartensen-7,8 method with such a thin t r a i l in g  edge.

notwithstanding the success o f the early an a ly sis , i t  i s  

obvious that blades with cusped tra ilin g  edges can not be used 

in  p ra c t ic e . An attempt ras therefore made to obtain  a w ider 

range o f  p r o f i le s  with rounded tra ilin g  edges, sim ilar to those 

used in  current in d u stria l p ra ctice  for  compressor b lad es. I t  

was also d es irab le  that some idea should be formed o f  the range 

o f  a p p lica tion  o f  the Merchant and C ollar analysis and in  th is  

pauer an attempt is  made to  answer th is  la tte r  ruestion .
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ITotation

c chord length

G blade saucing

t maximum blade thicxness

1 = m -¡- in coord inates in  olnne o f ovals

11= a1* in 1 coordinates o f  centre o f  o f f s e t  oval

a = x iy coordinates in  cascade plane
-n _ n,

Cp=m > 2 U1 pressure c o e f f ic ie n t

P lo c a l  s ta t ic  pressure

Pi s ta t ic  pressure upstream o f  cascade

U± stream v e lo c ity  upstream o f cascade

«1 flow  ancle upstream o f cascade

CCg floT/ ancle aonnstream o f  cascade

P len..th o f  semi-major axis o f  b.asj c. oval

P1 length o f  semi-major axis o f  o f f s e t  oval

X. = 1 + sinh2p coth 1 

Y = P + sinh2p coth p

a = stagger angle

P f lu id  density

6 ( f i g . 6) angular p o s it io n  o f  rear stagnation p o in t .



3• Derivat i on .ci*. p r o f i les  with a rounded t r a i l in g  ed/-:e

In the previous paper a cascade o f  a e r o fo i ls  in  the z

plane was derived from the conformal transform ation

z = \ codo -  i c in o  cosh-1 (sechYco^.) ( l )

app lied  to  a series  o f  ovals in  the 1 plane

cod h2 (n+rn1 ) .  coc2 (n «c -) + <2 >' n+nx

-There

1 = m + in  coordinates in  the plane o f  the ovals

z = x + ly  

P
P1
11= m1+in1 

o

coordinates in  the cascade plane 

length o f  ba s ic  oval major axis 

length o f  o f f s e t  oval major axis 

coordinates o f  centre o f  the o f f s e t  oval 

stagger angle o f the a e r o fo i ls  in  cascade

\ = 1 + sin  h z(3coth 1 

Y = P + s in h 2(3coth (3

The ovals o f  ecuation (2 ) were o f fs e t  with respect to 
ba s ic  ovals

sinh 2Psin2n 
ncosh  2m = cos2n + ¿¡±i±x~ti2&J&* ( 3 )

and were spaced with a period  % along the n a x is .

The p a rticu la r  case was considered in  which m1 and n1 were 

chosen such that the two ovals in tersected  at one s in g u la r ity  o f  

the transform ation and such that the la rger ((31) oval en closed  

the other s in g u la rity . The transform ation o f  the flow  about

the ovals in to  the flow  about the a e r o fo ils  in  the z plane was 

thus conformal everywhere and a cascade o f  p r o f i le  with cusped 

tra ilin g  edges was derived , as in  T ig. 1 .

This case may be regarded as a lim itin g  case o f  the sh ortest 

d istan ce , between the (31 oval and one s in g u la rity , tending- to  

zero . At the other lim it the la rger ((31) oval i s  con cen tric  w ith 

the ¡3 ova l, thus implying l 1 = m1 + in 1 = 0. Upon transform ation 

to the z plane a cascade o f  symmetrical uncambered a e r o fo i ls



in  F ig . 2which tend towards an e l l i p t i c  fchape it  obtained, as

The s ig n ifica n ce o f  the re la tion sh ip between the distance in

the 1 plane from the s in g u la r ity  to the nearest point o f  the

(31 oval and the :radius o f  curvature o f  the nose or t a i l  in

the z plane thus becomes ? pp are l i t .

The general case is  interm ediate between the t 'To extremes 

mentioned above. As lon^ as both s in g u la r it ie s  in  the 1 plane 

are enclosed by the (31 ova l, any p o s it io n  o f  l 1 w i l l  give a 

transform ation which is  conform al. It is  thus p o s s ib le , by 

correct  s e le c t io n  o f  the normal distance in  the 1 plane between 

the s in g u la rity  and the ba sic  ov a l, to obtain  any value o f radius 

o f  curvature at the nose or t a i l  in  the z p lane, from zero to  a 

high p o s it iv e  va lue.

3y a " t r ia l  and e r ro r ’' a ltern a tion  o f the v a ria b les  ¡31, m1 

and n1 i t  is  p o ss ib le  to  approximate to  p ra c t ica l compressor 

cascade p r o f i le s ,  which have rounded leading and t r a i l in g  edges.

An aid  to  the convergence o f  the ite r a t iv e  process is  

given by a knowledge o f  the p o s it io n  o f  maximum thickness in  

the cusped Merchant and C ollar p r o f i le  o f Ref. 1. (At 23'P o f  the 

chord length ) and the knowledge that fo r  the ovals in  a con­

cen tr ic  con figu ration  the p o s it io n  o f  the maximum th ickness is  

at 505-, chord. ;ith  these extremes fix e d  any desired  p o s it io n  o f  

maximum thickness can be obtained by an approximate in te rp o la t io n  

on a lin e a r  ba sis  fo r  l 1 = m1 + in 1 .

The procedure fo r  ca lcu la t io n  o f  the pressure d is tr ib u tio n  

and ou tle t  angle fo r  a p r o f i le  w ith a rounded tra iling- edge fo llo w  

that o f  s e ct io n  3*2 o f  R e f . l .  With th is  new type o f p r o f i l e ,  

however, there is  an ad d ition a l com plication . For p r o f i le s  with 

a cusped t r a il in g  edge the s e le c t io n  o f  the p o s it io n  o f near 

stagnation p o in t , and hence the ou tle t angle, fo llow ed  auto­

m atica lly  from tiie Mutta con d ition , which avoided in f in it e



v e lo c it ie s  at the t r a i l in g  edge by p lacing  the rear stagnation  

point at the transform ation s in g u la r ity , on the point o f  the 

cusp. Unfortunately th is  con d ition  does not apply to p o te n t ia l 

floors which have s in g u la r ity , and \;hich do not tend to  g ive  

r ise  to in f in it e  v e lo c i t ie s  on p r o f i le s .  The Kutta con d ition  

cannot, th e re fo re , be applied  to  the usual type o f  compressor 

cascade p r o f i le  which has a rounded tra ilin g ’ edge.

The author knows o f  no a ltern a tiv e  con d ition  which can be 

applied to the p o te n tia l flow  around a cascade o f  a e r o fo i ls  with 

rounded t r a il in g  edges. As fa r  as i s  knorm., a l l  previous 

in vestiga tors  have e ith er

a) replaced  the a e r o fo i l  by an equivalent one w ith a 

cuso at the tra ilin g  edge, thus fa c i l i t a t in g  use o f  the Xutta 

condition  (e .g .  the och lich tin g  method).

b) placed the stagnation p o in t e ith er at the in te rse c t io n  

o f  the p r o f i le  w ith the lin e  connecting the t ra ilin g  edges o f

each a e r o fo i l  in  the cascade or at the rear end o f  the camber l in e .

c) s p e c if ie d  the o u tle t  angle as w e ll as the in le t  angle 

(e .g . the I'artensen method).

Heurteux et a l :;:8 , had mentioned, in  priva te  communications 

to  the author, the large extent o f  v a ria tion  in  ou tle t  angle when 

the rear stagnation point had been a lloca ted  d i f fe r in g  p o s it io n s  

on the t r a il in g  edge. The author was able to confirm the v a l id ity  

o f  thi3 e f fe c t  as is  demonstrated in  Figs 7 and 8 which give 

the va ria tion  o f  ou tle t  angle with the p o s it io n  o f  the stagnation  

point fo r  a ty p ica l compressor cascade p r o f i l e .  Such re su lts  as 

these, p red ictin g  a large va ria tion  in  ou tle t  angle fo r  a comp­

ara tiv e ly  small a lte ra t io n  in  the p o s it io n  o f  the stagnation 

p o in t, emphasise the fa c t  that the p o te n tia l flow  around a 

conventional a e r o fo i l  in  cascade is  not com pletely "determined" 

by s p e c if ic a t io n  o f  the cascade con figu ration  and the in le t
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angle but that the p o s it io n  o f the roar stagnation  point is  a 

fu rther v a r ia b le .

Figure $ sho-’s that the e f fe c t  o f  the p o s it io n  o f  the 

rear stagnation point upon the pressure d is tr ib u tio n  fo r  a 

compressor cascade p r o f i le  is  a lso  la rg e . A q u a lita tiv e  

explanation o f  th is  e f f e c t  is  given in  Appendix A.

Since no con d ition  has been discovered which g ives a 

unique so lu tio n  to the p o te n t ia l flow  around a cascade, the quest 

fo r  such a con d ition  w il l  be postponed u n til the e f fe c t  o f  v is c o c it  

on the flow  i s  considered. In th is  paper the author w il l  con fine 

the in v estig a tion  to obtaining ou tle t  angles and pressure d is ­

tr ib u tion s  fo r  c le a r ly  stated  and a rb itra r ily  se le c te d  p o s it io n s  

o f  rear stagnation  p o in t . This procedure, w h ilst in troducing a 

fu rther v a r ia b le , w i l l  provide the maximum amount o f  in form ation 

when, with the introduction o f  the concept o f  v iscou s flew , an 

attempt is  made to  postu late  a flow  cond ition  in  a manner sim ila r  

to  that suggested by Preston in Hef. 13-

It  should be emphasised that the author is  not r e je c t in g  

the Iiutta co n d itio n , but i s  recogn ising the fa c t  that i t  does not 

apmly in  the general case o f  p o ten tia l flow' past a cascade or

iso la te d  a e r o fo i l
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k. The scone and limit_g.t_io_nq of  the jtheory

An attempt was next made tc  determine the range o f  operation  

o f  the previou sly  given theory. It is  ru ite  obvious at the outset 

that many lim ita tion s  prevent the u_e o f  the theory as a con­

ven tion a l p o ten tia l f  1 ov; "method“ . The nature o f  these l im it ­

ations is  d iscussed in  th is  section .

i ) Space-_c_hord ra t io

V aria tion  in  the space-chord ra tio  o f  the cascade is  

obtained from the analysis by va ria tion  o f  the s ire  o f  the 

ovals in  the 1 plane. A formula connecting s/ c  and (3 fo r  f l a t  

p la te  cascades is  given  by Me reliant and C ollar but th is  only 

g ives an approximate idea o f  the range fo r  conventional aero­

f o i l s .  In p r a c t ic a l cases a given value o f  V c  can only be 

obtained by a " 't r ia l and error11 s p e c if ica t io n  o f  p. This 

process can be made to converge ru ite  rapidly  to  a required 

space-chord ra t io  on a d ig ita l  computer.

For ¡3 «  % the 1 plane ovals tend to  become c ir c le s  and 

the space/chord  ra t io  tends to in f in it y .  Values o f  ¡3 around

0.725 g ive  space-chord ra tio s  o f  approximately un ity . As |3 

tends to  an in f in it e  value the ovals f la t te n  considerably and 

the space-chord ra t io  becomes very sm all.-

Thus fo r  a l l  p ra ctica b le  compressor cascades, v a r ia tio n  o f  

s/ c  is  achieved quite simply by a corresponding v a ria tion  in  (3

i i )  Camber

There seems to be no means in  the analysis fo r  v a r ia tio n  

in  shape o f  the camber l in e , which, as fa r  as can be determined, 

must be almost a c ir cu la r  a rc . This is  very convenient fo r  aero­

f o i l s  o f  the "N .G .T.E ." " C" series  o f p r o f i le  shapes which are 

mainly intended fo r  use with a c ir cu la r  arc camber l in e . Attempts 

have been made to  match p r o f i le s  with conic camber lin es  but no 

success has been achieved.
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D etcraination  o f  the camber an^le o f  the z plane p r o f i le s  

can be obtained by measurement, or a ltern a tive ly  could be 

obtained a n a ly tica lly  by d iffe r e n t ia t io n  o f the equations fo r  

the 1 plane ovale prior to  transform ation. Inspection  o f  T ig . 15- 

( in  con junction  with Appendix B ), w il l  in d icate  the range o f  cam­

ber ob ta in a b les which varies  with the stagger and thickness o f  

the p r o f i l e .  The hypoth etica l considerations o f  P ig . 15. in d ica te  

that a reasonable range o f  camber is  available fo r  most p r o f i le  

con figu ra tion s , ranging from negative values to high p o s it iv e  

va lues, ( in  the conventional sense fo r  compressor cascades), 

indeed, C4- type p r o f i le s  have been obtained from the analysis 

fo r  up to  70° camber and-in certa in  cases a camber angle o f 

over 100° has been obtained. It w il l  be seen, th ere fore , that 

a large range c f  camber angles may be studied although the 

interdependence in  the an alysis o f  camber, p o s it io n  o f  maximum 

thickness; maximum thickness and stagger must be considered, 

i i i p o s i t i o n  o f  maximum thickness

The p o s it io n  o f  maximum thickness iu to a certa in  extent 

at the u sers ' d isposal although, lik e  the camber, i t  is  dependent 

on the other v a ria b les , e sp e c ia lly  the ra d ii o f  leading and 

t r a il in g  edges. It  appears that the p o s it io n  o f  maximum th ick ­

ness may be varied  from around o f  the chord to 5 0 % or more, 

a range which should cover any lik e ly  requirements.

iv )  Value o f  maximum thickness ■

The value o f  ^ /c , i s  in fluenced by v a ria tion  o f  the r a t io  

 ̂ /(3 . For a value  ̂ /|3 = 1 a cascade o f  f l a t  p la tes  is  generated 

in  the s p lane; as  ̂ /(3 in creases , so does "Vc, and any p ra ctica b le  

blade thickness may be e a s ily  obtained.

v ) leading and t r a i l i ng edge rad ii

As ou tlin ed  in  Appendix A a substantial v a r ia tio n  in  these 

ra d ii from zero to  a high f in i t e  value is  obta inab le . Once more
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the variab leo  must be studied in  conjunction  with others.

v i )  .S ta le r

A ll o f  the previous variable a, w ith the exception  o f  ° / c  

and V c  are dependent on the stacker an ile  , through the pos­

it io n in g  o f the 1 plane s in g u la r it ie s , however there i s  no 

sp ec ia l lim ita tion  to the value o f  stagger i t s e l f ,  which should 

be. s p e c if ie d  by the u ser.

v i i )  In le t Angle
There is  no lim it on the in le t  angle. Pressure d is tr ib u tio n s  

and ou tle t  angles have been obtained fo r  very large ranges o f  

in cid en ce .

v i i i ) P ro file  ahare

Other than by adjustment o f  the previously-m entioned 

parameters there is  no con tro l o f  p r o f i le  shape.

It  w il l  therefore  be seen that the main lim ita tion s  on the 

Merchant and C ollar analysis a r e :-

a) the shape o f  the camber l in e ,  which must approximate 

to  a c ir cu la r  arc .

b ) the interdependence o f  the p o s it io n  o f maximum thickness 

leading and t ra ilin g  edge r a d ii , and camber angle, g iv in g  d i f f ­

icu lty  in  varying one' without the ethers.

I f  i t  were not fo r  these three lim itations, the . analysis 

would be capable .of talcing i t s  place as a p o ten tia l flow  ''method" 

and would have the advantage over a l l  kno"-n methods o f complete 

accuracy. Because o f  these lim ita tio n s , however, i t s  a p p lica tio n  

is  confined to  the ro le  o f  an exact standard fo r  checking the 

accuracy o f  more general approximate methods, or a lte r n a t iv e ly , 

o f  deriving p r o f i le s  fo r  which the aerodynamic parameters can 

e a s ily  be computed.
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5 . The ~iug o f  a 10C1./50C50 p r o f i le  fo r  con•■ariaons

In se ct io n  3 £ method was given fo r  estab lish in _  a 

Merchant and C ollar "blade p ro file  with a rounded t r a il in g  

edge. In th is  se ction  the analysis is  used to obtain  an 

approximation to a tjppical compressor cascade p r o f i l e .  The 

p r o f i le  chosen was a IOCI4./3OC50 section  set at a stagger o f  

36° with a space-chord r a t io  o f  unity.

It  was found that fo llow in g  the procedure o f  section  3 

and appendix 3 only three ite ra tion s  were necessary to give 

the agreement with the standard CU form shown in  P ig . h. The 

y axis has been m agnified in  order to reveal any p r o f i le  

d iscrepan cies and the maximum d iffe ren ce  between the IOCI4/ 3OC5O 

se ct io n  and the Merchant and C ollar approach to i t  i s  0,003 

o f  the chord length . Since the d iffe ren ce  is  most marked at 

the tra ilin g ' edge, a magnified view o f  the t r a i l in g  edge has 

a lso  been included (F ig . 7 ); in  th is  region , although the 

ordinates are s t i l l  accurate to  -within 0-3% o f  the chord, the . 

radius o f  curvature is  only h.0% o f  the given CL\. t r a i l in g  edge 

rad iu s.

Having estab lish ed  a p r o f i le  which was sim ilar to blade 

p ro file su se d  in  in d u str ia l ap p lica tion s , the author was able to  

proceed towards a comparison o f  the resu lts  o f  several w e ll -  

known p oten tia l flow  methods with the a n a ly tica l r e s u lt .  In 

order to eleminate one variable  fo r  the purpose o f  the com­

parison , the p o s it io n  o f  the rear stagnation point was se lected  

at the end o f  the camber l in e , the coordinates o f  th is  p o s it io n  

being (1 ,0 ) in  the z (x ,y )  plane. For the used in le t  angle o f  

51° th is  resu lted  in  an ou tle t  angle given by tan u2 = 0.555971k 
according to the a n a ly s is . The s e le c t io n  o f  th is  stagnation point 

p o s it io n  was e n tire ly  a rb itrary .

Approximate methods ava ilab le  were -  The (farrick0 method,
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computer programs fo r  uhich uere evolved and run by H all4 .*

The Uartensen7 nethod, computer programs fo r  uhich rere  

developed by Price and Heurteux8 . The H oueil9 and S ch lich tin g5 

methods; programs fo r  uhich were developed by P ollard  and 

'dordsuorth6 .

The procedure fo r  the Kartensen method ras that the 

users uere supplied uith. the cascade con figu ration  and p r o f i le  

fo r  the a n a ly tica l approximation to the Cij. (curve B in  F ig .i f . .) , 

in le t  angle and p o s it io n  o f  rear stagnation point and uere 

asked to  compute the pressure d is tr ib u tio n  -  the resu lts  fo r  

uhich are shorn in  F ig . 10. compared u ith  the a n a ly tica l r e s u lt .

The computer programs fo r  the Garrick, Houell and S ch lich tin g  

methods uere not availab le  to the author at the time o f  the 

comparison; houever, these computations had been ca rried  out 

previou sly  fo r  a 10C1+/30C50 p r o f i le  u ith  the sane stagger o f  

36°, the same in le t  angle o f  51° and a s l ig h t ly  d iffe re n t  space- 

chord r a t io  o f  unity (as compared u ith  0.9301985). As a r e su lt  

o f  the assumptions im p lic it  in  the och lich tin g  method, the 

t r a i l in g  edge becomes cupped and the ICutta con d ition  is  ap p lied .

As mentioned p rev iou sly , the discrepancy betueen the 10C1./30C50 

p r o f i le  and the ordinates o f  the 1Herchant and C o lla r ' type 

approach to th is  mas nouhere greater than 0.3?’ o f  the chord. The 

previously  computed resu lts  from the Garrick, Houell and S ch lich ting  

methods are thus compared d ire c t ly  u ith  the resu lts  o f  the 

Hartensen method in  F i0 . 10.

From an in spection  o f  F ig . 10. i t  u i l l  be seen that the 

Garrick method gives good agreement, apart from one point near 

the su ction  peak. The Hartensen method is  seen to give complete 

agreement apart from a very s lig h t error at the suction  peak. The 

Houell method gives reasonable agreement, the maximum error  in  

Op being o f  the oraer o f  107'?. The Sch lichting method in  general
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gives a s im ila r  order o f  accuracy but misplaces the 

peak, in  an id e n t ica l fash ion  to Pig k o f  Ref. 1 . ,  s 

maximum error in  Cp o f  1 5 %-

su ction  

.nd has a



6. Gene ra tion  2nd use, „of,, a h i;_hl-x, oa mb e r e d \ ro.fi.le_ fo r

cqrapari,sons.
The need fo r  an an a ly tica l so lu tion  to  a h igh ly  cambered 

"blade arose from doubts as to  the a p p lica b il ity  o f  the S ch lich tin g  

method at high cambers. In the Sch lichting  theory the p r o f i le  

is  generated by a source d is tr ib u tio n . Id ea lly  the sources 

would bo d istr ibu ted  along the camber l in e , but due to the 

com plexity o f  the mathematics involved the sources are usually  

d istr ib u ted  along the chord l in e , (th is  d i f f i c u l t y  i s  p a r t ia lly  

overcome in-' Ref. 10) As a resu lt o f  th is  s im p li f ic a t io n , errors 

were thought to be present in  the p re d ict io n  o f  the performance 

o f  h ighly cambered p r o f i le s .  The fo llow in g  comparison was an 

attempt to assess the magnitude o f  these r ro rs .

Reference should be made to P igs . 11 and 16 which demonstrate 

that i t  was p ossib le  to obtain  a highly cambered p r o f i le  from the 

analj^sis. In th is instance the stagger was zero and the space- 

chord ra t io  was 0.90036k-3 -  a fa ir ly  ty p ica l impulse cascade.

It  w il l  be noted that fo r  a cascade o f  zero stagger both  sin g­

u la r it ie s  o f  the analysis are on the rea l axis in  the 1 p lane.

For a p o s it iv e ly  cambered a e r o fo il  with the p o s it io n  o f  .maximum 

thickness forward o f  5'B chord the point 1 should be w ith in  the 

area ABC. For the p r o f i le  to have a la rge  camber, n1 should have 

a high negative va lue; fo r  the t r a i l in g  edge to be rounded m1 

should be w ithin the arc C3 and the p o s it io n  o f  the centre o f  the 

(31 oval between the n ax is and the arc CB w il l  determine how fa r  

back the p o s it io n  o f  maximum thickness o f the s plane p r o f i le  

is  to  be . In th is  way a su itable p o s it io n  was s e le c te d  at E in  

the schematic diagram.

Upon am plication o f  the conformal transform ation to  the con­

fig u ra t io n  o f  ovals thus described a cascade o f  a e r o fo i ls  with 

approximately 70° camber was generated, as shown in  F ig . 11.
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The procedure fo r  the comparison waa sim ilar to  that o f  

s e ct io n  5 - The rear stagnation point pas a r b itr a r ily  s e le c te d  

at the po in t ( l ,0 )  in  the s plane. The p r o f i le  coord in ates 

trere supplied to the users who "ere  asked to run th e ir  com­

puter urograms fo r  a±= +35° and a* = - 35° .

Methods ava ilab le  fo r  the comparison m ere:- The Martensen 

method, as developed by -P rice  and Heurteux8 . The S ch lich tin g  

method, as developed by --Levis11, and independently the S ch lich tin g  

method as developed by :-Chauvin and Breugelmans12.

Once more, in  the Martensen method the t r a i l in g  edge was 

treated  in  i t s  co rrect  rounded form; the p o s it io n  o f  the rear 

stagnation point was se le cted  by specify in g  the co rrect  value o f  

o u tle t  angle in  the computer data. In the S ch lich tin g  method the 

t r a i l in g  edge became cusped and the Kutta con d ition  was ap p lied .

The re su lts , as shown in  P ig s . 12 and 13s in d ica te  that fo r  such 

a cascade the Kartensen method ,is  the most accu rate , although a 

considerable s ca tte r  is  presen t.

The S ch lich ting  method, as developed independently by Lewis 

and Chauvin, g ives su rpris in g ly  good agreement with the an alysis 

under \7hat one would expect to be the lea st favourable conditions 

fo r  such a theory .
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7. D iscussion -nd Cpnclus_icng

The analysis has "been extended to give cascade a e r o fo ils  

o f  p ra c t ica l s ig n ifica n ce  w h ilst reta in ing the s t r i c t  accuracy 

o f  the o r ig in a l Merchant and C ollar theory. A p r o f i le  sim ilar 

to the standard 10Ci+/30C50 p r o f i le  was produced as an example 

o f  th is  _en era lisa tion  and a comparative survey o f  several 

approximate p o ten tia l flow  methods was carried  ou t. Results 

in d icated  that fo r  th is  p ra ctica b le  compressor cascade p r o f i le  the 

liartensen method pave resu lts  o f  h iwh accuracy; the resu lts  fo r  

the Garrickj Sch lichtin^ and Howell methods suggested that fo r  

th is  type o f p r o f i le  and cascade con figuration  a reasonable accurac 

was attainable and that these methods could be used fo r  'engin ­

eering* ap p lica tion s with con fidence.

As a resu lt o f  the need fo r  a comparison with h igh ly cambered 

blade p r o f i le s  such a p r o f i le  was obtained from the analysis and 

a fu rth er comparative survey was made. The Hartensen method 

produced accurate r e s u lt s s although a s lig h t sca tter  aas present. 

The re su lts  o f  the Sch lichting method suggested that the per­

formance o f  th is method at high camber need not be as poor as had 

h ith erto  been suspected and that resu lts  o f  engineering accuracy 

could be obtained even at high camber.

The range o f a p p lica tion  o f  the theory has been discussed 

and the three lim ita tion s  to th is  range were found to b e : -

i )  the p r o f i le  must have a c ir cu la r  arc camber l in e .

i i )  Interdependence o f  camber and p r o f i le  form makes s e le c t io n

o f  a p a rticu la r  p r o f i le  d i f f i c u l t .

i i i )  lack  o f  con tro l o f  blade forms other than through these

interdependent v a r ia b le s .

Apart from these lim ita tio n s  a ruick method o f  deriv ing 

the p r o f i le  form was given and the attainment o f  a wide range o f  

cascades was found to be gu ite  p o ss ib le .
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1'To unicue so lu tio n  was found w ithin p o te n tia l flow  theory 

to  the problem o f  the lo c a t io n  o f  the rear stagnation  p o in t; 

The p o s it io n  was a r b it r a r ily  s p e c if ie d  in  a l l  computations.
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Apoendix A

Potent ia l  f  1 j~:r near t he_re?.r s tagnation  p o in t

In order to obtain  a qu a lita tive  understanding o f  the 

pressure d is tr ib u tio n  in  P ig . 6, i t  is  necessary to  show the 

conditions in  an exaggerated fash ion  in P ig . Id .

P ig. ld (a )  shows the stagnation point lo ca ted  at the extreme 

rear o f  the a e r o fo i l .  Since the flow  does not obta in  very high 

v e lo c it ie s  anywhere» the suction  surface pressure r is e s  smoothly 

to  the stagnation  noint, at exactly  — = 1. . Since the path o f
C

a p a r t ic le  tra v e llin g  along the pressure surface towards the 

stagnation point would fo llow  sim ilar curvatures, the v e lo c ity  

atta ined  is  sim ilar and the pressure d is tr ib u tion  approaches 

the stagnation point in  a sim ilar way.

In P ig . l/+(b) the stagnation point is  ’well up on the su ction  

su rface . Consequently, a f lu id  p a r t ic le  tra v e llin g  along th is  

surface is  soon decelerated  to approach the stagnation  con d ition  

b e fore  the end o f  the chord. On the other hand, the pressure 

surface route e n ta ils  a path o f  high curvature and an a ssoc ia ted  

high v e lo c ity  (which would be in f in it e  in  the lim itin g  case o f  

a cusped t r a i l in g  edge). A fter n egotia tion  o f  th is reg ion  o f  

hi^h curvature, a rapid d ece lera tion  would bring the p a r t ic le  to 

the stagnation p o in t. The upper and lower surface pressure d is ­

tr ib u tion s  in tersect  somewhat upstream o f  the stagnation  poin t 

p o s it io n .

P ig . lij-(c) shows the stagnation point on the pressure 

surface. Such con figurations have possib le  p a ra lle ls  in  ’ get fla p  

worlc'. In th is  case i t  is  the pressure surface v'hich g iv es  low 

v e lo c it ie s  and an early stagnation  po in t. The su ction  surface  

v e lo c ity  roaches high values in  the region o f  high curvature.

As in  the case o f  the pressure surface v e lo c ity  o f  Pig lJ+(b), 

d ece lera tion  to the stagnation v e lo c ity  is  then rap id .



This exaggerated flov7 model should ex la in  the pres 

d is tr ib u tio n  o f  F ig .6 and provide a qu a lita tive  p ictu re  

p o te n tia l flow  conditions. at the t r a il in g  edge fo r  use v
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jsure 

o f  the 

7hen the

e f f e c t  o f  v is c o s it y  i s  considered in  a fu rther paper.
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Apnendix B

The s ig n i f i eance o f  oval  -positi ons in  the 1 plane

Pig 15 shows the ova ls in  the 1 plane which '"'ere used to

obtain  an approximation to the 10Ci|-/30C50 p r o f i l e .  In order

to give a space-chord r a t io  o f  nearly u n ity , (3 is  given a value

o f  0.725. The s in g u la r it ie s  in  the transform ation fo r  a stagger

o f  36° are ca lcu la ted  as in  R e f . l .  Appendix B and are in d ica ted .

It  then becomes necessary to postu late a value o f  (31 which

would give the required value o f  "Vc. This i s  arrived  at by a

't r i a l  and e r ro r ' process and was around 10% higher than (3 fo r

a value o f  ^ /c  = 0 .1 . 7/ith the se le cted  values o f  p and p1 and

the p o s it io n  o f  the two s in g u la r it ie s  fix e d  by the stagger, i t

is  desirab le  to attempt to p re d ict  the range o f  p o ss ib le  values
%

o f  camber, p o s it io n  o f  maximum thickness and leading and t r a i l in g  

edge r a d ii . To do th is , the author used the fo llow in g  procedure. 

F ir s t ly  an arc o f  radius p1 is  struck o f f  from each s in g u la r ity , 

as shown in  the fig u re . For the transform ation to  be conformal 

the centre o f  the p1 ova l, l 1 = m1 + in 1 , may be chosen anywhere 

w ith in  the area common to these a rcs , i . e .  the area E,F,G,C.

In order that the co rrect  leading and t r a il in g  edge ra d ii 

may be obtained, poin ts P,Q, are se le cte d  at small d istan ces away 

from the s in gu la rity  p o in t , upon the normal from the p oval at the 

s in g u la r it ie s . The d istances o f  poin ts ?  and from th e ir  resp ect­

ive  s in g u la r it ie s  are again se lected  by experience, being approx­

im ately proportiona l to the required radius o f  curvature. From 

P.Q, arcs o f  radius p1 are struck, as shown dotted in  F ig . 15.

The area D, A, H, B is  common to  these arcs and the centre o f  

the o f f s e t  oval may be p laced  anywhere w ith in  th is  area and s a t is fy  

a l l  cond itions imposed. Thus in  the example o f  R e f . l . ,  which had 

a cusp at the t r a i l in g  edge, l 1 was chosen to l i e  on the arc G, C, E 

between C and E. This ensured that the p1 oval passed through the
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s in su la r ity  P, g iv ing a cusp at the--tra iling  edge, and a lso  

gave ample radius o f  curvature at the leading edge.

The only fu rth er  variab les needing s p e c if ic a t io n  are the 

camber and the p o s it io n  o f  maximum thickness. Incorporation  o f  

these variab les is  non a simple process. I f  l 1 is  se lected  near 

to  D, a h ighly cambered p r o f i le  w i l l  re su lt ; i f  near to 3 , the 

camber w i l l  be low and the p o s it io n  o f  maximum thickness w i l l  be 

w e ll forward.

This schematic diagram approach has proved u se fu l in  obtaining 

the prev iou sly  mentioned approximation to a CU p r o f i le  and many 

other p r o f i le s  with a la rge  range o f  camber and stagger. As a 

fu rther i l lu s t r a t io n , the schematic diagram o f the 1 plane con-» 

f ig u ra t io n  fo r  a h igh ly cambered p r o f i le  is  shown in  P ig .16.
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FIGS. I - 3

Series o f ovals tra ns fo rm s to cascade o f a e ro fo ils .

o marks a s in g u la rity  of the transfo rm ation
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FIGS. 5 &6

FIG. 5

Effect of va ria tion  of rear stagnation point on pressure d is trib u tio n  fo r 

M erchant and C ollar type ‘approxim ation to I0C 4 /30 C 5 0 'w ith

s/c —  H 5 , ce, =* 52° 507
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FIG S. 7 8, 8 FIG. 7

O utle t angle as a function of position of rear s ta gnation
point.
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F IG .9

E ffe c t of variation of rear stagnation point on pressure
distribution. M erchant and Collar I0C4/50C50 approximation 

i / c ^  1-0, <T= 56°, ot =51°
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F I G . IO

Pressure d is t r ib u t io n s  f o r  M e rch a n t and C ollar 'c4 * typ e

p r o f i l e



--------------I0C 4 /7 0 C  50
------------- M e rc h a n t and C o lla r

a n a ly t ic a l p r o f i le

H ig h ly  camber ed  p r o f i l e S ta g g e r = ze ro  S/c  =0 • 90036434

2 6 
168
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FIG . 12

Pressure d is t r ib u t io n s  fo r  70° camber a e ro fo i I

in  cascade
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FIG.  13

P r e s s u r e  d i s t r i b u t i o n s  for  70° ca m be r  a e r o f o i l  in cascade
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F IG .14

P ro f i le  Pressure d is tr ib u tio n

Exaggerated view of flow  conditions at t r a i l in g  edge
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FIGS.15 8-16 F IG .15

Schematic diagram —  zero stagger.
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C . P .  N o . 847

D e c e m b e r, 1 964

M easu rem ent o f  T u r b u le n c e  i n  t h e  L i v e r p o o l  U n i v e r s i t y  
T u r b o m a c h in e r y  W ind  T u n n e ls  a n d  C o m p re s s o r 

-  B y  -
R .  S h a w , A .  K .  Le w k o w ic z a n d  J .  P .  C o s te lo w

C o m m u nicate d  b y  P r o f ,  J .  H .  H o r l o o k

SUMMARY

Th e  m easurem e nt o f  th e  t u r b u le n c e  i n t e n s i t y  i n  t h r e e  w in d  t u n n e ls  
and  a r e s e a r c h  c o m p re s s o r i s  d e s c r ib e d  a n d  th e  minimum v a l u e s  a r e  fo u n d  t o  be 
0 *4 0 1 $  f o r  th e  N o . 1 t u n n e l ,  0 *2 5 6 $  f o r  th e  N o . 2 t u n n e l ,  0 *3 6 3 $  f o r  th e  
b o u n d a ry  l a y e r  t u n n e l  a n d  2 * 1 9 $  f o r  th e  c o m p r e s s o r . I t  was fo u n d  t h a t  th e  
e f f e c t  o f  th e  u p s tre a m  g a u ze  was c r i t i c a l .

R e s u l t s  f o r  th e  t u n n e ls  and  c o m p re s s o r a f t e r  i n s t a l l a t i o n  i n  a new 
b u i l d i n g  c o n fir m e d  t h e  above v a l u e s  f o r  th e  t u n n e l s , b u t  i n d i c a t e d  1 $  
t u r b u le n c e  i n t e n s i t y  a t  i n l e t  t o  t h e  c o m p re s s o r due t o  th e  im p ro v e d  r e t u r n  a i r  
p a t h  i n  th e  new l a b o r a t o r y .

The t u r b u le n c e  i n t e n s i t i e s  c r e a t e d  b y  t h r e e  d i f f e r e n t  t u r b u le n c e  
g r i d s  w e re m e a s u re d .

1 . /
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1 .  I n t r o d u c t i o n

Th e  t u r b u le n c e  o f  t h e  f r e e  s tre a m  has a m a jo r e f f e c t  on th e  f lo w s  t h a t  
o c c u r  i n  t u r b o m a c h in e r y . T h i s  i s  m a in ly  due t o  th e  in f l u e n c e  o f  th e  f r e e - s t r e a m  
t u r b u le n c e  on t h e  t r a n s i t i o n  fr o m  la m in a r  t o  t u r b u l e n t  b o u n d a ry  l a y e r ,  i t s  f u r t h e r  
d e ve lo p m e n t and hence i t s  s e p a r a t i o n . F u r th e r m o r e  th e  b o u n d a r y - l a y e r  p e rfo rm a n c e  
i n t e r a c t s  w i t h  th e  f r e e - s t r e a m  f l o w  and th u s  a l t e r s  th e  c o n d it io n s  t h a t  w o u ld  be 
e x p e c te d  fr o m  p o t e n t i a l  f l o w  t h e o r y . I n  th e  L i v e r p o o l  U n i v e r s i t y  T u r b o m a c h in e r y  
L a b o r a t o r y  v a r i o u s  a s p e c ts  o f  t h e  f l o w  i n  tu rb o m a c h in e s  ha ve  b e e n  i n v e s t i g a t e d  
b y  means o f  a lo w -s p e e d  a x i a l  f l o w  c o m p re ss o r and th r e e  d i f f e r e n t  lo w -s p e e d  w in d  
t u n n e l s . T h e s e  w ere s u b j e c t e d  t o  t u r b u le n c e  t e s t s  and r e s u l t s  w i t h  a l i m i t e d  
d i s c u s s io n  a re  g i v e n  i n  th e  p r e s e n t  r e p o r t .

The n a t u r e  o f  t u r b u le n c e  i n  a w in d  t u n n e l o f  c o n v e n t io n a l  d e s i g n , i . e . ,  
w i t h  p r o p e r  s e t t l i n g  cham ber c o n t a in in g  s c re e n s  o f  honeycombs and  g a u ze s  p lu s  an 
a e r o d y n a m ic a lly  d e s ig n e d  c o n t r a c t i o n  can be e x p e c te d  t o  be homogeneous and  n e a r l y  
i s o t r o p i c ,  S c h l i c h t i n g ,^ .  Tow nsend? s t a t e s  t h a t  th e  f l o w  dow nstream  o f  a u n if o r m  
g r i d  p la c e d  a c ro s s  t h e  e n tr a n c e  t o  a w i n d - t u n n e l  w o r k in g  s e c t i o n , w h ic h  i s  t h e  
e x p e r im e n t a l  a p p r o x im a t io n  t o  i s o t r o p i c  homogeneous t u r b u l e n c e , i s  n o t a 
homogeneous f l o w  b u t  a s t a t i o n a r y  one w i t h  an i n t e n s i t y  g r a d i e n t  i n  t h e  d i r e c t i o n  
o f  mean f l o w .  T h e o r e t i c a l  i s o t r o p i c  t u r b u l e n c e , on th e  o t h e r  h a n d , i s  hom ogeneous 
b u t  n o t  s t a t i o n a r y  i n  t i m e , b u t  u n d e r o r d i n a r y  c o n d it io n s  th e  d i f f e r e n c e s  b e tw e e n  
t h e  f lo w s  a re  s l i g h t .  T h e r e f o r e  a t  a c e r t a i n  d is ta n c e  fro m  t h e  s c re e n s  mean 
s q u a re  v e l o c i t y  f l u c t u a t i o n s  i n  t h e  t h r e e  c o - o r d in a t e  d i r e c t i o n s  a re  assum ed t o  
be e q u a l t o  each o t h e r .

u3 = v3 = w3

I n  su ch ca se s th e  t u r b u le n c e  
q u a n t i t y : -

q _

U

l e v e l ,  d egree o r  i n t e n s i t y  can be d e s c r ib e d  b y  t h e

100 (fo) . . .  ( 1 )

w here U  i s  a mean v e l o c i t y .

The t u r b u le n c e  l e v e l  i s  a v e r y  im p o r t a n t  p a ra m e te r i n  w i n d - t u n n e l  
te c h n iq u e  s in c e  i t  i n d i c a t e s  th e  d egree t o  w h ic h  e x p e rim e n ts  i n  d i f f e r e n t  t u n n e l s  
ca n be com pared as w e l l  as how m easurem ents p e rfo rm e d  on a  m o de l can be a p p l i e d  
t o  i t s  f u l l - s c a l e  v e r s i o n .

I n  th e  case o f  a n  a x i a l  f l o w  c o m pre sso r, O T iin g  to  th e  c o m p l e x it y  o f  th e  
f l o w ,o n e  can h a r d l y  e x p e c t  a n y  i s o t r o p y  o r  e v e n  hom ogen eity o f  t u r b u l e n c e . 
N e v e r t h e le s s  some m easurem ents w e re c o n d u c te d  on th e  L i v e r p o o l  U n i v e r s i t y  
lo w -s p e e d  a x i a l  f l o w  c o m p re s s o r i n  o r d e r  t o  d e te rm in e  th e  i n f l u e n c e  o f  d e s ig n  and 
p e rfo rm a n c e  f a c t o r s  on th e  t u r b u le n c e  i n t e n s i t y  i n  th e  a x i a l  and r a d i a l  
d i r e c t i o n s  a t  s e v e r a l  p o i n t s  in s i d e  t h e  c o m p re s s o r. H o w e v e r , i t  s h o u ld  be 
e m p h a s is e d  t h a t  due t o  t h e  re a s o n s  m e n tio n e d  above any c o m p a ris o n  o f  t h e  c o m p re s s o r 
r e s u l t s  w i t h  th o s e  o b t a in e d  on t h e  wind, t u n n e ls  may have o n ly  l i m i t e d  v a l i d i t y .

A/
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A  more d e t a i l e d  d e s c r i p t i o n  o f  t u r b u le n c e  c a n  be o b ta in e d  by- 
c o n s id e r in g  th e  d i s t r i b u t i o n  o f  e n e r g y  among th e  t u r b u l e n t  e d d ie s  o f  d i f f e r e n t  
s i z e s .  T h i s  id e a  i s  p u t  i n t o  p r e c is e  m a th e m a tic a l fo r m  b y  c o n s id e r in g  th e  
d i s t r i b u t i o n  o f  e n e r g y  w i t h  f r e q u e n c y  ( o r  wave num ber)

F ( n ) 4 I R cos 2.raird-rJ To
. .  ( 2)

w here F ( n )  s p e c t r a l  d e n s i t y  f u n c t i o n  i s  th e  c o s in e  F o u r i e r  t r a n s f o r m  o f  th e  
a u t o - c o r r e l a t i o n  c o e f f i c i e n t

R
T

r ( o ) . u ( r )  
------------------  d r (3)

w here t  i s  th e  i n t e g r a t i o n  t i m e , r  th e  d e la y  t i m e , and  u  i s  r e g a r d e d  a s  
a f u n c t i o n  o f  tim e  o n l y . R e f .  8 .

The s p e c t r a l  d i s t r i b u t i o n  o f  t u r b u l e n t  e n e r g y  i s  m e asu re d  m ost 
c o n v e n i e n t l y  b y  means o f  e i t h e r  l o w - ( h i g h ) - p a s s  f i l t e r s  o r  n a rr o w  b a n d  pass 
f i l t e r s ,  b o t h  u s e d  i n  c o n j u n c t io n  w i t h  R . M . S .  m e t e r . I n  th e  p r e s e n t  case a 
h i g h  p a ss f i l t e r  i n c o r p o r a t e d  w i t h  th e  D . I . S . A .  anem om eter was u s e d  a nd  th e  
r e s u l t s  w ere o b ta in e d  i n  th e  f o l l o w i n g  f o r m :

. . .  (4)

--------- OO

w here [ u a ] n i s  th e  e n e rg y  i n  th e  s p e c tru m  fro m  n  f r e q u e n c y  t o  oo a nd
--------- CO

[ u 2 ] i s  th e  t o t a l  e n e r g y  i n  th e  s p e c tru m . S in c e  n o  e l e c t r o n i c  e q u ip m e n t 
can g u a r a n te e  th e  f r e q u e n c y  ra n g e  fr o m  0 t o  oo, th e  lo w e s t  a c c e p ta b le  f r e q u e n c y , 
s a y  2 c / s ,  i s  assum ed t o  b e  n e a r  enou g h t o  0 a n d  l i k e w i s e  th e  h i g h e s t  one i s  
t a k e n  as oo.

T h e  s p e c t r a l  d e n s i t y  f u n c t i o n  F ( n )  i s  r e l a t e d  t o  th e  s p e c tru m  
f u n c t i o n  f ( n )  b y

F ( n )  -  ¿ [ f ( n ) ] a . . . .  (5)

T h i s  i s  d e r i v e d  fr o m  & . I .  T a y l o r ' s  o n e -d im e n s io n a l s p e c tru m  a n a l y s i s  (s e e  R e f .  8 ) .

2 .  N o t a t i o n

E  W ire  v o l t a g e
e T u r b u le n c e  m easu rem e nt v o l t a g e

en  E l e c t r i c a l  n o is e  v o l t a g e
F ( n )  S p e c t r a l  d e n s i t y  f u n c t i o n .  E q n . ( 2 )
f ( n )  S p e c tru m  f u n c t i o n .  E q n . (A)

Re R e y n o ld s  num ber p e r  f o o t  l e n g t h
R r  A u t o - c o r r e l a t i o n  c o e f f i c i e n t .  E q n .  (3 )

r  D e la y  tim e
t  I n t e g r a t i o n  tim e
U  F r e e - s t r e a m  v e l o c i t y

Ü/
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u  Mean v e l o c i t y  f l u c t u a t i o n  i n  s tre a m  d i r e c t i o n
v  Mean v e l o c i t y  f l u c t u a t i o n  p e r p e n d i c u l a r  t o  a b o ve
w Mean v e l o c i t y  f l u c t u a t i o n  p e r p e n d ic u l a r  t o  a b o ve  tw o  com ponents

Cx  A x i a l  a i r  v e l o c i t y
U jjj Mean b la d e  v e l o c i t y .

3 . •  D e s c r i p t i o n  o f  t h e  H o t  W ire  A p p a r a t u s

The s i n g l e  c h a n n e l a p p a r a tu s  u s e d  f o r  th e  p r e s e n t  m easurem ents was 
o r i g i n a l l y  a s s e m b le d  a t  th e  A e r o d y n a m ic s  D i v i s i o n  o f  th e  N a t i o n a l  P h y s i c a l  
L a b o r a t o r y .  I t  c o n s i s t e d  o f :  D I S A  C o n s ta n t T e m p e ra tu re  Anem om eter ( a ) ,  
o s c ill o s c o p e  ( b ) ,  C am b rid ge  S l i d e  W ire  P o t e n t i o m e t e r  ( c ) ,  S c a le  lamp 
g a lv a n o m e te r  ( d ) ,  W e sto n  n o rm a l c e l l  ( e ) ,  and a c c u m u la to r ( f ) .  The g e n e r a l 
l a y o u t  o f  th e  a p p a r a tu s  i s  show n i n  P i g .  2 ,  and some m ain u n i t s  on p l a t e  1 .
The D I S A  C o n s ta n t  T e m p e ra tu re  An em om eter ( F i g .  3 ) i s  a s e l f - c o n t a i n e d  u n i t  
s u f f i c i e n t  f o r  m e a s u rin g  b o t h  mean and f l u c t u a t i n g  v e l o c i t y  c o m p o n e n ts . 
H o w e v e r , th e  p o t e n t i o m e t e r  a n d  g a lv a n o m e te r were i n c o r p o r a t e d  i n t o  th e  c i r c u i t  
f o r  a c c u r a te  m easurem e nt o f  th e  w ir e  v o lt a g e  E .

The a b o ve  e q u ip m e n t ca n be u s e d  f o r  q u a n t i t a t i v e  m easurem ents o f  th e  
f o l l o w i n g  f a c t o r s  i n  a t u r b u l e n t  f l o w : mean f l o w  v e l o c i t y  U ,  r o o t-m e a n
s q u a re  v a lu e  o f  th e  f l u c t u a t i n g  v e l o c i t y  7 u 2 (h e n c e  t u r b u le n c e  i n t e n s i t y )  
and  th e  s p e c tru m  a n a l y s i s  o f  a  s i n g l e  e l e c t r i c a l  s i g n a l .  The D I S A  anem om eter 
c o n t a in s  a W h e a t-s to n e 's  b r i d g e  i n  w h ic h  one arm  i s  r e p la c e d  b y  th e  h o t  w ir e  
p r o b e , b r id g e  DC v o l t a g e  m easurem ent u n i t ,  b r id g e  AC v o l t a g e  (RM S) m easurem ent 
u n i t  a n d  s q u a re  wave g e n e r a t o r . The i n p u t  t o  th e  a m p l i f i e r s  i s  t a k e n  fro m  th e  
g a lv a n o m e te r p o i n t s  o f  th e  W h e a ts t o n e 's  b r id g e  c o n t a i n i n g  t h e  w i r e ,  a m p l i f i e d  
a n d  f e d  b a c k  a t  th e  b a t t e r y  p o i n t s  a s a change i n  h e a t i n g  c u r r e n t .  I t  re d u c e s  
th e  u n b a la n c e  o f  th e  b r i d g e . Th e  b r id g e  DC v o l t a g e  p r o p o r t i o n a l  t o  th e  mean 
v e l o c i t y  U  i s  p r o c e s s e d  b y  c h o p p e r DC a m p l i f i e r ,  AC  a m p l i f i e r  a n d  DC o u tp u t 
a m p l i f i e r .  The t h e r m o - j u n c t i o n  t y p e  u n i t  y i e l d s  b r i d g e  AC r o o t-m e a n -s q u a r e  
v o l t a g e  w h ic h  t a k e s  s ig n a l s  t h r o u g h  th e  AC  a m p l i f i e r  fro m  th e  b a t t e r y  p o i n t s  
o f  t h e  W h e a ts to n e 's  b r i d g e . T h e  RMS AC v o lt a g e  p r o p o r t i o n a l  t o  th e  f l u c t u a t i n g
v e l o c i t y  com ponent i/u 2" ca n n o t  be m easured b y  means o f  th e  c o m m e rc ia l EMS 
v o l t m e t e r ,  as t h e y  a re  in a c c u r a t e  f o r  n o n s in u s o i d a l  w a v e fo rm s . A  s e t  o f  
h i g h  a nd  lo w  p a s s  f i l t e r s  p e r m it  s p e c tru m  a n a l y s i s .  I n  o r d e r  t o  che ck 
th e  d yn a m ic  p e r fo r m a n c e , th e  D I S A  s e t  has b e e n  p r o v id e d  w i t h  t h e  s qu a re  wave 
g e n e r a to r  w h ic h , when u s e d  t o g e t h e r  w i t h  th e  o s c i l l o s c o p e , c a n  be a p p l i e d  t o  
m easure th e  a p p r o x im a te  v a l u e  o f  th e  tim e  c o n s t a n t  o f  th e  s y s te m .

S in g le  w i r e  p r o b e s  f o r  th e  m easurem ent o f  n o rm a l v e l o c i t y  com ponents 
w e re s u p p l i e d  b y  th e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y  (s e e  R e f .  9 ) .  I n  a l l  cases 
t u n g s t e n  w ir e  p ro b e s  w e re u s e d , a s shown i n  F i g .  2 .  D ia m e t e r  a nd  l e n g t h  o f  th e  
w ir e  a lo n g  i t s  w o r k in g  s e c t i o n  w e re  a p p r o x im a t e ly  0 *0 0 0 1 5 "  and 0 *0 2 "  
r e s p e c t i v e l y .  I t  was f o u n d  t h a t  th e  c o ld  r e s is t a n c e  o f  th e  p ro b e  v a r i e d  f o r  
d i f f e r e n t  p ro b e s  b e tw e e n  3 *6 2  ohms and  5 *0 6  ohms. Th e  r e s i s t a n c e  a l s o  changed 
b y  0 * 2  ohms w i t h  th e  same p ro b e  fr o m  d a y  t o  d a y . S u i t a b l y  ch o s e n  o p e r a t i n g  
r e s i s t a n c e  ( 1 * 7  t o  2 x  c o l d  r e s i s t a n c e )  e n s u re d  t h a t  th e  w ir e s  w ere n o t  h e a te d  
a b o ve  30 0°C  th u s  p r e v e n t i n g  r a p i d  o x i d a t i o n  o f  th e  t u n g s t e n  w i r e .
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4 . Operational Procedure

I n  a l l  cases th e  h o t  w ir e  p ro b e s  were p o s i t i o n e d  i n  such a w ay t h a t  
th e  w ir e  was p e r p e n d ic u l a r  t o  th e  m a in -s tr e a m  d i r e c t i o n .  C a re  was t a k e n  t o  
e n s u re  t h a t  t h e  p ro b e s  w e re  m o u nte d  r i g i d l y  w i t h  r e s p e c t  t o  e i t h e r  w i n d - t u n n e l  
s t r u c t u r e  o r  a x i a l  f l o w  c o m p re ss o r c a s i n g . T h i s  was t o  a v o i d  a n y  p o s s ib le  
v i b r a t i o n s  o f  th e  p ro b e  s u p p o r t . A f t e r  t h e  p ro b e  h a d  b e e n  c o n n e c te d  t o  th e  
m ain c i r c u i t  i n  th e  n o rm a l w ay t h e  f o l l o w i n g  o p e r a t i o n a l  p ro c e d u r e  was a d o p te d  
i n  o r d e r  t o  m easure t u r b u le n c e  i n t e n s i t y  and t u r b u le n c e  s p e c tr u m .

a . E l e c t r o n i c  n o is e

A t  th e  b e g in n in g  and  th e  e nd o f  each t e s t ,  w i t h  t u n n e l  (c o m p re s s o r) o f f  
a nd  w i t h  no d ra u g h ts  o n  th e  w ir e  th e  t h e r m o - j u n c t i o n  (RM S) r e a d in g  was 
t a k e n . T h i s  r e a d in g  r e p r e s e n t e d  th e  e l e c t r o n i c  n o is e  e n  due t o  th e
i n t e r n a l  p r o p e r t i e s  o f  t h e  a p p a r a t u s . I f  t h e  p o s i t i o n  o f  th e  p o i n t e r  
was n o t  s t e a d y  ( i n d i c a t i n g  t h a t  d ra u g h ts  as w e l l  as t h e  e l e c t r o n i c  n o is e  
w e re c o n t r i b u t i n g )  t h e  lo w e s t  r e a d in g  was a c c e p te d  as e .

b. Cold and operating resistances

W ith  t u n n e l  (c o m p re s s o r) r u n n in g  a t  r e q u i r e d  s p e e d  a n d  t h e  in s t r u m e n t  on 
" s t a n d  b y "  th e  w ir e  c o ld  r e s i s t a n c e  was m e a su re d  b y  a d j u s t i n g  "w id e  s c a le "  
c o n t r o l  u n t i l  t h e  V  p o i n t e r  was on th e  r e d  m a r k . A f t e r  s e t t i n g  t h e  
e x p e c te d  c o ld  r e s i s t a n c e  ( 3 *5 5 2 )  on th e  t h r e e  decades p a n e l  t h e  "p u s h  t o  
m easure r e s i s t a n c e "  b u t t o n  was p u s h e d . I f  th e  p o i n t e r  w e n t o f f  t h e  r e d  
m ark t h e  c o ld  r e s i s t a n c e  was a d ju  t e d .  The o p e r a t i n g  r e s i s t a n c e  was 
o b t a in e d  b y  m u l t i p l y i n g  t h e  c o ld  one b y  th e  f a c t o r  1 * 7  t o  2 a n d  s e t  on th e  
t h r e e  decades p a n e l .

c. Wire voltage

The w i r e  v o l t a g e  E  was m e asu re d  i n  a n o rm a l w ay b y  means o f  th e  s l i d e  w ir e  
p o t e n t i o m e t e r  and  th e  s c a le  lam p g a lv a n o m e te r  a f t e r  t h e s e  h a d  b e e n  
s t a n d a r d is e d  and  th e  D I S A  anem om eter h a d  b e e n s w itc h e d  t o  " o p e r a t e " .

d. RMS of the fluctuating voltage

W it h  D I S A  anem om eter s t i l l  on " o p e r a t e "  m e te r ra n g e  was s e t  t o  1 000 a nd  
"p u s h  t o  m easure t u r b u le n c e "  b u t t o n  was p r e s s e d . T h e  m e te r s w it c h  was 
t u r n e d  t o  lo w e r  ra n g e s  p r o g r e s s i v e l y  t o  o b t a i n  maximum s e n s i t i v i t y  
w i t h o u t  o v e r - l o a d i n g  th e  t h e r m o j u n c t io n  i n s t r u m e n t . The  r e a d in g  was 
t a k e n  when th e  p o i n t e r  was s t a t i o n a r y .

e .  F r e q u e n c y  s p e c t r u m
For the measurements (a) to (d) both high and low pass filte rs  were set 

to "out" position. In order to obtain the frequency spectrum, the high 
pass f ilte r  switch was turned to the next position, i . e . ,  5 o/s and the 
procedure in above paragraph (d) repeated. The high pass f ilte r  switch 
was set to a series of values and the above procedure repeated in each 
case.
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5 . D e s c r i p t i o n  o f  T e s t e d  W in d  T u n n e ls  and A x i a l  Floy/ C o m p re sso r

5 .1  N o . 1 T u n n e l

T h i s  i s  a b lo w e r  t u n n e l  w h ic h  i s  u s e d  w i t h  p o ro u s  s i d e w a l l  s u c t i o n  to  
o b t a i n  a c c u r a te  t w o - d im e n s io n a l cascade r e s u l t s .  Th e  K . B lackm a n  N o . 21 f a n  i s  
d r i v e n  b y  a 36 H . P .  D . C .  m o to r w h ic h  has a r h e o s t a t  sp e e d  c o n t r o l .  F u r t h e r  c o n trc  
i s  p r o v i d e d  b y  means o f  a b u t t e r f l y  v a l v e  s i t u a t e d  i n  th e  21 i n .  d ia m e te r i n l e t  
d u c t . D i f f u s i o n  fr o m  t h e  f a n  i s  e f f e c t e d  b y  means o f  a f a b r i c a t e d  s t e e l ,  v a n e d  
d i f f u s e r  o f  2 3 ° maximum i n c l u d e d  a n g le . Th e  7  f t  s qu a re  s e t t l i n g  cham ber i s  
p r o v i d e d  w i t h  a g a u ze  (w h ic h  w i l l  be r e f e r r e d  t o  l a t e r )  and a 6 i n .  lo n g  honeycomb

The c o n t r a c t i o n  t o  th e  1 2  i n .  x  29 i n .  w o r k in g  s e c t i o n  was 
a e ro  d y n a m ic a lly  d e s ig n e d  b y  means o f  a t r a n s f o r m a t i o n  m ethod due t o  G -ib b in g s  and 
L e w k o w ic z '’ .  B o th  c o n t r a c t i o n  a nd  w o r k in g  s e c t i o n  are o f  a r i b b e d  p ly w o o d  
c o n s t r u c t i o n . The w o r k in g  s e c t i o n  i s  s p e c i f i c a l l y  d e s ig n e d  f o r  f i x e d  i n l e t  
a n g le  use w i t h  a ca sca d e  o f  6 i n .  c h o rd  and co m p re sso r b la d e  p r o f i l e s .  A n  
i n t r i n s i c  f e a t u r e  i s  t h e  p r o v i s i o n  f o r  w a l l  b o u n d a r y - la y e r  b l e e d - o f f ,  w h ic h  i s  
c a r r i e d  o u t b y  t h e  f o l l o w i n g  m eans: -

( a )  s l o t s  i n  t o p  a nd  b o tto m  w a l ls  j u s t  ahead o f  th e  e nd b l a d e s .

( b )  s l o t s  i n  s id e  w a l l s  u p s tre a m  o f  th e  c a s c a d e .

( c )  p o ro u s  s id e  w a l l s  t o  e l i m i n a t e  c o n t r a c t i o n  e f f e c t s  i n  th e
c a s c a d e .

The s l o t s  a re  i n  a l l  ca se s  d e s ig n e d  and p o s i t i o n e d  t o  g iv e  minimum 
i n t e r f e r e n c e  t o  t h e  f r e e - s t r e a m  f l o w .  P o ro u s  s i d e - w a l l  s u c t i o n  i s  th r o u g h  a 
s t a i n l e s s  s t e e l  28 x  45 0  mesh g a u z e .

Two s e r ie s  o f  t u r b u le n c e  m easurem ents w ere made i n  t h i s  t u n n e l .  I n  th e  
f i r s t  s e r i e s ,  a lt h o u g h  t h e  p r e c a u t i o n s  o f  s c r u p u lo u s ly  c le a n in g  th e  l a b o r a t o r y  anc 
s e a l in g  a l l  th e  w indow s w e re  t a k e n , th e  g a u ze  u s e d  i n  th e  s e t t l i n g  cham ber was 
f r a y e d  and  d i r t y .  The h o t  w ir e  p ro b e  was p o s i t i o n e d , on a r i g i d ,  c a n t i l e v e r ,  
f a c i n g  d i r e c t l y  i n t o  t h e  f l o w  2 f t  u p s tre a m  o f  th e  c a s c a d e . The f r e e - s t r e a m  
t u r b u le n c e  i n t e n s i t y  was fo u n d  t o  have a minimum v a l u e  o f  2 * 6 8 $ .

A  new p h o s p h o r b r o n z e  g a u ze  o f  40 x  40 mesh was i n s t a l l e d  e s p e c i a l l y  
f o r  t h e  se co n d  s e r i e s  o f  t u r b u le n c e  m easurem ents and was s e c u r e l y  f i x e d .  The 
p ro b e  i n  t h i s  in s t a n c e  was p o s i t i o n e d  dow nstream  o f  th e  c a s c a d e , w e l l  aw ay fro m  
t h e  b la d e  wakes o r  w a l l  b o u n d a r y  l a y e r s .  The r e s u l t s  o f  t h i s  t e s t  a re  shown i n  
F i g .  8 ;  t h e  o r d e r  o f  th e  t u r b u le n c e  i n t e n s i t y  h a v in g  b e e n  re d u c e d  b y  a f a c t o r  
o f  6 .

5 .2  N o . 2 Cascade T u n n e l

T h i s  t u n n e l ,  w i t h  a h i g h e r  f l o w  r a t e  t h a n  t h e  N o 0 1 t u n n e l , i s  m a in ly  
u s e d  t o  s t u d y  th e  e f f e c t  o f  a s p e c t r a t i o  a n d  in c id e n c e  v a r i a t i o n  on c a s c a d e s .
The f a n  u s e d  was a B la c k m a n  N o . 48 E K ,  w h ic h  was d r i v e n  a t  365 rp m . b y  a 1 3 H . P .  
m o t o r . The d i f f u s e r  ha s i n c l u d e d  a n g le s  o f  1 1 °  a n d  1 7 * 6 °  i n  v e r t i c a l  and 
h o r i z o n t a l  p la n e s  r e s p e c t i v e l y  a n d  a ls o  d is c h a rg e s  i n t o  a 7  f t  s q u a re  s e t t l i n g  
c h a m b e r, w h ic h  has g a u ze s  and a honeycom b . The c o n t r a c t i o n  was d e s ig n e d  i n  a 
s i m i l a r  way t o  t h a t  o f  th e  N o . 1 t u n n e l ,  and t h e  w o r k in g  s e c t i o n  i s  29 i n .  s q u a r e .
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B o u n d a r y - l a y e r  b l e e d - o f f  i s  p r o v i d e d  o n l y  t h r o u g h  s l o t s  i n  t h e  t o p  a n d  b o t t o m  

w a l l s .  F u r t h e r  d e t a i l s  o f  t h i s  t u n n e l  a n d  t h e  N o , 1 t u n n e l  a r e  g i v e n  i n  R e f .  A .

The f i r s t  s e r ie s  o f  t u r b u le n c e  m easurem ents i n  t h i s  t u n n e l  was n o t 
r e p e a te d  s in c e  i t  h a d  b e e n  p o s s i b l e  on t h e  f i r s t  o c c a s io n  t o  g i v e  a l l  g a u ze s  
a th o r o u g h  c l e a n . The t u r b u le n c e  m easurem ents w e re  made w i t h  t h e  cascade re m o ve d  
and t h e  p ro b e  p o s i t i o n e d  i n  t h e  c e n tr e  o f  t h e  w o r k in g  s e c t i o n , f a c i n g  u p s tr e a m .

5 .3  W ind  t u n n e l  N o . 5

L o w -s p e e d  w in d  t u n n e l  N o . 3 has b e e n d e s ig n e d  t o  i n v e s t i g a t e  t h e  
t u r b u l e n t  b o u n d a ry  l a y e r  i n  t h r e e  d im e n s io n s . As shown on F i g .  6 , a i r  i s  
d e l i v e r e d  t o  th e  s e t t l i n g  cham ber b y  a 2 - s t a g e  " A i r s c r e w "  f a n  w h ic h  i s  d r i v e n  b y  
a 20 H . P .  D . C .  ( e l e c t r i c )  m o t o r . The maximum v e l o c i t y  o b t a i n a b l e  i n  th e  

A  f t  x  2 f t  w o rk in g  s e c t i o n  i s  s l i g h t l y  above 60 f t / s e c .  S p e e d  c o n t r o l  b y  means 
o f  a r h e o s t a t  a s s u re s  f a i r l y  p r e c is e  a d ju s t m e n t . The f a n  o u t l e t  d i f f u s e r  i s  
d i r e c t l y  c o n n e c te d  t o  t h e  r e a r  w a l l  o f  th e  s e t t l i n g  c h a m b e r, w h ic h  has c ro s s  
s e c t i o n  d im e n s io n s  -  8 f t  s q  and t o t a l  le n g t h  11  f t .  A n  a e ro  dynam ic a l l y  
d e s ig n e d  c o n t r a c t i o n  w i t h  a A  f t  x  2 f t  w o rk in g  s e c t i o n  d i r e c t s  t h e  a i r  t o  a 
A  f t  lo n g  s t r a i g h t  d u c t a nd  t h e n  t o  a c u r v e d  d u c t c o n t a i n i n g  a p e r s p e x  f l a t  
p l a t e  on w h ic h  t h e  t u r b u l e n t  b o u n d a ry  l a y e r  i s  g e n e r a t e d .

The s e t t l i n g  cham ber s c re e n s  c o n s is t  o f  a f i n e  c o n i c a l  g a u ze  a t t a c h e d  t o  
th e  f a n  d i f f u s e r ,  p e r f o r a t e d  s t e e l  p l a t e  and f i n e  a n d  c o a rs e  h o n e yco m b s.

The h o t  w ir e  p ro b e  was p la c e d  a t  tw o  d i f f e r e n t  p o s i t i o n s :  a t  t h e  
e x i t  fr o m  t h e  c u r v e d  d u c t , 6 i n .  above th e  p l a t e  ( p o s i t i o n  A )  a nd  in s i d e  th e  
d u c t , c lo s e  t o  th e  le a d in g  edge o f  th e  p l a t e ,  a p p r o x im a t e ly  A  i n .  above th e  
s u r fa c e  ( p o s i t i o n  B ) „  I n  b o t h  p o s i t i o n s  t h e  h o t  w i r e  p ro b e  was l o c a t e d  i n  th e  
f r e e - s t r e a m  f l o w , away fro m  th e  b o u n d a ry - l a y e r .  One t e s t  was p e r fo rm e d  w i t h  a 
f o r c e d  s e p a r a t i o n  on th e  p l a t e  c r e a te d  b y  lo w e r in g  th e  r e a r  p a r t  o f  th e  p l a t e ,  

( a p p r o x im a t e ly -^  i n  t o t a l  l e n g t h )  \  i n .  b e lo w  th e  f r o n t  p a r t .  I n  t h i s  case th e  
h o t  w i r e  p ro b e  was p la c e d  i n  p o s i t i o n  A ,  6 i n .  b e lo w  th e  t o p  w a l l .  T h e  p ro b e  
was a lw a y s  p o s i t i o n e d  i n  su ch a w ay t h a t  th e  w ir e  i t s e l f  was p a r a l l e l  t o  th e  
p l a t e  and v e r t i c a l  t o  th e  f l o w .  I n  a l l  cases t h e  p ro b e  was s u p p o r t e d  r i g i d l y  
i n  a h o l d e r  n o r m a lly  u s e d  f o r  b o u n d a r y - la y e r  t r a v e r s e s .  The p ro b e s  w e re a lw a y s  
f i x e d  w i t h  r e s p e c t  t o  th e  w i n d - t u n n e l  s t r u c t u r e .

5 o A  D e s c r i p t i o n  o f  th e  lo w -s p e e d  r e s e a r c h  c o m p re s s o r

Th e  c o m p re s s o r i s  shown i n  F i g .  7 •  The r o t o r ,  w h ic h  i s  3 f t  i n  
d ia m e t e r , and th e  s t a t o r ,  w h ic h  has an o u t s id e  d ia m e te r  o f  A  f t  a re  f a b r i c a t e d  
i n  m ild  s t e e l .  The a lu m in iu m  a l l o y  b la d e s  ha ve  a c o n s t a n t  s e c t i o n  ( l  0CA/30 C 5 0 ),  
a c h o r d  o f  3 i n . ,  p i t c h / c h o r d  r a t i o  o f  1 a t  th e  t i p  a n d  a re  s e t  t o  a s t a g g e r  
a n g le  o f  3 ^ ° .  The i n l e t  g u id e  va n e s  have t h e  same g e o m e try  b u t  a re  s e t  a t  
- 2 0 * 7 °  s t a g g e r  a n g le .

The d e s ig n  spe e d  o f  th e  co m p re ss o r i s  68A r e v / m in  a n d  t h e  d e s ig n  
mass f l o w  r a t e  i s  32*6 lb m / s e c , g i v i n g  50/  r e a c t i o n  a t  th e  b la d e  t i p  a n d  a 
R e y n o ld s  num ber (b a s e d  on r e l a t i v e  i n l e t  v e l o c i t y  a n d  c h o rd ) o f  2 x  10 s .

The r o t o r  i s  l o c a t e d  b e tw e e n  s e l f - a l i g n i n g  b a l l  b e a r in g s  ( p a r t s  22 
and 2 3 ) .  The  d r i v e  s h a f t  ( p a r t  8 ) is  c o n n e c te d  t o  t h e  r o t o r  s h a f t  b y  means o f  
a f l e x i b l e  c o u p lin g  ( p a r t  9 ) .  The pow er in p u t  was o b t a in e d  fr o m  a d . c .  m o to r 
( p a r t  2 A ) v i a  V ’ b e l t s  w h ic h  p a s s e d  th r o u g h  th e  d i f f u s e r ,  b u t  i s  now o b t a in e d  fro m  
an i n d u c t i o n  m o to r d r i v i n g  th r o u g h  a H e e nan and F r o u d e  D y n a m a tic  C o u p lin g  and 
" P o w e r g r ip "  b e l t i n g .

T h e /
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The d i f f u s e r  ha s an in n e r  cone made i n  t im b e r  and  p lyw o o d  w h i l s t  th e  
o c t a g o n a l o u t e r  w a l l  i s  made i n  tim b e r  a nd  M a s o n ite  b o a r d . The t h r o t t l e  
( p a r t  21 ) c o n s is t s  o f  20 gauge s h e e t s t e e l  c o v e r in g  a fra m e  o f  m ild  s t e e l  r o d s .

T o  e l i m i n a t e  a l l  p o s s i b l e  u p s tre a m  d is tu r b a n c e s  t o  t h e  a i r f l o w  th e  
r a d i a l - t o - a x i a l  i n t a k e  shown i n  F i g .  7 was c h o s e n . The p r o f i l e s  o f  t h i s  a i r  
i n t a k e  a re  b a s e d  o n  a m o d i f i e d  tw o -d im e n s io n a l p o t e n t i a l  f l o w  a n a l y s i s  and t h e  
r e s u l t a n t  t h r e e - d i m e n s i o n a l  fo r m  was c o n s t r u c t e d  i n  a f i b r e g l a s s  r e i n f o r c e d  
P o l y e s t e r  r e s i n .

I n s t r u m e n t a t i o n  i s  p r o v id e d  t o  r e c o r d  th e  f o l l o w i n g  i n f o r m a t i o n  a t  
5 e q u a l l y  s p a c e d  c i r c u m f e r e n t i a l  p o s i t i o n s : -

( a )  I n t a k e  s t a t i c  p r e s s u r e  ( i n n e r  and o u t e r  d u c t s ) .

( b )  I n t a k e  t o t a l  p r e s s u r e .

( c )  C o m p re s s o r i n l e t  s t a t i c  p r e s s u r e  ( i n n e r  and o u t e r  w a l l ) .

( d )  C o m p re s s o r o u t l e t  s t a t i c  p r e s s u r e  ( i n n e r  and o u t e r  w a l l ) .

Sp eed  i s  m e a su re d  b y  a r e v o l u t i o n  c o u n t e r . P i t o t - s t a t i c  ya w m e te r 
t r a v e r s e s  can be c a r r i e d  o u t b e h in d  each b la d e  ro w  o v e r  t h e  f u l l  r a d i a l  d is ta n c e  
and  o v e r  tw o  b la d e  p i t c h e s  c i r c u m f e r e n t i a l l y .  S t a t i c  p r e s s u r e  t a p p in g s  a re  
p r o v i d e d  a t  2 A  p o s i t i o n s  a ro u n d  t h e  b la d e  p r o f i l e s  i n  each b la d e  row  a t  r o o t ,  
mean and  t i p  s e c t i o n s . Th e  p r e s s u r e s  fro m  th e  r o t o r  b la d e  a re  t r a n s m i t t e d  
t h r o u g h  a p r e s s u r e  t r a n s m is s i o n  u n i t  w h ic h  e m ploys r u b b e r  r i n g  s e a ls  a nd  a 
h o l l o w  s h a f t  w i t h  i n t e r n a l  p r e s s u r e  t u b i n g .

F o r  t h e  p u rp o s e  o f  t h e  t u r b u le n c e  t e s t s  t h e  h o t  w i r e  p ro b e  was p la c e d  
j u s t  below ' t h e  h o r i z o n t a l  j o i n t  f l a n g e , a t  th e  mean r a d i u s  w i t h  th e  a x i s  o f  t h e  
w ir e  n o rm a l t o  t h e  f l o w  d i r e c t i o n  and n o rm a l t o  th e  r a d i a l  d i r e c t i o n ,  and  i n  
t h r e e  a x i a l  p o s i t i o n s  -

( i )  a p p r o x im a t e ly  1 f t  u p s tre a m  o f  th e  I . G . V ’ s ( p o s i t i o n  A  i n  F i g .  7)

( i i )  a p p r o x im a t e ly  1 8  i n .  dow nstream  o f  t h e  s t a t o r ,  ( p o s i t i o n  B)

( i i i )  a p p r o x im a t e ly  5 f t  dow nstream  o f  th e  s t a t o r  and n e a r t h e  e x i t  o f
t h e  d i f f u s e r  ( p o s i t i o n  C ) .

Th e  r e s t r i c t e d  r e t u r n  a i r  c i r c u i t  i n  t h e  room h o u s in g  th e  c o m p re ss o r 
c a u s e d  t h e  c o m p re ss o r in t a k e  t u r b u le n c e  l e v e l  t o  be h i g h , so t h a t  some t e s t s  
w e re a ls o  c o n d u c te d  i n  t h e  a i r  r e t u r n  space a d ja c e n t t o  th e  c o m p re s s o r. To  
re d u c e  t h e  i n t a k e  t u r b u l e n t  e d d y  s i z e  a g a u ze  was f i t t e d  o v e r  t h e  a i r  in t a k e  
as shown i n  F i g .  7 and  a f u r t h e r  s e t  o f  r e s u l t s  o b t a in e d .

Th e  r e s u l t s  f o r  t u r b u le n c e  i n t e n s i t y  i n  th e  a x i a l  and r a d i a l  d i r e c t i o n ,  
a nd  a p l o t  o f  th e  t u r b u le n c e  s p e c t r a  i s  shown on F i g .  1 0 .

6 .1  D i s c u s s io n  o f  r e s u l t s .  N o . 1 T u n n e l (s e e  T a b le  1)

I n  t h e  absence o f  a n y  o t h e r  f a c t o r s  w h ic h  may have i n f l u e n c e d  th e  
t u r b u le n c e  l e v e l ,  i t  i s  t h o u g h t  t h a t  th e  a b r u p t r e d u c t i o n  was a lm o s t e n t i r e l y

d u e /
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due t o  th e  s t a t e  o f  th e  s e t t l i n g  chamber g a u z e . T h i s  c o n c lu s io n  i s  s u p p o r t e d  
b y  a c o m p a ris o n  o f  th e  fr e q u e n c y  s p e c t r a  f o r  th e  tw o  s e r ie s  o f  t e s t s .  ( F i g .  8 ) .  
The l i m i t e d  s p e c tru m  t a k e n  w i t h  t h e  o l d  g a u ze  i n  p o s i t i o n  r e v e a ls  a v e r y  h ig h  
fr e q u e n c y  t u r b u le n c e  o f  t h e  t y p e  t h a t  one w o u ld  e x p e c t t o  be g e n e r a te d  b y  d u s t 
p a r t i c l e s  o n  t h e  g a u z e . T h e  s p e c t r a  f o r  th e  se co n d  s e r i e s  o f  t e s t s  a re  o f  th e  
more u s u a l p a t t e r n ,  w i t h  a s i z e a b l e  lo w  f r e q u e n c y  co m po n e n t.

6 .2  D i s c u s s io n  o f  r e s u l t s .  N o . 2 T u n n e l

No d e f i n i t e  t r e n d  i s  d i s c e r n i b l e  fro m  th e  r e s u l t s ,  th e  t u r b u le n c e  
l e v e l  v a r y i n g  v e r y  l i t t l e  o v e r  t h e  ra n g e  o f  o p e r a t i n g  s p e e d s . S in c e  t h e  g a u ze s  
w ere c le a n  a t  t h e  tim e  o f  t e s t ,  a nd  a re  n o r m a lly  m a in ta in e d  i n  t h a t  s t a t e ,  and 
s in c e  t h e r e  a re  no p o ro u s  s id e  w a l l s ,  no f u r t h e r  v a r i a b l e s  w e re t a k e n  i n t o  

a c c o u n t .

6 .3  D i s c u s s io n  o f  r e s u l t s .  N o . 3 T u n n e l

T e s t s  w e re c a r r i e d  o u t i n  tw o d i f f e r e n t  p o s i t i o n s  and i n  one case 
w i t h  f o r c e d  s e p a r a t i o n  due t o  a s te p  i n  t h e  p l a t e .  R e s u lt s  a re  p r e s e n t e d  f o r  
a l l  t h e  ca se s  i n  T a b le  3 a n d  th e  s p e c t r a l  d i s t r i b u t i o n  o f  t u r b u l e n t  e n e r g y  i s

r e p r e s e n t e d  b y  t h e  f a c t o r on P i g .  9« As se e n  fro m  th e  T a b le  3 j and

F i g .  9,  t h e  t u r b u le n c e  i n t e n s i t y  s l i g h t l y  in c r e a s e s  to w a rd s  th e  e x i t  o f  t h e  
c u r v e d  d u c t , h o w e ve r t h e  s p e c t r a l  b e h a v io u r  re m a in s  p r a c t i c a l l y  t h e  sam e. The 
s m a ll d e c re a s e  i n  t u r b u le n c e  i n t e n s i t y  i n  t h e  e x i t  s e c t i o n  i n  case o f  t h e  f l o w  
w i t h  f o r c e d  s e p a r a t i o n  ( t e s t  N o . 2) i s  p r o b a b ly  due t o  an e x p e r im e n t a l  e r r o r .  The  
s p e c tru m  c u r v e  o f  th e  s e p a r a t e d  f l o w  a p p e a rs  t o  te n d  t o  s l i g h t l y  h i g h e r  v a l u e s  
t h a n  o t h e r s . H o w e v e r th e  d i f f e r e n c e s  a re  i n  g e n e r a l  r a t h e r  s m a l l .

6 . 4  D i s c u s s i o n  o f  R e s u l t s .  C o m p re sso r

W it h o u t  t h e  i n t a k e  g a u ze  th e  t u r b u le n c e  i n t e n s i t y  i n  th e  a x i a l  and 
r a d i a l  d i r e c t i o n s  i n  th e  c o m p re s s o r i s  h ig h  ( 4$  t o  3%) and  a c t u a l l y  d e c re a s e s  
s l i g h t l y  th r o u g h  th e  b la d e  r o w s . T h i s  s u g g e s ts  t h a t  t h e  t u r b u le n c e  i n  t h i s  
case i s  due more t o  t h e  u n s te a d y  f lo w  i n  t h e  r e t u r n  a i r  c i r c u i t  i n  th e  room  th a n  
t o  t u r b u le n c e , g e n e r a te d  i n  t h e  c o m p re s s o r.

Th e  a p p a r e n t in c r e a s e  i n  t u r b u le n c e  a t  d i f f u s e r  e x i t  i s  m a in ly  due 
t o th e  r e d u c t i o n  i n  th e  mean v e l o c i t y  com ponent b y  a f a c t o r  o f  t w o , so t h a t

)
-----------------  i s  t h e r e b y  d o u b le d . S i m i l a r l y  th e  e x c e s s i v e l y  la r g e  t u r b u le n c e

i n t e n s i t y  o u t s id e  th e  c o m p re s s o r i s  due m a in ly  t o  th e  lo w  mean v e l o c i t y  com ponent 
h e r e  ( a p p r o x i m a t e l y  1 /3 0  th e  v e l o c i t y  i n  th e  c o m p r e s s o r ).

O b s e r v a t i o n  o f  t h e  u n s te a d y  f l o w  i n  th e  r e t u r n  a i r  c i r c u i t  s u g g e s te d  
a v e r y  lo w  fr e q u e n c y  t u r b u l e n c e , i . e . ,  v e r y  la r g e  e d d y s i z e .  The t u r b u le n c e  
s p e c tru m  c o n firm s  t h i s  o b s e r v a t i o n  s in c e  h ig h  f r e q u e n c y  t u r b u le n c e  i s  r e l a t i v e l y  
s m a ll o u t s i d e  th e  c o m p re s s o r w h i l s t  th e  h i g h e r  f r e q u e n c ie s  a re  r e l a t i v e l y  m ost 
s i g n i f i c a n t  im m e d ia t e ly  d ow nstream  o f  th e  s t a t o r  r o w .

T h e /
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The a i r  i n t a k e  c a u s e s  a d e c re a se  i n  t u r b u le n c e  l e v e l  due t o  th e  
in c r e a s e  i n  th e  mean v e l o c i t y  and  a l t e r s  th e  s p e c tru m  so t h a t  e x c e s s iv e  lo w  
fr e q u e n c y  t u r b u le n c e  i s  r e d u c e d  r e l a t i v e  t o  t h e  h i g h e r  fr e q u e n c y  t u r b u l e n c e .

The i n c l u s i o n  o f  an i n t a k e  g a u ze  re d u c e s  th e  t u r b u le n c e  i n t e n s i t y  
i n  a x i a l  a nd  r a d i a l  d i r e c t i o n s  t o  a b o u t 2$ u p s tre a m  o f  th e  I . G - . V ’ s ,  p r i m a r i l y  
b y  r e d u c t i o n  o f  t h e  h i g h e r  f r e q u e n c y  c o m p o n e n ts .

7 .  C o n c lu s io n s

T u n n e l N o , 1 .  W it h  c le a n  s e t t l i n g  chamber g a u ze  and a t  a f i x e d  R e y n o ld s  
num ber o f  4  x  1 0  p e r  f o o t ,  t h e  t u r b u le n c e  i n t e n s i t y  v a r i e d  fro m  0 *4 £ $  w i t h  
s i d e w a l l  s u c t i o n  t o  0 *4 -7$  w i t h o u t  s u c t i o n .

When th e  g a u ze  i s  d i r t y  t h e  t u r b u le n c e  i n t e n s i t y  r i s e s  t o  th e  r e g io n
o f  3 $ .

T u n n e l N o . 2 .  W it h  c le a n  s e t t l i n g  chamber g a u ze  and a t  R e y n o ld s  numbers 
f r o m  3 x  1 0s t o  4  x  1 05 p e r  f o o t ,  t h e  a ve ra g e  t u r b u le n c e  i n t e n s i t y  i s  0 *2 9 $  
w i t h  no d i s c e r n i b l e  R e y n o ld s  num ber v a r i a t i o n .

T u n n e l N o .  3 .  A t  a R e y n o ld s  num ber o f  3 *3  x  1 0 5 p e r  f o o t  t h e  t u r b u le n c e  
i n t e n s i t y  in c r e a s e s  fro m  0 *36$  a t  e n t r y  t o  th e  c u r v e d  d u c t t o  0 *4 .8 $  a t  e x i t  
fr o m  t h e  d u c t .

C o m p re s s o r.  W it h o u t  an i n t a k e  g a u ze  and a t  R e y n o ld s  num bers o f  5 x  1 0 s and 
7  x  10® p e r  f o o t  th e  t u r b u le n c e  i n t e n s i t y  i n  t h e  a x i a l  and r a d i a l  d i r e c t i o n s  
(u p s tr e a m  o f  th e  I . G - . V ' s )  i s  4-$ t o  5$« T h is  re d u c e s  t o  a b o u t 2$ when a g a u ze  
i s  f i t t e d  a t  t h e  i n t a k e .

T h e r e  i s  a h i g h  i n t e n s i t y  o f  low  fr e q u e n c y  (a tm o s p h e r ic  t y p e )  
t u r b u le n c e  i n  t h e  r e t u r n  a i r  c i r c u i t  i n  th e  room  w h ic h  s h o u ld  be s i g n i f i c a n t l y  
re d u c e d  when th e  co m p re ss o r i s  m oved t o  a more s p a c io u s  l a b o r a t o r y  i n  th e  n e a r 
f u t u r e .

The t u r b u le n c e  i n t e n s i t i e s  r e c o r d e d  i n  th e  w in d  t u n n e ls  f a l l  
w i t h i n  t h e  ra n g e  o f  t u r b u le n c e  i n t e n s i t i e s  q u o te d  b y  B ra d sh a w  a n d  F e r r i s  ( R e f . 2 ) 
f o r  some lo v /-s p e e d  t u n n e ls  a t  N . P . L . ,  b u t  a re  h i g h  i n  r e l a t i o n  t o  th e  v a l u e  o f  
0 *0 2 $  q u o te d  b y  S c h u b a u e r a n d  S k ra m s ta d  ( R e f . 5 ) f o r  a s p e c i a l l y  d e s ig n e d  lo w  
t u r b u le n c e  t u n n e l .  ( N a t i o n a l  B u r e a u  o f  S t a n d a r d s , W a s h in g t o n ) .

S in c e  th e  t u r b u le n c e  i n  t h e  w o r k in g  s e c t i o n  o f  th e  w in d _ tu n n e ls _ c a n  
b e  e x p e c te d  t o  be homogeneous a n d  n e a r l y  i s o t r o p i c  ( R e f .  1 ) t h e n  u * = v 3 = w2

Æ
a n d  t h e  s i m p l i f i e d  e x p r e s s io n  f o r  t u r b u le n c e  i n t e n s i t y ------- x  1 00$ i s  v a l i d .

U
T h i s  i s  n o t  so i n  th e  c o m p re s s o r a n d  th e  t u r b u le n c e  i n t e n s i t y  q u o te d  is  th e  mean 
v a l u e  f o r  t h e  a x i a l  and  r a d i a l  d i r e c t i o n s  ( t h e  a x is  o f  t h e  p ro b e  w ir e  b e in g  
p e r p e n d ic u l a r  t o  th e s e  tw o d i r e c t i o n s ) .
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8 .  D i s c u s s i o n  o f  A d d i t i o n a l  R e s u l t s  a nd  C o n c lu s io n s

8 .1  T u n n e l N o , 1

A f t e r  r e b u i l d i n g  th e  t u n n e l  i n  a new l a b o r a t o r y  th e  t u r b u le n c e  i n t e n s i t y  
was f o u n d  t o  be 0 *5 1 $  a t  a R e y n o ld s  num ber o f  A  x  1 0 s p e r  f t  (c o m p a re d  w i t h  
O'KT/a i n  t h e  e a r l i e r  t e s t s ) ,  a n d  was fo u n d  t o  in c r e a s e  t o  0 *6 4 $  a t  a  R e y n o ld s  
nu m ber o f  2 x  10 s p e r  f t .

8 .2  T u n n e l N o . 1 w i t h  t u r b u le n c e  g r id s

A  t u r b u le n c e  g r i d  c o n s i s t i n g  o f  i  ro u n d  b a r s  a t  3 y  i n .  p i t c h  a n d  l o c a t e d  
6 i n .  u p s tre a m  o f  t h e  c o n t r a c t i o n  t h r o a t  c r e a t e d  a t u r b u le n c e  i n t e n s i t y  ( j u s t  
u p s tr e a m  o f  th e  c a s c a d e ) o f  2 * 1  C$ a t  a R e y n o ld s  num ber o f  4- x  10^ p e r  f t .  T h i s  
v a l u e  c h a n g e d  o n ly  s l i g h t l y  f o r  lo w e r  R e y n o ld s  num bers down t o  2  x  1 0 5 p e r  f t .

A  t u r b u le n c e  g r i d  c o n s i s t i n g  o f  1 i n .  f l a t  b a r s  a t  3 i n .  p i t c h  and 
l o c a t e d  a t  th e  c o n t r a c t i o n  t h r o a t  c r e a t e d  a t u r b u le n c e  i n t e n s i t y  o f  a b o u t  1 yo 
j u s t  u p s tre a m  o f  th e  c a sca d e  a t  a  R e y n o ld s  number o f  4- x  1 0 5 p e r  f t .  T h e r e  was 
a ± 1$  v a r i a t i o n  d e p e n d in g  an th e  p o s i t i o n  o f  th e  h o t  w ir e  p ro b e  r e l a t i v e  t o  
t h e  b a r s  o f  th e  t u r b u le n c e  g r i d .  T h e  t u r b u le n c e  i n t e n s i t y  j u s t  d o w n s tre a m  o f  
t h e  ca sca d e  and  b e tw e e n  th e  b la d e  wakes was 9* 75$ .

8 .3  T u n n e l  N o . 2

A f t e r  r e b u i l d i n g  th e  t u n n e l  i n  th e  new l a b o r a t o r y  t h e  t u r b u le n c e  
i n t e n s i t y  was fo u n d  t o  be a b o u t  0 *2 5 $  i n  th e  R e y n o ld s  num ber ra n g e  p e r  f t  fr o m  
3 x 10s t o  4  x  1 ( f  ,  com pared w i t h  th e  e a r l i e r  v a lu e  o f  a b o u t 0 * 29$ .

8 .4 - T u n n e l N o , 2 w i t h  t u r b u le n c e  g r id s

A  t u r b u le n c e  g r i d  c o n s i s t i n g  o f  ^  i n .  ro u n d  b a r s  a t  1 y - i n .  p i t c h  
l o c a t e d  j u s t  u p s tre a m  o f  th e  c o n t r a c t i o n  t h r o a t  p ro d u c e d  a t u r b u le n c e  i n t e n s i t y  
o f  0 * 92$ ,  w h i l s t  t h e  g r i d  o f  y  i n .  ro u n d  b a r s  c r e a t e d  a t u r b u le n c e  i n t e n s i t y  
o f  1 a n d  th e  g r i d  o f  1 i n .  f l a t  b a r s  c r e a t e d  a b o u t 1 0 * 00$  t u r b u le n c e  i n t e n s i t y .

8 .5  T u n n e l N o . 3

A t  a R e y n o ld s  num ber o f  3 * 3  x 1 0 s th e  t u r b u le n c e  i n t e n s i t y  w as fo u n d  
t o  in c r e a s e  fro m  0 * 17% a t  e n t r y  t o  th e  c u r v e d  d u c t t o  0 * 22$  a t  e x i t  fr o m  th e  
d u c t  (c o m p a re d  w i t h  0 * 3£$ and  0-4-8/ r e s p e c t i v e l y  i n  t h e  e a r l i e r  t e s t s ) .  T h i s  
r e d u c t i o n  ca n be e x p l a i n e d  b y  th e  i n c l u s i o n  o f  an a d d i t i o n a l  f i n e  g a u ze  i n  th e  
s e t t l i n g  l e n g t h  a f t e r  th e  h o n e y c o m b s. Two o t h e r  changes have b e e n  made t o  
t h i s  t u n n e l ,  n a m e ly  t h e  s u b s t i t u t i o n  o f a new s in g l e  s ta g e  f a n  a n d  t h e  r e m o v a l 
o f  th e  i n t a k e  o i l  f i l t e r s ,  b u t  th e s e  changes a re  n o t  th o u g h t t o  h a ve  c o n t r i b u t e d  
s i g n i f i c a n t l y  t o  th e  change o f  t u r b u le n c e  i n t e n s i t y .

8.6  C o m p re s s o r

T h e  c o m p re s s o r has now b e e n  r e b u i l t  i n  a much more s p a c io u s  l a b o r a t o r y  
w h ic h  a llo w s  a s u f f i c i e n t l y  l a r g e  r e t u r n  a i r  c i r c u i t  f o r  the  e l i m i n a t i o n  o f  t h e  lo w  
f r e q u e n c y  a tm o s p h e r ic  ty p e  t u r b u le n c e  w h ic h  had  b e e n a s s o c i a t e d  w i t h  th e  i n t a k e  a i r  
i n  th e  p r e v i o u s  t e s t s .  A s  a r e s u l t  th e  t u r b u le n c e  i n t e n s i t y  i s  now re d u c e d  t o  
a b o u t 1% a t  c o m p re s s o r i n l e t  w i t h  a s m a ll R e y n o ld s  num ber e f f e c t  s u p e r im p o s e d . T h i s  
i s  a v e r y  s i g n i f i c a n t  r e d u c t i o n  b e lo w  th e  4$ t o  5» p r e v i o u s l y  m e a s u re d .

A c k n o w le d g e m e n ts /



A c k n o w le d g e m e n ts

The a u t h o r s  w is h  t o  e x p re s s  t h e i r  g r a t i t u d e  t o  M r . P .  B ra d s h a w  o f  
th e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y  f o r  th e  lo a n  o f  a l l  t u r b u le n c e  m e a s u rin g  
e q u ip m e n t d e s c r ib e d  i n  t h i s  r e p o r t ,  and f o r  h i s  a d v ic e  on many a s p e c ts  o f  
t h i s  w o r k . M r . S .  G r a y  o f  th e  N a t i o n a l  Gas T u r b in e  E s t a b l i s h m e n t  i s  a l s o  
th a n k e d  f o r  th e  lo a n  o f  e q u ip m e n t f o r  the  se c o n d  s e r ie s  o f  m e a s u re m e n ts .

The a u t h o r s  a l s o  th a n k  P r o f .  J .  H .  H o r l o c k  f o r  i n i t i a t i n g  th e  
p r o j e c t  a n d  f o r  h i s  c o n t i n u a l  e n c o u ra g e m e n t.

R e fe re n c e s

N o . A u t h o r f  s ) T i t l e ,  e t c .

1 H .  S c h l i c h t i n g B o u n d a ry  L a y e r  T h e o r y .
M c G r a w - H i l l  B o o k  C o . I n c .  New Y o r k  1 9 5 5 .

2 P .  B ra d s h a w  and  
D .  H .  F e r r i s

M easu rem ents o f  f r e e - s t r e a m  t u r b u le n c e  i n  
some lo w -s p e e d  t u n n e ls  a t  N . P . L .
A . R . C .  R .  &  M . N o . 331 7 .  J a n u a r y , 1 9 6 2 .

3 J .  C .  G ib b in g s  a n d  
A .  K .  L e w k o w ic z

A n  a lp h a -c o d e  f o r ,  and t a b u l a t e d  v a lu e s  
o f ,  th e  o r d in a t e s  o f  a  c o n t r a c t i n g  d u c t .  
L i v e r p o o l  U n i v e r s i t y  R e p o r t  U L M E / M .3 .

4 D .  P o l l a r d P h .D .  T h e s is  L i v e r p o o l  U n i v e r s i t y  1 9 6 4 .

5 G . B .  S c h u b a u e r a n d
H .  K .  S k r a m s ta d

L a m in a r b o u n d a ry  l a y e r  o s c i l l a t i o n s  and 
s t a b i l i t y  o f  la m in a r  f l o w .
N . A . C . A .  R e p o r t  N o . 9 0 9 , 1 9 4 8 .

6 R .  Shaw and  
A .  K .  L e w k o w ic z

The  c o n s t r u c t i o n  a n d  t e s t i n g  o f  a l a r g e  
a x i a l  f l o w  c o m p r e s s o r .
A . R . C .  C . P .  N o . 6 2 0 . M a y , 1 9 6 2 .

7 A .  A .  Tow n send The s t r u c t u r e  o f  t u r b u l e n t  s h e a r  f l o w .  
Cam bridge U n i v e r s i t y  P r e s s .

8 S h i h - I  P a i V is c o u s  f l o w  t h e o r y  I I  -  T u r b u l e n t  f l o w .  
V a n  N o s t r a n d  C o . 1 9 5 7 .

9 P .  B ra d s h a w  a nd  
R .  F .  Jo h n s o n

T u r b u le n c e  m easurem e nts w i t h  h o t  w i r e  
ane m o m e te rs.
N . P . L .  N o te s  on A p p i .  ' S c i , ,  N o . 3 3 , 1 9 6 3 .
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A p p e n d ix

T u n n e l D e t a i l s

D e s i g n a t i o n C a s c a d e  T u n n e l N o .1 Cascade T u n n e l N o . 2 C ascade T u n n e l N o . 3

W o rk in g
S e c t i o n

2 ' - 5 ”  x  2 ' - 5 ”
r e c t a n g u l a r
open
c o n tin u o u s

2 ’ - 5" x  1 2 " 
r e c t a n g u l a r  open 
c o n tin u o u s  w i t h  
b o u n d a ry  l a y e r  
s u c t io n

4 '  x  2 ’
r e c t a n g u l a r
open
c o n t in u o u s

Sp eed  Range 0 -70  f t / s e c 0-70  f t / s e c 0-65  f t / s e c

R e y n o ld s  N o . 
p e r  f t  (max.)

o ■£
-

X —k. o 0) 0 - 4  x  106 0 * 4  x  10 s

P o w e r 1 3  h . p . 1 5  h . p . 20 h . p .

M a in  u se B l a d e  cascad e 
r e s e a r c h

B la d e  ca sc a d e  
r e s e a r c h

I n v e s t i g a t i o n s  
o f  t u r b u l e n t  
b o u n d a r y  l a y e r s  
i n  t h r e e  d im e n sio n s

C o m p re sso r D e t a i l s

T i p  d ia m e t e r  4 '  .  R o o t  d ia m e t e r  3 ’ . S p e e d  684 r e v / m in .
B la d e  S e c t i o n  1 0 C 4/3 0  C50 w i t h  3 " c h o r d . S ta g g e r  3 6 ° .
P i t c h / c h o r d  r a t i o  a t  t i p  = 1 .
Mass f l o w  r a t e  3 2 *6  T b m / s e c . R e a c t io n  a t  t i p  = 5*12.
R e y n o ld s  N o . (b a s e d  on r e l a t i v e  i n l e t  v e l o c i t y  and c h o r d ) = 2 x  1 05 .

Table 1 /
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T a b le  1 

T u n n e l N o . 1

A  F i r s t  s e r i e s .  Ga u ze  d i r t y .  P ro b e  m ounted u p s tre a m  o f  ca sca d e  -

U  f t / s e c t/u V U #

5 7 - 9 2 - 7 2
6l  -2 2 - 9 4
63-4 2 -7 2 5
6 6 *4 2-68

B  S e c o n d  s e r i e s .  N e w , c le a n  g a u z e . P ro b e  dow nstream  o f  c a sca d e  -

U  f t / s e c f i t  M L Comments

56*6

56*6

0 - 4 7 2
0-401

W it h o u t  p o ro u s  s i d e - w a l l  s u c t i o n  
W it h  p o ro u s  s i d e - w a l l  s u c t io n

T a b le  2 

T u n n e l N o ., 2

T a b le  5

B o u n d a ry  L a y e r  T u n n e l

T e s t  N o . P ro b e  P o s i t i o n F l a t  P l a t e V e l o c i t y  
f t / s e c

T u r b u le n c e
I n t e n s i t y

*
1 ( A ) - 6 "  abo ve  p l a t e C o m p le te 51 -3 0 - 4 7 8
2 ( A ) - 6 "  b e lo w  t o p  w a l l \  s te p 50-2 0 -4 0 5
3 ( A ) - 6 "  abo ve  p l a t e C o m p le te 5 0 -3 0 -4 8 2
4 ( b ) - 4 "  above p l a t e C o m p le te 50-2 0-363

T a b le  4 /
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T a b le  L

A x i a l  F lo w  C o m p re s s o r

H o t  W ire  P o s i t i o n P lo w  C o e f f i c i e n t  
(C x/U m )

T u r b u le n c e
i n t e n s i t y

... #

C o m p re s s o r S p e e d  
r . p . m .

W it h o u t  g a u ze
U p s tre a m  I . G . V . 0 - 5 8 7 4 - 4 j0 483

U p s tre a m  I . G - . V . 0 *5 ^ 1 4 * 3  8 66 7

O u t s i d e  C o m p re s s o r 
( n e a r  e x i t )

0-562 5 8 *3 0 486

O u t s i d e  C o m p re sso r 
( n e a r  i n t a k e )

0 *561 43.60 4 8 7

U p s tr e a m  I . G . V . 0 *5 5 8 4 * 7 5 486

U p s tre a m  I . G - . V . 0-560 5 * 0 4 667

D o w n s tre a m  s t a t o r O .555 4 * 1 5 485

D o w n s tre a m  s t a t o r 0*565 3 * 7 0 668

D i f f u s e r  e x i t 0 -5 5 1 1 0-30 485

D i f f u s e r  e x i t 0-562 1 0 * 7 2 669

W it h  sjauze

U p s tre a m  I . G . V . 0 *5 3 5 2 *4 2 485

U p s tr e a m  I . G . V . 0 *5 2 5 2 * 1 9 667

D o w n s tre a m  s t a t o r 0 * 5 2 7 3 *4 0 4 8 7

D o w n s tre a m  s t a t o r 0-526 3*20 667

Table 5 /
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T a b le  5 

T u n n e l N o . 1

T u n n e l r e b u i l t  i n  new b u i l d i n g .  No s i d e - w a l l  s u c t i o n .

U  f t / s e c

CM

Comments

3 5 *6 0-642 P ro b e  m ounted u p s tre a m  o f  ca sca d e

4 -7 '8 0-560

5 7 - 5 0 - 5 1 3

6 6 * 4 0-506

T a b le  6 

T u n n e l N o . 1

C o n d i t i o n s  as T a b le  5 ,  b u t  w i t h  t u r b u le n c e  g r id s  a t  c o n t r a c t i o n .

U  f t / s e c 2M Comments

3 4 - 4 2 -18  '

5 4 .9 2 » 1 4 > P r o b e  n o t  i n  l i n e T u r b u le n c e  g r i d  c o n s i s t i n g

65- 1 2 - 1 0 1 w i t h  b a r s  o f  g r i d v  o f  ro u n d  b a r s  a t  3/ '  
p i t c h .

7 5 - 4 2 -3 2 P r o b e  i n  l i n e  w i t h P ro b e  u p s tre a m  o f  cascade
b a r s  J

63 - 0 1 3 - 9 4 P ro b e  i n  l i n e  w i t h  ̂ G -rid  -  1 n f l a t  b a r s  a t  3”
b a r s I p i t c h

6 2 - 0 11 *98 P r o b e  n o t  i n  l i n e
/■

P ro b e  u p s tre a m  o f  c a sca d e
w i t h  b a r s J

4 5 - 3 9 - 7 5  I P ro b e  m o u nte d  dow nstream  o f  c a sc a d e  b e tw e e n  b la d e

6 3 - 3 9 - 7 5  J w a k e s . G -rid  -  1 "  f l a t  b a r s  a t  3 " p i t c h

Table 7 /
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T a b le  7  

T u n n e l N o . 2

U  f t / s e c

C\J

Comments

65
a p p r o x . 0 -2 5 N o  t u r b u le n c e  g r i d

T a b le  8 

T u n n e l N o , 2

U  f t / s e c

C\J

Comments

65 J  
a p p r o x .

■
0*92 

1 *65 

1 0 * 0 0

r o u n d  b a r  g r i d  w i t h  1 p i t c h  
r o u n d  b a r  g r i d  w i t h  3/ ”  p i t c h  

1 "  f l a t  b a r  g r i d  w i t h  3 " p i t c h

l o c a t e d  j u s t  

u p s tr e a m  o f  
c o n t r a c t i o n  t h r o a t

T a b le  9 

T u n n e l N o . 3

P ro b e  p o s i t i o n F l a t  p l a t e V e l o c i t y  f t / s e c T u r b u le n c e  
i n t e n s i t y  fa Comments

A .  6”  abo ve C o m p le te 5 0 - 4 0 *2 4 1 A d d i t i o n a l  g a u ze
p l a t e

i n  s e t t l i n g  l e n g t h
B .  4 "  ab ove 

p l a t e C o m p le te 4 9 -9 0 - 1 6 7 a n d  new f a n

T a b l e  1 0

A x i a l - P l o w  C o m p re s s o r

C o m p re s s o r r e b u i l t  i n  new b u i l d i n g .  N o  in t a k e  g a u z e .

D 70391 / l/D d . 125S75 5/66 XL/CL



PLATE. I

N.RL. hot -  wire equipment

<* <6*



FIG.2

Hot-wire probe

------------ Coaxial cable

-----------  Mains cable

-----------  Normal insulated wire

(a)- DISA-anemometer; (b)- Oscilloscope; (c) -  Potentiometer ; (d )-Galvanometer; 

(e)-Standard cellj (f) -  Accumulator.

NP.L. hot -  wire equipment, basic circuit



FIG. 3

Resistance

instrument

PISA 55API h o t-w ire  anemometer, block diagram



Liverpool University Ho.l. Cascade tunnel
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Liverpool University No.2. Cascade tunnel



Liverpool University No. 3. wind tunnel
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General arrangement of research compressor
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Turbulence spectrum for porous sidewall cascade tunnel
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My involvement was mostly associated with the work on the correction 
of pressure distributions, section 5 and also the introduction.
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Viscosity Effects on the 
Two-Dimensional Flow in Cascades 

-  By -
J. P. G-ostelow, A. K. Lewkowicz 

and M. R.. A. Shaalan

S U M M A R Y

A n  o u t l i n e  o f  t h r e e  m e t h o d s  s e l e c t e d  f o r  b o u n d a r y  l a y e r  c a l c u l a t i o n  is  
g i v e n .  O n e  o f  t h e s e  m e t h o d s  i s  a  n e w  a n a l y s i s .  T h e  m e t h o d s  a r e  
p r o g r a m m e d  in  A L G O L - c o d e  a n d  t h e  r e s u l t s  o b t a i n e d  a r e  g r a p h i c a l l y  
d i s p l a y e d .  B o t h  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  v e l o c i t y  d i s t r i b u t i o n s  
a r e  u s e d  i n  t h e  c o m p u t a t i o n .

R e s u l t s  o b t a i n e d  f r o m  t h e  n e w  a n a l y s i s  a r e  c o m p a r e d  w i t h  t h o s e  
f r o m  o t h e r  m e t h o d s  a n d  a l s o  w i t h  e x p e r i m e n t a l  m e a s u r e m e n t s .

A p p l y i n g  b o u n d a r y  l a y e r  t h e o r y ,  a n  a t t e m p t  i s  m a d e  t o  r e v e a l  
t h e  r e a l  e f f e c t  o f  v i s c o s i t y  o n  p r e s s u r e  d i s t r i b u t i o n s  i n  c a s c a d e s .

T h e  m e t h o d  d e v e l o p e d  i s  b r i e f l y  d e s c r i b e d  a n d  t h e  r e s u l t s  o b t a i n e d  
a r e  c o m p a r e d  w i t h  e x p e r i m e n t .

Replaces ULME/B.13 -  A.R.C.27 209
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1 .  I N T R O D U C T I O N

I n f o r m a t i o n  o n  t h e  e f f e c t  o f  v i s c o s i t y  o n  t w o  d i m e n s i o n a l  c a s c a d e  f l o w  a n d  
o n  i t s  i n f l u e n c e  o n  t h e  p e r f o r m a n c e  o f  r e a l  t u r b o m a c h i n e s  is  s u r p r i s i n g l y  s c a n t y .
T h e  s u b j e c t  m a t t e r  o f  t h e  p r e s e n t  r e p o r t  i s  b r o u g h t  t o g e t h e r  f r o m  t w o  e x t e n s i v e  
r e s e a r c h  p r o g r a m m e s :

( i )  s t u d y  o f  t h e  p o t e n t i a l  f l o w  p a s t  t w o  d i m e n s i o n a l  c a s c a d e s .
( i i )  s t u d y  o f  b o u n d a r y  l a y e r  f l o w .

I t  i s  c o m m o n l y  a p p r e c i a t e d  t h a t  a n  a n a l y t i c a l  s o l u t i o n  t o  t h e  c o m p l e t e  N a v i e r -  
S t o k e s  e q u a t io n s  f o r  c a s c a d e  f l o w s  i s  a n a l y t i c a l l y  i m p o s s i b l e  a n d  t h u s  a p p r o x i m a t e  
a p p r o a c h e s  t o  t h e  v i s c o u s  f l o w  p a s t  t w o  d i m e n s i o n a l  c a s c a d e s  h a v e  t o  b e  s o u g h t .
T h e  s i m p l e s t  w a y  o f  a t t a c k i n g  t h e  p r o b l e m  i s  t o  c o r r e c t  t h e  p o t e n t i a l  f l o w  
s o l u t i o n  f o r  t h e  e f f e c t  o f  t h e  b o u n d a r y  l a y e r  i n  a n  i t e r a t i v e  m a n n e r .  T h e  a v a i l a b l e  
p o t e n t i a l  f l o w  c a l c u l a t i o n  p r o v i d e s  n e c e s s a r y  i n f o r m a t i o n  f o r  b o u n d a r y  l a y e r  
c a l c u l a t i o n s  a n d  c o n s e q u e n t l y  s h o u l d  b e  c a p a b l e  o f  i n c o r p o r a t i n g  b o u n d a r y  l a y e r  
c o r r e c t i o n s  f o r  t h e  s e c o n d  a p p r o x i m a t i o n .  T h e  c o n v e r g e n c e  o f  th e  i t e r a t i v e  
p r o c e s s  is  e x p e c t e d  t o  b e  r a p i d .

M a n y  p o t e n t i a l  f l o w  i n v e s t i g a t o r s  a s s u m e  a  c u s p e d  t r a i l i n g  e d g e  a n d  a p p l y  th e  
K u t t a  c o n d i t i o n  i n  o r d e r  t o  p r e d i c t  l i f t  c o e f f i c i e n t ,  o u t l e t  a n g l e  a n d  p r e s s u r e  d i s t r i b u t i o n .  
T h i s  is  n o t  c o m p a t i b l e  w i t h  c u r r e n t  p r a c t i c a l  a p p l i c a t i o n s  w h e r e  m o s t  o f  t h e  
c a s c a d e s  h a v e  r o u n d e d  l e a d i n g  a n d  t r a i l i n g  e d g e s . I n  s u c h  i n s t a n c e s  t h e  K u t t a  
c o n d i t i o n  i s  n o t  r e l e v a n t  a n d  f o r  a n y  g i v e n  c a s c a d e  g e o m e t r y  a n d  i n l e t  f l o w  
c o n d i t i o n s ,  t h e  o u t l e t  f l o w  c o n d i t i o n s  d e p e n d  o n  t h e  l o c a t i o n  o f  t h e  r e a r  s t a g n a t i o n  
p o i n t .  F r o m  t h e  s t a n d p o i n t  o f  p o t e n t i a l  f l o w  t h e o r y  t h e r e  is  n o  d e f i n i t e  w a y  o f  
p r e s c r i b i n g  t h e  l o c a t i o n  o f . t h e  r e a r  s t a g n a t i o n  p o i n t  a n d  t h e r e f o r e  s o m e  s u p p o s i t i o n s  
m u s t  b e  m a d e  f r o m  t h e  s t a t e  o f  b o u n d a r y  l a y e r  d e v e l o p m e n t  a t  t h e  t r a i l i n g  e d g e  
a n d  f r o m  t h e  d e v e l o p m e n t  o f  t h e  p r o f i l e  w a k e  f u r t h e r  d o w n s t r e a m . T h e  q u e s t  
f o r  s u c h  a n  a l t e r n a t i v e  t o  t h e  K u t t a  c o n d i t i o n  i s  d e s c r i b e d  i n  S e c t i o n  5 o f  t h e  p r e s e n t  
r e p o r t .

O n  t h e  o t h e r  h a n d , t h e  p r e s e n c e  o f  t h e  b o u n d a r y  l a y e r  i n  t h e  a c t u a l  a e r o f o i l  
a c t s  a s  i f  a l t e r i n g  i t s  s h a p e  a n d  t h u s  a f f e c t i n g  t h e  s t a t e  o f  p o t e n t i a l  f l o w .  B y  
a d d i n g  t h e  b o u n d a r y  l a y e r  d i s p l a c e m e n t  t h i c k n e s s  t o  t h e  p r o f i l e  t h i c k n e s s  a l o n g  
t h e  n o r m a l s  t o  i t s  c o n t o u r ,  a c c o u n t  i s  t a k e n  o f  t h e  e f f e c t  o f  v i s c o s i t y  o n  t h i s  " c h a n g e  
i n  s h a p e "  o f  t h e  a e r o f o i l s  in  c a s c a d e s .  T h e  f i r s t  u s e  o f  t h i s  p r o c e d u r e  w a s  p r o b a b l y  
b y  P i n k e r t o n  ( 1 1 )  w h o  w o r k e d  b a c k  f r o m  t h e  m e a s u r e d  c i r c u l a t i o n  t o  d e t e r m i n e  a n  
a r b i t r a r y  n e w  p r o f i l e  b y  d i s t o r t i o n  o f  t h e  a e r o f o i l  t r a i l i n g  e d g e . H o w e v e r ,  a  c o m p l e t e  
s o l u t i o n  o f  t h e  p r o b l e m  w o u ld  n o t  h a v e  r e q u i r e d  t h e  s p e c i f i c a t i o n  o f  a n  e x p e r i m e n t a l l y  
d e t e r m i n e d  l i f t  c o e f f i c i e n t . P r e s t o n  ( 1 2 )  f i r s t l y  o v e r c a m e  t h i s  d i f f i c u l t y  a n d  w a s  
a l s o  a b l e  t o  c o r r e c t  f o r  t h e  d i s p l a c e m e n t  e f f e c t  o f  t h e  b o u n d a r y  l a y e r  o n  th e  
f l o w  a r o u n d  a n  i s o l a t e d  a e r o f o i l .  P r e s t o n ' s  r e s u l t s  g a v e  e x c e l l e n t  a g r e e m e n t  
w i t h  e x p e r i m e n t a l  m e a s u r e m e n t s .
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S p i e d e l  a n d  S c h o l z  ( 1 4 )  f i r s t  a c h i e v e d  a n  e x t e n s i o n  t o  c a s c a d e s  u s i n g  t h e  
p o t e n t i a l  f l o w  t h e o r y  o f  S c h l i c h t i n g  ( 1 3 )  a n d  t h e  b o u n d a r y  l a y e r  t h e o r y  o f  T r u c k u n b r o d t  
T h e y  w e r e  a b l e  t o  c a l c u l a t e  t h e  b o u n d a r y  l a y e r  a s  f a r  a s  t h e  s e p a r a t i o n  p o i n t  a n d  t o  
e x p r e s s  t h e  e f f e c t  o f  t h e  d i s p l a c e m e n t  t h i c k n e s s  i n  t e r m s  o f  a n  a d d i t i o n a l  s o u r c e -  
s i n k  d i s t r i b u t i o n .  T h e  r e s u l t  o f  a d d i n g  t h e  d i s p l a c e m e n t  t h i c k n e s s  w a s  a  
' s u b s t i t u t e '  p r o f i l e  w h i c h  d i f f e r e d  f r o m  t h e  o r i g i n a l  p r o f i l e  b y  h a v i n g  i t s  c u s p e d  
t r a i l i n g  e d g e  i n  a  s l i g h t l y  d i f f e r e n t  p o s i t i o n .  T h e  d i s p l a c e m e n t  e f f e c t  o f  t h e  w a k e  
w a s  n o t  t a k e n  i n t o  a c c o u n t .  T h e  p o t e n t i a l  f l o w  a r o u n d  t h e  n e w  p r o f i l e  w a s  
c a l c u l a t e d ,  t h e  r e a r  s t a g n a t i o n  p o i n t  b e i n g  f i x e d  o n  t h e  c u s p  b y  t h e  K u t t a  
c o n d i t i o n .  I n  a  v e r y  t h o r o u g h  p i e c e  o f  w o r k  t h e y  a p p l i e d  c o r r e c t i o n s  t o  a  w i d e  
r a n g e  o f  c a s c a d e s  a n d  c o m p a r e d  t h e  r e s u l t s  w i t h  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n s ,  
o u t l e t  a n g l e s  a n d  l o s s  c o e f f i c i e n t s .

A  r e l i a b l e  c a l c u l a t i o n  o f  t h e  d e v e l o p m e n t  o f  b o u n d a r y  l a y e r  o n  t h e  c o n s i d e r e d  
a e r o f o i l  i n  c a s c a d e  is  o b v i o u s l y  e s s e n t i a l .  I n  t h e  p r e s e n t  r e p o r t  s o m e  m e t h o d s  
o f  c a l c u l a t i o n  a r e  d e s c r i b e d  a n d  t h e i r  u t i l i t y  i l l u s t r a t e d  i n  s e v e r a l  e x p e r i m e n t a l  
a s  w e l l  a s  s o m e  h y p o t h e t i c a l  c a s e s .  T h o s e  m e t h o d s  b e i n g  i n  c u r r e n t  u s e  i n  t h e  
U n i v e r s i t y  o f  L i v e r p o o l  a n d  a l s o  q u o t e d  i n  t h e  p r e s e n t  r e p o r t  a r e :

( i )  T h w a i t e s '  m e t h o d  f o r  l a m i n a r  l a y e r s
( i i )  T r u c k e n b r o d t ' s  m e t h o d  f o r  t u r b u l e n t  l a y e r s .
( i i i )  A  n e w  a n a l y s i s  ( L e w k o w i c z  a n d  H o r l o c k  ( 7 ) )  f o r  t u r b u l e n t  l a y e r s .

H o w e v e r ,  t h e  c a l c u l a t i o n  o f  t h e  b o u n d a r y  l a y e r  o n  a n  a e r o f o i l  i s  s t r o n g l y  
i n f l u e n c e d  b y  t h e  s t a t e  o f  t r a n s i t i o n  f r o m  l a m i n a r  t o  t u r b u l e n t  b o u n d a r y  l a y e r  f l o w  
a n d  m o r e o v e r ,  t o  a  g r e a t e r  d e g r e e ,  b y  i t s  e x a c t  l o c a t i o n .  T h e  t r a n s i t i o n  l o c a t i o n  
p e r t i n e n t  t o  c a s c a d e  f l o w s  i s  u n d o u b t e d l y  o n e  o f  t h e  l e a s t  e x p l o r e d  p r o b l e m s  i n  t h e  
t h e o r y  o f  t u r b o m a c h i n e s .  I t  s h o u l d  b e  e m p h a s i s e d  t h a t  t h e  e x i s t i n g  e x p e r i m e n t a l  
c r i t e r i a  f o r  t r a n s i t i o n  a p p l y  t o  m u c h  h i g h e r  R e y n o l d s  n u m b e r s  a n d  l o w e r  t u r b u l e n c e  
l e v e l s  t h a n  t h o s e  e n c o u n t e r e d  i n  c a s c a d e  p r a c t i c e  w h e r e  o f t e n  t h e  t r a n s i t i o n  i s  c a u s e d  
b y  l a m i n a r  s e p a r a t i o n  b u b b l e s .  A n  a n a l y t i c a l  p r e d i c t i o n  o f  t h e  b o u n d a r y  l a y e r  
d o w n s t r e a m  o f  t h e  s e p a r a t i o n  b u b b l e  a p p e a r s  t o  b e  i n t r a c t a b l e  a s  y e t .

T h r o u g h o u t  t h e  p r e s e n t  r e p o r t  t h e  f o l l o w i n g  g e n e r a l  a s s u m p t i o n s  a r e  m a i n t a i n e d :

( i )  t h e  f l o w  i s  i n c o m p r e s s i b l e
( i i )  t h e  f l o w  is  s t e a d y
( i i i )  t h e  e f f e c t  o f  v i s c o s i t y  c a n  b e  l i m i t e d  t o  a  n a r r o w  r e g i o n  n e a r  t h e  s o l i d  w a l l s  

t h e  b o u n d a r y  l a y e r  r e g i o n .

T h e y  n a t u r a l l y  r e s t r i c t  t h e  a p p l i c a t i o n  o f  t h e  p r e s e n t  c o n s i d e r a t i o n s ,  b u t  
n o n e t h e l e s s , i t  i s  h o p e d  t h a t  t h e  e v i d e n c e  d i s c u s s e d  m a y  b e  h e l p f u l  i n  u n d e r s t a n d i n g  
t h e  p h y s i c s  o f  v i s c o u s  f l o w  t h r o u g h  t u r b o m a c h i n e r y  c a s c a d e s .
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2 .  N O T A T I O N

A . V . R . A x i a l  v e l o c i t y  r a t i o  ( o u t l e t  a x i a l  v e l o c i t y / i n l e t  a x i a l  v e l o c i t y )

C
P

2
= (p  -  p  ) /  1 /2  p U  -  l o c a l  s t a t i c  p r e s s u r e  c o e f f i c i e n t

A  C
P

=  C  -  C  
p s  p P

H =  8 * / 9  m e a n  v e l o c i t y  s h a p e  p a r a m e t e r .

H =  8 * * / 9  m e a n  v e l o c i t y  s h a p e  p a r a m e t e r .

L F o r  p a r a m e t e r  i n  T r u c k e n b r o d t 's  m e t h o d  o r  a  f u n c t i o n  
o f  i  a n d  m  i n  T h w a i t e s '  m e t h o d .

a . .
iJ

(  i  = 1 ,  2 ,  3 :  j  =  1 ,  2 ,  3 )  -  f u n c t i o n s  o f  t o ,  6 a n d  n .
2  d l l , ,

a 4 j
( j  =  1 ,  2 ,  3 ) -  f u n c t io n s  o f  to , 8 , 11 a n d  rr ¿-¡rv”‘CO V-A-‘V

U  0

R 9
M o m e n t u m  t h i c k n e s s  R e y n o l d s  N u m b e r ,  R  =

U ± c  v
R

e
S

R e v n o l d s  N u m b e r ,  R  =  -----------
e „

S o u r c e  d i s t r i b u t i o n  i n  H o r l o c k ' s  m e t h o d .

U V e l o c i t y  ( i n  t h e  b o u n d a r y  l a y e r  r e g i o n ) .

c B la d e  c h o r d  l e n g t h

C f
L o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t

M F u n c t i o n s  d e f i n e d  i n  T h w a i t e s '  m e t h o d .
m  J

P S t a t i c  p r e s s u r e  ( l o c a l  v a l u e ) .

u
T

S k i n  f r i c t i o n  v e l o c i t y .

X L o n g i t u d i n a l  c o o r d i n a t e  ( a l o n g  t h e  w a l l  o r  a l o n g  c h o r d  
i n  l o w  c a m b e r e d  b l a d e s ) .

y T r a v e r s e  c o o r d i n a t e  ( a c r o s s  b o u n d a r y  l a y e r  o r  n o r m a l  t o  c h o r d , 
i n  l o w  c a m b e r e d  b l a d e s )

z =  x  +  i y  c o m p l e x  v a r i a b l e  i n  c a s c a d e  p l a n e .
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C o n s t a n t  i n  t h e  n e w  a n a l y s i s  o r  f l o w  a n g l e  i n  p o t e n t i a l  f l o w  
c o n s i d e r a t i o n s .

A b s o l u t e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r .

D i s p l a c e m e n t  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r .

E n e r g y  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  

M o m e n t u m  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  

=  y c ^ / 2  l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t

K i n e m a t i c  v i s c o s i t y  o f  t h e  f l u i d  

S t a g g e r  a n g l e

=  p ( -  u v  ) t u r b u l e n t  s h e a r  s t r e s s .

F r e e  p a r a m e t e r  ( C o l e s '  p a r a m e t e r ) .

E x t e r n a l  p r e s s u r e  g r a d i e n t .

I n  th e  t r a i l i n g  e d g e  p l a n e .

S u r f a c e  v a l u e  

O n  t h e  s u c t i o n  s u r f a c e  

O n  t h e  p r e s s u r e  

I n i t i a l  v a l u e

I n l e t  c o n d i t i o n s  ( f a r  u p s t r e a m )  

O u t l e t  c o n d i t i o n s  ( f a r  d o w n s t r e a m )

oo Free stream value (outside boundary layer)
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3 .  M e t h o d s  o f  B o u n d a r y  L a v e r  C a l c u l a t i o n  i n  U s e  a t  L i v e r p o o l  U n i v e r s i t y  .

3 . 1 .  S y n o p s i s  o f  M e t h o d s :

V a r i o u s  m e t h o d s  a r e  a v a i l a b l e  f o r  t h e  c a l c u l a t i o n  o f  th e  b o u n d a r y  l a y e r  g r o w t h
a l o n g  a s p e c i f i e d  w a l l  s h a p e . O f  t h e  a v a i l a b l e  m e t h o d s , t h a t  o f  T h w a i t e s  ( 1 8 )
w a s  c h o s e n  a s  a  q u i c k  m e t h o d  f o r  c a l c u l a t i n g  t h e  l a m i n a r  p a r t  o f  t h e  b o u n d a r y  l a y e r .
T r u c k e n b r o d t ' s  ( 1 9 )  m e t h o d  w a s  u s e d  t o  c a l c u l a t e  t h e  t u r b u l e n t  r e g i o n  o f  t h e
b o u n d a r y  l a y e r  e i t h e r  s t a r t i n g  a t  t h e  l a m i n a r  s e p a r a t i o n  p o i n t  o r  w i t h  a s s u m e d
t r a n s i t i o n  p o s i t i o n  a n d  s u i t a b l e  i n i t i a l  v a l u e s  o f  s h a p e  p a r a m e t e r  H  a n d  m o m e n t u m
t h i c k n e s s  R e y n o l d s  N u m b e r  R  .y

A  m e t h o d  r e c e n t l y  d e v e l o p e d  b y  L e w k o w i c z  a n d  H o r l o c k  ( 7 )  w a s  u s e d  a n d  
c o m p a r e d  w i t h  o t h e r  m e t h o d s .

A  b r i e f  d e s c r i p t i o n  o f  t h e  i n d i v i d u a l  m e t h o d s  i s  g i v e n  b e l o w :

3 . 1 . 1 .  T h e  " T h w a i t e s "  M e t h o d

S t a r t i n g  w i t h  t h e  m o m e n t u m  e q u a t i o n , T h w a i t e s  d e f i n e d  p a r a m e t e r s  i  a n d  m  
t o  e s t a b l i s h  a  r e l a t i o n s h i p  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  d e r i v a t i v e s  o f  t h e  v e l o c i t y  
p r o f i l e  a t  t h e  w a l l .

W i t h  t h e s e  d e f i n i t i o n s ,  h e  s u c c e e d e d  i n  i n t e g r a t i n g  t h e  m o m e n t u m  e q u a t i o n , 
o b t a i n i n g  a n  e x p r e s s i o n  f o r  t h e  m o m e n t u m  t h i c k n e s s  0 .  T h e  s h a p e  p a r a m e t e r  H  ( m )  
a n d  a  q u a n t i t y  L  (a  f u n c t i o n  o f  t  a n d  m )  w e r e  t a b u l a t e d  a g a in s t  t h e  p a r a m e t e r  m ,  
s o  t h a t  f o r  a v a l u e  o f  m ,  v a l u e s  o f  L  a n d  H  c o u l d  b e  o b t a i n e d .

A s  Z  ( m )  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  p r o f i l e  g r a d i e n t  a t  t h e  w a l l ,  
s e p a r a t i o n  o c c u r s  w h e n  Z  ( m )  b e c o m e s  z e r o ,  a t  w h i c h  t h e  c o r r e s p o n d i n g  v a l u e  o f  
m i s 0 . 0 8 2 .  T h i s  v a l u e  o f  m  a t  s e p a r a t i o n  h a s  s i n c e  b e e n  c o r r e c t e d  t o  0 . 0 9  
e x p e r i m e n t a l l y  b y  C u r i e  a n d  S k a n .

3 . 1 . 2 .  T h e  " T r u c k e n b r o d t "  M e t h o d

T h i s  m e t h o d  h a s  b e e n  s h o w n  t o  b e  o n e  o f  t h e  m o s t  r e l i a b l e  m e t h o d s  f o r  
t u r b u l e n t  b o u n d a r y  l a y e r  c a l c u l a t i o n .  T h e  m e t h o d  i s  a l s o  r e l a t i v e l y  e a s y  t o  
a p p l y  s i n c e  s p e c i f i c a t i o n  o f  t h e  f r e e  s t r e a m  v e l o c i t y  g r a d i e n t  i s  n o t  r e q u i r e d .
T h e  m e t h o d  i s  v a l i d  f o r  p l a n e  a n d  a x i - s y m m e t r i c  f l o w s  w i t h  z e r o ,  f a v o u r a b l e  a n d /  
o r  a d v e r s e  p r e s s u r e  g r a d i e n t .

M a n i p u l a t i o n  o f  t h e  e n e r g y  i n t e g r a l  e q u a t i o n , w i t h  t h e  a i d  o f  s e m i - e m p i r i c a l
r e l a t i o n s  b e t w e e n : t h e  e n e r g y  ' 'd i s s i p a t i o n ”  a n d  R n , t h e  w a l l  s h e a r  s t r e s s ,

, TT , 8  — . e n e r g y  t h i c k n e s s  .
t h e  s h a p e  p a r a m e t e r  H  a n d  R _ ,  a n d  b e t w e e n  H  a n d  H  ( ---------- —  ------ -7- — ;---------- ) ,K  K  0  m o m e n t u m  t h i c k n e s s
l e d  t o  a n  e x p r e s s i o n  f o r  t h e  m o m e n t u m  t h i c k n e s s  0 .  A g a i n ,  u s i n g  t h e  e n e r g y  i n t e g r a l
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e q u a t i o n  t o g e t h e r  w i t h  t h e  m o m e n t u m  i n t e g r a l  e q u a t i o n  a  f o r m u l a  f o r  a  f o r m  
p a r a m e t e r  L ,  w h i c h  i s  a  f u n c t i o n  o f  H ,  w a s  r e a c h e d .

L u d w e i g  a n d  T i l l m a n ' s  r e s u l t s  o f  t h e  w a l l  s h e a r i n g  s t r e s s  w e r e  u s e d  t o  
g i v e  a n  e q u a t i o n  f o r  c a l c u l a t i o n  o f  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t .

T r u c k e n b r o d t  c o n s i d e r e d  c^ t o  b e  s u f f i c i e n t l y  s m a l l  w h e n  H  t a k e s  t h e  v a l u e  
2 . 4 , f o r  s e p a r a t i o n  t o  o c c u r .

A  v a l u e  o f . H  = 1 . 4  i m m e d i a t e l y  a f t e r  t r a n s i t i o n  w a s  p r o p o s e d  b y  T r u c k e n b r o d t  
a l t h o u g h  i t  w a s  p o s s i b l e  t o  c a l c u l a t e  t h i s  v a l u e  a s  a  f u n c t i o n  o ft fie  v a l u e s  o f  
a n d  H  a t  l a m i n a r  s e p a r a t i o n .

3 . 1 . 3 .  N e w  A n a l y s i s

I f  i t  i s  t a k e n  f o r  g r a n t e d  t h a t  t h e  m e a n  v e l o c i t y  p r o f i l e  i n  a  t w o  d i m e n s i o n a l  
t u r b u l e n t  b o u n d a r y  l a y e r  c a n  a d e q u a t e l y  b e  d e s c r i b e d  b y  C o l e s '  p r o f i l e  ( 2 )  t h e n  
t h e  d e v e l o p m e n t  o f  t h e  b o u n d a r y  l a y e r  i s  c o n v e n i e n t l y  e x p r e s s e d  i n  t e r m s  o f  t h r e e  
l o c a l  v a r i a b l e s :

(i>  s k i n  f r i c t i o n  c o e f f i c i e n t  c ^ ,  o r  co =  V c ^ / 2 ,
( i i )  f r e e  p a r a m e t e r  ( p e r t i n e n t  t o  t h e  w a k e  c o m p o n e n t )  n  ,
( i i i )  a b s o l u t e  b o u n d a r y  l a y e r  t h ic k n e s s  S .  ( * )

A l l  b o u n d a r y  l a y e r  m e a n  v e l o c i t y  q u a n t i t i e s  e . g .  6 * ,  9 ,  6 * * ,  H =  6 * / 9  a n d
H  =  S * * / 9  u s u a l l y  r e q u i r e d  i n  p r a c t i c a l  c o m p u t a t i o n s  a r e  a l s o  e a s i l y  e x p r e s s i b l e
b y  t h e  t h r e e  l o c a l  v a r i a b l e s  o f  t u r b u l e n t  b o u n d a r y  l a y e r s .  I n  t h e  p r e s e n t  r e p o r t  o n l y  
a  f e w  r e m a r k s  a b o u t  t h e  a n a l y s i s  w i l l  b e  m a d e  f o r  f u r t h e r  d e t a i l s  t h e  r e a d e r  i s  r e f e r r e d  
t o  ( 7 ) .

T h e  n e w  a n a l y s i s  is  b a s e d  o n  t h e  t h r e e  k n o w n  b o u n d a r y  l a y e r  r e l a t i o n s :

( i )  m o m e n t u m  i n t e g r a l  e q u a t i o n ,
( i i )  e n e r g y  i n t e g r a l  e q u a t i o n ,
( i i i )  L u d w i e g  a n d  T i l l m a n  s k i n  f r i c t i o n  l a w .

T h e  n u m b e r  o f  t h e  g o v e r n i n g  e q u a t i o n s  is  d i c t a t e d  b y  t h e  n u m b e r  o f  u n k n o w n s  
( l o c a l  v a r i a b l e s  c  ,  5 , n  ) .  T h e  g o v e r n i n g  e q u a t i o n s  a r e  t r a n s f o r m e d  i n t o  a  s e t  

o f  t h r e e  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  o f  f i r s t  o r d e r  f o r  c  ,  6 ,  a n d  n  ,  o n  
e x p r e s s i n g  a l l  c o r r e s p o n d i n g  b o u n d a r y  l a y e r  i n t e g r a l  q u a n t i t i e s  b y  t h e  i n d e p e n d e n t  
v a r i a b l e s .  A l l  t h e  t h r e e  e q u a t i o n s  b e a r  t h e  s a m e  g e n e r a l  f o r m

F o o t n o t e  .

( * )  T h e  a b s o l u t e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  is  h e r e  u n i q u e l y  d e f i n e d  b y  t h e  r e l a t i o n
k  6 *  ,

6 = --------------------- ;  ( w h e r e  k  i s  t h e  v . K a r m a n  c o n s t a n t )
co (1 + n)

w h i c h  r e p r e s e n t s  a n  i m m e d i a t e  c o n s e q u e n c e  o f  C o l e s '  v e l o c i t y  p r o f i l e .
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da) as an
— a. . a„. + — a... =A 11 cbc cbc 21 , 31cbc U ’ ( i 1,2,3); ( 1)

w h e r e  a ^ . ,  a 9 ^, a ^ .  a r e  f u n c t i o n s  o f  t o  ,  5  ,  IT a n d  a  b e s i d e s  t h e  l o c a l  
v a r i a b l e s  c o n t a i n s  a l s o  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t  ( 2 / U ^ )  • ( d U ^ / d x )

w h i c h  i n i t i a l l y  i s  a k n o w n  f u n c t i o n  o f  x .

N o t e  t h a t  t h e  L u d w i e g  a n d  T i l l m a n  s k i n  f r i c t i o n  l a w  m u s t  h e  d i f f e r e n t i a t e d  
w i t h  r e s p e c t  t o  x  i n  o r d e r  t o  c o m p l e t e  t h e  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s . T h i s  i s  
e s s e n t i a l  b e c a u s e  t h e  s o l u t i o n  t o  t h e  s e t  o f  e q u a t io n s  i s  c a r r i e d  o u t  n u m e r i c a l l y  
u s i n g  t h e  R u n g e - K u t t a  m e t h o d  f o r  a  s y s t e m  o f  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t io n s  
t o  b e  s o l v e d  s i m u l t a n e o u s l y .

T h e  e n e r g y  i n t e g r a l  e q u a t i o n  c o n t a i n s  a  t e r m  i n v o l v i n g  t u r b u l e n t  s h e a r  s t r e s s e s  
r  =  p ( - u v  )  i n  t h e  s t a t e  o f  e n e r g y  d i s s i p a t i o n  i n t e g r a l

r°°r 3U 
------dyj

o P **
• • (2)

T h i s  e n e r g y  " d i s s i p a t i o n "  i n t e g r a l  i s  r e l a t e d  t o  t h e  l o c a l  v a r i a b l e s  b y  
m a k i n g  u s e  o f  C l a u s e r ' s  e d d y  v i s c o s i t y  m o d e l  ( 1 ) .  L e w k o w i c z  a n d  H o r l o c k  ( 7 )  
o b t a i n e d  a n  e x p l i c i t  r e l a t i o n  f o r  t h e  e n e r g y  " d i s s i p a t i o n ”  i n t e g r a l  * ) .

I n  o r d e r  t o  m a k e  t h e  n e w  a n a l y s i s  r e a s o n a b l y  a c c u r a t e  n e a r  s e p a r a t i o n  th e  
i n f l u e n c e  o f  t h e  t u r b u l e n t  n o r m a l  s t r e s s e s  i s  t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  m o m e n t u m  
b a l a n c e  ( m o m e n t u m  i n t e g r a l  e q u a t i o n ) .  T h e  r o l e  o f  t h e  t u r b u l e n t  n o r m a l  s t r e s s e s ,  
h o w e v e r ,  i s  o m i t t e d  i n  t h e  m e a n  f l o w  e n e r g y  b a l a n c e  ( e n e r g y  i n t e g r a l  e q u a t i o n ) .
I t  i s  b e l i e v e d  t h a t  t h e  c o n t r i b u t i o n  o f  t h e  t u r b u l e n t  n o r m a l  s t r e s s e s  t o  t h e  e n e r g y  
b a l a n c e  c a n  b e  i g n o r e d  e v e n  i n  t h e  v i c i n i t y  o f  s e p a r a t i o n .

F o o t n o t e

* )  T h e  d i s s i p a t i o n  i n t e g r a l  d e p e n d s  o n  t h e  c o n s t a n t  a  w h i c h  t a k e s  i t s  o r i g i n  
f r o m  t h e  e x p r e s s i o n  f o r  t h e  e d d y  v i s c o s i t y  i n  t h e  o u t e r  r e g i o n  o f  a  t u r b u l e n t  
b o u n d a r y  l a y e r .  F o r  f u r t h e r  d e t a i l s  r e f e r  t o  ( l ) a n d  ( 7 ) .
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3 . 2 .  C o m p u t a t i o n a l  P r o c e d u r e s

3 . 2 . 1 .  M e t h o d s  o f  T h w a i t e s  a n d  T r u c k e n b r o d t

C o m p u t e r  p r o g r a m s  h a v e  b e e n  w r i t t e n  i n  A L G O L - c o d e  t o  p r e d i c t  t h e  
b e h a v i o u r  o f  t h e  b o u n d a r y  l a y e r  u n d e r  p a r t i c u l a r  p r e s s u r e  d i s t r i b u t i o n s  u s i n g  t h e  
m e t h o d s  d e s c r i b e d  a b o v e .  A  s e p a r a t e  p r o g r a m  w a s  p r e p a r e d  f o r  T h w a i t e s '  
m e t h o d  a n d  a n  a p p l i c a t i o n  w a s  m a d e  t o  a n  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n  o n  
t h e  s u c t i o n  s u r f a c e  o f  l o w  c a m b e r e d  a e r o f o i l s  i n  a  t w o  d i m e n s i o n a l  c a s c a d e  w i t h  
t h e  v a l u e  o f  t h e  a x i a l '  v e l o c i t y  r a t i o  m a i n t a i n e d  a t  u n i t y .  T h e  p o i n t  o f  l a m i n a r  
s e p a r a t i o n  w a s  p r e d i c t e d  u s i n g  T h w a i t e s ’ c r i t e r i o n  ( m  = 0 . 0 8 2 )  a n d  a l t e r n a t i v e l y  
b y  t h e  u s e  o f  C u r i e  a n d  S k a n  c o r r e c t e d  v a l u e  ( m  =  0 . 0 9 0 ) .

R e s u l t s  o f  b o t h  c r i t e r i a  a r e  s h o w n  i n  F i g .  1 3 .

T h e  s a m e  c o m p u t e r  l a n g u a g e  w a s  u s e d  t o  w r i t e  a p r o g r a m  f o r  T r u c k e n b r o d t ’ s 
m e t h o d  w i t h  a  s u i t a b l e  t r a n s i t i o n  p o i n t  a s s u m p t i o n .  T h e  p o i n t  o f  t u r b u l e n t  s e p a r a t i o n  
w a s  o b t a i n e d  u s i n g  t h e  v a l u e  2 . 4  f o r  H  a t  s e p a r a t i o n .

P r o g r a m s  f o r  T h w a i t e s '  a n d  T r u c k e n b r o d t 's  m e t h o d s  w e r e  c o m b i n e d  t o  
c o n s t i t u t e  a  p r o g r a m  w h i c h  c a n  b e  u s e d  t o  c o m p u t e  t h e  b o u n d a r y  l a y e r  v a r i a b l e s  
c o m m e n c i n g  w i t h  t h e  f l o w  l a m i n a r  f r o m  a  c e r t a i n  p o i n t  a n d  b e c o m i n g  t u r b u l e n t  
u n d e r  c e r t a i n  c i r c u m s t a n c e s  -  c o n v e n i e n t  t r a n s i t i o n  a s s u m p t i o n s  w e r e  m a d e  
e i t h e r  a t  l a m i n a r  s e p a r a t i o n  p o i n t  o r  a t  a n y  o t h e r  p o i n t  a r b i t r a r i l y  c h o s e n . T h e  p r o g r a m  
p r o v i d e s  f o r  r e p i t i t i o n  o f  t h e  w h o l e  c a l c u l a t i o n  f o r  d i f f e r e n t  v a l u e s  o f  R e y n o l d s  n u m b e r .

F i g .  l . a  g i v e s  a  f l o w  d i a g r a m  o f  t h e  c o m b i n e d  p r o g r a m .

3 . 2 . 2 .  T h e  N e w  A n a l y s i s

T h e  R u n g e - K u t t a  m e t h o d  is  s e l e c t e d  f o r  t h e  n u m e r i c a l  s o l u t i o n , p r i m a r i l y  o n  
a c c o u n t  o f  i t s  a v a i l a b i l i t y  i n  t h e  s t a t e  o f  a  r e a d y  t o  u s e  p r o c e d u r e  o n  a  h i g h  s p e e d  
e l e c t r o n i c  c o m p u t e r ,  a n d  s e c o n d l y  b e c a u s e  i t  i s  v e r s a t i l e  a n d  a l s o  h a s  g e n e r a l l y  
f a v o u r a b l e  c h a r a c t e r i s t i c s  o f  s t a b i l i t y .

T h e  R u n g e - K u t t a  m e t h o d  r e q u i r e s  t h a t  t h e  i n i t i a l  c o n d i t i o n s  a r e  k n o w n  a n d  i n  
p a r t i c u l a r  t h a t  t h e  s o l v e d  e q u a t io n s  a r e  e x p r e s s i b l e  in  t h e  f o l l o w i n g  f o r m

d y i
—  =  f  ( y . ,  x )  ; i  =  1 ,  2 ,  3 .

I n  o r d e r  t o  f u l f i l  t h e  r e q u i r e m e n t  t h a t  a l l  t h e  d e r i v a t i v e s  d c o / d x , d  6 / d x ,  a n d  
d  II / d x  b e  a l o n e  o n  t h e  r i g h t  h a n d  s i d e  o f  t h e  d i f f e r e n t i a l  e q u a t io n s  t h e  s e t  o f  e q u a t i o n s  
( 1)  s h o u l d  b e  s o l v e d  a s  a  s y s t e m  o f  a l g e b r a i c  e q u a t i o n s  t r e a t i n g  t h e  d e r i v a t i v e s  a s  
u n k n o w n s . T h e  d e t e r m i n a n t  m e t h o d  c a n  c o n v e n i e n t l y  b e  u s e d  f o r  t h i s  p u r p o s e .

T h e  c o r r e s p o n d i n g  c o m p u t e r  p r o g r a m  h a s  b e e n  w r i t t e n  i n  t w o  d i f f e r e n t  c o d e s :
A l p h a - c o d e  t o  b e  u s e d  o n  t h e  E n g l i s h  E l e c t r i c  D E U C E  c o m p u t e r  a n d  L i v e r p o o l  U n i v e r s i t y  
A L G O L  -  c o d e , s u i t a b l e  f o r  t h e  m u c h  f a s t e r  E n g l i s h  E l e c t r i c  K D F - 9  m a c h i n e .  T h e  
m a c h i n e  t i m e  c o n s u m e d  f o r  t h e  a c t u a l  c o m p u t a t i o n  is  a p p r o x i m a t e l y  4 5  s e c .  p e r  s t e p  
o n  t h e  D E U C E - c o m p u t e r  a n d  o n l y  5 s e c .  p e r  s t e p  o n  t h e  K D F  9 m a c h i n e .  T h e  g e n e r a l  
f l o w  d i a g r a m  o f  th e  c o m p u t e r  p r o g r a m  i s  g i v e n  i n  F i g .  l . b .
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4 .  G e n e r a l  I n t e r p r e t a t i o n  o f  R e s u l t s  O b t a i n e d

4 . 1 .  A p p l i c a t i o n  o f  T r i i c k e n b r o d t  M e t h o d  P r o g r a m

S m i t h  ( 16 ) r e v i e w e d  v a r i o u s  m e t h o d s  o f  t u r b u l e n t  b o u n d a r y  l a y e r  c a l c u l a t i o n .  
F o r  t h e  s a k e  o f  c o m p a r i s o n  b e t w e e n  t h e  m e t h o d s  h e  u s e d  t h r e e  a r t i f i c i a l l y  
d e v e l o p e d  w a l l  s h a p e s  t h o u g h t  t o  b e  r e p r e s e n t a t i v e  o f  t h e  v e l o c i t y  p r o f i l e s  m e t  
i n  p r a c t i c e .  T h e  f l o w  m o d e l  C  s h o w n  i n  F i g .  2 .  w a s  u s e d  i n  a n  a p p l i c a t i o n  o f  
t h e  T r u c k e n b r o d t 's  m e t h o d  c o m p u t e r  p r o g r a m  t o  c o m p a r e  t h e  r e s u l t s  w i t h  
t h o s e  o b t a i n e d  b y  S m i t h  o n  a n  e l e c t r i c  d e s k  m a c h i n e .  T h e  a g r e e m e n t  b e t w e e n  
b o t h  r e s u l t s  m a y  b e  s e e n  f r o m  F i g .  3 .

F i g .  2 s h o w s  a l s o  t h e  d i s t r i b u t i o n  o f  t h e  m o m e n t u m  t h i c k n e s s  o b t a i n e d  w i t h  
t h e  p r o p o s e d  f l o w  m o d e l  C .  T h r e e  v a l u e s  o f  t h e  s h a p e  p a r a m e t e r  H  a t  t r a n s i t i o n  
w e r e  a s s u m e d  f o r  a n  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  o n  t h e  p o s i t i o n  o f  t u r b u l e n t  
s e p a r a t i o n .  I t  c a n  b e  s e e n  t h a t  i t  h a s  a  s l i g h t  e f f e c t .

A  v a l u e  o f  =  5 0 0  w a s  u s e d  f o r  t r a n s i t i o n  i n  a c c o r d a n c e  w i t h  P r e s t o n ' s  
s u g g e s t i o n  t h a t  t h e  R e y n o l d s  n u m b e r  f o r  t u r b u l e n t  f l o w  s h o u ld  n o t  b e  l e s s  t h a n  3 2 0 .

4 . 2 .  P r a c t i c a l  A p p l i c a t i o n s  o f  t h e  N e w  A n a l y s i s

T h e  u t i l i t y  o f  t h e  d e r i v e d  a n d  c o m p u t e r i s e d  n e w  a n a l y s i s  f o r  p r e d i c t i n g  t h e  
d e v e l o p m e n t  o f  t u r b u l e n t  b o u n d a r y  l a y e r s  h a s  b e e n  c h e c k e d  o n  s e v e r a l  e x p e r i m e n t a l  
b o u n d a r y  l a y e r s  r e p o r t e d  in  t h e  l i t e r a t u r e .  T h e  e x p e r i m e n t s  w h i c h  w o u l d  t e s t  
t h e  a c c u r a c y  a n d  v e r s a t i l i t y  o f  t h e  n e w  a n a l y s i s  m u s t  b e  o f  q u i t e  a  g e n e r a l  n a t u r e  
w i t h  r e s p e c t  t o  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t .  L e w k o w i c z  a n d  H o r l o c k  ( 7 )  h a v e  
a p p l i e d  t h e  n e w  a n a l y s i s  t o  t h e  f o l l o w i n g  k n o w n  e x p e r i m e n t s .

( i ) v .  D o e n h o f f  a n d  T e t e r v i n  ( 1 9 4 3 ) - ( 3 )
( i i ) S c h u b a u e r  a n d  K l e b a n o f f  ( 1 9 5 0 ) - ( 1 7 )
( i i i ) N e w m a n  ( 1 9 5 3 ) - ( 10)
( i v ) B r a d s h a w  a n d  F e r r i s s  ( 1 9 6 5 ) - ( 22 )

T h e  c o r r e s p o n d i n g  r e s u l t s  s h o w  t h a t  t h e  n e w  a n a l y s i s  p r e d i c t s  t h e  d e v e l o p m e n t  
o f  b o u n d a r y  l a y e r s  a s  o b s e r v e d  b y  S c h u b a u e r  a n d  K l e b a n o f f  a n d  b y  B r a d s h a w  a n d  
F e r r i s s  q u i t e  w e l l  a n d  i t s  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t s  o f  N e w m a n  a n d  o f  
v .  D o e n h o f f  a n d  T e t e r v i n  i s  a l m o s t  a s  g o o d . T w o  o f  t h e  a b o v e  e x p e r i m e n t s ,  n a m e l y  

t h o s e  b y  S c h u b a u e r  a n d  K l e b a n o f f  a n d  b y  B r a d s h a w  a n d  F e r r i s s ,  c a n  b e  c l a s s i f i e d  
a s  c l a s s i c  e x p e r i m e n t s  o n  t u r b u l e n t  b o u n d a r y  l a y e r  w i t h  a d v e r s e  p r e s s u r e  g r a d i e n t s .  
T h i s  is  m a i n l y  d u e  t o  t h e  c o m p a r i t i v e l y  h i g h  d e g r e e  o f  a c c u r a c y  o f  th e a c t u a l  
m e a s u r e m e n t s ,  l a r g e  s c a l e  o f  t h e  c r e a t e d  b o u n d a r y  l a y e r s ,  t u r b u l e n t  q u a n t i t i e s  
b e i n g  m e a s u r e d  a s  w e l l  a s  t h e  d i s t r i b u t i o n  o f  m e a n  v e l o c i t i e s ,  a c c u r a t e  d e t e r m i n a t i o n
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o f  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t s .  I t  is  p a r t i c u l a r l y  i m p o r t a n t  t o  k n o w  
e x a c t l y  t h e  d i s t r i b u t i o n  o f  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t  s i n c e  th e  n e w  
a n a l y s i s  i s  s e n s i t i v e  t o  i t .

I n  t h e  p r e s e n t  r e p o r t  o n l y  r e s u l t s  w i t h  r e s p e c t  t o  t h e  f i r s t  t w o  
e x p e r i m e n t s  a r e  q u o t e d  a n d  f o r  t h e  r e m a i n i n g  t w o  c a s e s  r e f e r e n c e  i s  m a d e  
t o  L e w k o w i c z  a n d  H o r l o c k  ( 7 ) .

F o r  e a c h  o f  t h o s e  e x p e r i m e n t s  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t  a n d  
t h e  i n i t i a l  c o n d i t i o n s  a r e  c a l c u l a t e d  f r o m  t h e  r e p o r t e d  o b s e r v a t i o n s . T h e  
i n i t i a l  c o n d i t i o n s  a r e  c a r e f u l l y  c h o s e n ; t h e y  s h o u ld  c o r r e s p o n d  t o  a  s t a g e  
o f  t h e  b o u n d a r y  l a y e r  d e v e l o p m e n t  w h e r e  t h e  b o u n d a r y  l a y e r  is  f u l l y  t u r b u l e n t .

E v e r y  t e s t  o f  t h e  n e w  a n a l y s i s  c o m p r i s e s  a t  l e a s t  t h r e e  d i f f e r e n t  b o u n d a r y  
l a y e r  q u a n t i t i e s  b e i n g  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  T o  m a k e  
t h e  t e s t  c o m p l e t e  t h e s e  m u s t  i n c l u d e :

( i )  o n e  o f  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t s  (c ^  o r  m ) ,
( i i )  o n e  o f  t h e  b o u n d a r y  l a y e r  t h i c k n e s s e s  (  ô , 6 * ,  o r  9 )
( i i i )  e i t h e r  o n e  o f  t h e  m e a n  v e l o c i t i e s  s h a p e  p a r a m e t e r s  ( H  o r  H  ) o r  t h e  f r e e  

p a r a m e t e r  n .

T h i s  r e l a t i v e  f r e e d o m  o f  t e s t i n g  t h e  n e w  a n a l y s i s  i s  j u s t i f i e d  b y  t h e  f a c t  t h a t  
a l l  t h e  q u a n t i t i e s  a r e  o b t a i n e d  s i m u l t a n e o u s l y  i n  t h e  r e s u l t  o f  t h e  n u m e r i c a l  s o l u t i o n , 
a n d  t h a t  a n y  s e q u e n c e  o f  t h e  b o u n d a r y  l a y e r  q u a n t i t i e s  i s  u n i q u e l y  c o n v e r t i b l e  t o  
t h e  l o c a l  v a r i a b l e s  cu ,  6 , a n d  n ,  a n d  o f  c o u r s e ,  v i c e  v e r s a .

4 . 2 . 1 .  S c h u b a u e r  a n d  K l e b a n o f f 's  E x p e r i m e n t

T h e  f i r s t  c o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  o b s e r v a t i o n s  a n d  t h e o r e t i c a l  
p r e d i c t i o n  u s i n g  t h e  n e w  a n a l y s i s  h a s  b e e n  a c c o m p l i s h e d  f o r  th e  t u r b u l e n t  b o u n d a r y  
l a y e r  d e v e l o p i n g  u n d e r  a  s t r o n g  a d v e r s e  p r e s s u r e  g r a d i e n t ,  g e n e r a t e d  b y  S c h u b a u e r  
a n d  K l e b a n o f f  ( 1 7 ) .  T h e  f o l l o w i n g  r e s u l t s  a r e  p l o t t e d  t o g e t h e r  w i t h  e x p e r i m e n t a l  
p o i n t s ;  s h a p e  p a r a m e t e r  H  ( F i g .  4 a ) ,  s k i n  f r i c t i o n  c o e f f i c i e n t  c ^ . ( F i g .  4 b ) ,  
b o u n d a r y  l a y e r  m o m e n t u m  t h i c k n e s s  0 ( F i g .  4 c ) ,  a b s o l u t e  b o u n d a r y  l a y e r  
t h i c k n e s s  ô  ( F i g .  4 d )  a n d  f r e e  p a r a m e t e r  n ( F i g .  4 e ) .  I n  F i g .  4 a  t h e  v a r i a t i o n  
o f  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t  i s  a l s o  s h o w n . T h e  a g r e e m e n t  i s  s e e n  t o  b e  
r e a s o n a b l y  g o o d  a l m o s t  u p  t o  t h e  p o i n t  o f  s e p a r a t i o n  w h i c h  w a s  d e t e r m i n e d  
e x p e r i m e n t a l l y  t o  o c c u r  a t  x  = 2 5 . 4  f t .  T h e  g r a p h s  d i s p l a y i n g  t h e  v a r i a t i o n  H  
a n d  0  w i t h  x  ( F i g .  4 a  a n d  4 b )  c o n t a i n  a l s o  t h e s e  q u a n t i t i e s  o b t a i n e d  b y  T r u c k e n b r o d t 's  
m e t h o d  ( 1 9 ) .  I n  t h e  c a s e  o f  t h e  s h a p e  p a r a m e t e r  H  t h e  p r e s e n t  m e t h o d  a g r e e s  
w e l l  w i t h  t h e  o b s e r v a t i o n s  t h r o u g h o u t  7 5 %  o f  t h e  e n t i r e  d i s t a n c e  o f  d e v e l o p m e n t .
N e a r  s e p a r a t i o n  t h e  p r e s e n t  m e t h o d  o v e r e s t i m a t e s  i t  w h e r e a s  T r u c k e n b r o d t 's  
m e t h o d  s h o w s  g e n e r a l l y  a  s l i g h t  t r e n d  t o  u n d e r e s t i m a t i o n .  T h e  m o m e n t u m  
t h i c k n e s s  0  i s  i n  t h i s  r e g i o n  u n d e r e s t i m a t e d  b y  b o t h  m e t h o d s , a l t h o u g h  t o  a  l e s s e r
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d e g r e e  b y  t h e  p r e s e n t  m e t h o d .  T h e  n e a r l y  i m p e c c a b l e  p r e d i c t i o n  o f  th e  
s k i n  f r i c t i o n  b y  t h e  n e w  a n a l y s i s  i s  n o t i c e a b l e  ( s e e  F i g .  4 b ) .

4 . 2 . 2 .  B r a d s h a w  a n d  F e r r i s s '  E x p e r i m e n t

B r a d s h a w  a n d  F e r r i s s '  r a t h e r  u n u s u a l  e x p e r i m e n t  ( 2 2 )  ( w h e r e  t h e  t u r b u l e n t  
b o u n d a r y  l a y e r  w a s  b r o u g h t  t o  a  s t a t e  H  = 1 . 5 3  a n d  t h e n , b y  w e a k e n i n g  t h e  
e x t e r n a l  p r e s s u r e  g r a d i e n t ,  r e d u c e d  b a c k  t o  f l a t  p l a t e  c o n d i t i o n s , U  cc x a 
w h e r e  a  =  -  0 . 2 5 5  0 ) , d i s p l a y s  a n  i n t e r e s t i n g  t e s t  f o r  a n y  t h e o r e t i c a l  m e t h o d
o f  p r e d i c t i n g  t h e  d e v e l o p m e n t  o f  t u r b u l e n t  b o u n d a r y  l a y e r s .

T h e  p r e s e n t  n e w  a n a l y s i s  p r e d i c t s  B r a d s h a w  a n d  F e r r i s s 1 b o u n d a r y  l a y e r  
r e a s o n a b l y  w e l l ,  a s  s h o w n  i n  F i g s .  5 a , b  a n d  c .  A  v e r y  g o o d  a g r e e m e n t  h a s  

.b e e n  o b t a i n e d  f o r  t h e  m o m e n t u m  t h i c k n e s s  g r o w t h  0 , a n d  t h e  s h a p e  p a r a m e t e r  
H  f o l l o w s  t h e  e x p e r i m e n t a l  p o i n t s ,  b u t  t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  i s  s l i g h t l y  
u n d e r e s t i m a t e d  ( b y  s o m e  1 5 % ) .  H o w e v e r ,  B r a d s h a w  a n d  F e r r i s s  i n d i c a t e d  
a  p o s s i b i l i t y  o f  s l i g h t  t h r e e  d i m e n s i o n a l i t y  i n  t h e i r  e x p e r i m e n t  w h i c h  c o u ld  h a v e  
a f f e c t e d  t h e  m e a s u r e m e n t s  o f  s k i n  f r i c t i o n .

Bradshaw and Ferriss tested their experiment by calculating 0 • — 
from the observations as well as by using different analytical 
methods and presented the corresponding results as given by Fig. 6.
On this diagram the curve 0 • dH/dx appropriate to the present method 
has been superimposed. It shows a substantial improvement in predicting 
Bradshaw’ s boundary layer.
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5 .  C o r r e c t i o n  o f  P o t e n t i a l  F l o w  f o r  t h e  E f f e c t  o f  V i s c o s i t y  a n d  C o m p a r i s o n  w i t h  
E x p e r i m e n t a l  R e s u l t s

5 . 1 .  T h e o r e t i c a l  C o n s i d e r a t i o n s

I n  t h i s  p a r a g r a p h  a n  a t t e m p t  i s  m a d e  t o  s h o w  t h e  r e a l  v a l u e  o f  c o n s i d e r i n g  
v i s c o u s  f l o w .  T h i s  v a l u e  l i e s  n o t  o n l y  in  e n a b l i n g  t h e  p r o f i l e  d r a g  t o  b e  
c a l c u l a t e d  a n d  a r e a s  o f  s e p a r a t e d  f l o w  t o  b e  a v o i d e d , b u t  a l s o  i n  p r o v i d i n g  a 
c o n d i t i o n  f o r  d e t e r m i n i n g  t h e  c a s c a d e  o u t l e t  a n g l e  a n d  t h u s  g i v i n g  a  u n iq u e  
p r e s s u r e  d i s t r i b u t i o n .

A l t h o u g h  t h e  w o r k  d e s c r i b e d  u s e s  t h e  h y p o t h e s i s  o f  T a y l o r  (2 0 )  t h a t  a s  
m u c h  p o s i t i v e  a s  n e g a t i v e  v o r t i c i t y  i s  d i s c h a r g e d  i n t o  t h e  w a k e  a t  t h e  t r a i l i n g  
e d g e , t h i s  is  a s i m p l i f y i n g  i d e a l i s a t i o n  w h i c h  o n l y  a p p l i e s  t o  p r o f i l e s  w h i c h  d o  
n o t  h a v e  e x c e s s i v e  c u r v a t u r e  n e a r  t h e  t r a i l i n g  e d g e . C a s e s  i n  w h i c h  th e  
h y p o t h e s i s  d o e s  n o t  a p p l y  h a v e  b e e n  c o n s i d e r e d  i n  ( 5 ) .

T h e  a n a l y s i s  g i v e n  b y  P r e s t o n  ( 1 2 )  w a s  u s e d  t o  o b t a i n  t h e  r e l a t i o n s h i p :

*CpT*S ( C p T ) P

T h i s  i m p o r t a n t  r e l a t i o n s h i p ,  w h i c h  s t a t e s  t h a t  t h e  s t a t i c  p r e s s u r e  c o e f f i c i e n t s  
o n  t h e  b l a d e  s u r f a c e  m u s t  t e n d  t o  t h e  s a m e  v a l u e  i f  t h e  t r a i l i n g  e d g e  is  
a p p r o a c h e d  f r o m  e i t h e r  s u r f a c e ,  g i v e s  t h e  b a s i s  o f  a  c o n d i t i o n  w h i c h  w i l l  b e  u s e d  
f o r  o b t a i n i n g  u n i q u e , c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n s .

T h e  s t a r t i n g  p o i n t  f o r  a n y  c a s c a d e  a t  a  c e r t a i n  i n c i d e n c e  is  a  s e r i e s  o f  
p r e s s u r e  d i s t r i b u t i o n s  f o r  s e l e c t e d  p o s i t i o n s  o f  r e a r  s t a g n a t i o n  p o i n t  ( e . g .
F i g .  7 ) .  T h e  i n i t i a l  t a s k  i s  t h e r e f o r e  t o  s e l e c t  a  u n iq u e  p r e s s u r e  d i s t r i b u t i o n  
( w i t h  c o r r e s p o n d i n g  o u t l e t  a n g l e )  o n  w h i c h  t o  b a s e  s u b s e q u e n t  b o u n d a r y  l a y e r  t h e o r y

T h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n  i s  a p p l i e d  b y  s i m p l y  f a i r i n g  i n  t h e  p r e s s u r e  
d i s t r i b u t i o n s  t o  a v o i d  s e v e r e  v e l o c i t y  p e a k s  a t  t h e  t r a i l i n g  e d g e . T h i s  f u n c t i o n  
i s  f u l f i l l e d  in  a  r e a l  f l o w  b y  m e a n s  o f  t h e  d i s p l a c e m e n t  e f f e c t  o f  t h e  b o u n d a r y  
l a y e r  n e a r  t o  t h e  t r a i l i n g  e d g e . I t  i s  r e c o m m e n d e d  t h a t  t h e  f a i r i n g  i n  is  
a c h i e v e d  o n  b o t h  s u r f a c e s  b y  e x t r a p o l a t i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  t a n g e n t i a l l y  
f r o m  t h e  8 5 %  c h o r d  p o s i t i o n .  T h e  8 5 %  c h o r d  p o s i t i o n  i s  u s e d  a s  a  r e s u l t  o f  
a  s t u d y  o f  m e a s u r e d  p r e s s u r e  d i s t r i b u t i o n s  o n  b l a d e  p r o f i l e s ,  s i n c e  p r a c t i c a l l y  
a l l  o f  t h e  p r e s s u r e  d i s t r i b u t i o n s  e x a m i n e d  i n d i c a t e d  a  l i n e a r  c h a n g e  i n  p r e s s u r e  
o v e r  t h e  l a s t  1 5 %  o f  c h o r d .  T h i s  c o n c l u s i o n  a g r e e s  w i t h  t h a t  o f  S p e n c e  a n d  
B e a s l e y  ( 1 5 )  w h o  w o r k e d  o n  i s o l a t e d  a e r o f o i l s .  T h e  p r o c e s s  is  i l l u s t r a t e d  i n  F i g .  8

T h e  f a m i l y  o f  p r e s s u r e  d i s t r i b u t i o n s  f o r  a  g i v e n  i n l e t  a n g l e  a n d  a  g i v e n  
r a n g e  o f  o u t l e t  a n g l e s , h a v i n g  e x t r a p o l a t e d  p o r t i o n s  f o r  t h e  l a s t  1 5 %  o f  c h o r d



- . 14-

l e n g t h , is  t h e n  e x a m i n e d  f o r  t h e  s t a t i c  p r e s s u r e  d i f f e r e n c e  i n  t h e  t r a i l i n g  e d g e  
p l a n e .  T h e  c o r r e c t l y  d e t e r m i n e d  p r e s s u r e  d i s t r i b u t i o n  is  t h e  o n e  f o r  w h i c h  
t h e  d i f f e r e n c e  i n  p r e s s u r e  c o e f f i c i e n t s  a t  t h e  t r a i l i n g  e d g e  is  z e r o .

T h e  m o m e n t u m  t h i c k n e s s  o f  e a c h  b o u n d a r y  l a y e r  a t  t h e  t r a i l i n g  e d g e  
i s  r e q u i r e d  i f  a  p r e d i c t i o n  o f  t h e  p r o f i l e  d r a g  i s  t o  b e  a t t e m p t e d ;  i n  a d d i t i o n  
t h e  d i s p l a c e m e n t  t h i c k n e s s  m u s t  b e  k n o w n  i f  a n y  a t t e m p t  is  t o  b e  m a d e  t o  
p e r f o r m  a n  i t e r a t i v e  s c h e m e  a s  a f u r t h e r  c o r r e c t i o n  f o r  t h e  d i s p l a c e m e n t  e f f e c t  
o f  t h e  b l a d e  b o u n d a r y  l a y e r  / w a k e  c o m b i n a t i o n .

M e t h o d s  a v a i l a b l e  f o r  c o m p u t a t i o n  o f  t h e s e  b o u n d a r y  l a y e r  t h i c k n e s s e s  
h a v e  b e e n  d e s c r i b e d  i n  p a r a g r a p h  3 .  C a l c u l a t i o n s  o f  t h e  w a k e  c h a r a c t e r i s t i c s  
a r e  d e s c r i b e d  in  ( 5 ) .

T h e  c o r r e c t i o n  o f  t h e  p o t e n t i a l  f l o w  p r e s s u r e  d i s t r i b u t i o n  f o r  p r o f i l e s  
w i t h  a  r o u n d e d  t r a i l i n g  e d g e  t h u s  t a k e s  t h e  f o r m  o f  a n  i t e r a t i v e  p r o c e d u r e  
s t a r t i n g  w i t h  a  r a n g e  o f  p r e s s u r e  d i s t r i b u t i o n s ,u s i n g  t h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n  
a s  a  b a s i s  f o r  c a l c u l a t i n g  t h e  b o u n d a r y  l a y e r s  a n d  w a k e  a n d  f i n a l l y  c o r r e c t i n g  
f o r  t h e  d i s p l a c e m e n t  e f f e c t .  T h e  p r o c e d u r e  i s  d e t a i l e d  i n  ( 5 ) .

5 . 2 .  T h e o r e t i c a l  P r e d i c t i o n  f o r  a  C e r t a i n  C o m p r e s s o r  C a s c a d e

T h e  d e s c r i b e d  t h e o r i e s  w e r e  a p p l i e d  t o  a  c o m p r e s s o r  c a s c a d e  f o r  w h i c h  t h e  
p o t e n t i a l  f l o w  c o u ld  b e  c a l c u l a t e d  e x a c t l y  u s i n g  t h e  a n a l y s i s  o f  ( 4 ) .  T h e  
p r o f i l e ,  a s  s h o w n  i n  F i g .  9 is  s e t  a t  cr = 3 6  a n d  s / c  =  0 . 8 7 5  . T h e  
p o t e n t i a l  f l o w  w a s  o b t a i n e d  a t  a n  i n c i d e n c e  o f  1 ° 5 0 '  f o r  a r a n g e  o f  r e a r  
s t a g n a t i o n  p o i n t  p o s i t i o n s .  A l l  o f  t h e  p r e s s u r e  d i s t r i b u t i o n s  t h u s  o b t a i n e d  w e r e  
t h e n  e x t e n d e d  f r o m  t h e  8 5 %  c h o r d  p o s i t i o n  a n d  t h e  d i f f e r e n c e  b e t w e e n  p r e s s u r e  
c o e f f i c i e n t s  i n  t h e  t r a i l i n g  e d g e  p l a n e  w a s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  p o s i t i o n  
o f  r e a r  s t a g n a t i o n  p o i n t .  T h e  g r a p h  w a s  i n t e r p o l a t e d  t o  g i v e  A C  ^  =  0
a n d  t h e  p o t e n t i a l  f l o w  c a l c u l a t i o n s  w e r e  r e - r u n  f o r  t h e  g i v e n  p o s i t i o n  o f  r e a r  
s t a g n a t i o n  p o i n t .  T h e  s u c t i o n  a n d  p r e s s u r e  s u r f a c e  d i s t r i b u t i o n s  t h u s  o b t a i n e d  
w e r e  e x t r a p o l a t e d  f r o m  x / c  =  0 . 8 5  s o  t h a t  t h e y  t o u c h e d  a t  t h e  t r a i l i n g  e d g e .
T h i s  p r e s s u r e  d i s t r i b u t i o n  w a s  t h e  r e s u l t  o f  t h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n  a n d  
s a t i s f i e d  t h e  c o n d i t i o n  o f  z e r o  n e t t  v o r t i c i t y  d i s c h a r g e .

A l t h o u g h  t h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n  s h o u ld  b e  s u f f i c i e n t l y  a c c u r a t e  
f o r  p r o f i l e s  o f  l o w  l o a d i n g , a n  a t t e m p t  w a s  m a d e  t o  c o r r e c t  f o r  t h e  d i s p l a c e m e n t  
e f f e c t  o f  t h e  c a l c u l a t e d  b o u n d a r y  l a y e r  a n d  w a k e  i n  o r d e r  t o  d i s c o v e r  i f  a n y  
a d v a n t a g e  w e r e  t o  b e  g a in e d  b y  s u c h  a n  e x t e n s i o n .

T h e  c a l c u l a t i o n  o f  t h e  b o u n d a r y  l a y e r s  w a s  p e r f o r m e d  u s i n g  t h e  c o m b i n e d  
T h w a i t e s - T r u c k e n b r o d t  p r o g r a m  w i t h  t r a n s i t i o n  a s s u m e d  t o  o c c u r  a t  t h e  s u c t i o n
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p e a k  a n d  a n  i n i t i a l  v a l u e  o f  H  =  1 . 4  f o r  t h e  t u r b u l e n t  l a y e r .  T h e  v e l o c i t y  
d i s t r i b u t i o n  u s e d  w a s  t h a t  o b t a i n e d  f r o m  th e  f i r s t  v i s c o u s  a p p r o x i m a t i o n .  O n  
t h e  b a s i s  o f  t h e  b o u n d a r y  l a y e r  c o n d i t i o n s  a t  t h e  t r a i l i n g  e d g e , t h e  w a k e  w a s  
c o m p u t e d  f o r  o n e  c h o r d  l e n g t h  d o w n s t r e a m  o f  t h e  t r a i l i n g  e d g e . T h e  l o c u s  
o f  o r i g i n a l  p r o f i l e  p l u s  b o u n d a r y  l a y e r  a n d  w a k e  d i s p l a c e m e n t  t h i c k n e s s e s  
t h u s  g a v e  a  c o m p l e t e l y  n e w  p r o f i l e ,  a s  s e e n  i n  F i g .  1 1 .

T h e  M a r t e n s e n  (9 ) m e t h o d  p o t e n t i a l  f l o w  c o m p u t e r  p r o g r a m  w a s  t h e n  u s e d  
t o  c a l c u l a t e  p o t e n t i a l  f l o w  a r o u n d  t h e  n e w  c a s c a d e  f o r  a  s m a l l  r a n g e  o f  i n  
t h e  r e g i o n  o f  t h e  p r e v i o u s l y  d e t e r m i n e d  v a l u e .

I t  w a s  f o u n d  t h a t  t h e  v e l o c i t i e s  w e r e  n o t  c o n s t a n t  a l o n g  t h e  w a k e  b u t  
i n c r e a s e d  r a p i d l y  t o w a r d s  t h e  s t a t i o n  o n e  c h o r d  d o w n s t r e a m . T h i s  i s  s h o w n  i n  
F i g .  1 2  w h i c h  g i v e s  b o t h  f i r s t  a n d  s e c o n d  v i s c o u s  a p p r o x i m a t i o n s .

I d e a l l y  a  f u r t h e r  i t e r a t i o n  w o u l d  h a v e  b e e n  e f f e c t e d  b y  c a l c u l a t i n g  b o u n d a r y  
l a y e r  a n d  w a k e  t h i c k n e s s e s  f o r  t h e  n e w  p r e s s u r e  d i s t r i b u t i o n  a n d  h e n c e  r e ­
c a l c u l a t i n g  t h e  p o t e n t i a l  f l o w  a r o u n d  t h e  s l i g h t l y  a l t e r e d  p r o f i l e .  D u e  t o  t h e  
i n c o n s i s t e n c y  o f  r e s u l t s  o f  t h e  s e c o n d  v i s c o u s  a p p r o x i m a t i o n  a  f u r t h e r  i t e r a t i o n  
w a s  n o t  c a r r i e d  o u t .

S i n c e  t h e  i n c o n s i s t e n c y  o b v i o u s l y  a r o s e  i n  t h e  a d d i t i o n  o f  t h e  w a k e  d i s ­
p l a c e m e n t  t h i c k n e s s  a n d  a t t e m p t e d  c a l c u l a t i o n  o f  p o t e n t i a l  f l o w  a r o u n d  t h e  
c o m p l i c a t e d  n e w  s h a p e , t h i s  s o u r c e  o f  e r r o r  w a s  r e m o v e d .  T h e  l o c u s  o f  
p r o f i l e  a n d  d i s p l a c e m e n t  t h i c k n e s s  w a s  r o u n d e d  o f f  i n  t h e  t r a i l i n g  e d g e  p l a n e .
T h e  p o t e n t i a l  f l o w  w a s  t h e n  c a l c u l a t e d  a r o u n d  t h i s  n e w  p r o f i l e .  T h e  r e s u l t ,  w h i c h  
i s  a l s o  s h o w n  i n  F i g .  1 2  r e v e a l e d  t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  h a d  c o n v e r g e d  t o  
o n e  v e r y  l i t t l e  d i f f e r e n t  f r o m  t h a t  o f  t h e  f i r s t  v i s c o u s  a p p r o x  i m a t i o n .

5 . 3 .  E x p e r i m e n t s  o n  t h e  A b o v e  C a s c a d e

A c c u r a t e  e x p e r i m e n t a l  r e s u l t s  w e r e  r e q u i r e d  f o r  t h e  f l o w  a r o u n d  t h e  c a s c a d e  
o f  a n a l y t i c a l l y  d e r i v e d  p r o f i l e s .

T h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  o n  t h e  L i v e r p o o l  U n i v e r s i t y  N o .  1 l o w  
s p e e d  c a s c a d e  t u n n e l  w h i c h  h a s  p r o v i s i o n  f o r  p o r o u s  s i d e  w a l l  b o u n d a r y  l a y e r  
b l e e d  i n  a d d i t i o n  t o  t h e  u s u a l  s l o t  s u c t i o n  f a c i l i t i e s .  T h e  c a s c a d e  c o n s i s t e d  o f  
9 b l a d e s  o f  6 "  c h o r d  a n d  1 2 ”  s p a n  a t  t h e  f i x e d  i n l e t  a n g l e  o f  5 2 ° 5 0 ' .  O n  t h e  
c e n t r e  b l a d e  3 4  p r e s s u r e  t a p p i n g s  w e r e  p r o v i d e d  f o r  m e a s u r i n g  t h e  s t a t i c  
p r e s s u r e  d i s t r i b u t i o n .  A l l  t e s t s  w e r e  c a r r i e d  o u t  a t  R e  = 1 . 9 5  x  1 0 ^  w i t h  
a  f r e e  s t r e a m  t u r b u l e n c e  l e v e l  o f  0 . 4 5 % ;  s i d e  w a l l  s u c t i o n  w a s  a d j u s t e d  t o  
g i v e  a n  a x i a l  v e l o c i t y  r a t i o  o f  u n i t y .

T r a v e r s i n g  f a c i l i t i e s  in c lu d e d  c l a w  p r o b e s ,  f o r  m e a s u r i n g  y a w  a n g l e  a n d  
t o t a l  p r e s s u r e  a t  i n l e t  a n d  o u t l e t .  F o u r t e e n  s t a t i c  p r e s s u r e  t a p p i n g s  w e r e  a l s o  
p r o v i d e d  u p s t r e a m  o f  t h e  c a s c a d e . T r a v e r s i n g  f o r  y a w  a n g l e , t o t a l  a n d  s t a t i c
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p r e s s u r e s  w a s  a l s o  p o s s i b l e  in  a n y  d i r e c t i o n  u s i n g  a w e d g e  y a w m e t e r .

F o r  m e a s u r i n g  t h e  p r o f i l e  b o u n d a r y  l a y e r s  a 0 . 0 3 2 ”  o . d .  p i t o t  tu b e  
w a s  m a n u f a c t u r e d .  T h e  t u b e  w a s  t r a v e r s e d  r e l a t i v e  t o  t h e  b l a d e  s u r f a c e  
b y  t h e  a r r a n g e m e n t  s h o w n  i n  F i g .  1 0 .  A .  6 . B . A .  b r a s s  s t u d y  w a s  d r i l l e d  
c e n t r a l l y  t o  r e c e i v e  t h e  p i t o t  t u b e  t o  w h i c h  i t  w a s  s o l d e r e d .  T h e  p l a s t i c  
p r e s s u r e  t u b i n g  w a s  f i t t e d  d i r e c t l y  o v e r  th e  s t u d y  a n d  t h e  w h o l e  w a s  m o u n t e d  
w i t h i n  a  t h r e a d e d  c o l l a r  w h i c h  w a s  f i n i s h e d  f l u s h  w i t h  t h e  b l a d e . T h u s  b y  
r o t a t i n g  t h e  p i t o t  t h r o u g h  3 6 0 °  i t  w a s  p o s s i b l e  t o  t r a v e r s e  t h e  t u b e  b y  a  
p r e v i o u s l y  d e t e r m i n e d  i n c r e m e n t .

I n i t i a l  t e s t i n g  w a s  c a r r i e d  o u t  w i t h i n  t u r b u  e n c e  g e n e r a t o r s  o r  t r a n s i t i o n  
d e v i c e s .  T h e  q u a n t i t i e s  R e ,  a  ,  a 9 a n d  a x i a l  v e l o c i t y  r a t i o  w e r e  o b t a i n e d  
f r o m  i n t e g r a t i o n  o f  c l a w  y a w m e t e r  t r a v e r s e s  i n  c o n j u n c t i o n  w i t h  a p p r o p r i a t e  
s t a t i c  p r e s s u r e  m e a s u r e m e n t s .  E a c h  t r a v e r s e  c o n t a i n e d  6 0  p i t c h w i s e  p o s i t i o n s .

B la d e  s u r f a c e  b o u n d a r y  l a y e r  t r a v e r s e s  w e r e  m a d e  a t  t h r e e  s t a t i o n s  
o n  t h e  s u c t i o n  s u r f a c e  a n d  o n e  o n  t h e  p r e s s u r e  s u r f a c e .  C o r r e s p o n d i n g  t o  t h e  
b o u n d a r y  l a y e r  t r a v e r s e s  a  b l a d e  p r e s s u r e  d i s t r i b u t i o n  w a s  o b t a i n e d . T h e  
r e a d i n g  o f  a  P r e s t o n  t u b e  w a s  a l s o  t a k e n  f o r  e a c h  m e a s u r i n g  s t a t i o n  e n a b l i n g  
r e s u l t s  t o  b e  p l o t t e d  o n  a  U / u  v s .  l o g  „  ( u  ) g r a p h .  A  s i z e a b l e  w a k e

T  t U  y
c o m p o n e n t  w a s  e v i d e n t  i n  s u c h  a  p l o t .  F i g .  1 5  s h o w s  t h e  r e s u l t s  o f  t h e  t r a v e r s e s  
c o r r e s p o n d i n g  t o  t h e  p r e s s u r e  d i s t r i b u t i o n  g i v e n  i n  F i g .  1 3 .  T h e  d i s p l a c e m e n t  
a n d  m o m e n t u m  t h i c k n e s s e s  o f  b o u n d a r y  l a y e r s  a n d  w a k e  w e r e  s u b s e q u e n t l y  
o b t a i n e d  a n d  a r e  p r e s e n t e d  i n  F i g .  1 8 .  T h e  Y o u n g  a n d  M a a s  c o r r e c t i o n  ( 2 1 )  
w a s  a p p l i e d  t o  a l l  b o u n d a r y  l a y e r  r e s u l t s .

A l t h o u g h  u s e f u l  r e s u l t s  w e r e  o b t a i n e d  w i t h o u t  t h e  u s e  o f  a r t i f i c i a l  m e a n s  
o f  p r o f i l e  b o u n d a r y  l a y e r  c o n t r o l  t h e  e x i s t e n c e  o f  a  l a m i n a r  s e p a r a t i o n  b u b b l e  
m a d e  c o m p a r i s o n  w i t h  t h e o r e t i c a l  r e s u l t s  i m p o s s i b l e .  T h e  l a m i n a r  s e p a r a t i o n  
w a s  t h e r e f o r e  e l i m i n a t e d  b y  c a u s i n g  e a r l y  t r a n s i t i o n  u s i n g  a  3 . 1 / 2 "  m e s h  

t u r b u l e n c e  g r i d  a n d  a l t e r n a t i v e l y  i s o l a t e d  0 . 0 1 3 "  d i a m e t e r  r o u g h n e s s  s p h e r e s  o n  
t h e  p r o f i l e  l e a d i n g  e d g e . N o  b o u n d a r y  l a y e r  t r a v e r s e s  w e r e  t a k e n  w i t h  t h e  
t u r b u l e n c e  g r i d  i n  p o s i t i o n ,  b u t  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  s h o w n  i n  F i g .  1 3 .

T h e  f i r s t  a p p l i c a t i o n  o f  r o u g h n e s s  s p h e r e s  w a s  t o o  l i b e r a l  a n d , a lt h o u g h  
t h e  l a m i n a r  s e p a r a t i o n  b u b b l e  w a s  e l i m i n a t e d , a r e g i o n  o f  t r a i l i n g  e d g e  t u r b u l e n t  
s e p a r a t i o n  w a s  p r e s e n t .  T h e  e f f e c t  o f  t h i s  is  e v i d e n t  in  t h e  p r e s s u r e  d i s t r i b u t i o n  
o f  F i g .  1 4 ,  a n d  w a s  c o n f i r m e d  b y  u s e  o f  l a m p - b l a c k  a n d  p a r a f f i n  f l o w  v i s u a l i s a t i o n .  
U p o n  r e m o v a l  o f  s o m e  r o u g h n e s s  t h e  d e s i r e d  s t a te  o f  u n s e p a r a t e d  f l o w  w a s  
a t t a i n e d .

A  c o m p a r i s o n  o f  b o u n d a r y  l a y e r  p r o f i l e s  f o r  b l a d e s  w i t h  a n d  w i t h o u t  
l e a d i n g  e d g e  r o u g h n e s s  u n d e r  s i m i l a r  i n l e t  c o n d i t i o n s  i s  g i v e n  i n  F i g .  1 6 .
I t  w i l l  b e  s e e n  t h a t  t h e  b o u n d a r y  l a y e r  w i t h  e a r l y  t r a n s i t i o n  i s  n e a r e r  t o  
s e p a r a t i o n  a t  t h i s  s t a t i o n  o f  x  /  c = 0 . 8 5 5 .  T h i s  w a s  f u r t h e r  c o n f i r m e d  w h e n
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U r  y
r e s u l t s  w e r e  p l o t t e d  o n  a  U / u  v s .  l o g  ( ---------  ) g r a p h .

r  1U v

R e s u l t s  a r e  g i v e n  in  F i g .  1 7  f o r  v a r i o u s  s u c t i o n  s u r f a c e  c h o r d w i s e  s t a t i o n s  
w h e n  e a r l y  t r a n s i t i o n  w a s  p r e c i p i t a t e d .  O n c e  m o r e  r e s u l t s ,  w h i c h  w e r e  
o b t a i n e d  a t  . A . V . R .  = 1 ,  w e r e  r e p e a t a b l e  a n d  s h o w e d  l i t t l e  s c a t t e r .  T h e  
c o r r e s p o n d i n g  p r e s s u r e  d i s t r i b u t i o n  ( F i g .  1 4 )  is  the o n e  w h i c h  i s  c o m p a r e d  
w i t h  t h e o r e t i c a l  r e s u l t s  i n  t h e  n e x t  p a r a g r a p h .

F o r  f u r t h e r  d e t a i l s  c o n c e r n i n g  e x p e r i m e n t a l  a p p a r a t u s , t e c h n i q u e  a n d  
q u a l i t y  o f  f l o w  t h e  r e a d e r  s h o u l d  c o n s u l t  ( 6 ) .

5 . 4 .  C o m p a r i s o n  b e t w e e n  T h e o r y  a n d  E x p e r i m e n t

I t  w a s  e v i d e n t  t h a t ,  s i n c e  t h e  r e s u l t s  o f  t h e  s e c o n d  v i s c o u s  a p p r o x i m a t i o n  
o n  t h e  p r o f i l e  p l u s  w a k e  i n d i c a t e d  v e l o c i t i e s  w h i c h  r o s e  s h a r p l y  t o w a r d s  t h e  e n d  
o f  t h e  w a k e ,  t h e s e  r e s u l t s  w e r e  n o t  r e l i a b l e .  T h e  r e s u l t s  o b t a i n e d  b y  r o u n d i n g  
o f f  t h e  d i s p l a c e m e n t  t h i c k n e s s  i n  t h e  t r a i l i n g  e d g e  p l a n e  w e r e  m u c h  m o r e  r e l i a b l e  
a n d  d id  n o t  d i v e r g e  f r o m  t h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n .  B e c a u s e  o f  t h i s ,  r e c o u r s e  
w a s  m a d e  t o  t h e  r e s u l t s  o f  t h e  f i r s t  v i s c o u s  a p p r o x i m a t i o n  -  t h e  ' f a i r e d  i n '  
p o t e n t i a l  f l o w  w a s  a  c o r r e c t l y  a p p l i e d  c o n d i t i o n  f o r  u n i q u e  d e t e r m i n a t i o n  o f  th e  
c i r c u l a t i o n .  T h e  v e l o c i t y  d i s t r i b u t i o n  f o r  t h i s  ( t h e  f u l l  l i n e  i n  F i g .  1 2 )  w a s  
t h e r e f o r e  u s e d , w i t h  i t s  a s s o c i a t e d  o u t l e t  a n g l e , a s  a  b a s i s  f o r  t h e  c o m p a r i s o n  
o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s .  T h e  c o m p u t e d  b o u n d a r y  l a y e r  t h i c k n e s s e s , 
b a s e d  u p o n  t h i s  v e l o c i t y  d i s t r i b u t i o n ,  w e r e  a l s o  u s e d  i n  a  c o m p a r i s o n  w i t h  
e x p e r i m e n t a l l y  m e a s u r e d  t h i c k n e s s e s .

T h e  o u t l e t  a n g l e  r e s u l t s ,  m e a s u r e d  e x p e r i m e n t a l l y  o v e r  t w o  p i t c h e s  a t  
o n e  c h o r d  d o w n s t r e a m  o f  t h e  t r a i l i n g  e d g e  a n d  c a l c u l a t e d  t h e o r e t i c a l l y  a n  i n f i n i t e  
d i s t a n c e  d o w n s t r e a m , w e r e  r e s p e c t i v e l y  3 1 ° 0 3 '  a n d  3 1  3 4 ' g i v i n g  a n  e r r o r  o f  j u s t  
o v e r  3 0 ' .

A g r e e m e n t  b e t w e e n  p r e s s u r e  d i s t r i b u t i o n s  w a s  a l s o  n o t e w o r t h y  a n d  t h e  
t w o  p r e s s u r e  d i s t r i b u t i o n s  a r e  g i v e n  i n  F i g .  1 9 .  A p a r t  f r o m  a  v e r y  s l i g h t  
d i s c r e p a n c y  n e a r  t h e  s u c t i o n  p e a k  t h e  t w o  c u r v e s  c o i n c i d e , n o  s c a t t e r  b e i n g  
p r e s e n t  i n  e i t h e r  d i s t r i b u t i o n .  T h e  m a x i m u m  d i f f e r e n c e  b e t w e e n  t h e o r e t i c a l  
a n d  e x p e r i m e n t a l  p r e s s u r e  c o e f f i c i e n t s  is  1 %  o f  t h e  m a x i m u m  d i f f e r e n c e  b e t w e e n  
s t a g n a t i o n  a n d  s u c t i o n  p e a k  v a l u e s  o f  C ^ .

B o u n d a r y  l a y e r  r e s u l t s  w e r e  a l s o  c o m p a r e d  a n d  F i g s .  2 0  a n d  2 1  r e v e a l  
t h e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t .

T h e  r e s u l t s  f o r  t h e  s u c t i o n  s u r f a c e  d i s p l a c e m e n t  t h i c k n e s s  i n d i c a t e  a  m a x i m u m
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d i f f e r e n c e  o f  6 %  o f  t h e  m a x i m u m  v a l u e  o f  6 * / c  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t ,  
w i t h  c l o s e  a g r e e m e n t  i n  t h e  t r a i l i n g  e d g e  r e g i o n .

A l t h o u g h  t h e  d i s p l a c e m e n t  t h i c k n e s s  f o r  th e  o n e  p o i n t  o n  t h e  p r e s s u r e  s u r f a c e  
i s  i n  v e r y  c l o s e  a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n  a t  t h a t  p o i n t ,  s o m e  
d o u b t  m u s t  b e  e n t e r t a i n e d  s i n c e  t h e  w a k e  m e a s u r e m e n t  t a k e n  w i t h i n  0 . 0 1 0 ”  o f  
t h e  t r a i l i n g  e d g e , s h o w s  f a r  h i g h e r  v a l u e s  o f  d i s p l a c e m e n t  t h i c k n e s s .  T h e  
r e a s o n  f o r  t h i s  is  p r o b a b l y  t h e  e f f e c t  o f  t h e  t h i c k n e s s  o f  t h e  t r a i l i n g  e d g e  w h i c h  
w i l l  h a v e  a f f e c t e d  t h e  w a k e  m e a s u r e m e n t s .

C o m p a r i s o n  o f  m o m e n t u m  t h i c k n e s s e s , a s  s h o w n  i n  F i g .  2 1 ,  g i v e s  r e a s o n a b l e  
a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t .  A  m a x i m u m  e r r o r  i n  0 / c  o f  
2 2 %  i s  p r e s e n t  o n  t h e  s u c t i o n  s u r f a c e  a n d  t h e  p r e s s u r e  s u r f a c e  c o m p a r i s o n  
s h o w s  m u c h  c l o s e r  a g r e e m e n t  f o r  m o m e n t u m  t h i c k n e s s  t h a n  f o r  d i s p l a c e m e n t  
t h i c k n e s s .
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6.  C o n c l u s i o n s

S i n c e  t h e  m a i n  e m p h a s i s  w a s  o n  t h e  u s e  o f  t h e  b o u n d a r y  l a y e r  c a l c u l a t i o n  in  
h i g h  s p e e d  c o m p u t e r  p r o g r a m s ,  a  g e n e r a l  p r o g r a m  w a s  e v o l v e d  u s i n g  t h e  T h w a i t e s '  
a n d  T r u c k e n b r o d t 's  t h e o r i e s  f o r  a  w i d e  r a n g e  o f  a s s u m p t i o n s  c o n c e r n i n g  i n i t i a l  
a n d  t r a n s i t i o n  c o n d i t i o n s .  T h e  p r o g r a m  g i v e s  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t s  
o f  S m i t h ,  w h o  c a l c u l a t e d  t h e  t u r b u l e n t  l a y e r  f o r  a  c h o s e n  f l o w  m o d e l .

T h e  a g r e e m e n t  b e t w e e n  t h e  n e w  a n a l y s i s  o f  L e w k o w i c z  a n d  H o r l o c k  a n d  th e  
e x p e r i m e n t a l  b o u n d a r y  l a y e r s  o n  w h i c h  i t  w a s  t e s t e d  is  g o o d  f o r  t h e  e x p e r i m e n t s  b y  
S c h u b a u e r  a n d  K l e b a n o f f  a n d  b y  B r a d s h a w  a n d  F e r r i s s .  I n  th e  c a s e  o f  S c h u b a u e r  
a n d  K l e b a n o f f ' s  e x p e r i m e n t ,  t h e  n e w  a n a l y s i s  g i v e s  b e t t e r  a g r e e m e n t  t h a n  t h e  
m e t h o d  o f  T r u c k e n b r o d t .

F o r  B r a d s h a w  a n d  F e r r i s s '  e x p e r i m e n t  i n d i c a t e s  b e t t e r  a g r e e m e n t  t h a n  t h e  
m e t h o d s  o f  M a s k e l l ,  S p e n c e , v o n  K o e n h o f f  a n d  T e t e r v i n  a n d  H e a d .  H o w e v e r ,  
s o m e  c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  9 - d H / d x ,  p r e d i c t e d  b y  t h e  n e w  a n a l y s i s  
a n d  t h a t  m e a s u r e d  b y  B r a d s h a w  a n d  F e r r i s s  is  s t i l l  e v i d e n t .

T h e  m a i n  s h o r t c o m i n g s  o f  t h e  n e w  a n a l y s i s  a r e  a s  f o l l o w s : -

T h e  n e w  a n a l y s i s  d o e s  n o t  p r o v i d e  a  d e f i n i t e  c r i t e r i o n  f o r  t h e  s e p a r a t i o n  o f
t w o  d i m e n s i o n a l  t u r b u l e n t  b o u n d a r y  l a y e r s ,  e x t r a p o l a t i o n  o f  t h e  c f  c u r v e s  t o  z e r o
b e i n g  t h e  o n l y  i n d i c a t i o n  o f  s e p a r a t i o n .  T h e  d i s t r i b u t i o n  o f  t h e  f r e e  s t r e a m
v e l o c i t v  U  is  f e d  i n t o  t h e  a n a l v s i s  i n  t h e  f o r m  o f  t h e  e x t e r n a l  p r e s s u r e  g r a d i e n t  oo
( 2 / U  ) • (d  U  / d x ) ,  n e c e s s i t a t i n g  t h e  u s e  o f  e i t h e r  g r a p h i c a l  d i f f e r e n t i a t i o n  o r  
p o l y n o m i a l  c u r v e  f i t t i n g .

T h e  d i f f i c u l t y  i n  t h e  c a l c u l a t i o n  o f  t h e  f l o w  a r o u n d  a e r o f o i l s  w i t h  r o u n d e d  
t r a i l i n g  e d g e s  is  o v e r c o m e  b y  t h e  a p p l i c a t i o n  o f  v i s c o u s  f l o w  t h e o r y .  A  n e w  u n iq u e  
c o n d i t i o n  i s  f o u n d  u s i n g  t h e  e m p i r i c a l  ' f a i r i n g - i n '  o f  S p e n c e  a n d  t h e  h y p o t h e s i s  o f  
' z e r o  n e t t  v o r t i c i t y  d i s c h a r g e ' .  T h e  m e t h o d s  o f  b o u n d a r y  l a y e r  c a l c u l a t i o n  c a n  
b e  u s e d  f o r  t h e  p r e s s u r e  d i s t r i b u t i o n  t h u s  o b t a i n e d  i n  o r d e r  t o  p r e d i c t  t h e  l o s s  a n d  
s e p a r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  c a s c a d e  a n d  a l s o  t o  c o r r e c t  i t e r a t i v e l y  f o r  t h e  
d i s p l a c e m e n t  e f f e c t  o f  b o u n d a r y  l a y e r  a n d  w a k e .

C a l c u l a t i o n s  a r e  p e r f o r m e d  o n  a  c a s c a d e  f o r  w h i c h  t h e  p o t e n t i a l  f l o w  i s  k n o w n  
e x a c t l y .  I t  i s  f o u n d  t h a t  a l t h o u g h  t h e  t h e o r e t i c a l  a d d i t i o n  o f  b o u n d a r y  l a y e r  d i s ­
p l a c e m e n t  t h i c k n e s s  s u c c e e d s , t h e  c o n s i d e r a t i o n  o f  t h e  w a k e  is  n o t  s u c c e s s f u l .
I t  i s  c o n c l u d e d  t h a t  f o r  m e d i u m  i n c i d e n c e  t h e  r e s u l t s  o b t a i n e d  b y  u s i n g  t h e  f i r s t  
v i s c o u s  a p p r o x i m a t i o n  a n d  t h e  c o n d i t i o n  o f  z e r o  n e t t  d i s c h a r g e  o f  v o r t i c i t y  r e n d e r  
f u r t h e r  c o n s i d e r a t i o n  o f  v i s c o s i t y  u n n e c e s s a r y .

A  c a s c a d e  o f  a n a l y t i c a l l y  d e r i v e d  p r o f i l e s  w a s  t e s t e d  e x p e r i m e n t a l l y  a n d  t h e



r e s u l t s  o f  b la d e  s u r f a c e  b o u n d a r y  l a y e r  t r a v e r s e s  a r e  p r e s e n t e d  i n  a d d i t i o n  t o  a n g l e  
t r a v e r s e s  a n d  p r e s s u r e  d i s t r i b u t i o n s .  O n e  e x p e r i m e n t ,  i n  w h i c h  a  t r a n s i t i o n  
d e v i c e  w a s  u s e d , is  s e l e c t e d  f o r  c o m p a r i s o n  w i t h  t h e o r e t i c a l  r e s u l t s .

A  c o m p a r i s o n  b e t w e e n  t h e  p r e s s u r e  d i s t r i b u t i o n s  o f  t h e  c h o s e n  t e s t  a n d  
t h e  t h e o r e t i c a l l y  o b t a i n e d  f i r s t  v i s c o u s  a p p r o x i m a t i o n  g i v e s  e x c e l l e n t  a g r e e m e n t .

I t  i s  f i n a l l y  c o n c l u d e d , t h a t , t h e  c a s c a d e  p r e s s u r e  d i s t r i b u t i o n s ,  o u t l e t  a n g l e s  
a n d  a l l  b o u n d a r y  l a y e r  p a r a m e t e r s ,  c a n  b e  f a i r l y  a c c u r a t e l y  p r e d i c t e d  f o r  t h e  
u s u a l  t w o - d i m e n s i o n a l ,  i n c o m p r e s s i b l e  c a s c a d e  f l o w s .
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A C K N O W L E D G E M E N T S

T h e  a u t h o r s  w i s h  t o  t h a n k  P r o f e s s o r  J . H .  H o r l o c k  f o r  i n s t i g a t i n g  t h e  r e p o r t  
a n d  f o r  h i s  e n c o u r a g e m e n t  t h r o u g h o u t .  T h e y  a r e  a l s o  i n d e b t e d  t o  B r i s t o l  
S i d d e l e y  E n g i n e s  L t d . ,  f o r  g i v i n g  p e r m i s s i o n  t o  u s e  t h e i r  c o m p u t e r  p r o g r a m  
o f  M a r t e n s e n 's  m e t h o d  o f  p o t e n t i a l  f l o w  a n a l y s i s .
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RESULTS OBTAINED FROM DIFFERENT ANALYSES 
OF DEVELOPMENT OF TURBULENT B. LAYER. Ta l l

CURVES., EXCLUDING NEW ANALYSIS, AFTER BRADSHAW AND 
FERRISS [22P



F1G- 7 EFFECT OF LOCATION OF REAR STAGNATION POINT ON 
PRESSURE DISTRIBUTION FOR ANALYTICAL PROFILE WITH

S /C  = 1-15

FIG. 3 ILLUSTRATION OF 'FAIRING IN* PROCESS
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Some results of recent work on low-speed cascade tunnels are described. Preliminary 
investigations, directed toward the analysis and improvement of the airflow and testing 
techniques, revealed that, when porous sidewall suction was employed, almost all change 
in axial velocity occurred within the blade row. Variation of axial velocity ratio, aspect 
ratio, Reynolds number, and turbulence level for one particular cascade facilitated an 
explanation of differences between the results of early British and American cascade 
tests. More recently, work has involved cascade tests on an analytically derived cascade. 
Good agreement was obtained between theoretical and experimental pressure distribu­
tions and profile boundary layers.

I n t r o d u c t i o n

P r e dic tio n s  of the performance of axial flow com­
pressors and fans are still completely dependent on results ob­
tained from the testing of stationary cascades of aerofoils in wind 
tunnels. The University of Liverpool has a number of facilities 
for investigating problems associated with flow through cascades 
and two low-speed blower tunnels have been used to assess the 
performance of cascades under a variety of test conditions.

The technique of testing has been surveyed in an effort to 
obtain two-dimensional performance in a cascade. High aspect 
ratio cascades with solid sidewalls and low aspect ratio cascades 
with porous sidewalls and suction have been investigated. 
Changes in axial velocity through the cascade were obtained by 
varying the amount of air removed through the porous walls: 
the effects on the flow, for a distance upstream and downstream, 
and on cascade performance, were considered.

Available correlations of cascade data have been compiled from 
test results obtained in tunnels with one of two distinct forms of 
working section. Either a high aspect ratio blade has been tested 
or porous sidewalls have been employed, through which the 
boundary layer was sucked away. A comparison of the correla­
tions of Howell [ 1 ]1 * * * and Carter [2J, which are based upon the 
former method, with that of Lieblein [3], based upon the latter 
method, shows a discrepancy. I t  was considered that the axial 
velocity ratio across the cascade affects the performance to an ex­
tent which explains this discrepancy. An investigation to sub­

1 Numbers in brackets designate References at end of paper.
Contributed by the Gas Turbine Division and presented at the

Winter Annual Meeting, New York. N. Y., November ^7-December 1,
1066. of T h e  A m e r i c a n * S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s .
Manuscript received at ASM E Headquarters. August 4, 1966. 
Paper No. 66— W A/GT-7.

stantiate this suggestion was undertaken and the overall effects of 
axial velocity ratio and aspect ratio on cascade performance were 
investigated.

An exact theory for obtaining the potential flow through certain 
cascades was used to derive a set of blades which were tested in the 
porous wall working section. This afforded the possibility of 
comparing the exact potential flow results directly with corre­
sponding measurements. It is considered that, within the accu­
racy of measurement, the main differences between the experi­
mental and theoretical results are due to the effects of viscosity on 
the two-dimensional and three-dimensional flows.

L ive rp o o l  U n i v e r s i t y  N o .  1 a n d  N o .  2 C a s c a d e  T u n n e l s
The whole of the experimental program described in this paper 

was carried out in the No. 1 and No. 2 tunnels of the Turbo­
machinery Laboratory at Liverpool University. Both tunnels 
are basically similar in construction except for the working sec­
tions. Tunnel No. 1 has porous sidewalls and is designed for low 
aspect ratio blades: tunnei No. 2 has solid walls and is wide 
enough to accommodate high aspect ratio blades. With a blade 
chord c =  6 in., an aspect ratio of two is obtained in the former 
and a value of up to A =  4.83 is available in the latter. The 
maximum Reynolds number is Re =  2.0 X 10s in both tunnels 
which is well above the critical value of Re =  1.0 X  105 given in 
reference [4].

Tunnei No. 1

A centrifugal blower of 16 hp delivers up to 9000 cu ft of air per 
min against a head of 1-in. static water gage to a diffuser of 
sheet steel construction. The diffuser, which has a maximum 
diffuser angle of 23 deg, has three splitter plates to insure an even 
distribution of flow into the settling length. The settling length 
is of ‘‘masonite-’ and wood construction and has a 40 X 40 mesh

- - - - - - - - - - - - - N o m e n c l a t u r e - - - - - - - - - - - - - - -

A = aspect ratio (span/chord)
AVR =  axial velocity ratio (Vo cosa^/ 

lb cosai)
P =  total pressure 

Re =  Reynolds number (v{c/v)
T =  turbulence level, percent 

T Y R  =  tangential velocity ratio 
(v-> sin ai/vi sinoti) 

c =  blade chord 
i =  incidence angle 

n =  distance normal to blade surface

Jo u rn a l  of En g in eer in g  for Power

p =  static pressure 
.s =  blade spacing 
v =  velocity
x =  coordinate in cascade plane 

(chord wise)
y =  coordinate in cascade plane along 

cascade ( tangential direction) 
z — spanwise coordinate 
a  =  flow angle in cascade plane 
o =  deviation angle 

8* =  boundary layer displacement 
thickness

9 =  boundary layer momentum thick­
ness

X =  stagger angle 
v =  kinematic viscosity 
p =  density

Subscripts

1 =  at upstream reference station
2 =  at downstream reference station 
x =  component in chordwise direc­

tion
r  =  surface value
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gauze and a 6-in-long honeycomb packing to give steady, uniform 
flow into the contraction. The position of the screen and honey­
comb are shown in Fig. 1. The contraction designed by the 
method given in reference [5] has a contraction ratio of 20.3:1 and 
is of the same construction as the settling length.

The working section is 2 ft 5 in. high, 1 ft wide, and has porous 
sidewalls of triple laminated construction. A calendered gauze 
of double weave 2 X  SO X  1050 is backed by a  120-mesh phosphor 
bronze gauze and supported by a Va-in. perforated steel plate. 
Air is removed through the gauze via butterfly valves and flexible 
hose by an 8-hp fan. The porous wall extends from 4  in. up­
stream to 4 ‘/ j in. downstream of the cascade.

A row of static pressure tappings is provided in the sidewalls 9 
in. upstream of the cascade and a traverse gear is situated 12 in. 
upstream. Traverse probes downstream are carried on a frame­
work separate from the tunnel. In  general, claw-type probes are 
used to measure the flow direction and total pressure. In some 
cases a  wedge probe is used and this is described later.

Tunne l No. 2

The general arrangement of tunnel No. 2, shown in Fig. 2, is 
similar to that of tunnel No. 1. The construction is of masonite 
on wooden frames throughout. The fan delivers up to 22,400 cu 
f t  of air per min with a head rise of 1.25 in. SWG. The maxi­
mum diffuser angle is 17.5 deg and the working section is 2 ft 5 in. 
square. The sidewalls are solid, and a second pair of sidewalls is 
available which can be moved in a spanwise direction to alter the 
aspect ratio of the blades. A single suction slot is provided in the 
endwall ahead of the top blade (which presents its suction sur­

428 /

face to the flow). A traverse gear is available downstream of the 
cascade and a series of stations are available upstream at which 
readings of velocity and angle may be measured with a claw probe. 
Static tappings are set in the wall 6 in. upstream of the cascade.

Construction o f the Blades

The cascade blades are manufactured from wood and given a 
“Phenorock” shellac finish. The profiles are of 6-in. chord and 
are shaped using a template to within = 0 .002  in. Pressure in­
strumentation is provided on the surface of the blade by burying 
hypodermic tubing just below the surface and drilling the static 
hole through in the required position.

I n v e s t i g a t io n  of C a s c a d e  T e s t i n g  T e c h n iq u e
The test procedure in use for both tunnels was similar, wdth the 

addition for the No. 1 tunnel of control over the sidewall and side 
slot suction. In this respect, the No. 1 tunnel was more générai 
and thus most of the development of technique and improvement 
of flow control was carried out in this tunnel. I t  is work on the 
No. 1 tunnel which is described in this section.

Existing Testing Technique

During routine testing the inlet static pressure was given b y the 
average of seven static pressure tappings on each sidewall anu 
the outlet static pressure, in a plane one chord downstream of the 
trailing edge, was taken to be atmospheric. Adjustment of side­
wall suction for the desired axial velocity ratio was b y trial-and- 
error tests in conjunction with previously derived valve setting

Transact ions  of the A S M EJULY 1 9 6 7
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curves. Periodicity of the flow was checked by traversing the 
yawmeter pitchwise in steps of one blade pitch. The claw probes 
were used to traverse for total pressure and yaw angle, either span- 
wise or pitchwise, in planes two chords upstream and one chord 
downstream from the cascade. For a detailed traverse the outlet 
probe was moved pitchwise across two blade pitches in increments 
dependent upon the local total pressure gradient. For each step, 
the outlet angie and total pressure were measured. Halfway 
through each test the blade static pressure distribution was re­
corded. Regular yaw-meter calibrations were carried out and the 
system was checked for leaks periodically.

O bjects o f Investigation

For high accuracy it was necessary to investigate the validity of 
using axial velocity ratio as a parameter and also to assess the 
quality of flow at ail spanwise locations.

With sidewall slots in use, the possibility of an inaccurate inlet 
axial velocity reading existed due to spanwise divergence of the 
streamlines from the tunnel center line. In  addition, A. R . Howell 
had asked [6] whether values of deviation angle (measured at the 
reference station of one chord downstream) might, for axial 
velocity ratios other than unity, be influenced by alterations in 
axial velocity occurring between the blade and the measuring sta­
tion. A program of tests to investigate the variation in axial 
velocity through the cascade was therefore undertaken.

The objects of the tests described in the following paragraphs 
were therefore:

1 To determine whether the use of suction through upstream 
side slots gives rise to a local decrease in axial velocity.

2 To investigate whether any appreciable axial velocity 
change occurs between the trailing edge and the usual measuring 
plane.

3 To obtain detailed wake traverses at the trailing edge and at 
2-in. intervals downstream.

4 To compare loss contours and spanwise variation of devia­
tion in the trailing edge plane with those at one chord downstream.

All tests described in this section pertain to a cascade of 10C4- 
30C50 profiles set at a stagger of 36 deg, a space/chord ratio of 
0.875, and at a nominal air inlet angle of 52°50/.

M easurem ents Upstream o f the Cascade

I t  was first determined that the total pressure was reasonably 
constant throughout the upstream flow field. A static pressure 
probe was then used to measure local upstream velocities. At

F ig . 4  T o la ! loss  (P :/P i)  c o n to u rs . T ra il in g  e d g e  p la n e .

each station upstream the velocity was integrated over two blade 
pitches. At the station of the inlet static tappings, good agree­
ment was obtained between static pressure measurements from 
the probe and from wall static pressure tappings.

Measured axial velocities are given in Fig. 6 for the two cases 
considered. No axial velocity decrease is seen in the region of the 
slot and it is concluded that the measured axial velocity ratio is 
not invalidated by the use of slots.

M easurem ents D ow nstream  o f the Cascade

Accurate measurement of static pressures and yaw angles 
within the wake was not possible using the claw probe. The 
probe was also physically obstructed from traversing near the 
trailing edge.

The probe designed to overcome these limitations was a sting- 
mounted wedge of 24 deg included angie. The probe was gripped 
in a steel bar mounted at SV~in. radius and sliding over a perspex 
arc. The complete assembly could be traversed pitchwise or 
spanwise to an accuracy of 0.001 in. and the downstream axial 
distance could be varied using accurate mounting blocks.

The probe was used to obtain a complete picture of the flow 
downstream of the cascade and measurements were obtained in 
the plane of the trailing edge and at stations 2, 4, 6, and 8 in. 
downstream.

Figs. 3 and 4 show total pressure ratio contours in the trailing 
edge plane and one chord downstream. I t  will be seen from Fig. 
3 that although conditions on the tunnel center line are nominally 
two-dimensional, a considerable high loss area is present near the 
wall. Fig. 5 gives the results of traverses, each of over 50 pitch- 
wise readings, at an axial velocity ratio of 1.02 for the trailing edge 
and S-in. downstream stations. I t  is obvious that the further 
downstream the measuring station, the broader and shallower is 
the wake. The very large variations in the trailing edge plane are 
noteworthy.

The tangential velocity ratios obtained indicated that for all 
tests at the 1.02 nominal axial velocity ratio, tangential momen­
tum was conserved at stations downstream of the trailing edge to 
an accuracy of ± 1 .3  percent. Fig. 6, in which the results of this 
section are summarized, shows that at AVR =  1.02 no increase of 
axial velocity takes place after the cascade and although scatter is 
present, results based upon traverse stations two chords upstream 
and one chord downstream should prove to be reliable. Results 
taken at an axial velocity ratio of 1.127 indicate a slight axial 
velocity increase which is an order of magnitude less than one 
which would mask true axial velocity ratio effects.
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T e s t s  on S t a n d a r d  C 4  S e c t i o n s
The performance of two cascades of C4 sections has been in­

vestigated. The blade profiles were 10C4 — 30C50 (reference 
[1]); the stagger in both cases was X =  36 deg and the space/ 
chord ratios were 0.875 and 1.0.

A survey of the effects of Reynolds number and turbulence 
level was carried out and the results on cascade performance of 
changing the axial velocity from inlet to outlet, together with the 
effect of aspect ratio, were studied.

All routine traverses were carried out using a claw-type probe 
and turbulence levels were obtained with a DISA constant tem­
perature hot-wire anemometer.

Effect o f Reynolds N um ber and Free-Stream Turbulence

Results of tests over a range of Reynolds numbers at various 
levels of turbulence are shown in Figs. 7 and S. The deviation is 
shown in Fig. 7 and the total pressure loss AP/(1/2pvi2) in Fig. 8. 
The results cover a range of aspect ratios and include both solid 
and porous wall tests.

The performance of either cascade varies little between Re =  
1.1 X  105 and Re =  2.0 X  105. Below Re =  1.1 X  105 the loss in 
total head begins to increase. In the tests of cascades with space/ 
chord ratio s/c =  1.0 at high values of aspect ratio A =  4.83 and 
A =  3, where the walls of the cascade are solid, the total pressure 
loss and deviation increase sharply below Re =  1.0 X  105. The 
turbulence level for these tests was 0.28 percent and a study of the 
pressure distribution (Figs. 9 and 10) shows the presence of a bub­
ble of laminar separation on the suction surface of the blade. As 
the Reynolds number is reduced this bubble extends in length 
giving rise to the sharp increase in total pressure loss. The pat­
tern of the boundary layer is also clearly visible from the flow 
visualization study in Fig. 11 and a calculation of the develop­
ment of the laminar boundary layer has been shown to predict 
separation in the region of the separation bubble.

Tests with both solid and porous walls were carried out in 
tunnel No. 1 at .4 = 2  with a turbulence level of 2.68 percent. At 
high values of the Reynolds number no separation bubble can be 
seen on the blade surface and an example of the pressure distribu­
tion is shown in Fig. 12. There is little appreciable change of 
total pressure loss with Reynolds number at least down to Re =  
0.5 X 105.

The cascade with s/c =  0.875 was tested in tunnel No. 1, with 
* 4 = 2  and porous walls. The turbulence level was 0.4 percent. 
The presence of a bubble on the blade surface at high Reynolds 
number (Fig. 13) indicates a flow pattern similar to the low tur­
bulence tests at high aspect ratio in tunnel No. 2. At low Reyn­
olds numbers the total pressure loss increases as the separation 
bubble becomes more pronounced on the surface.

I t  appears then that the performance of a cascade at low Reyn­
olds number is largely dependent on the presence of a laminar 
separation bubble on the suction surface of the profile. The 
elimination of this bubble using transition devices is discussed 
later. Over the range of axial velocity ratio investigated, the 
value of AVR has no effect on the change in performance as 
Reynolds number is decreased.

Effect o f A x ia l V e loc ity  Ratio and Aspect Ratio

The tests carried out in the working section with solid sidewalls 
show clearly the effect of the boundary layer on the walls. The 
secondary flow produces a twisting of the main stream flow, Fig. 
14, and aggravates the corner stall producing a region of high loss 
between the suction surface of the blade and the wall, Fig. 15. If 
a high aspect ratio is used, e.g., *4 =  4.83, a large part of the span 
is unaffected by the secondary flow but the blockage effect of the 
region of high loss is still appreciable; the measured axial velocity 
ratio on the center line of the cascade at A  =  4.83 was AVR =  1.15. 
There is little difference in the flow pattern for A =  3 but with an 
aspect ratio as low as A =  2 (see Fig. 14) the secondary flow 
effects extend across the whole span and the test ceases to be in 
any sense two-dimensional. I t  may be concluded that, provided
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F ig . 7  C h a n g e  in  d e v ia t io n  w i th  R e y n o ld s  n u m b e r. D e v ia t io n  in te g ra te d  o u ts id e  w a k e  fro m  
tra v e rs e s  o n e  c h o rd  d o w n s tre a m .
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F ig . 9  E ffect o f  R e y n o ld s  n u m b e r o n  p re ssu re  d is tr ib u t io n  fo r  A  =  4 .8 3

F ig . 10 E ffect o f R e y n o ld s  n u m b e r o n  p re s s u re  d is tr ib u t io n  fo r  A  =  3
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F ig . 11 F lo w  on  b la d e  s u rfa c e . H ig h  a sp e c t ra t io .

F ig . 12 E ffect o f R e y n o ld s  n u m b e r o n  p re ssure  d is t r ib u t io n .  A s p e c t 
ra t io  o f  tw o  w i th  s o lid  s id e w a lls .

F ig . 13 E ffect o f  R e y n o ld s  n u m b e r o n  p re ssu re  d is tr ib u t io n .  A s p e c t 
ra t io  o f  tw o  w i th  p o ro u s  s id e w a ll  s u c tio n .

the aspect ratio is high enough, the twisting of the flow can be 
ignored but that an increase in axial velocity is still present.

Tests in tunnel No. 1 with a porous wall working section ena­
bled control over the value of the axial velocity ratio to be exer­
cised. To obtain a value AVR =  1.0 at Re =  1.95 X  10-6, ap­
proximately 3 percent of the mainstream flow was removed 
through the porous walls; greater or lesser amounts altered the 
value of AVR accordingly. An increase in the axial velocity ratio 
across a cascade reduces the static pressure rise through it and 
causes the deviation to decrease. The change in deviation with 
axial velocity ratio is shown for the two cascades, at values of the 
Reynolds number well above the critical, in Fig. 16. In  the tests 
on the cascade with s/c =  1 .0, the measured turbulence was 2.68 
percent and for s/c =  0.875 the turbulence level was 0.4 percent. 
The difference in turbulence levels does not appear to have af­
fected the slope of the AVR ~  5-curves, and they can both be 
approximated by straight lines of the form

8 = do -  10(AVR -  1)

where 8o is the deviation at AVR =  1.0. The results for AVR 
> 1.0  are obtained by allowing the region of loss to build up on the 
wall and a correction has been made to allow for secondary flow.

The aforementioned empirical relation gives reasonable agree­
ment wdth the correction of reference [7] in which Schulze, Erwin, 
and Ashby retain constant circulation and, assuming the devia­
tion to be independent of inlet angle, correct both inlet and outlet 
angles to the mean axial velocity. The relation also agrees well 
with the theoretical result of Pollard and Horlock [8 ].

The change in shape of the pressure distribution with axial 
velocity ratio change is shown in Fig. 17. The reduction of pres­
sure rise through the cascade is reflected in a reduction in the 
pressure gradient on the suction surface of the blade profile.
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Fig. 14 Deviation across half span. Aspect ratios of 4.83 and 2 with solid sidewalls.

F ig . 17 P ressure  d is tr ib u t io n s  a t Re =  1 .9 6  X  1 0 s; th is  g ra p h  s h o w s  th e  
e ffe c t o f v a ry in g  th e  a x ia l  v e lo c ity  ra t io
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C om parison o f Test Results W ith  C orre la tions o f Cascade 
Perform ance

A comparison of the correlations of cascade performance made 
by Howell [1] and Carter [2] on the one hand and Lieblein [3] on 
the other shows certain discrepancies. Whereas the former set 
was based on results from solid wall tests with A ^  3 and a value 
of AVR ^  1.0, the latter was produced from tests in a porous wall 
working section with a unity axial velocity ratio. The results 
quoted by Lieblein were obtained in a tunnel with an extremely 
low level of turbulence at a Reynolds number of Re =  2.45 X 
105. The former results were obtained over a range of Reynolds 
number in the region of Re =  3.0 X  105 and Howell combined the 
turbulence level and Reynolds number to form an “effective” 
Reynolds number. Turbulence levels varied from 0.2 to 2.36 
percent in the tests included in Howell’s correlation. As the 
Reynolds number is well outside the critical for the results used 
in both correlations, it is unlikely that Reynolds number or 
turbulence will have affected the results appreciably although 
the porous wall tunnel used by NACA to obtain Lieblein’s 
correlation had a low turbulence level and this may have modified 
cascade performance. However, it may be reasonably supposed 
that the difference in the deviation predicted by these two 
correlations for each of the authors’ cascades can be attributed 
to the difference in axial velocity ratio. Howell suggests that 
the solid wall results were obtained over a range of values of 
AVR but that, in general, the axial velocity ratio was not much 
greater than unity. I f  it is assumed that the slope of the curve 
relating deviation to AVR obtained by the authors is correct, 
then for these particular cascades the Howell and Carter cor­
relations were obtained from tests in which the axial velocity 
ratio was 1.16. Curves of deviation against axial velocity ratio 
may be plotted for the correlation predictions; these are shown 
in Fig. 18 in comparison with measured values. A summary 
of the predicted deviations is given in Table 1.

A comparison of the deviation predicted from these correlations 
with the measured results shows a difference of 0.4 deg for the 
test at s/c =  0.875 and a difference of 0.8 deg at s/c =  1.0. 
The latter set of results was obtained during the development 
stages of the porous wall working section and the former is a 
more reliable set of results. The deviation given by Carter’s 
correlation gives a better indication of the deviation in the solid 
wall tests.

T a b le  1 D e v ia t io n  p re d ic te d  f ro m  c o rre la t io n s

.—Poroiis ¡Side 
T,

wall— -Solid Sid 
T,

ewall-

Re per- Re per-
10-5 cent Ò 10  * cent 5 5

s/c
ap- ap- Lieb- ap- ap- How- Car-

X i prox. prox. lein prox. prox. ell ter
1 .0 36 1.5 2 .45 0 .1 10.3 3 .0 0 . 2 - 2 .4 8 .9 8 .5
0.875 36 1 .0 9 .6 S.O

W o r k  on  a n  A n a l y t i c a l l y  D e r i v e d  C a s c a d e
In  order to check agreement between experiment and theory, 

accurate experimental results were required for the flow through 
a cascade of analytically derived profiles. The object of these 
experiments was therefore to obtain reliable results, including 
boundary layer traverses, for the theoretical cascade.

Theoretical P rediction o f Cascade Perform ance

The blade profiles were obtained by an exact conformal trans­
formation, as described in [9 and 10 ], which gave profiles similar 
to a 10C4-30C50 section with 36 deg stagger and a 0.875 space/ 
chord ratio. In potential flow theory, an infinite range of pres­
sure distributions and outlet angles is possible. Uniqueness 
was obtained by extrapolating the pressure distributions tangen­
tially from the 85 percent chord position, as suggested by Spence 
and Beasley [11]. The correct pressure distribution was then 
the one which satisfied the condition of zero net vorticity dis­
charge (equal pressure coefficients on both surfaces at the trailing 
edge). For the calculation of laminar and turbulent boundary 
layers, the methods of Thwaites [12] and Truckenbrodt [13] 
were used.

Experim enta l A ppara tus

For measuring profile boundary layers, a 0.032-in-dia pitot 
tube was manufactured. The tube was held in a brass stud 
which was mounted in one of three threaded collars. The 
collars were finished flush with the blade. By  rotating the 
pitot tube through 360 deg about the axis of its threaded stem 
it was possible to traverse the tube by 0.0193 in.

The No. 1 tunnel was used with an aspect ratio of two and with 
sidewall suction employed to give unity axial velocity ratio. 
The turbulence level for these experiments was 0.45 percent and 
the Reynolds number was 2 X  105. After the experiments 
described previously, both upstream sidewall slots were removed, 
giving a clear inlet wall and less possibility of sidewall boundary 
layer disturbance. The only available variable in this series was 
the use of boundary layer transition devices.

F low  W ith ou t Transition Devices

Detailed traverses carried out using the claw yawmeter in a 
plane one chord downstream from the trailing edge consisted of 
60 readings of outlet angle and velocity covering two complete 
blade channels. Boundary layer traverses took place at three 
stations on the suction surface but only one on the pressure sur­
face. Corresponding to each set of boundary layer traverses a 
blade pressure distribution was obtained. The pressure distribu­
tion for the first test is shown in Fig. 19. Whereas no scatter is 
present in the pressure distribution, a small area of laminar 
separation is indicated on the suction surface. To determine 
whether spanwise constancy of conditions had been improved,
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F ig . 21 C o m p a r is o n  b e tw e e n  e x p e r im e n ta l a n d  th e o re tic a l p re ssu re  
d is tr ib u tio n s

a series of pitchwise traverses at various spanwise locations was 
carried out. The results showed that a considerable region of 
low energy air was still present. Although the two-dimensional­
ity was not as good as that of reference [14], losses were almost 
constant for a distance of at least half of the span, in the center 
of the blade.

F lo w  W ith  T ransition Devices

Although useful results were obtained without artificial 
boundary layer control, some difficulty was associated with 
laminar separation occurring before transition. No known theory 
will treat such a flow and it was therefore necessary to cause 
transition and thus eliminate laminar separation. Polythene 
spheres were used as a transition device. Using the criterion of 
Von Doenhoff and Horton [15], a suitable sphere diameter was 
found to be 0.013 in. The initial coating of spheres was too 
liberal and merely replaced the laminar separation by turbulent 
separation before the trailing edge. This is clearly indicated in 
Fig. 19. Removal of some roughness improved flow conditions. 
The final test with roughness, the pressure distribution for which 
is shown, gave no indication of either laminar or turbulent 
separation.

A comparison of boundary layer profiles for blades with and 
without roughness under similar inlet conditions is given in Fig. 
20. I t  will be seen that the boundary layer with early transition 
is nearer to separation at 87.5 percent of the chord. This was 
further emphasized when results were plotted on a v/vT logio 
0vTn/v) graph using the reading of a Preston tube, placed on the
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F ig . 2 2  C o m p a r is o n  b e tw e e n  e x p e r im e n ta l a n d  th e o re tic a l b o u n d a ry  
la y e r  th ickn e sse s

blade surface at the boundary layer traverse station, to obtain 
vT. An even bigger wake component was observed with rough­
ness present than without it.

One test, which had an axial velocity ratio within 2 percent 
of unity, was chosen as being representative of the cascade per­
formance with early transition on the suction surface.

C om parison Between Theory and Experim ent

The two sets of results, theoretical and experimental, which 
had been obtained independently, were then compared.

The outlet angle results, measured experimentally at one 
chord downstream, and calculated theoretically an infinite distance 
downstream, were 31°03' and 31°34', respectively. Agreement 
between pressure distributions was also good and the two distri­
butions are given in Fig. 21. Apart from a slight discrepancy 
near the suction peak, the two curves coincide, no scatter being 
present in either distribution.

Boundary layer results were also compared and Fig. 22 reveals 
the agreement between theory and experiment. Results for the 
suction surface displacement thickness indicate a maximum 
difference of 6 percent of the maximum 5*/c between theory and 
experiment. Comparison of momentum thicknesses gives a 
maximum error in 6/c of 22 percent on the suction surface.

C o n c l u s i o n s
I t  is useful to attempt to give an indication of what may be 

expected from a low-speed test of a compressor cascade of medium 
loading. From the results obtained by the authors the following 
conclusions may be drawn:

If porous sidewalls are used to control the sidewall boundary 
layer, a low aspect ratio will give good two-dimensional results. 
Almost all axial velocity variation on the meanline occurs within 
the cascade itself; the method of setting the cascade to an axial 
velocity ratio of unity based upon measuring stations well up­
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stream and downstream is therefore validated. However, even 
with sidewall suction in use, an area of low energy air is present 
near the junction of the wall and the blade convex surface; all 
attempts to remove this have failed.

If the working section has solid walls, an aspect ratio A ^ 3 
must be used to insure that corner stall and secondary flow do not 
produce a twisting of the flow in the region of the measuring 
plane. Even for values of aspect ratio up to A =  5, the axial 
velocity ratio in the measuring plane is greater than unity.

A high level of free-stream turbulence tends to promote early 
boundary layer transition and hence to delay the increase in loss 
normally associated with a reduction of Reynolds number.

The cascade deviation angle varies linearly with axial velocity 
ratio. Discrepancies between early British and American cas­
cade correlations are a result of the different axial velocity ratios 
at which the tests took place.

A cascade of analytically derived profiles was tested and one 
experiment, which utilized a transition device, was selected for 
comparison with theory. Boundary layers on the blade surface 
were successfully traversed. A comparison between the results 
of the chosen test and the corresponding theoretical results gives 
good agreement.
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Paper 6

R E C E N T  D E V E L O P M E N T S  I N  T H E  A E R O D Y N A M I C  D E S I G N  
O F  A X I A L  F L O W  C O M P R E S S O R S

By J. P. Gostelow*, J. H. Horlock* and H. Marsh*

Work on subsonic compressors is reviewed and traditional British and American methods of design are com­
pared. Transonic compressors are now well established and recent progress, demonstrating the necessity for 
properly shaped blades in machines having high tip speeds, is examined.

Advances in the computer-aided design of turbomachinery are described: these include the ‘Matrix through- 
flow’ and ‘Streamline curvature’ methods of calculating the meridional flow. Experimental results give pre­
liminary confirmation of a method of annulus wall boundary layer prediction.

Finally, current and future developments are discussed and an attempt is made to describe how an axial 
flow compressor may be designed a decade hence.

I N T R O D U C T I O N
R ev iew s of axial flow compressor design have been 
published by Howell ( i ) f ,  Howell and Bonham. (2), 
Horlock (3), the N.A.S.A. staff (4) (5) and Serovy (6). 
These reviews describe the semi-empirical basis o f  design, 
the computations involved being fairly elementary. 
Although computer-aided design methods have now taken 
over, these methods still depend strongly upon experi­
mental data and do not yet yield designs substantially 
different from the earlier empirical designs.

We look briefly at these earlier reviews, first for sub­
sonic compressors and then for transonic compressors. 
We then review computer-aided design methods for turbo­
machinery and discuss current and future developments.

S E M I - E M P I R I C A L  D E S I G N  O F S U B S O N I C  
C O M P R E S S O R S  

Mean section design
A sound basis for the design o f subsonic axial com­
pressors was established in Howell’s classic paper in 1945 
(1). There are three essential points on which Howell’ s 
design method is based. First, his correlation o f  experi­
mental cascade data established the limit that has to be 
placed upon the allowable deflection (and therefore dif-

The MS. of this paper was received at the Institution on 4th November 
1968 and accepted for publication on 9th January 1969.

* Engineering Departments Cambridge University. 
f  References are given in Appendix 6.1.

fusion) in any one compressor row and determined the 
deviation (difference between gas and blade outlet angles) 
at a nominal condition, where the blades would operate 
efficiently and in an unstalled condition. Second, Howell 
showed that i f  the Mach number in a stage was to be 
limited, then for a given flow coefficient the choice o f  
50 per cent reaction gave highest work per stage andl high­
est efficiency. Finally, with 50 per cent reaction, it was 
demonstrated that efficiency was not very sensitive to 
variations o f  flow coefficient (<f>) in the region o f  rj> =  0 -5, 
with an outlet angle o f  about 30°.

These three criteria have formed the basis for many 
‘two-dimensional’ designs o f axial flow compressors and 
they remain an excellent foundation for design today. 
They must be used with a ‘work-done factor’ (A), the 
ratio o f  work actually put into the stage to the design input 
o f  work. Howell and Bonham (2) provided a variation o f A 
through a compressor for use in design. This approach 
undoubtedly works but is possibly the least satisfactory 
aspect o f  Howell’s design method. Essentially, the work- 
done factor allows for the reduction in work due to the 
increase in mainstream axial velocity resulting from 
boundary layer growth along the annulus -walls. On a 
simple ‘velocity triangles’ basis it would be expected that 
the work input would increase in the boundary layer 
region, but presumably because o f  the effect o f  secondary 
flow upon the gas outlet angles there, this gain in work is 
not achieved.
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Other minor weaknesses in Howell’s method are: 
(1) the correlation for the change in deflection with 
effective Reynolds number (jReff) which is difficult to 
determine. The correlation is probably pessimistic at low 
Re The effects o f  Reynolds number and turbulence level 
are closely inter-related and vary both with the choice o f 
blade profile and the aspect ratio (e.g. Pollard and Goste- 
low (7) and Masek and Norbury (8)). (2) The correction 
for compressibility, which took little account o f  profile 
shape, but which still provides some guide to subsonic 
compressibility effects for the C series o f aerofoils.

The N.A.S.A. method o f design (4) took a substantially 
different line o f  approach from Howell’ s. First, the cas­
cade data were obtained from a series o f tests by Herrig 
et al. (9), carried out with no increase in axial velocity 
across the cascade. Second, ‘blockage coefficients’ were 
used to assess the growth o f  the annulus wall boundary 
layers and to calculate the main-stream axial velocity, 
upon which the design velocity triangles and deflections 
were based. The selection o f a blockage coefficient is as 
arbitrary as that o f  the work-done factor, although some 
progress has recently been made in computing the former.

Such differences between design methods produce sub­
stantially different compressors. Axial compressor perfor­
mance is notoriously critical to small changes in design 
procedure— Howell and Bonham state that a half degree 
difference in deviation at each blade row produces a 
change in pressure ratio o f  0-24 in a compressor o f  design 
pressure ratio 6-0.

We attempt to summarize the British and American 
methods o f mean section design, together with the effects 
o f  the design decisions taken, in Table 6.1.

Table 6.1. Differences between design methods and effects 
of design decisions

Design
decision

British 
method 

H— Howell

American 
method 

N— N.A.C.A.

Effect on 
design 

parameters

Selection of 
cascade data:

(a) profiles

(b) axial 
velocity ratio

C series

Allowed to 
set its own 
value

N.A.C.A. series

Controlled at 
unity

Deviation
angles

&// <  &N

Axial velocity 
used in 
design

Uncorrected 
for blockage

Corrected for 
blockage

Axial velocities
cxh <  cXN

Velocity
triangles

Calculated
from:

(a) un­
corrected 
axial 
velocity

(¿0 tempera­
ture rise

j  •jr_ ^  ̂ deslm
A

Calculated
from:

(a) corrected 
axial 
velocity

(b) tempera­
ture rise

d T =  A T'desiffn

Flow
coefficients
and
deflections

< {u)N
CH >  €N

Blade profile design
Profile design o f compressor blading still owes more to 
experiment than to theory. Many potential flow calcula­
tions are available although the ‘off-the-drawing-board’ 
choice o f the trailing edge stagnation condition is still not 
an easy decision and methods o f predicting boundary 
layers are inaccurate.

Compressor designers have therefore relied on experi­
mental evidence almost exclusively for profile design. The 
work o f  Carter and his colleagues (10) is important here. 
Carter had found from cascade tests in 1951 (11) that 
blading with the point o f  maximum camber displaced 
rearwards along the chord has a high critical Mach number, 
a high stalling lift coefficient at high speeds, but restricted 
range o f low loss operation (see Fig. 6.1a for the perfor­
mance o f blades with maximum camber at 60 per cent of 
the chord). These conditions are required in the front 
stages o f  a compressor. Blading with the position o f  maxi­
mum camber displaced towards the leading edge has a 
wide range o f loss-free operation, Fig. 6.16, a large throat 
area and consequently a large choking flow, as required 
in the rear stages o f  a compressor. Incorporation o f  these 
features into an axial flow compressor design by Carter 
and his colleagues led to improved compressor perfor­
mance, with wider range along the constant speed lines.

Meridional flow
The techniques o f  design used in the meridional plane 
have progressed steadily through successive development. 
In general, the tangential'velocity distribution with radius 
ce(r)— the ‘vortex flow’ is selected (e.g. free vortex, or 
the so-called exponential velocity variation ce =  a±b jr ,

Fig. 6.1. Effect o f position of maximum camber on 
cascade performance. Data of Carter (11)
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where a and b are constants). The axial velocity distribu­
tion is then determined, together with the variation o f  gas 
angle with radius. These radial variations in flow are 
critically studied and may lead to modification o f the mean 
section design. For example, free vortex designs were 
rejected for subsonic compressors because o f  high rotor 
twist and large rotor tip and stator root Mach numbers.

The following developments have taken place in the 
calculation o f the meridional flow :

( 1) The early assumption o f constant axial velocity 
with radius.

(2) The assumption o f  simple radial equilibrium 
(cr =  0) or a variation o f this— e.g. simple radial equili­
brium behind stators with the axial velocity profile 
unchanged across the rotor, or a half-way design with 
the rotor and stator axial velocity exit profiles assumed 
to be the mean o f the equilibrium profiles at these two 
axial locations.

(3) Simple estimates o f  the effects o f  radial flows, 
including a brief flirtation with actuator disc theory. 
Rolls-Royce considered a redesign o f  the Conway low 
pressure compressor using simple actuator disc theory. 
They found but small changes in air angles and therefore 
did not change the design.

(4) Over the past few years, two powerful computa­
tional methods— streamline curvature, Smith (12), and 
matrix through-flow, Marsh (13), have been introduced.

Axial velocity ratio effect
One important interaction o f the blade-to-blade and 
meridional flow problems has been the effect o f  axial 
velocity ratio on the blade section performance. Pollard 
and Gostelow (7) have clearly shown that the difference in 
axial velocity ratio was the primary source o f  discrepancies 
between British and American cascade data.

It is very dangerous in compressor design to drop the 
axial velocity sharply, either locally across a section o f a 
long blade or uniformly across the whole blade height in a 
high pressure stage, since this leads to a reduction in the 
range o f  unstalled operation. The axial velocity was 
dropped sharply in the later stages during the early design 
o f  Avon compressors, but this feature was eliminated 
subsequently.

S E M I - E M P I R I C A L  D E S I G N  O F  T R A N S O N IC  
C O M P R E S S O R S

A ‘transonic’ compressor stage is one in which the inlet 
flow, relative to either the rotor or the stator, is supersonic 
over part o f  the span and subsonic over the remainder. I f  
the inlet flow, relative to either blade row, is supersonic 
over the entire span then the stage is termed a ‘supersonic’ 
stage.

Although the first supersonic compressor was tested 
over thirty years ago (14) the true transonic compressor is 
a comparatively recent development following the un­

expected discovery o f good performance at relative Mach 
numbers near unity. Much valuable experience has since 
been, obtained in the design and operation o f transonic 
compressors.

The compressors o f many current jet engines have at 
least one transonic stage. Powerplant designs have called 
for increased stage loading and higher tip speeds and the 
engines o f supersonic aircraft require compressor rotors 
with supersonic tip sections, as do fans for air-bus engines. 
For any given turbine inlet temperature there is an opti­
mum by-pass ratio for maximum economy over a given 
mission; at present day temperatures the by-pass ratio 
may be o f  the order o f six or even higher. Materials 
technology allows front fan tip speeds o f 1400 ft/s or more. 
I f  advantage is to be taken o f the increased possibilities 
for engine thrust and lightness it is imperative that the 
efficiency and stall-free operating range o f transonic fans 
be as high as possible.

Compressor configurations
The various transonic/supersonic compressor categories 
are wel' known (15). The prospect o f  high pressure rise in 
a single stage by compression through a stator-contained 
shock is attractive; work has been done on such low reac­
tion machines at SNECM A (16), N.A.S.A. (17) and else­
where. However, these machines have not performed well 
and the concept has not yet been successfully demon­
strated. The key to the operation o f low reaction com­
pressors seems to be a successful stator design. Dettmering 
(18) has made advances in this direction by testing tandem 
blades in a supersonic cascade facility.

Most transonic compressors today are o f  the ‘shock-in­
rotor’ variety. The following discussion will be confined 
to this type o f compressor, which can be found in the low 
pressure stages o f turbojet compressors and in the front 
fans o f turbofan engines. An aim in designing thtse has 
generally been to retain subsonic flow in the stator, thus 
minimizing stator losses.

The aerodynamics o f  subsonic stators differs little from 
previous subsonic design experience. The turning is often 
high, loadings should not be allowed to exceed conven­
tional limits, and the proximity o f  the flow to choke must 
be controlled. Computational techniques (19) can be used 
to tell the designer whether locally subsonic flow is likely, 
and i f  so he can eliminate the supersonic region and 
attendant shock losses by reshaping the vane. Little axial 
distance is usually available between rotor and stator, so 
that the flow into the stator is highly unsteady. The be­
haviour o f  blading under such conditions needs further 
research.

An early decision to be faced is whether the first stage 
should be given the benefit o f  pre-swirl, thus reducing the 
rotor inlet relative Mach number, or whether inlet guide 
vanes should be omitted. It is fashionable these days to 
omit these vanes, for reasons o f noise and mechanical 
simplicity, although the general case for doing this is not 
proven.
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Meridional flow
Table 6.1, listing the effects o f  differences between 
British and American design methods, also applies in 
principle to transonic compressors. Workers in the United 
States (e.g. Wu (20), Marble (21) and Smith (12)) were 
first to realize that an accurate estimate o f  the meridional 
flow was necessary for effective design. The approxi­
mations were those o f blade element flow and axial 
symmetry. Equations describing radial variations o f  aver­
age flow properties were written for continuity, energy 
addition, and radial equilibrium in the meridional plane. 
The effects o f  annulus boundary layers were accounted for 
by using a blockage factor in the continuity equation. 
Loadings were determined with respect to N .A .C .A .’s 
diffusion factor (22) and Carter’s rule (23) was used for 
the deviation angle. British designers have used an exten­
sion o f  the Howell-Carter methods as employed in sub­
sonic compressors. Limiting values o f lift coefficient, 
based on outlet velocity,

cos2 a2
C^yn —— 2r.7(tan c  ̂— tan af) ,cos am

were given as a function o f Mach number by Carter (10). 
In the above equation sjl is the space/chord ratio o f  the 
blading and a is the relative flow angle. The subscripts 
1, 2 and m refer to inlet, discharge and vector mean 
conditions, respectively.

Rotor profile design
Profile design for transonic compressors followed a similar 
semi-empirical approach to that used for subsonic com­
pressors. Klapproth (24) introduced the double-circular 
arc blade, frequently used in transonic rotors such as 
those designed by N.A.C.A. in the 1950s. This type o f 
profile has also been used extensively by British industry 
and the N .G .T .E . (25).

The aerodynamics o f  transonic blading has been 
improved considerably by the use o f  transonic, cascade 
tunnels. Schlieren pictures and loss measurements can be 
obtained and used to facilitate design decisions and to 
supplement data obtained from high frequency response 
crystals mounted over the tips o f  compressor rotors. Over 
a wide range o f cascade operation, incidence is not an 
independent variable but the back pressure is, so that it is 
necessary to use a throttling system downstream to vary 
the back pressure. The annular contractions experienced 
in a rotor are simulated by axially tapering the side-walls 
in a pre-determined manner. Although new tunnels are 
being built, no systematic tabulation o f transonic cascade 
characteristics has been made. Compressor technology 
would benefit as much from such correlations in the tran­
sonic range as it did from earlier subsonic correlations. In 
Britain there is an urgent need for one good transonic 
cascade tunnel which would be available to all interested 
parties. Meanwhile we have to use the excellent but in­
complete data published by Breugelmans (26), Heilman 
et al. (27), Stubner et al. (28) and others-.

Tip speeds o f  today’s rotors often exceed 1400 ft/s. At 
such speeds double-circular-arc blading is inadequate and 
the advantages o f a more carefully chosen blade shape 
become apparent. For highly loaded rotors, with the kind 
o f aspect ratios and solidities used in aircraft engines, 
individually designed blade shapes can be more efficient 
and have wider operating range than double-circular-arc 
sections.

The General Electric Company o f the United States 
has Recently designed and tested four 1400 ft/s tip speed 
rotors in fulfilment o f  a N.A.S.A. contract (29). One rotor 
had a tip diffusion factor o f  0 -35, defined here as

n  1 — c2 , r2ce2- r 1cn /s\

RT G Oi +  ̂ t a  W

The forward portion o f the tip section had zero camber.
• Three other rotors were designed with a tip diffusion 

factor o f  0-45 and tip ratios o f  supersonic to total camber 
varying between zero and the value corresponding to a 
double-circular-arc section. All four rotors exceeded 
design efficiency and flow; it was found that small efficiency- 
penalties and large operating range penalties were asso­
ciated with blading o f high loading and with tip sections 
having camber in the supersonic region. Loss data showed 
that rotors designed for the high transonic range need not 
have substantially higher losses than subsonic and low- 
transonic rotors. Carpet plots summarize the effect o f 
camber ratio and diffusion factor on rotor efficiency and 
stall margin in Fig. 6.2. Stall margin is taken to be the 
percentage by which the ratio (weight flow/pressure ratio) 
at design point exceeds that quantity at the stall point. 
Clearly, at high tip speeds it is necessary to design for the 
correct loading level and to shape the blade with care if 
operating range is to be preserved.

Fig. 6.2. Efftct of tip camber ratio and diffusion factor on 
efficiency and stall margin; operation of 1400 ft/s tip 
speed rotor at conditions corresponding to the design 
point
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Fig. 6.3. Present status of transonic stage design. Efficiency 
contours apply to design point operation o f stages with 
double-circular-arc blading and a rotor tip space! chord 
ratio o f 0-77

Contemporary practice
In pursuit o f  shorter and lighter compressors, the designer 
is forced to consider the use o f  high aspect ratios. This can 
mean that throttling is no longer limited by stall but by 
aero-mechanical instability. Many modern transonic 
rotors therefore have shrouding devices (clappers) 
designed to damp out vibrations. Transonic rotors often 
employ hub/tip ratios as low as 0-35 and typical space; 
chord ratios are 0-7 at the tip and 0-4 at the hub.

Fig. 6.3 gives the current status o f  transonic compressor 
design, based on the most recent available test data. Only 
single-stage machines without inlet guide vanes are in­
cluded and all results used are adjusted to allow for varia­
tions in tip space/chord ratio. The adjustments made are 
such that the efficiencies pertain to design point operation 
o f  stages having a rotor tip space/chord ratio o f  0-77 
and rotor blades o f  double-circular-arc section, without 
clappers*. Many variables are not considered and it should 
be emphasized that the curves are merely intended to 
indicate the state o f  the art. In particular, designs at high 
tip speeds are benefiting from the consideration o f tip 
sections other than the double-circular-arc. Use o f the 
double-circular-arc sections would probably not give 
sufficient stall margin in highly loaded designs with a high 
tip speed.

Computer aided design of turbomachines
The flow within a turbomachine is extremely complex, 
being a compressible three-dimensional unsteady flow. 
Even with modern computing methods, substantial sim­
plifications o f  the flow have to be made. It has been the 
practice, even in computer-aided design, to regard the

*  Corrections for differing spacejchord ratios were based on a test 
in which rotor blade spacing was the only variable. Where data 
from shrouded rotors were used the measured efficiency was increased 
by 2 per cent to allow for the clappers.

three-dimensional flows in compressors as the combina­
tion o f two 2-dimensional flows:

■(1) the blade-to-blade flow pattern, SI;
(2) the meridional flow, or an S2 stream surface.

The complete flow pattern corresponds to the simul­
taneous solution o f both flow problems for the two sets o f 
stream surfaces, SI and S2, as described by Wu (19). 
With certain simplifying assumptions, such as neglect o f  
the time dependence o f the flow relative to a blade row, 
either o f these two flow patterns can be estimated when 
the other is specified.

The blade-to-blade flow pattern, SI
Considerable progress has been made in the direct calcula­
tion o f flows through cascades and, for computing poten­
tial flows, the use o f  Martensen’s method (30) has become 
almost standard practice. However, in considering the 
potential flow around blades having rounded trailing 
edges, the downstream flow angle is indeterminate. It has 
been suggested (31) that the outlet angle is determined by 
the effect o f  viscosity; Preston’s theorem (32), that equal 
and opposite voracity is shed from each aerofoil surface 
into the wake, is invoked for the selection o f the correct 
trailing edge stagnation condition. The numerical solu­
tions obtained by the Martensen method have been 
compared with exact solutions obtained by conformal 
transformation and have been found to give high accuracy 
(33). Several workers have included the effects o f  changing 
axial velocity (34) (35) and the basic Martensen method 
has now been extended to subsonic compressible flows
(19) (36).

Potential flow programmes can be used to predict the 
onset o f  boundary layer separation and regions o f  locally 
supersonic flow and also to assist in any subsequent re­
shaping o f the blade profile. However, boundary layer 
theory is not sufficiently advanced to permit an accurate 
prediction o f  the loss coefficient.

The meridional flow pattern, S2
The most successful application o f  the computer to turbo­
machinery design has been in the prediction o f  the meri­
dional flow. I f  the mean blade-to-blade flow pattern is 
known, then it is possible to calculate the meridional flow 
pattern outside the boundary layers to a high degree o f  
accuracy. Tw o different methods o f  calculation have been 
developed for solving the flow equations:

(1) streamline curvature (12) (37);
(2) matrix through-flow (13).

These two methods solve the same equations o f  fluid 
motion and therefore lead to the same solution for the 
flow in the S2 surface.

Streamline curvature
This method is based on the iterative numerical solution 
o f  the equations o f  motion, continuity, energy and state 
for an axially symmetric flow through a turbomachine with
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varying hub and tip radii. The equation for the meridional 
velocity contains terms involving both the slope and curva­
ture o f  the meridional streamlines and these qualities are 
estimated by using a smooth curve, such as a spline fit, 
passing through points o f  equal stream function on 
neighbouring calculating planes, this being a reasonable 
approximation to the streamline. A simple version o f  this 
method is to place the calculating planes only in the duct 
regions, there being no calculation o f the flow within the 
blade rows. This duct flow model treats the blade rows as 
devices which produce a defined change in flow direction 
together with a loss o f  relative stagnation pressure. This 
representation o f the blade row can be made to have all o f 
the known characteristics o f  a blade row and the data used 
in the flow calculation can be automatically modified, 
between iterations o f  the main programme, to provide a 
better model for the blade row in following iterations.

The matrix through-flow analysis
The matrix method o f solution is to form a grid o f 
calculating points, express the non-linear equation for the 
stream function as a quasi-linear equation, form the cor­
responding finite difference equation and then solve for 
the stream function at all mesh points. This new distribu­
tion for the stream function is then used to form a new set 
o f  equations and the process is repeated until a converg­
ence criterion is satisfied. This method is sufficiently 
general that calculating planes can be placed anywhere 
within the blade rows or duct regions and it has been 
found that the accuracy o f prediction is improved by 
having calculating planes within the blade rows.

The mean stream surface
The methods o f streamline curvature and matrix through- 
flow both require that the flow angles are specified within, 
or at exit from, a blade row. The data obtained from a low 
speed linear cascade can give a reasonable approximation 
for a mean stream surface or flow angle, but in a turbo­
machine, the blades form an annular cascade, the Mach 
number may be high, the axial velocity may change across 
the blade row, there may be a radial displacement o f  the 
streamlines and the turbulence level may be high. Research 
on several o f  these problems has been described in 
reference (38).

The loss model
A major difficulty in calculating the flow pattern is the 
estimation o f the loss o f  relative stagnation pressure or, 
alternatively, the increase in entropy. It is the radial 
gradient o f  entropy which enters directly in the governing 
equations and the change o f entropy only enters in­
directly in the calculation o f  the gas density (12). As the 
flow passes through each blade row then, for an adiabatic 
flow, the entropy increases monotonically along the 
streamlines. The change o f entropy and entropy gradient 
in an isolated blade row is usually small, but this is a 
cumulative effect and as the flow passes through more

blade rows, then the entropy gradient term in the govern­
ing equations becomes more important. For a multi­
stage machine, the flow calculation methods require an 
extremely accurate definition o f  the loss model for each 
blade row, particularly in the regions close to the hub and 
tip where there are large losses.

Annulus wall boundary layers
There is one region o f flow in which the flow model is 
grossly inadequate, namely the annulus wall boundary 
layer. In order to predict the flow across the entire annulus, 
it is necessary to combine the existing methods for cal­
culating the mainstream flow with some method for 
estimating the development o f  the wall boundary layer in 
a swirling flow with blade rows.

Stratford (39) has described a simple method for 
calculating the axial component o f  the annulus wall 
boundary layer. It is assumed that there is no variation in 
static pressure through the boundary layers, so that in the 
axial momentum equation for the boundary layer the 
‘blade force’ term can be replaced by the ‘blade force’ 
o f  the mainstream flow. Experiments at Cambridge with 
isolated stator and rotor rows have shown good agreement 
with this theory. Fig. 6.4 shows a comparison with 
Stratford’s theory for an isolated rotor row o f free vortex 
design operating on-design, when the edge o f the boundary 
layer is more clearly defined. The theoretical predictions 
are based on the matrix through-flow method combined 
with Stratford’s analysis for the boundary layer.

Mach number limitations
The streamline curvature and matrix methods have Mach 
number limitations which depend on whether the flow 
region is a duct or a blade row. There are two solutions 
corresponding to subsonic and supersonic flow and the 
programme must specify which solution is to be taken. In 
a duct, choking corresponds to a meridional Mach number

Displacement 
Thickness 6*

Momentum 
Thickness Q

A o
Theory

Experiment

Fig. 6.4. Boundary layer development in an isolated 
rotor row
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o f  unity, whereas in a blade passage, choking occurs at a 
relative Mach number o f unity.

The Mach number limitation can be demonstrated by 
considering the flow in a convergent-divergent nozzle. 
The flow pattern can be calculated for a flow which is 
entirely subsonic, but the streamline curvature and 
matrix methods cannot at present deal with the more 
general problem when there is a supersonic flow following 
the throat and a shock down to a subsonic flow.

F U T U R E  D E V E L O P M E N T S
Despite recent advances, especially in the application o f  
modem computational procedures to compressor design, 
many major problems remain.

No progress has been made in the prediction o f surge 
lines. Instead efforts are being directed towards the early 
detection o f  surge and the subsequent use o f  automatic 
control for its avoidance. Work on rotating stall has 
decreased in recent years but advances have been made by 
Dixon (40), who showed that the number o f stall cells in 
a three-dimensional flow could be predicted. Dixon’s 
results need wider experimental verification and the 
general case has not yet been solved. Work is needed in 
analysing experimental results in groups o f stages, by 
segments, as suggested by Dunham (41).

Severe operational problems in axial-flow compressors 
can be caused by distortion o f the inlet flow. An analysis 
by Plourde and Stenning (42) deals with the attenuation o f  
inlet-flow distortions and the ‘parallel compressor model’ 
mentioned in reference (43) has proved useful in predict­
ing distorted flow characteristics. Experience obtained in 
Rolls-Royce lift engine multi-stage compressors suggests 
that radial maldistributions cause less loss o f  surge pressure 
ratio than equivalent areas and levels o f  circumferential 
maldistribution. Compressors were found to be sensitive 
to a critical minimum distorted segment, about 60°. The 
effects o f  unsteady maldistributions caused by ingestion 
o f shed vortices or by supersonic intake ‘buzz’ are not yet 
calculable and further work is needed in this field. It will 
be necessary to define the problem by transient measure­
ment o f  the fluctuations, and then to simulate the pheno­
menon in a controlled experiment.

A further problem in which the careful measurement of 
flow fluctuations, and their controlled simulation, will 
precede an analytical solution, concerns unsteady forces 
created by upstream blade rows. A stator row just down­
stream o f  the rotor will experience not only fluctuations in 
dynamic pressure but also severe fluctuations in inlet flow 
angle. Although turbo-machines depend intrinsically on 
unsteady flows, no known method o f calculating such flows 
yet exists and present designs are largely based on the 
inadequate assumption o f steady flow. An analysis for 
predicting the fluctuating lift forces on a blade moving 
through transverse and chordwise gusts has, however, 
been given by Horlock (44). The main advantage o f Hor- 
lock’s analysis will probably be in noise reduction. In this 
field the problem concerns the linking o f  acoustics and 
aerodynamics as inseparable facets o f compressor design.

The effects o f  free-stream turbulence on the performance 
o f blade rows and on boundary layer structure are in­
adequately understood. Indeed, data giving turbulence 
levels present in actual machine operation are scarce. It is 
difficult to design blading consistently and to simulate 
conditions in a cascade tunnel when the effect o f  tur­
bulence level is not accounted for. Although many cascade 
tests show laminar separation ‘bubbles’, the analysis o f 
which is intractable, higher turbulence levels in real 
machines would favour attached turbulent boundary layers, 
which can be calculated. Three-dimensional boundary 
layers on blade passage end walls can be predicted (45) if  
separation is absent. The effects on boundary layer growth 
o f blade rotation and the relative flows between end wall 
and blades need further investigation.

The prediction o f flows containing both subsonic and 
supersonic regions, with shocks, is still an unsolved 
problem. Although it is unlikely that existing methods will 
be able to deal with such flows, it may be possible to 
extend to turbomachinery flows numerical techniques 
based on solving the time dependent equations o f  motion 
to obtain a final steady-state pattern. I f  such an approach 
were successful the entire flow field could be predicted, 
including an estimate for blade passage shocks.

It is thought that a decade from now the axial flow com­
pressor designer will proceed in the following way:

(a) First approximation to mean section design, allocate 
temperature rises, determine mean section on a two- 
dimensional basis, as at present.

(1b) Assumption of a three-dimensional vortex flow, 
arbitrary choice o f  ce with radius.

(c) Three-dimensional calculations, using an axisym- 
metric flow programme and local polytropic efficiencies.

(d) Estimate of entry boundary layer thickness and 
annulus wall boundary layer growth, based on the first three- 
dimensional calculations o f  (c).

(e) Estimate of local losses and angle changes locally 
through the annulus boundary layer. Secondary flow 
theory and/or three-dimensional boundary layer pro­
grammes would be used.

(/) Second approximation to the three-dimensional through- 
flow analysis, using new values o f  local polytropic efficiency 
and angle variations.

(g) Iteration on this until a final meridional flow design 
was obtained.

(h) Blade to blade design, using a cascade solution 
which correctly accounts for compressibility, axial velocity 
ratio and radial shift. This is a more promising approach 
than using Wu SI surface iteratively with the Wu S2 
surface solution. It may be possible to provide manuals 
for blade to blade design; Shaalan (46), for example, has 
given the effect o f  axial velocity ratio alone.

(i) Calculation of boundary layers on blade surfaces, 
using the pressure distribution obtained from (A).

( j )  Detailed estimates of blade losses and gas leaving 
angles, at each radial section.

(.k) Iteration on the blade profile design, to produce 
minimum loss.
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One can re-enter the design loop at several points in the 
above scheme— at the profile design stage, at the choice 
o f  c0(r) stage, or right back at the allocation o f temperature 
rise and mean reaction. Such optimization would probably 
not be feasible for every design. It will therefore become 
necessary to accumulate experience o f  numerical design 
experiments in much the same way as test data have been 
accumulated in the past. Perhaps the most important job 
is the recording and assessment o f  designs. An information 
retrieval system is needed to make accumulated experi­
ences widely known and readily available.

A C K N O W L E D G E M E N T
The authors wish to thank M r D. G. Gregory-Smith for 
the experimental results giving the development o f  the 
wall boundary layer.

A P P E N D I X  6.1
REFERENCES

(1) H ow ell, A. R. ‘Design of axial compressors’, Proc. Instn
mech. Engrs 1945 153, 452.

(2) H ow ell, A. R. and Bonh am , R. P. ‘Overall and stage
characteristics of axial flow compressors’, Proc. Instn 
mech. Engrs 1950 163, 241.

(3) H orlock, J. H. Axial flow compressors 1958 (Butterworth).
(4) Aerodynamic design of axial-flow compressors SP-36, 1965

(Nat. Aero, and Space Admin., Wash.).
(5 ) N.A.C.A. J. Engng Pwr, Trans. Am. Soc. mech. Engrs 1961

83 (Series A), 219, 269.
(6) Serovy, G. K. ‘Recent progress in the aerodynamic design

of axial flow compressors in the United States’, J. Engng 
Pwr, Trans. Am. Soc. mech. Engrs 1966 88 (Series A), 251.

(7) Pollard, D. and G ostelow, J. P. ‘Some experiments at
low speed on compressor cascades’, J .  Engng Pwr, Trans. 
Am. Soc. mech. Engrs 1967 89 (Series A), 427.

(8) M asek, Z. and N orbury, J. F. ‘The effect of axial velocity
variation on the performance of a compressor cascade’, 
Unpublished Report, University of Liverpool, 1968.

(9 ) H errig, L. J ., E mery, J. C. and E r w in , J. R. Systematic
two-dimensional cascade tests of N.A.C.A. 65-series 
compressor blades at low speeds’, Nat. Adv. Comm. Aero. 
Rep. Memor. L5IG31, 1951.

(To) C arter, A. D. S. ‘Blade profiles for axial-flow fans, pumps, 
compressors, etc.’, Proc. Instn mech. Engrs 1961 175, 41.

(1 1 ) C arter, A. D. S. ‘Some tests on compressor cascades of
related aerofoils having different positions of maximum 
camber’ , Rep. Memor. Aero. Res. Coun.,Lond. 2694, 1953.

(12 ) Sm ith , L. H. jun. ‘The radial-equilibrium equation of
turbomachinery’, J. Engng Pwr, Trans. Am. Soc. mech. 
Engrs 1966 88 (Series A), 1.

(13) M arsh, H. ‘A  digital computer program for the through-
flow fluid mechanics on an arbitrary turbomachine using 
a matrix method’, Aeronaut. Res. Coun. Rep. Memor. 
3509, 1968.

(14 ) W eise, A. ‘A supersonic axial compressor’, Lillienthal
Society Rept No. 171, 1937.

(1 5 ) W right, L. C. and K lapproth, J. F. ‘Performance of
supersonic axial-flow compressors based on one-dimen­
sional analvsis’, Nat. adv. Comm. Aero. Rep. Memor. 
L51J16, 1949.

( 16 ) W ichert, K. E. ‘Some investigations into transonic axial-
flow compressors with high stage load coefficients and 
low degrees of reaction’, J .  Engng Pwr, Trans. Am. Soc. 
mech. Engrs 1961 83 (Series A), 286.

( 1 7 ) K lapproth, J. F. ‘A review of supersonic compressor
development’, J. Engng Pwr, Trans. Am. Soc. mech. 
Engrs 1961 83 (Series A), 258.

(18 ) D ettmering, W. ‘Investigations on supersonic decelerating
cascades’, in Advanced problems in turbomachinery 1965 
(von Karman Institute).

(19 ) Price, D. W. ‘Two-dimensional compressible potential
flow around profiles in cascade’, Gas Turb. Collab. 
Cttee, Aero. Sub-Cttee, Rept 547, 1964.

(20) Wu, C. H. ‘A general theory of three-dimensional flow in
subsonic and supersonic turbomachines of axial, radial 
and mixed flow types’, Nat. Adv. Comm. Aero. Tech. 
Note 2604, 1952.

(2 1 ) M arble, F. E. ‘The flow of a perfect fluid through an axial
turbomachine with predescribed blade loading’, J. Aero. 
Soc. 1948.

(22) L ieblein, S., Schwenk, F. C. and Broderick, R. L. ‘D if­
fusion factor for estimating losses and limiting blade 
loadings in axial flow compressor blade elements’, Nat. 
Adv. Comm. Aero. Rep. Memor. E53D01, 1953.

(23) C arter, A. D. S. ‘Low speed performance of related aero­
foils in cascade’, Aero. Res. Coun. C.P. No. 29, 1950.

(24) K lapproth, J. F. ‘General considerations of Mach number
effects on compressor blade design’, Nat. Adv. Comm. 
Aero. Rep. Memor. E53L232, 1954.

(25) O ldham, R. K. ‘An experimental two-stage transonic
compressor. Part I—Aerodynamic design’, Unpublished 
Ministry of Technology Report, 1967.

(26) Breugelmans, F. A. E. ‘High speed cascade testing and its
application to axial flow compressors', Am. Soc. Mech. 
Engrs Paper No. 68-G T-10, 1968.

(27) H eilman, W., Starken, H. and W eyer, H. ‘Cascade wind
tunnel tests on blades designed for transonic and super­
sonic compressors’, AGARD— 32nd Meeting of Propul­
sion and Energetics Panel, 1968.

(28) Stubner, A. W., C ase, L. F. and Blake, T . R. ‘ Supersonic
cascade tunnel used to evaluate compressor blade per­
formance’, J. Engng Pwr, Trans. Am. Soc. mech. Engrs 
1966 88 (Series A), 153.

(29) G ostelow, J. P., K rabacher, K. W. and Sm ith , L. H., jun.
‘Performance comparisons of high Mach number com­
pressor rotor blading’, 1968 (to be published as N.A.S.A. 
C.R.).

(30) M artensen, E. ‘Calculation of pressure distribution over
profiles in cascade in two-dimensional potential flow by 
means of a Fredholm integral equation’, Archs ration. 
Math. Analysis 1959 3, 3.

(3 1 ) G ostelow, J. P., L ewkowicz, A. K. and Shaalan, M. R. A.
‘Viscosity effects on the two-dimensional flow in cascades’, 
Aeronaut. Res. Coun. C.P. No. 872, 1967.

(32) Preston, J. H. ‘The calculation of lift taking account of the
boundary layer’, Aeronaut. Res. Coun. Rep. Memor. 2725, 
1949.

(33) G ostelow, J. P. ‘Potential flow through cascades. Exten­
sions to an exact theory’, Aeronaut. Res. Coun. C.P. No. 
808, 1964.

(34) P ollard, D. and H orlock, J. H. ‘A theoretical investiga­
tion of the effect of change in axial velocity on the poten­
tial flow through a cascade of aerofoils’, Aeronaut. Res. 
Coun. C.P. No'. 619, 1962.

(35) Shaalan, M . R. A. and H orlock, J. H. ‘The effect of
change in axial velocity on the potential flow in cascades’, 
Aeronaut. Res. Coun. Rep. Memor. 3547, 1968.

(36) Imbach, H. E. ‘Calculation of the compressible frictionless
subsonic flow through a plane blade cascade’, Brown 
Boveri Rev. 1965 51 (12), 752.

(37) S ilvester, M. E. and H etherington, R. ‘Three-dimen­
sional compressible flow through axial flow turbo­
machines’, in Numerical analysis—An introduction 1966 
(Ed. I. Walsh), Ch. 11, Part I I I ,  182 (Academic Press).

(38) Horlock, J. H. ‘Some recent research in turbomachinery’,
Proc. Instn mech. Engrs 1968 182, 74.



R E C E N T  D E V E L O P M E N T S  IN T H E  A E R O D Y N A M IC  D E S IG N  O F A X IA L  FLO W  C O M P R E SSO R S 9

(39) Stratford, B. S. ‘The use of boundary layer techniques to
calculate the blockage from the annulus boundary layers 
in a compressor’, Am. Soc. Mech. Engrs Paper No. 
67-W A/GT-7, 1967.

(40) D ixon, S. L. ‘Some three-dimensional effects of rotating
stall’, Aeronaut. Res. Court. C.P. No. 609, 1961.

(4 1 ) D unham, J. ‘Non-axisvmmetric flows in axial compressors’,
Mech. Engng Sci. Monograph No. 3, 1965.

(42) Plourde, G. A. and Stenning, A. FI. ‘The attenuation of
circumferential inlet distortion in multi-stage axial 
compressors’, Am. Inst, of Aero, and Astro. Paper No. 
67-415, 1967.

(4 3) Reid, C. ‘The response of axial flow compressors to intake
flow distortion’, to be presented at Am. Soc. Mech. 
Engrs 1969 Spring Conference, Cleveland, Ohio.

(44) Horlock, J. H. ‘Fluctuating lift forces on aerofoils moving
through transverse and chordwise gusts’, Am. Soc. 
Mech. Engrs Paper No. 68-FE-28, 1968.

(45) L ewkowicz, A. K. ‘T wo- and three-dimensional incom­
pressible turbulent boundary layers’, Ph.D. thesis, 
University of Liverpool, 1965.

(46 ) Shaalan, M. R. A. ‘The effect of aspect ratio in cascade
testing’, Ph.D. thesis, University of Liverpool, 1967.

MADE AND PRINTED IN GREAT BRITAIN BY W ILL IA M  CLOWES AND SONS, LIM ITED, LONDON AND BECCLES



9. Gostelow, J.P. Design and performance evaluation of four 
transonic compressor rotors. Trans. A.S.M.E., 
Journ. Eng. for Power (Jan. 1971)



J. P. G O S T E L O W 1
A ssis ta n t D ire c to r o f  Research, 

E n g in e e rin g  D e p a rtm e n t, 
C a m b r id g e  U n iv e rs ity , 

C a m b r id g e , E ng lan d

| Design and Performance Evaluation of 
i Four Transonic Compressor Rotors

! A set of four compressor rotors was designed as a means of optimizing blade camberline 
shape in the high-transonic Mach number region. One blade row was designed for a 
tip diffusion factor of 0.35 with the supersonic camber minimized. The other three 
blade rows were designed for a tip diffusion factor of 0.45 with tip ratios of supersonic 
to total camber varying from zero to the value corresponding to a double-circular-arc 
blade section. Performance maps and blade element data were generated as a result 
of testing on the four rotors. All rotors exceeded design efficiency and flow at conditions 
corresponding to design point operation. Operating range, from peak efficiency to 
stall, is highest in rotors designed for a low tip diffusion factor and which have the 
minimum amount of supersonic camber.

I n t r o d u c t i o n

Tin-: potential for substantial increases in stage pres­
sure ratio, as a result of the operation of axial flow compressors 
at transonic Mach numbers, has continually stimulated research 
in this area. Early test results had been disappointing, but in the 
early 1930’s a program was initiated by the National Advisory 
Committee for Aeronautics for developing the performance of 
transonic compressor stages and providing blade-element data 
for the double-circular-arc airfoils used in the design of the rotors. 
The main conclusion of this extensive test program was that there 
is no Mach number barrier for axial-flow compressors, but rather 
a continuum spectrum of performance as the design Mach num­
ber is increased into the supersonic range.

As a result of the XACA work, and parallel work in industry, 
temporary restrictions on certain compressor rotor tip parameters

1 Formerly with General Electric Company, Cincinnati, Ohio.
Contributed by the Gas Turbine Division for publication (without 

presentation) in the J o u r n a l  o f  E n g i n e e r i n g  f o r  P o w e r . Manu­
script received at ASME Headquarters. March 5. 1970, Paper No. 
70-GT-A.

were accepted. At that time it was felt that diffusion factors 
should stay below 0.4, inlet Mach numbers should be limited to 
1.2, and that solidities should not be reduced below unity. How­
ever, in the last 15 years, the direction taken in the development 
of axial-flow compressors for use in aircraft propulsion engines has 
been toward increased blade speeds and stage loadings. The 
objective has been to advance in these areas without making a 
significant sacrifice in efficiency. At the same time it was de­
sirable to increase ruggedness, reliability, and resistance to inlet 
flow distortion. The development of workable titanium alloys 
has made the use of tip speeds of 1400 ft/sec and beyond me­
chanically practical, and at such speeds the blade inlet relative 
Mach numbers are sufficiently high for the potential of high 
losses due to shocks to exist.

Finding the minimum blade element loss for high-transonic 
rotor blading seems to be most directly related to a search for a 
blade element shape which provides the best balance between 
shock loss and subsonic diffusion loss. A new type of blade shape, 
in which the camberline consists of two circular arcs which are 
mutually tangent at their junction point, has been devised. The 
term, camber ratio, refers to the ratio of the camber of the super­
sonic arc to the total camber. Blade elements developed in this

N o m e n c l a t u r e 1

.1 = flow area, in.- L = length in cascade projection, in. line and trading-edge radii,
D = diffusion factor, D =  1 M = Mach number in.

r>voi — rxve i P = total or stagnation pressure, r = air velocity, ft/sec
ci' 2rav\' psia W =  weight flow, lb/sec

F = body force per unit mass. ft. sec2 P m a x = average total pressure in undis- z =  displacement along compressor
h = radial stream tube height, in. torted region, psia axis, in.
i = incidence angle, difference be- A,.i,u = average total pressure in dis- 3 =  air angle, deg

tween air angle and camber toned region, psia Ô =  ratio ot total to standard pres-
line angle at leading edge in !> = static or stream pressure, psia sure
cascade projection, deg r = radius, in. Ô3 =  deviation angle, difference be-

= effective area coefficient F = mean radius, average of stream- (C o n t i n u e d  o n  n e x t  ix t f je )
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way are called multiple-circular-arc elements and provide a 
reasonable means for varying blade shapes between the two ex­
tremes of double-circular-arc elements and multiple-circular-arc 
elements having the smallest supersonic camber consistent with 
choke-free operation.

In this investigation one rotor was designed at a conventional 
loading level, corresponding to a tip diffusion factor of 0.35, with 
supersonic camber minimized. For the potential benefits of 
transonic compressors to be fully realized, it was also desirable to 
obtain performance data at a tip diffusion factor of 0.45. Ac­
cordingly, three rotors, having different camber ratios, were de­
signed for this higher loading level.

The design objectives of the four rotors described were, there­
fore, to determine the performance potential of high Mach number 
rotors and, if possible, to optimize the rotor blade proportions in 
such a way that the rotor could be more highly loaded without 
any significant decrease in efficiency.

A e r o d y n a m i c  D e s i g n
All four rotors were designed for a corrected weight flow of 

29.66 lb/sec per sq ft of frontal area. This gives a design flow of 
215.49 lb/sec using the selected rotor tip diameter of 36.5 in. and 
radius ratio of 0.50. A rotor tip solidity of 1.3, zero inlet swirl, a 
tip speed of 1400 ft/sec, and a tip axial velocity ratio of 0.91 were 
selected. Loading levels corresponding to tip diffusion factors of 
0.35 and 0.45 were chosen, and on the basis of these design pa­
rameters the change in angular momentum across the rotor tip 
was calculated. This momentum change, in conjunction with a 
suitable rotor total-pressure-loss coefficient, resulted in design 
total-pressure ratios of 1.60 and 1.76, respectively, for the dif­
ferent loading levels. The design total-pressure ratio was held 
constant radially in all four rotors.

The 0.35 tip diffusion factor of the less highly loaded rotor, 
designated rotor ID, is representative of common practice for 
stages with an inlet radius ratio of 0.5; the tip Mach number, 1.43, 
is higher than is usually used. This combination provides a 
link with past experience and with other current designs where 
similar loadings have been used at lower tip speeds. The 0.45 
level of tip diffusion factor was chosen to ascertain whether dif­
fusion losses associated with a higher loading level might be 
tolerable if shock losses were minimized. The three levels of the 
ratio of supersonic to total camber which characterize the dif­
ference between these rotors were intended to cover a range within 
which rotor performance could be optimized. The camber ratio 
for rotor 2D was achieved by selection of double-circular-arc blade 
elements, thus providing a geometric link with past experience. 
Rotor IE  employed multipie-circular-arc elements with more 
camber in the subsonic region than in the supersonic portion of 
the blade. Rotor 2D. like rotor 1D, employed multiple-circular- 
arc elements with the supersonic arc having the minimum camber 
consistent with choke-free operation.

Each rotor had 44 blades. Those of rotor IB had an aspect 
ratio of 2.5 compared with the value of 2.4 for the rotors 2. The 
loss coefficients used led to design rotor adiabatic efficiencies of 
0.858 and 0.837 for rotor ID and the rotors 2, respectively.

The calculation of the axisymmetric flow field in the region of

the blading was performed using the Compressor Axisymmetru 
Flow Determination (CAFD) digital computer program. The 
flow was considered at 23 axial stations, and the radial equilibrium 
equation, energy equation, and continuity equations were em­
ployed to determine the distribution of flow properties in ten 
equal-flow streamtubes between the hub and the casing. I t  is 
necessary that these distributions be consistent, from station to 
station, and that the radial accelerations which a fluid particle 
undergoes as it passes from station to station be accounted for in 
the radial-equilibrium equation. These accelerations are ex­
pressed in terms of the slopes and curvatures of meridional stream­
lines, represented by splines constrained at each axial station.

An iterative method of solution is most suitable. Meridional 
streamline shapes are assumed, based on results from the previous 
iteration, and flow distributions at each station are found. These 
imply new streamline shapes, and this iterative calculation is 
allowed to continue until the curvature changes between two 
successive calculations are small.

An interesting feature of the program is the inclusion of terms 
in the radial-equilibrium equation which represents the blade 
action by a distributed body force field and the blade thickness by 
distributed blockage. The equation which first appeared in 
reference [7] 2 is:

144 dp 1 -  M; - / r *2 _  Dr2 \
p dr 1 — M v  \ r Dz- /

vrvt p d(r tan e) ^  1 DKbkb
1 -  M ,̂2 L r<ir A'.iLb Dz _

F$ M.M* Fr
------------- --------- h — . . . ( 1 )

12 1 -  M .,2 12

The change in angular momentum was distributed along axi­
symmetric stream surfaces within the blade row according to 
a quarter sine wave raised to the power of 3 '2, which was found 
from past experience to give a representative rate of energy ad­
dition. Accuracy was further improved by including the effects 
of blade thickness blockage on streamline slopes and curvatures 
at five axial stations within the rotor and at the blade edges.

In application of the CAFD procedure no attempt was made 
to calculate localized velocities within the annulus wall boundary 
layers. Instead, the calculated free-stream flow distributions 
were continued to the annulus boundaries. The weight flow 
used at each station was related to the actual flow by an ex­
perience-based effective-area coefficient that accounts for the 
displacement thickness of the wall boundary layers. A coef­
ficient of 0.98 was used at all stations forward of the rotor and one 
of 0.95 at all stations aft of the influence of the rotor and shroud. 
The combined effects of boundary layer, blade thickness, and 
part-span shroud blockage resulted in minimum effective-area co­
efficients for internal blade stations varying from 0.85 at the tip 
to 0.73 at the hub.

In selecting axial velocity levels it was important to avoid ex­
cessive reductions in axial velocity across the rotor, which wouid 
limit the pressure ratio capability, and excessive increases in

2 Numbers in brackets designate References at end of paper.

N o m e n c l a t u r e '

tween air angle and camber 
line angle at trailing edge in 
cascade projection, deg 

e =  meridional angle, deg 
6 =  ratio of total to standard tem­

perature 
>7 =  efficiency
p =  static or stream density, lb- 

sec2/ft4
(T =  solidity, ratio of chord to spac­

ing

i/' =  stream function
u) =  total-pressure-loss coefficient

Subscripts

ad =  adiabatic 
an =  annulus value 

b =  due-to-blade blockage 
m =  in meridional direction 
r =  in radial direction 
t =  tip at leading edge 

thr =  in blade throat

z =  in axial direction 
d =  in tangential direction
1 =  leading edge
2 =  trailing edge

0.05, 0.86, 0.95, 1.51, 1.57, 2.0 instrumen­
tation plane designations ( Fig. 1 )

Superscripts

* = critical flow condition 
' — relative to rotor
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axial velocity, which could lead to annulus choking, especially 
since the rotor is not immediately followed by a stator. Hub and 
casing contours were established on the basis of the above con­
siderations. During the design calculations it became clear that 
it was possible to assign the same casing contour to both rotor IB 
and the rotors 2 and still maintain reasonable tip axial velocity 
changes. Accordingly, as is seen in Fig. 1 , only the hub contour 
is different for the two rotor types. The radial variations of de­
sign axial velocity ratio are shown in Fig. 2.

Blade profile losses were determined from the correlation of 
reference [8| where it is demonstrated that the total-pressure 
loss parameters from rotor tests for all radial immersions, except 
near the tip, correlate weil as a function of diffusion factor. Data 
at the 10 percent immersion scatter over a wide range of loss 
parameter. The minimum level of this band was used and ad­
ditive shock losses were calculated by the NASA method given in 
reference [9]. Fig. 3 shows the radial distributions of loss coef­
ficient that were employed.

Constant-chord rotors employing multiple-circular-arc blade 
elements in the tip region and double-circular-arc elements in the 
hub region were selected to Infill the requirements of these de­
signs. The camberline of a nniltiple-circular-arc element consists

F ig . 3 R a d ia l v a r ia t io n  o f d e s ig n  re la t iv e  to ta l-p re s s u re  lo ss  c o e ff ic ie n ts -

F ig . 4  R a d ia l v a r ia t io n  o f d e s ig n  ra t io  o f su p e rso n ic  to  to ta l b la d e  
c a m b e r

of two circular arcs which are mutually tangent at their junction 
point. The front arc is identified as the supersonic arc and the 
rear arc as the subsonic arc. Camber ratio distributions are 
shown in Fig. 4; multiple-circular-arc elements extend inward 
to the radial location where the radii of supersonic and subsonic 
arcs are equal, which is close to the location of the part-span 
shrouds. Double-circular-arc elements are employed for the re­
mainder of the span.

The next step was to describe accurately the blade camber­
line shape and the thickness distribution. The Multiple- and 
Double-Circular Arc Properties (.MADCAP program determines 
the point at which two circular arcs join when multiple-circular- 
arc elements are selected. In addition, the direction and circum­
ferential displacement of the camberline are calculated at pre­
selected axial locations. After the trailing edge is located, the 
stagger angle is calculated.

The design of the rotor elements was performed along axisym- 
metric stream surfaces using the projection recommended in ref­
erence [10]. This projection cuts the blades along the axisym- 
metric surfaces but views the cut sections along a radial line. 
The incidence and deviation angles are defined in this projection, 
which is called “ the cascade projection.”

Design incidence angles were generally selected on the basis of 
past experience but subject to the additional criterion that the 
blade throat be adequate to preclude the condition of choking. 
The rotor geometry was checked for choking according to the 
method described in the Appendix. In order to insure sufficient 
throat area, the design incidence for each rotor was set at that 
level which would have been used for double-circular-arc sections 
at the same loading level. Fig. 5 shows the choke-check results.

For prediction of the deviation angles, Carter's rule (reference
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[ 1 1 J ) was extrapolated for positions of maximum camber further 
aft than midchord and was used with an additional factor to in­
clude results of experience from past design and performance 
synthesis. Because of streamline radius and axial velocity 
changes across the blade row. the deviation is found by using the 
camber of an equivalent two-dimensional cascade with the same 
absolute circulation as is required along the streamline.

A cascade projection layout of a typical rotor 2B blade element 
is shown in Fig. 6 . The construction of the throat and upstream 
capture widths, performed to arrive at the throat area parameter, 
is included.

Radial distributions of adiabatic efficiency are obtained directly 
from the overall CAFD calculations. In keeping with the test 
data reduction method, where measured quantities are corrected 
from the measurement planes to the blade edges, radial distribu­
tions of performance indicators were calculated from the design 
vector diagrams at the edges.

The multiple-circular-arc and double-circular-arc blade ele­
ments were specified in the cascade projection, and the conversion 
from this projection to cylindrical sections was accomplished by 
means of the calculation routine, Special Airfoil Generator (SAG). 
This program converts the description of the blade as a series of 
cascade projections for the several axisymmetric stream surfaces 
into a description on cylindrical surfaces from which the blade 
can be manufactured. The blade is stacked and lean angles are 
computed in case additional axisymmetric calculations are de­
sired.

F ig . 7  C lo seu p  v ie w  o f th e  t ip  se ctio n  o f  a il  fo u r  ro to rs

T e s t i n g
Upon completion of the design process, all four rotors were pro­

cured. In Fig. 7 a closeup photograph of the tip elements of 
one blade from each of the four rotors is given, showing clearly 
the different camberline shapes of each blade. In order to assess 
the quality of the manufactured blading, contour layouts were in­
spected at several cylindrical sections. The average blade pro­
files derived in this way were then compared with design intent. 
In all cases it was judged that the blading was adequate to achieve 
design intent.

Performance tests were made in General Electric’s House Com­
pressor Facility, at Lynn, Mass. In this facility the test rotor 
draws air from the atmosphere through two filter banks. The 
air then passes through a coarse wire inlet screen and into the 
bell-mouth. The condition of zero inlet swirl requires incorpora­
tion of a How’ straightener in the vehicle inlet: that used was 8 in. 
long with honeycomb cells o f7 in. equivalent diameter. To se­
cure a healthy casing boundary layer there was a 2.24 area ratio 
contraction between the straightener and the inlet face of the 
rotor. Power to drive the test rotor is provided by a high-pres­
sure noncondensing steam turbine rated at 15,000 hp. The 
average running tip clearance for all four rotors, at design speed, 
was in the range between 0.037 in. and 0.043 in.

Inlet conditions w’ere measured by 24 thermocouples dis­
tributed on the inlet screen and by 0 pitot-static rakes each of 7 
elements (placed radially at centers of equal annulus area) lo­
cated 14 in. downstream of the How straightener. Traverse 
probes used for recording blade element data at the rotor exit 
station were immersed to the five radial positions corresponding 
to 10 percent, 30 percent, 50 percent, 70 percent, and 90 percent of 
the annulus height at that location. Immersions at each other 
instrumentation plane upstream and downstream of the rotor 
were established to correspond to the radial locations at which de­
sign streamlines passing through the selected rotor exit-plane 
immersions intersected the instrumentation plane. A generous 
number of static pressure taps were located on the casing and hub 
throughout the flow path. The thermocouple rakes, cobra 
probes, and static pressure wedge probes w’ere calibrated for 
Mach number effects, and these calibrations were used in the data 
reduction calculations.

The rest procedure was basically similar for all four rotors. 
With the throttle valve set to deliver approximately the design 
total-pressure ratio at design speed, data were recorded from fixed 
instrumentation at 50 percent, 70 percent, 90 percent, 100 per­
cent, and 110 percent corrected speeds. Starting with the lower 
rotational speeds the throttle valve was closed until the limit of 
stall-free operation was achieved, a reading was obtained as close 
as possible to stall, and readings were taken over the remaining 
portion of stall-free operation up to the maximum facility How’ 
capacity. Finally, readings and hot-wire data were obtained in 
the stall region with the throttle valve closed to the setting where 
stall-free operation terminated.

Rotating stalls were encountered, on closing the throttle valve, 
at all speeds. The rotor was stalled twice at each speed, the limit
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of stall free operation being established by closing the throttle 
valve slowly until performance and stress changes were noted. 
For the first stall at each speed the three traverse hot-wire ane­
mometer probes were immersed at three different immersions, and 
a knowledge of the radial extent of the rotating stall cells was 
gained. For the second stall the hot wires were all set at the 10 
percent immersion so that information was obtained from which 
t lie speed and number of stall cells could be deduced.

Inlet distortion testing was accomplished on rotors 1B and 'IB 
before testing with the rotor stalled. The radial distortion screen 
. nvered the outer 40 percent of the annulus and the circumferen­
tial screen covered a 00 deg arc. Both screens had a 0.016 in. wire 
diameter on a 20 mesh and were supported by a coarse screen con- 
-isiing of 0.92-in. diameter wires spaced V* in. apart.

P e r f o r m a n c e  E v a lu a t i o n
Performance maps obtained by testing each rotor are presented 

in Figs. 8-11. I t  is evident that, at design speed, all four rotors 
exceeded the design weight flow.

Passage areas were expected to play a vital role in establishing 
the weight flow for transonic rotors such as these. The various 
factors affecting the throat area allowance have been tabulated

CORRECTED WEIGHT FLOW PER UNIT , )b/sec sq ft
ANNULUS AREA, SAcn

F ig . 8 R o tor 18 p e r fo rm a n c e  m a p

in reference '6 ] and include the following: •.«) A design area 
coefficient of 0.980 was used at rotor inlet. Annulus wall 
boundary layer measurements indicate that a value of 0.989 
would have been more appropriate, ib) A 2 percent area al­
lowance was made for the part span shrouds whereas a somewhat 
smaller allowance would have sufficed, (c) Area allowances for 
normal shock losses. These were specified correctly in the design 
process, ul) An allowance which includes other effects (those 
listed in the Appendix) should also be made.

It was apparent after such a tabulation that the excess mea­
sured flows were strongly related to the throat area allowances.

The 100 percent speed line of the rotor IB performance map 
shows clearly that the rotor could be throttled considerably 
beyond the design point region before the onset of rotating stall. 
The rotors 2, however, do not possess such a wide range ol stall- 
free operation, their stall lines being too close to the design point 
for most aircraft applications. For this reason it is not adequate 
to compare mutually the performance levels on the basis of design 
point operation. It is therefore desirable to introduce a quanti­
tative stall margin criterion for use in any comparative ap­
praisal of the rotors. The stall margin parameter used is the 
percentage by which the weight flow divided by pressure ratio, 
at any operating point, exceeds that quantity at the stall point.

In generai the 100 percent speed line will not pass exactly

CORRECTED WEIGHT FLOW PER UNIT . Itx/s«c -sq f t
ANNULUS A R E A . SAan

CORRECTED WEIGHT FLOW PER U N IT wV« ,
A N N U L U S  ARFA ’ ^ e c - s q . f t CORRECTED WEIGHT FLOW PER UNIT y -

ANNULUS AREA. — —  , Ib./sec.-sq.ft.
SAan

F ig . 9  R o tor 28  p e r fo rm a n c e  m a p Fig. 11 R o to r 2D p e r fo rm a n c e  m a p
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F ig . 12  D e s ig n  speed  e ff ic ie n c y  as a  fu n c tio n  o f  s ta ll m a rg in

T a b le  1 D e s ign  Speed P e rfo rm a n ce  S u m m a ry

Design values
Performance on constant throttle 

line through design point
Operating point performance 

(15%  stall margin)

B 1.57 Ccy/d 1 B 1.57 ! CO\/d % Stall B  1.57 coy/d
Rotor Bo. 05 6 V ad Bo.05 1 5 'Had Margin Bo.05 Ô V ad

IB 1.60 215.49 0.858 1.63S : 219.2 0.895 20.3 1.6 8 8 216.0 0.S95
IB 1.76 215.49 0.837 1.836 220.6 0.S84 9.1 1.763 223.5 0.876
2 E 1.76 215.49 0. .837 1.S45 221.5 0.S84 4 .6 1.711 225.9 0.869
2D 1.76 215.49 0.S37 1.85.8 ! 221.0 0.S64 1.5 1.677 226.0 0.854

through the design point. A significant way of comparing test 
and design conditions is, therefore, to pass a line of constant 
throttle setting through the design point and to relate to design 
intent the performance at the junction of the constant throttle 
line with the speed line. When assessed in this manner the ef­
ficiency of each of these rotors is considerably higher than the 
design value. However, it should be remembered that the rotors 
2 have insufficient stall margin at these conditions.

The design speed adiabatic efficiencies for all four rotors are 
plotted, as a function of percent stall margin, in Fig. 12. This 
plot illustrates the large difference between rotor IB  and the 
rotors 2 at design speed. In fact the peak efficiency of rotor IB 
occurred at a stall margin of 18 percent whereas the peak ef­
ficiency of each of the rotors 2 occurred with 5 -8  percent stall 
margin.

In Table 1 the major performance results for each rotor are 
presented. The first group of data gives design values of pressure 
ratio, weight flow and efficiency. Following these are the 
measured values of these parameters, with stall margin, obtained 
at the intersection of the 100 percent speed line with a constant 
throttle line passing through the design point. The final group 
presents the levels of pressure ratio, weight flow, and efficiency 
that the four rotors attained during operation with an amount of 
stall margin (15 percent) judged to be acceptable for aircraft 
engine operation.

The efficiency penalty associated with designing highly loaded 
transonic rotors is not severe if the rotors are evaluated at design 
point conditions. The efficiency of rotor IB  at design speed on a 
constant throttle line through its design point is 0 .0 11  higher 
than the corresponding value for rotor 2B. However, if the rotors 
are compared on the basis of a 15 percent stall margin, the ef­
ficiency penalty associated with the extra loading rises to 0.019. 
Furthermore, rotor 2B emerges with only a small actual loading 
advantage, having a total-pressure ratio of 1.763 compared with 
the value of 1.688 achieved by rotor IB . The other two rotors 
designed for the higher-tip loading do not even have this ad­
vantage; in fact, rotor '2D does not support as high a total-pres­
sure ratio as rotor IB .

If the stall lines are compared on the performance maps, inde­

pendently of speed, the loadings attained by rotors IB  and 2B 
are essentially equal. The stall lines also indicate the advantage 
of low supersonic camber with regard to pressure ratio potential. 
Possibly the smaller angle of attack of rotor 2B  was responsible 
for its stall performance superiority over rotors 2E and 2D.

When the performance of the rotors 2 is reviewed at design 
pressure ratio and weight flow, the rotor having the smallest, 
supersonic camber has a substantial advantage in available stall 
margin. The same rotor also has an appreciable efficiency ad­
vantage if all three rotors are operated at the same level of stall 
margin.

Considering data at different rotational speeds, the highest 
efficiencies are to be seen at 70 percent corrected speed. At 
higher speeds the efficiency usually deteriorates rapidly, pre­
sumably as a result of the progressive strengthening of shocks and 
the increase of their associated losses. In assessing the effects of 
design tip loading at off-design speeds, rotor IB  has a worse per­
formance than rotor 2B  at speeds below 90 percent because of the 
increased work input of the latter for a given relative velocity. 
At higher speeds the low-cambered rotor IB  has a definite ef­
ficiency advantage since at high Mach numbers deflection of the 
flow is usually accompanied by high losses. Whereas the per­
formances of rotors 2E and 2B are rather similar, rotor 2D per­
formed best at inlet tip relative Mach numbers less than 1.2. 
At higher Mach numbers the large amount of supersonic turning 
implicit in the double-circular-arc blading causes the efficiency to 
fall rapidly.

Testing w ith  s ta ll p re se n t. A sample of the hot-wire anemometer 
data, from the 70 percent speed stalls of the rotor IB  test, 
appears in Fig. 13. For the first stall (Fig. 13(a)) the hot wires 
were at the 10 percent, 50 percent, and 70 percent immersions. 
During the second stall (Fig. 13(6)) the hot wires were all at the 
10 percent immersion. The number and speed of the rotating 
stall ceils may be established from Fig. 13(6) since the phase dif­
ference between any two hot wires gives certain options and the 
use of the third eliminates ail integral numbers except one. A 
knowledge of the paper speed of the trace and the number of cells 
permits deduction of the stall speed/rotor speed ratio. Data 
obtained in this manner are presented in Table 2. An inde-
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jnt method utilized traces from a rotor strain gauge and one 
dre. D ata obtained by both methods were always in good 
ment.
iring the testing of rotor 2D, stall was cleared particularly 
y in an effort to measure the extent of any hysteresis loop, 
jures were processed by an analog computer which calculated 
ntaneous values of flow and pressure ratio. These pa- 
iters were supplied to an X -Y  plotter which produced the 
;s duplicated in Fig. 14. Because of time lag and unsteadi- 
difficulties these plots can only be regarded as qualitative 

[rations. I t  is, however, quite clear that sizeable hysteresis 
s were present.
'formance with distorted inlet flow. Analyses on data from the 

distortion testing suggest that the support screen was 
;ed. This conjecture is supported by the strong total pres- 
variations appearing in boundary layer rake data and as 

urbations on inlet total pressure measurements, as discussed 
¡ferences [2] and [5]. It was therefore decided to use average 
.es of P and P min in determining the distortion parameter, 
lputation of the distortion parameter, (P max — Pmin)/Pm*x, 
lted in a value of about 0.20 at design speed, compared with 
intended value of 0.15.
erformance data obtained from the radial and circumferential 
ortion testing of rotors IB and 2B are superimposed upon the 
istorted inlet flow performance in Figs. 8 and 9, respectively, 
s evident that both distortions had a substantial effect on 
>r performance. The main differences between the effects of 
ial and of circumferential distortion are twofold:

2) The design speed radial distortion characteristics were 
r limited whereas the circumferential distortion characteristics 
e not.
b) At lower rotational speeds more stall margin is lost with 
ial distortion than with circumferential distortion.

t is apparent that, at design speed, rotors 1B and 2B lose 
)ut the same amounts of flow and efficiency when radial dis- 
tion is imposed. Rotor IB loses more stall margin than rotor 
, but, as we have seen, it did have a substantial stall margin ad- 
itage during running with a uniform inlet flow. Stalls en- 
intered with radial distortion present were of the usual rotating 
.11 type. Examination of discharge instrumentation showed 
it, whereas the radial differences in total pressure were 
.oothed out through rotor IB, in the case of rotor 2B a sizeable 
^portion of the distortion did carry through to the rotor dis- 
arge.

T a ble  2  T a b u la t io n  o f  S ta ll D a ta

Rotor speed, Number of Stall cell speed
Rotor percent design stall ceils Rotor speed

iß 50 2 0 .60
70 2 0 .62
90 3 0 .62

100 2 0 .62
110 I 0 .58

2B 50 2 0 .68
70 3 0 .69
90 1 0 .59

100 1 0.61
110 1 0.61

2 E 50 3 0 .68
70 2 0 .64
90 i 0.61

100 1 0 .66
110 1 0.61

2D 50 3 0 .6 4
70 2 0 .6 3
90 1 0 .62

100 2 0 .62
110 1 0.61

0 P O IN T OF STALL IN C E P T IO N

X P O IN T A T  W H IC H S T A L L  WAS C L E A R E D

— l5 ° /o  STALL M AR G IN

ARROWS INDICATE PATH OF RO TOR AS T H R O T T L E
WAS CLO SED TH EN  O P E N E D .

o j  9°°'° SPEED 1 IO °/o SPEED

W EIGHT FLOW

W E IG H T FLO W

Fig. 14 Q u a lita t iv e  p lo ts  s h o w in g  e x te n t o f h y s te re s is  lo o p s  o b ta in e d  
w h e n  ro to r  2B w a s  s lo w ly  w ith d ra w n  fro m  s ta ll

EMERSION

10 °/o

IIRCUM FERENTIAL 
5ROBE POSITION

i) SAM PLE O F HOT WIRE TRACES FROM IO °/o  IM M E R S IO N  
A T  7 0  °/o DESIGN SPEED.

F ig . 13 S a m p le  h o t-w ir e  tra c e s

The picture obtained from circumferential distortion testing is 
somewhat confusing. No distinct stall point was noted; instead, 
sporadic bursts of rotating stall were encountered which became 
longer as the throttle valve was closed. Although neither a 
definite stall point nor a limiting flow value was observed, it is 
evident that both rotors IB and 2B have stall margin, weight 
flow, and efficiency considerably reduced from the values ob­
tained during uniform inlet testing. Discharge instrumentation 
indicated that the circumferential distortion carried through rotor 
IB and was amplified through rotor 2B, especially in the hub 
region.

D iffu s io n  fa c to r c o rre la tio n . The use of a diffusion factor and the 
subsequent correlation of total-pressure-loss parameter as a func­
tion of this diffusion factor has led to improved control of com­
pressor blade loading. I t  is therefore worthwhile to examine the 
performance of the present rotors using plots of these variables. 
Because it is founded on a simplified flow model, the diffusion fac­
tor is only intended for correlation of data in the region of “de­
sign’' or ‘‘nominal’? flow conditions. Accordingly, readings 
taken with a wide-open throttle valve setting and readings very 
close to stall were not used in the correlation. Data were corre­
lated on the basis of the three readings closest to peak efficiency 
at all speeds.
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F ig . 15 T o fa l-p re s s u re - lo s s  p a ra m e te r  as a  fu n c t io n  o f  d if fu s io n  fa c to r

Blade element data from the testing of all four rotors are pre­
sented in plots of loss parameter as a function of diffusion factor 
in Fig. 15. In  addition, the NASA curves of reference [12] are 
indicated. Over most of the span these NASA curves are identi­
cal, but at the 10 percent immersion two different background 
curves are given. The upper curve represents the average of all 
rotor tip data used in the NASA correlation. The lower curve 
represents the lower limit of the same data. I t  is clear that all 
compressors investigated by NASA had high losses in the rotor

Al\

tip region, probably caused by tip clearance effects and secondary 
flows, augmented by movement of low energy air radially out­
wards over the aft portion of the blades.

Data recorded at the 10 percent immersion generally fall 
within the NASA band, mostly in the low-loss region. The 
spread is not great, and the tip element data thus confirm the 
band of the NASA correlation. At the 30 percent and 50 percent 
immersions it is seen that the NASA correlation curve gives a 
better representation of the average level of the data than do the 
design points, which contained an allowance for shock losses. 
Once more the spread of data is not great, but an exception oc­
curs for the rotors 2 110 percent speed readings which are con­
sistently above the level of the other data. This is another mani­
festation of the sudden decrease in efficiency which occurred for 
the rotors 2 at overspeed conditions and is possibly a result of 
excessive throat area. Data presented at the 70 percent and 90 
percent immersions give much lower losses than the NASA 
curve, with the exception of the 110  percent speed data for the 
rotors 2, which, at the 70 percent immersion, reveal a higher loss.

D i s c u s s i o n
I t  is possible to draw conclusions which should be of assistance 

in extending the range of axial-flow compressor applications into 
the high Mach number range. All rotors exceeded design ef­
ficiency and flow at conditions corresponding to design point 
operation. During operation of the three rotors 2 at a design- 
speed stall margin of 15 percent, the rotor having a double-circu­
lar-arc tip section had an efficiency of 0.854, the rotor with an 
intermediate camber ratio had an efficiency of 0.869, and the 
rotor with least supersonic camber had an efficiency of 0.876. 
Thus decreases in tip camber ratio, over the range tested, resulted 
in the achievement of higher efficiencies. Rotor 113, designed for 
lower loading than rotor 213, had an efficiency of 0.895 at the same 
conditions. A significant efficiency penalty was therefore asso­
ciated with designing for a tip diffusion factor of 0.45 rather than 
0.35.

However, the stall margin penalty was much more severe. 
The operating range of rotors designed for higher loading was 
sufficiently limited as to almost preclude realization of any im­
proved total-pressure-ratio capability. Rotor 1B had a con­
siderable stall-free operating range whereas the rotors 2 were all 
poorer in this respect. At a 15 percent stall margin, the operat­
ing total-pressure-ratio for rotor 1B was almost as good as that 
for rotors 2B and 2E  and better than that of rotor 2D. De­
creases in tip camber ratio generally resulted in the achievement 
of higher stall lines. Operating range, from peak efficiency to 
stall, was highest in rotors designed for a low tip diffusion factor 
and having the minimum amount of supersonic camber. Rotor 
IB, with its ample stall margin, is an ideal candidate for com­
mercial fan engine application.

Loss data, plotted as a function of diffusion factor, have 
demonstrated that rotors designed for the high transonic range 
do not have substantially higher losses than subsonic and low 
transonic rotors when properly shaped blade elements are em­
ployed. Performance data from these tests have shown that, at 
tip speeds in the region of 1400 ft/sec, there is still a continuous 
spectrum of operation but that as tip speeds are increased, it will 
be important, from an operating range viewpoint, to design for 
the correct loading level and to carefully optimize blade propor­
tions.

There is no indication from test data of any basic weakness in 
the axisymmetric design procedure. A weakness does, however, 
result from the arbitrary specification of area coefficients. The 
design rules used led to all rotors exceeding design weight flow. 
Part of this flow excess can be attributed to the wail boundary 
layer blockage assumption and part to an excessive throat area 
allowance. In any subsequent design it would be desirable to 
specify throat area as a design parameter and to shape the blade 
elements accordingly. Incidence angles lower than design were
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obtained, and at design flow all rotors tended to exceed design 
total-pressure ratio. Element measurements suggest that this 
was a result of the design annulus effective area coefficient being 
too low.

From instantaneous data, obtained when Rotor 2B was stalled, 
an extensive hysteresis loop was clearly present. If, in an engine 
application, such a stall were inadvertently triggered, recovery 
would be difficult.

Both radial and circumferential distortions had a substantial 
influence on rotor performance. At design speed the stall margin, 
weight flow, and rotor efficiency were considerably reduced below' 
the values obtained from uniform inlet testing.
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A P P E N D I X
T h ro a t A re a  P aram ete r. Knowledge of the details of the axisym- 

metric flow field inside a transonic rotor blade row facilitates an 
estimate of the capability of any blade element to pass its design 
flow. The throat area parameter used is defined as follows:

(A )
\ A )  thr   A i K fyfcih fh  thr L  tbr .
^  =  Ai/ir* ‘ h i  ' L i

The radial stream tube height, h, is obtained from overall 
CAFD calculations. The capture width, Li, is simply the prod­
uct, Si cos f t ' .  The throat width, L thr, is the distance between 
the pressure and suction surfaces in the cascade projection at the 
location where the area found by the product, Lh/Atkr*, is 
minimum. An example of the construction used to provide in­
formation for Throat Area Parameter calculations appears in 
Fig. 6 . Trial-and-error is required to arrive at the throat loca­
tion. The pressure surface of the next blade in the counter­
rotor-wise direction is constructed with the correct circumferen­
tial spacing, and its shape is therefore not identical with that of 
the first blade.

The effective area coefficient, K bkihr, is introduced as a modifier 
on the throat stream tube height to provide for inclusion of any 
influence on the throat area which is not otherwise introduced. 
In these designs the blockage of the part-span shroud was dis­
tributed equally over the annulus height and accordingly resulted 
in no additional contraction of the axisvmmetric streamtube. 
The 2 percent blockage of the part-span shroud was used in all 
calculations involving equation (2 ).

The throat area parameter is usually plotted against inlet rela­
tive Mach number, as in Fig. 5. On these coordinates, curves of 
throat area required for one-dimensional isentropic flow and for 
flow with the loss in relative stagnation pressure associated with 
one normal shock at the inlet relative Mach number may be con­
structed. A Throat Area Parameter in excess of the one-normal- 
shock curve is preferred because the procedure for checking the 
throat area does not account for the following real flow efiects, 
which tend to require more throat area:

(a) Buildup of blade boundary layers.
(b) Buildup of annulus wall boundary layers, from leading 

edge to throat.
(c) Shock losses in excess of those associated with one normal 

shock at the inlet relative Mach number.
(d) Lack of uniform flow in the free stream at the blade 

throat.

Journal ol Engineering for Power JANUARY 1 9 7 1  41



10. Gostelow, J.P. Big engine aerodynamics.
New Scientist and Science Journal 
(21 Jan. 1971)



New Scientist and Science Journal 21 January 1971 115

Bag-engine aerodynamics
The airliners of the 1 970s will be powered by a new generation of aeroengines. These engines, 
which can be regarded as advanced turbo-props with ducts around the outside, are aerodynamically 
very different from previous jet engines

Dr Paul 
Gosteiow
is assistant director of 
research in the 
Cambridge University 
engineering department. 
He was previously a 
senior compressor 
engineer with General 
Electric Co., Cincinnati, 
Ohio, and was involved 
In the design and 
development of high 
by-pass engines

The four-engined Boeing 747 is already with us and 
the smaller three-engined Lockheed 1011 and 
Douglas DC 10 are due to come into service this 
year. The smaller air buses will be powered by the 
competing Rolls-Royce RB211 and the General 
Electric CF6. These giants will be the workhorses 
of the seventies and will help stem the exponential 
increase in the number of planes circling above our 
already overcrowded airport facilities.

The major advances in large-jet technology have 
been in the engines. America's Pratt and Whitney 
Company was the guinea pig with the JT9D— now 
in service in the Boeing 747. This engine has not 
been without its teething troubles. The most 
publicised of these was a drastic increase in fuel 
consumption resulting from a vibration-induced 
engine ovality. After some major structural 
modifications, the JT9D-powered Boeing 747s were 
soon in the air again, only to be plagued by rivets 
falling out!

The engines for ail three aircraft are of the very 
high by-pass ratio variety, and a lot o f the technical 
effort and innovation has gone into the fan and 
front, or "cold” , end of the engines. There are also 
differences in the design o f the “ hot” end. ie 
combustors, turbines and tailpipes: but for high 
by-pass ratio engines these are not as significant as 
fan and compressor problems.

Inlet technology is much simpler for high 
by-pass engines than for conventional turbo-jets. 
An exception to this is the duct for the 
rear-mounted centre engines of the 1011 and 
DC 10. The emphasis is generally on making as 
short an engine as possible, and the air hits the fan 
blades almost immediately, without having 
to negotiate a lot of complex inlet ducting. About 85 
per cent of the air passes through the fan only, and 
is then discharged through a cowl, which can be 
"mini" (for lowest drag), “ maxi", or a more 
fashionable "midi" length. This air emerges in an 
annular jet at about one and a half times the 
pressure of the incoming air. This annular jet 
provides most o f the forward thrust of the engine. 
The remaining 15 per cent of the air (that nearest 
the hub of the fan) is further compressed— to 
pressures of possibly 25 times that of the incoming 
air— and then enters the combustion chambers and 
turbines, much as in the conventional jet engine. 
This part of the engine, the "gas generator” , drives 
the large fan at a high rotational speed.

The reasons for such high by-pass ratios, o f 5:1 
and higher, are mainly economic. When gas 
generator pressures and temperatures are 
sufficiently high, over long range journeys, the 
optimum by-pass ratio also turns out to be high.

All three manufacturers are using the principle 
outlined above: thus ail three engines have a 
basically similar layout. The big differences in 
operational mode are at conditions other than those

for which the engine was designed. Speeds around 
Mach 0.85. at altitudes near 35 000 ft. are the 
typical operation conditions. When throttled back, 
or during landing and take-off. the by-pass ratio of 
the engine can vary between 3:1 and 12:1. and the 
engine is subjected to widely different aerodynamic 
loadings. Such wide divergences of fan and 

^compressor loading can. if not respectfully treated, 
lead to the severest of stall troubles, and could 
easily prevent the engine from running at all.

Traditional methods for overcoming this problem 
include putting the low pressure and high pressure 
compressors on different concentric shafts, so that 
each can rotate at its own optimum speed: and 
making the setting angle (or stagger) of the 
compressor stator blades variable so that any
compressor stage can be taken away from stall 
conditions when necessary.

The American manufacturers have adopted both 
of these proven techniques with success. However, 
variable stator equipment is costly, heavy, and an 
added complexity which cannot improve the
reliability of an already complicated engine. For 
these reasons. Rolls-Royce advanced the concept of 
the three-spool engine, in which the fan. 
intermediate-pressure, and high-pressure compres­
sors can each operate at its optimum rotational 
speed. By using three spools. Rolls-Royce reduced 
the number of variable stator rows to one
only— the inlet guide vane row o f the
intermediate-pressure compressor. The three-spool 
configuration of the RB211 makes for a shorter, 
lighter and cheaper engine than its competitors.

An early difference in design philosophy 
concerned the materials used for the cold end o f the 
engine. Both American firms opted for titanium fan 
blades, whereas Rolls-Royce took an ambitious 
tack, hoping to use Hvfil carbon-fibre fan blades. 
This move would have saved a lot of weight. The 
saving— 300 lb— is more than just the weight of 
the fan blades, as the shaft must be strong enough 
to carry the rotor, and the casing must be designed 
to contain the blades in the event o f material failure.

R olls-R oyce knew from the outset that 
development of the Hvfil-fan rotor would be 
difficult. The problems were to get enough strength 
against bird ingestion, and protection against 
erosion by rain, hail and grit. The prime advantage 
of carbon fibres is that they can be aligned in the 
direction of maximum stress. However bird impact 
forces are perpendicular to the more usual 
centrifugal force. The solution attempted was to 
realign some of the fibres into a more random 
pattern, giving more strength in non-radial planes. 
Unfortunately Rolls-Royce could not develop such 
blading in time. This setback could have meant a 
delay in the engine programme but Rolls-Royce 
had the foresight to play safe. As a back-up, it has 
designed a titanium rotor.
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Figure 1 The optimum 
shape for a turbine 
blade depends upon the 
speed of the inlet 
airflow— the inlet Mach 
number I'M,)

New Scientist and Science Journal 21 January 1971

A decisive factor in the air-bus competition was 
the growth capability of the engines. During the 
evolution of a new plane, the thrust requirement 
invariably grows. The designers must guess how 
much this thrust requirement will increase before 
the design is frozen, and how much improvement 
will be needed for later versions of the same plane. 
For example, the air-bus requirements escalated 
from 29 000 Ibf o f thrust to a staggering 40 000 Ibf. 
Rolls-Royce successfully predicted this so that its 
engine looks to be o f about the right shape. General 
Electric, however, was hamstrung by the need to 
preserve commonality o f parts of the gas generator 
with that of an earlier General Electric engine— the 
TF39 which powers the huge C5A Galaxy military 
transport. Unfortunately the by-pass ratio of the 
TF39 is on the high side for civilian use where 
shorter journeys are involved. General Electric’s 
gas generator compressor is, therefore, rather too 
small for the CF6 to have much growth capability.

The really interesting new engine aerodynamics, 
however, is in the fan design. In order to impart the 
necessary energy efficiently to the air, the 8-ft 
diameter fan must turn at a high speed. Design tip 
speeds for these fans range from 1200 'ft /s to 
1400 'ft /s. This is around or above the speed of 
sound. The design o f such blades is very difficult, 
involving computer solution o f airflow equations, 
and reliance on empirical data for pressure losses 
due to boundary layers and shock waves.

Some typical blade cross-sections are illustrated 
in Figure 1. Older compressors and fans of 
conservative loading have blades of typical 
low-speed aerofoil cross-section, as shown in Figure 
1(a). In recent years, as transonic speeds have 
approached, the double-circular-arc profiles of 
Figure 1(b) has grown more popular. However, as 
tip speeds rise above 1200 ft/s, the 
double-circular-arc blade section has difficulty in 
accepting increased aerodynamic loads efficiently 
and without stalling. Under these conditions, the 
designers gain a great deal by moving to a blade 
shape which has a straight front portion and heavy 
curvature or “ camber”  towards the trailing edge (as 
in Figure 1(c)). At high speeds blades with a straight 
forward region are the most efficient and are 
furthest from stall conditions.

Rolls-Royce overcame the problem of flight 
conditions outside the designed normal with the 
three-spool concept. General Electric found that 
variable stators were insufficient. Large variations 
in by-pass ratio occurring during off-design 
conditions made it necessary to devise a means of 
by-passing some o f the intermediate-pressure flow. 
The solution adopted was a “ stage-and-a-quarter” 
layout in which the fan rotor is followed by a 
conventional stator in the outer by-pass portion of 
the annulus and by a small booster stage nestling 
under an island-like ring aerofoil in the inner 
portion o f the annulus.

One problem which General Electric had to face 
was the need to induce some flow from the quite 
large radial location o f the fan hub into the 
gas-generator inlet, which was situated much nearer 
the engine axis. Swept and leaned stator blades 
ingeniously solved this. The aerodynamics of these 
blades is relatively unexplored but the concept

proved quite successful. An engine with this 
configuration easily reached its target thrust and 
fuel consumption during its first run— a rare 
occurrence indeed!

No matter how inventive and thorough the 
aerodynamicist is, he must not design an 
excessively noisy engine. The acoustics o f high 
by-pass engines still need much attention. In the 
conventional turbo-jet most of the noise comes out 
of the tailpipe but, in the high by-pass engine, this 
noise is low because o f the relatively low speed of 
the main jet flow. However, the fan and compressor 
blade noise becomes a major problem.

A usual component of compressor noise, 
producing a note o f high pitch at the blade passing 
frequency, occurs as disturbed air from the rotor 
blades passes over the fixed stators. The designers 
reduced this noise in high by-pass engines by 
placing the stators a good way downstream from 
the rotor. One new source of annoyance, which 
only occurs when the flow over the blades becomes 
supersonic, is termed “ multiple pure tone”  noise. 
The basic frequency is the fan rotor passing 
frequency and every harmonic of this shows up as 
a distinctive spike in the sound spectrum. This 
sounds rather like a circular saw with one tooth 
missing— hence this is called “ buzz-saw noise” .

Noise suppression mostly consists o f packing the 
walls o f the fan and cowl with sound-absorbing 
material, usually a glass-fibre honeycomb 
sandwiched between perforated aluminium walls. 
Rolls-Royce puts over 200 square feet o f material 
into each RB211. The approach is essentially a 
temporary expedient which adds weight to the 
engine and reduces performance— the material also 
gets soaked in fuel and is difficult to clean. Bulky 
sound-absorbing material is really an intolerable 
nuisance, and well-chosen research and design may 
remove the need for it.

All three manufacturers have studiously avoided 
publicising their turbine-blade cooling technology 
since, in all engines, this is the most convenient 
reserve for growth (fig. 3)— every degree of tem­
perature won can give an extra 100 lb o f engine 
thrust. Of the three methods of blade cooling 
convection, cooling is the most widely used. Here 
air. taken from the compressor discharge region, 
passes radially through holes in the 
blade— removing heat from the blade interior and 
walls— and is discharged either at the blade tip or. 
where possible, along the blade trailing edge. In 
“ impingement cooling,”  the low pressure coolant 
airflow is accelerated to impinge upon the blade 
leading edge, giving an improved heat transfer 
coefficient in this important region. Transpiration 
cooling employs small holes strategically located 
over the blade surface. Air flows continually 
through these, providing an insulating layer 
between the blade and the hot gas.

General Electric claims the highest turbine inlet 
temperatures: which it achieves by combining 
convection, impingement and transpiration cooling 
on the first stage turbine blades, with simple 
convection cooling on the second stage. The RB211 
high-pressure turbine is impingement cooled: the 
JT9D is convection cooled with trailing edge 
discharge on the first two rows of nozzle guide



Figure 2 A relatively 
crude feature of most 
by-pass fans is the set 
of partspan shrouds or 
“snubbers” which damp 
out vibrations in metal 
blading and give some 
measure of protection 
against bird ingestion. 
All metal fans proposed 
have at least one ring of 
snubbers: the JT 9D  
sports two rows of 

; snubbers. These are an 
aerodynamicaily unde- 

j sirable encumbrance.
| making what amounts 
| to a “hole in the flow”.
; A poorly designed 

snubber row can easily 
rob a fan o f several per 
cent of its efficiency, 
with a corresponding 
increase in the engine's 
fuel consumption

Figure 3 Blade-cooling 
technology does not 
stand still. This figure 
shows how this has 
developed and also 
predicts possible 
improvements during the 
coming decade. If 
transpiration, or film, 
cooling is successfully 
developed the attainable 
turbine inlet temperat­
ures may rise even more 
rapidly and could easily 
reach 2000°K by 1980. 
The turbine iniet tem­
peratures to which the 
engine companies have 
committed themselves 
are also indicated

vanes and on the high pressure rotor. In general 
convection cooling leads to turbine blades with 
round leading edges and thick trailing edges.

The primary function o f the combustion 
chamber is to release heat efficiently and to do this 
in the shortest possible length. The combustion 
engineer also has to present as smooth a 
distribution o f flow conditions as possible to the 
turbine inlet and also to ensure that pollution and 
smoke issuing from the engine are minimised. Sir 
Frank Whittle observed, in the early days of jet 
engine development, that combustion is largely a 
matter o f aerodynamics but that the fuel injection is 
also important. This axiom still stands today, 
although the heat released per unit volume is many 
times higher than in those early days.

The combustion chamber has two zones; a 
primary zone where the main burning takes place 
and a dilution zone where additional air is added to 
provide acceptable inlet conditions for the turbine. 
The most uniform combustion is obtained if the fuel 
and air remain in the primary zone as long as 
possible. This is promoted by deliberately reversing
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the flow, assisted by suitable aerodynamic 
contouring of the chamber and positioning o f the 
secondary mixing holes.

A major purpose of the combustion effort is to 
rid the engines o f any vestige o f pollution. Aircraft 
jet engines are vastly superior to automotive 
engines in respect of pollution from unburnt fuel, 
carbon monoxide and the sulphur and nitrogen 
oxides. The only exhaust constituent which gives 
any trouble is smoke, which looks worse than it is. 
But the engine companies realise that smoke is 
undesirable and are taking steps to reduce this in 
the big turbofans.

The carbon particles in smoke are produced in 
the primary combustion zone because of a local 
lack of oxygen, and fuel-rich regions. Annular 
combustion chambers, reduced wall-cooling air. 
and new designs of fuel-injection nozzle reduce 
these fuel concentrations. The three .competing 
engines all have annular combustion chambers. 
Compared with earlier tubular or tubo-annular 
types, the annular chamber has additional 
advantages in cost, length and weight. Finally, 
designers have developed new wide-angle nozzles 
which atomise the fuel and blend it with air before 
injecting it into the chamber. The fuel may be 
injected with both forward velocity and swirl to 
help it mix.

We have seen the advances that are possible with 
transonic fans and compressors. The potential of 
this type of turbomachine is much greater, 
especially for other forms o f transport, such as 
VTOL aircraft. However, design o f these 
compressors is still a very hit-and-miss business 
and if designers are to produce successful 
turbomachinery for new high-performance engines 
they will need more systematic aerodynamic 
information on the performance o f different blade 
shapes at transonic and supersonic speeds, than is 
now available. Noise research is also vital following 
the recent legislation calling for a halving of noise 
from commercial jet engines.
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Foulness, S.S.T., RB-211— what next? Clearly what we have customarily 
thought were straight technical decisions, or choices of narrow economics, are 
now firmly in the laps of our gods and politicians. This development should be 
encouraged since any decision is only as good as the assumptions upon which 
it is based and is therefore ultimately subjective; however, such decisions are 
exceedingly complex and on the engineer’s shoulders rests the responsibility 
for the technical education of politicians and public alike.

At the time of writing the RB-211 is winning through but may still have its 
future decided by political factors. Obviously we wait with fingers crossed since 
the future of the British engine industry depends upon this decision. Also the 
RB-211 is a very good engine. Nothing this good should be destroyed.

However, even if the worst should happen we still need to compare the latest 
aircraft engines. After all, these engines will be the workhorses of the seventies 
and eighties. Our lives will depend on their reliability, our environment on their 
cleanliness, and our economy on their performance.

The Jumbo-Jets for transatlantic flight will hold up to 500 people, and the Air- 
Buses for shorter journeys, say to the Mediterranean shores, will comfortably 
seat some 300 passengers. The four-engined Boeing 747 is already with us, 
and the smaller three-engined Lockheed 1011 and Douglas DC10 will follow 
into service during the next year. These giants should eventually bring air travel 
within the reach of people who previously could not afford it.

The major advances in large jet technology involve the engines. America’s 
Pratt and Whitney Company are the guinea pigs with the JT9D. now in service in 
the Boeing 747. The JT9D will also be used in de-rated form for the smaller air­
buses; however, for the most part the air-buses will be using the competing 
Rolls-Royce RB-211, to be installed in the Lockheed 1011 Tri-Star, and the 
General Electric CF6, for installation in the Douglas DC10.

The engines concerned are all of the very high by-pass ratio variety so that a 
lot of the technical effort and innovation has gone into the fan and front or 
‘cold’ end of the engines. Emphasis will be placed on this effort, highlighting 
the problems and some of the ingenious solutions coming to fruition in Britain 
and the United States. There are also differences in the approach of the engine 
manufacturers to the design problems of the ’hot’ end of the engine, i.e. com­
bustors, turbines and tailpipes; however, for high by-pass ratio engines these are 
not as significant as fan and compressor problems.

Inlet technology is much simpler for these high by-pass engines than for the 
straight turbo-jets as used in the supersonic transport aircraft. An exception to 
this is the duct for the rear-mounted centre engine of the L-1011 and DC10. The 
emphasis is generally on as short an engine as possible and the air hits the fan 
blades almost immediately without having to negotiate a lot of complex inlet 
ducting. About eighty-five per cent of the air passes through the fan only and is 
then discharged through a cowl, which can be ‘mini’ (for lowest drag), ‘maxi’ , 
or a more fashionable ‘midi’ length. This air emerges in an annular jet at about 
one and a half times the pressure of the incoming air. It is this annular jet which 
provides most of the forward thrust of the engine. The remaining fifteen per 
cent of the air (that nearest the hub of the fan) undergoes further compression 
to pressures of possibly 25 times that of the incoming air and then enters the 
combustion chambers and turbines, much as in the conventional jet engine. The



main role of this part of the engine, called the gas generator’, is to drive the 
fan by reason of a shaft at a high rotational speed.

The reasons for such high by-pass ratios, of 5:1 and higher, are mainly 
economic. When gas generator pressures and temperatures are sufficiently high 
then, over long range journeys, the optimum by-pass ratio also turns out to be 
high. These engines could be regarded as highly advanced turbo-props having 
cowls around the outside. The reduction in jet noise possible with high by-pass 
engines is also a major incentive.

All three manufacturers are using the principle outlined above so that all three 
engines have a basically similar layout. The big differences in operational mode 
come when we consider performance at conditions other than those for which 
the engines were designed. The engines are designed for operation at around 
the Mach 0.85, 35,000 ft. altitude cruise condition; when throttled back, or during 
landing and take-off, the by-pass ratio can vary between 3:1 and 12:1 and widely 
different aerodynamic loadings result. Such wide divergence of fan and com­
pressor loading can, if not respectfully treated, lead to the severest of stall 
troubles and could easily prevent the engine from running at all.

Traditional methods for overcoming this problem include:—
(i) putting the low pressure and high pressure compressors on different con­

centric shafts so that each can rotate at its own optimum speed;
(ii) making the setting angle (or stagger) of the compressor stator blades 

variable so that any compressor stage can be moved away from stall when 
necessary.

The American manufacturers have adopted both of these proven techniques 
with success. However, variable stator equipment is costly, heavy, and an added 
complexity which cannot improve the reliability of an already complicated 
engine. For these reasons Rolls-Royce advanced the concept of the three-spool 
engine. In such an engine the fan, intermediate pressure and high pressure 
compressors can all operate at their optimum rotational speeds. By using three 
spools Rolls-Royce were able to reduce the number of variable stator rows to 
one only, the inlet guide vane row of the intermediate pressure compressor. The 
three-spool configuration of the RB-211 makes for a shorter, lighter and cheaper 
engine than its competitors. This is illustrated in figure 1 which shows the rival 
air-bus engines to the same scale. The smaller physical dimensions of the RB-211 
have recently given it an unplanned advantage in that the costs of converting 
the L-1011 air-bus to take American engines were found to be prohibitive in view 
of the additional length and diameter which would have been needed.

Extra bearings are needed for the three-spool RB-211 but this has been turned 
to advantage in keeping all shafts below critical whirling speed. Use of three 
spools also enables the engine’s thermodynamic cycle to be uprated without a 
major configuration change.

An early difference in design philosophy concerned the materials used for 
the cold end of the engine. The obvious choices for fan and compressor blading 
are titanium and aluminium alloys. Both American firms opted for titanium fan 
blades whereas Rolls-Royce took an ambitious tack, hoping to use Hyfil carbon- 
fibre fan blades. This would have given a considerable weight advantage. The 
saving in weight (300 lbs.) is bigger than simply the weight of the fan blades 
since the shaft must be strong enough to carry the rotor and the casing must 
be designed to contain the blades in the event of material failure. Obviously a 
casing which would contain a metal rotor has to be ‘beefier’ than one to 
contain an equally strong, but much lighter, Hyfil rotor.

However, Rolls-Royce knew from the outset that implementation of the Hyfil 
fan rotor would be difficult. The problems were ones of strength against bird 
ingestion and protection against erosion by rain, hail and grit. The erosion
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Fig. 1 Rival engines drawn to the same scale.

problem was easily overcome by specification of a steel leading edge with a 
coat of polyurethane paint over the remainder of the blade's surface.

Unfortunately, solution of the bird-strike problem has proved far more difficult. 
The prime advantage of carbon fibres is that they can be aligned in the direction 
of maximum stress and thus save weight. However, the force of a bird strike is 
in a direction perpendicular to the centrifugal force; if the stress induced by 
such a strike exceeds the proof stress then fracture occurs— there is no gradual 
yield or warning. The solution most favoured was to re-align some of the fibres 
into a more random pattern, thus giving more strength in other planes whilst 
reducing the radial strength by ten per cent. Unfortunately such blading could 
not be developed In time and the Hyfil blading became a monumental red 
herring as far as the RB-211 was concerned.

The consequences of this and other failures are daily news. However, the fact 
that there is hope for the RB-211 is partially due to the fact that the designers 
In Derby had the foresight (or lack of confidence) to play safe. As a back up to 
Hyfil a titanium fan rotor was developed. It is this rotor which is in the 14 
engines delivered to Lockheed.

A decisive factor in the air-bus competition was the growth capability of the 
engines. Here the judgement of Rolls-Royce was superior to that of General 
Electric. During the evolution of a new plane the thrust requirements invariably 
grows. The management must 'guesstimate' how much this thrust requirement



will increase before the design is frozen and how much margin will be needed 
for later versions of the same plane. The air-bus requirements escalated from 
29.000 lbs. of thrust to a staggering 42.000 lbs. and even higher for ‘growth' 
versions. Rolls-Royce had successfully predicted this, so that their engine looks 
to be of about the right shape. General Electric meanwhile were hamstrung by 
the need to preserve commonality of parts of the gas generator with that of an 
earlier General Electric engine— the TF39 which powers the huge C5A Galaxy 
military transport. Unfortunately the by-pass ratio of the TF39 is on the high side 
for civilian use where shorter journeys are involved. General Electric's gas 
generator compressor is therefore lather too small for the CF6 to have much 
growth capability. Their engine, a cutaway of which is shown in figure 2, thus 
has a rather skinny sixteen-stage long core compressor of low diameter but, 
with its variable geometry stators, quite a heavy piece of hardware. Rolls-Royce 
have no such problems and are able to tune in their gas generator precisely 
to the air-bus requirements.

The really interesting new aerodynamics, however, is involved in the fan 
design. In order to efficiently impart the necessary energy to the air, the eight- 
foot diameter fan must turn at a high speed. Design tip speeds for these fans 
range from 1200 ft./sec. to 1400 ft./sec. Clearly we are around er above the 
speed of sound and in fact the blading sees' an entry Mach number of up to 
1.4. The design of such blading is very difficult, involving computer solution of 
the flow equations in all planes and relying on empirical data for pressure losses 
due to boundary layers and shock waves, which we are not yet clever enough 
to predict theoretically.

A key tool in the design of modern turbomachinery is the use of computer 
programmes for solving the differential equations governing the flow in a duct. 
The equation for flow velocity contains terms involving both the slope and cur­
vature of the meridional streamlines; these quantities are assessed using a 
smooth curve such as a spline fit passing through the previously-estimated 
nodal points. By iterating on curvatures throughout the flow field until a con­
verged solution is obtained it is possible to determine the velocity at any point 
in the fan or compressor duct. This ‘streamline curvature' technique is now 
considered essential to the design of efficient machinery and forms the frame­
work around which each engine company builds its aerodynamic design.

Blading cross-sections are developed in cascade and research compressor 
tests. Whereas older compressors and fans of conservative loading have blades 
of typical low-speed aerofoil cross-section, the new fans have blading of 'double

Fig. 2. The General Electric CF6-6 engine.



Fig. 3 Increase of stage pressure-ratio with tip speed

circular 'arc' section or of special sections which have no curvature in the 
supersonic (forward) region.

These techniques have made the design of high-speed fan blading aero- 
dynamically feasible. Figure 3 summarises the present status of transonic fan 
design and shows that at high tip speeds it is possible to efficiently impart a 
high pressure rise to the air in just one stage of fan blading. The evolution of 
such fan blade technology was for several years confined to the United States, 
but Rolls-Royce achieved a breakthrough some three years ago to give Britain 
near-parity with the American aerodynamic design tecnnoiogy. Some measure 
of the difficulty involved in designing these fan blades is given by the fact that 
an error of 1 ° in the angular alignment of the blading could cost the engine 
1000 lb. of its thrust.

A relatively crude feature of most by-pass fans is the set of part-span shrouds 
or 'snubbers’ which are necessary to damp out vibrations in metal blading and 
give some measure of protection against bird ingestion. All titanium fans pro­
posed have at least one row of snubbers; the JT9D sports two rows of snubbers. 
These are an undesirable encumbrance aerodynamically, making what amounts 
to a 'hole in the flow'. A poorly designed snubber row can easily rob a fan of 
several per cent in efficiency, with a corresponding increase in the engine's fuel 
consumption.

We have seen that Rolls-Royce overcame their off-design problem by using 
the three-spool concept. General Electric found that the use of variable stators 
was in itself Insufficient. Large variations in by-pass ratio occurring with off- 
design conditions made it necessary to devise a means of by-passing some of 
the intermediate-pressure flow. The solution adopted was a ‘stage-and-a- 
quarter’ layout in which the fan rotor is followed by a conventional stator in 
the outer or by-pass portion of the annulus and by a small booster stage nestling 
under an island-like ring aerofoil in the inner portion of the annulus. The con­
figuration can be clearly seen on the left-hand side of figure 1(b).



One problem which had to be faced was the need to induce some flow from 
the quite large radial location of the fan hub into the gas generator inlet, which 
was situated much nearer to the engine axis. The rather clever solution entailed 
♦he use of swept and leaned stator vanes. The aerodynamics of such blading is 
relatively unexplored but the concept proved quite successful. The engine 
having this configuration easily reached its target thrust and consumption during 
its first run— a rare occurrence indeed!

No matter how inventive and thorough the aerodynamicist is, however, all of 
his design skills would be wasted if the final project were unacceptable to 
society because of excessive noise.

The acoustics of high by-pass engines still needs much attention. In the 
conventional turbo-jet most of the noise comes out of the tailpipe but, in the 
high by-pass engine, the jet noise is low because of the relatively low speed of 
the main jet. However, the noise produced by the fan and compressor blading 
does become a major problem.

A usual component of compressor noise, producing a note of high pitch at 
the blade passing frequency, is caused by wakes from rotor blading passing 
over the fixed stators. This was greatly reduced for the fans of the high by-pass 
engines by placing the stators a large distance downstream from the rotor. This 
is shown for all three engines in figure 1. One new source of annoyance, which 
only occurs when the flow over the blading becames supersonic, is termed 
'multiple pure tone’ noise. The basic frequency is the fan rotor passing 
frequency and every harmonic of this shows up as a distinctive spike in the 
spectrum. The effect of this is rather like that of a circular saw with one tooth 
missing and because of this the noise has been dubbed 'buzz-saw noise’.

The approach of all three companies to the fan noise problem is best 
characterized by the words of a senior Pratt and Whitney engineer, “ Noise? We 
just suppress the heck out of it” . This suppression consists of packing the walls 
of the fan and cowl with sound absorbing material, usually a fibreglass honey­
comb sandwiched between perforated aluminium walls. Rolls-Royce use over 
200 square feet of this on each RB-211. The approach is essentially a temporary 
expedient since such acoustic treatment costs the engine weight and perform­
ance; the stuff also gets soaked in fuel and is difficult to clean. Much current 
research is aimed at understanding the origins of turbomachinery noise with 
the ultimate goal of designing fans, compressors and turbines for maximum 
performance, and, at the same time, for minimum noise generation.

The main bearings and shaft arrangement are the crux of the mechanical 
design. Pratt and Whitney have the simplest bearing and shaft structure with 
fewer bearings than the other engines and no bearings enclosed between 
rotating shafts. This advantage is to expected, however, since theirs is a 
short, rigid, two-spool engine. The JT9D has four bearings and only three 
bearing supports. At the cold end are two ball bearings and, at the hot end, 
two roller bearings. Unfortunately one of the latter is situated in the plane of 
the combustion liner.

The main problems with bearings usually result from the heat which soaks 
down from the turbine discs or combustion liner. The excess heat must be 
removed and it is here that the special high-temperature lubricating oils are 
important, acting as both a lubricant and a coolant.

The relatively long and flexible CF6 needs a seven-bearing shaft arrangement. 
Rolls-Royce's more complex three-shaft configuration has eight main bearings, 
the centre one of these being a rather confined intershaft thrust bearing. For 
added security Rolls-Royce have used large roller bearings adjacent to the fan 
and between the high pressure and intermediate pressure turbine discs.

The three-spool layout enables the RB-211 to have short shafts running at 
speeds below the first critical mode of vibration. This is a definite advantage



because traversing a shaft critical mode can often be a hair-raising experience. 
Vibration is further reduced by the use of 'squeeze-film' damping and support 
arrangements on the outer race of the roller bearings. In previous engine experi­
ence use of such bearings has reduced vibration levels by sixty per cent and 
this performance has been confirmed in early running on the RB-211. Unfortu­
nately some cracks have been discovered in bearing housings— but this problem 
has been remedied by strengthening these housings.

All three manufacturers have studiously avoided publicity of their turbine-blade 
cooling technology since, in all engines, this is the most convenient reserve for 
growth. Each company naturally uses the most advanced techniques which it 
has available but this is a field of continued improvement where every degree 
of temperature won can give an additional hundred pounds of engine thrust.

The development of blade cooling technology is summarised in figure 4, which 
also gives a prediction of the improvements possible during the coming decade. 
If transpiration or film cooling is successfully developed the attainable turbine 
Inlet temperature will rise even more rapidly and could easily reach 2000 °K 
by the year 1980. The turbine inlet temperatures to which the engine companies 
have committed themselves are also indicated in figure 4. The values in each 
case pertain to the initial delivery engine having the lowest thrust rating. The 
differences between the temperatures for the three engines need only be inter-

Fig. 4 Advancing status ot turbine blade cooling technology



preted as a guide to the degree of conservatism adopted by each company in 
its contractual commitments and release of technical information.

Of the three methods of blade cooling convection cooling is the most widely 
used. Here the cooling air, taken from the compressor discharge region, is 
passed radially through holes in the blade, thus removing heat from the blade 
interior and walls, and is then discharged either at the blade tip or along the 
blade trailing edge where possible. In impingement cooling the low pressure 
coolant airflow is accelerated to impinge upon the blade leading edge, giving 
an improved heat transfer coefficient in this important region. Transpiration 
cooling uses small holes strategically located over the blade surface, the coolant 
air, which is continually discharged through these, provides an insulating layer 
between the blade and the hot gas.

General Electric claim the highest turbine inlet temperatures; they achieve this 
by the use of convection, impingement and transpiration cooling on the first 
stage turbine blades and simple convection cooling on the second stage. The 
thin, transpiration efflux holes are inserted by electro-chemical drilling.

The RB-211 high pressure turbine is impingement cooled and the JT9D uses 
convection cooling with trailing edge discharge on fhe first two rows of nozzle 
guide vanes and on the high pressure rotor. In general, convection cooling leads 
to turbine blades having round leading edges and thick trailing edges.

Efficient deployment of cooling techniques presupposes an accurate know­
ledge of the temperature distribution within the blade. Solutions to the Laplace 
equation for the two-dimensional tempsrakire distribution makes this possible. It 
is also necessary to know the heat transfer coefficients over the surface of the 
blade; the difficulty here lies in accurately predicting the transition of the 
boundary layer from the laminar to the turbulent state and more research is 
needed to this end.

Turbine blades are formed in various alloys and by various manufacturing 
techniques. There is very little to choose between casting of turbine blades or 
forging. Although suited to higher temperatures and complicated cooling 
geometries, cast blades are questionable on the grounds of inadequate fatigue 
strength. Manufacturers have made great strides in improving this, however; as 
one instance, Pratt and Whitney have recently demonstrated a blade grown from 
a single crystal giving a considerable improvement in ductility.

General Electric have improved the manufacture of hollow high temperature 
turbine blades using their activated diffusion bonding process. In this process 
the atoms of the metal migrate across a joint interface and form continuous 
grains. A metal-to-metal bond is therefore formed which is superior to that 
formed by conventional fusion welding with its attendant cracking due to 
temperature and stress effects.

The primary function of the combustion chamber is to release heat efficiently 
and to do this in the shortest possible length. The combustion engineer also 
has a duty to present as smooth a distribution of flow conditions as possible to 
the turbine inlet and also to ensure that pollution and smoke issuing from the 
engine are minimised. Sir Frank Whittle observed, in the early days of jet engine 
development, that combustion is largely a matter of aerodynamics but that the 
fuel injection is also important. This axiom still stands today although the heat 
released per unit volume is many times higher than in those early days.

The combustion chamber has, loosely speaking, two zones; a primary zone 
where the main burning takes place, and a dilution zone where additional air is 
mixed in to provide acceptable inlet conditions for the turbine.

The most uniform combustion is obtained if the fuel and air remain in the 
primary zone as long as possible. This is promoted by deliberate reversals of 
the flow, assisted by suitable aerodynamic contouring of the chamber and



positioning of the secondary mixing holes. This aerodynamic development is 
helped by flow visualisation rigs and is very much an art.

A major purpose of the combustion effort is to rid the engines of any vestige 
of pollution. As it stands now. aircraft jet engines are vastly superior to con­
ventional automative engines in respect of pollution from unburnt fuel, carbon 
monoxide and the sulphur and nitrogen oxides. The only exhaust constituent 
which gives any trouble is smoke. The smoke consists of tiny carbon particles 
around one micron in diameter. In some modern engines having high gas 
generator pressure ratios these particles are present in sufficient quantity to 
form a noticeable black discharge. It looks worse than it really is but the engine 
companies have realised that the smoke is subjectively undesirable and are 
taking steps to reduce it in the big turbcfans.

The carbon particles are produced in the primary combustion zone due to a 
local lack of oxygen. Improvements, aimed at reducing local fuel-rich regions, 
are brought about by moving to annular combustion chambers, with less wall 
cooling air, and by new fcrms of fuel-injection nozzle.

The three competing engines all have annular combustion chambers. Com­
pared with earlier tubular or tubo-annular types the annular chamber has 
additional advantages in cost, length and weight.

Finally, new wide-angle nozzles have been developed which atomise the fuel 
and then blend it with air before injection into the chamber. The actual injection 
may well take place with both forward velocity and swirl to assist the mixing 
process.

The immediate task for the British and American engine industries is one of 
honouring their commitments on these big engines. They will have to do so in 
the full knowledge that profits from these engines will not start flowing for a 
considerable time. In Britain this means that Rolls-Royce will certainly need 
encouragement in delivering these goods which will eventually win so many 
export dollars.

We have begun to see the advances possible when transonic fans and com­
pressors are used. The potential of this type of turbomachine is much greater 
still, especially if one considers other forms of transport. However, design of 
these compressors is still a very hit-and-miss business and if designers are to 
be expected to produce successful turbomachinery for many more new high- 
performance engines they will need more systematic aerodynamic information, 
on the performance of different blade shapes at transonic and supersonic 
speeds, than is now available. Noise research is also vitally needed after the 
recent legislation calling for a halving of noise from commercial jet engines. 
Bulky sound absorbing material is really an intolerable nuisance and with well- 
chosen research and design it may be possible to avoid its use.

These giant aircraft cculd play a revolutionary role in shrinking our world 
since so many more people will be able to travel between continents. We should 
see greater mobility among all peoples with prejudices disappearing and a 
general breaking down of national barriers. With luck we can have all of this 
— safely, economically, and without substantial noise or pollution. This can’t be 
bad.
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Review of Compressible Fiow Theories for»

Airfoil Cascades
I Solutions to the direct problem of subsonic flow calculation for cascades are first re- 
■j viewed and the existing techniques are classified into scries, iterative, matrix, and stream- 
s line curvature solutions. Most techniques appear to be successful when the peak velo- 
j city remains subsonic. Some solutions to the design problem arc reviewed but results 
! from these require further verification. Purely supersonic cascade flows, although rare, 
| offer no particular difficulties but the regime of greatest current activity involves transonic 
■ or mixed flows. Where both subsonic and supersonic flows exist various new tech- 
1 niques offer great promise.
\

introduction

T h e  inlet Mach number for turbine and compressor 
blade rows usually has a high subsonic value and therefore a 
theoretical treatment of subsonic compressible fiow through cas­
cades is essential. Much of this review will therefore be devoted 
to the direct and design problems in subsonic flow.

With the widespread use of high rotational speeds in fans and 
compressors, supersonic inlet Mach numbers are also becoming 
commonplace. In turbine blade rows the discharge flows are 
often supersonic, especially in contemporary steam turbine prac­
tice. The latter part of the paper t herefore concerns the problems 
of supersonic and transonic flow analysis in cascades.

The Direct Problem of Subsonic Fiow Calculation
The potential equation in two-dimensional compressible flow is

<t>TT +  (pin, =  ~  [0x20rx - f  0 v20VV +  2</>*0v0*y] . . .  (1)
C 2

where

r 2 =  Co2 -  \  ( 7  -  i ) ( 0 x 2 +  4>U* )  ( 2 )

No universally valid technique for solving this equation has 
yet been achieved and it is therefore necessary to classify cascade 
configurations into three types for the purpose of soiving the 
above equation:

Contributed by the Gas Turbine Division and presented at the 
Gas Turbine Conference and Products Show, Wrishington, D. C., 
April 8-12, 1973. of T h e  A m e r i c a n  S o c i e t y  o f  M e c h a n i c a l  E n g i ­
n e e r s . Manuscript received at ASM E Headquarters, December 29, 
1972. Paper No. 73-GT-9.

(a) Cascades of high solidity (e.g., turbine hub and some 
guide vane cascades).

(h) Cascades of low solidity which avoid the occurrence of 
high local velocities (e.g., some fan blades).

(c) The general case of cascades intermediate between the 
two extremes, including most compressor, fan, and turbine 
cascades.

C lo s e ly  S paced  C a sca d e s . The flow through such cascades can 
be analyzed approximately by the use of channel flow techniques. 
Provided that the solidity is not less than l.f> then finite difference 
techniques or relaxation methods are simple to use. especially in 
conjunction with high-speed digital computers.

Early solutions to the problem were given by Stanitz and Prian 
[ l ] 1 (a rapid approximate solution), Iluppert and McGregor [2] 
(a stream filament method in which a linear variation of stream­
line curvature is assumed), and by Wu and Brown [.'■>].

Wu and Brown treated the right hand side of equation (1) as 
a known function of x and y, thus linearizing the equation.

All solutions proposed for the channel flow approach share the 
limitations that no accurate results are possible in the vicinity of 
leading or trailing edges and that accuracy is poor for blade 
spacings used in axial flow compressors.

W id e ly  S paced  C a sca d e s . For such blading the solution can be 
conveniently approached by linearization in either the physical 
or hodograph planes.

Linearization in the physical plane is attained by making cer­
tain restrictive assumptions with respect to equation (1). The 
main assumption is that all boundary gradients and perturba­
tions on the inlet velocity vector are small. I t  follows that 
errors will be present in the solution for highly cambered cas­
cades and for any blade near the leading and trailing edges. D e­
spite this limitation and certain further approximations, the 
simple second Brandt 1-Glaiiert rule [4],

1 Numbers in brackets designate References at end of paper.
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(3)Cpc =  C p i„ / V l  -  ,\P

is obtained and has been used extensively, especially in Ger­
many. Moreover, Lakomy [5] has recently shown that the 
Prandtl-Glauert law can be applied to most cascades in general 
use if an empirical correction factor (a function of angle of 
attack) is included.

Since linearization in the physical plane may introduce inac­
curacies which limit its application, the more general case of 
linearization in the hodograph plane will be considered. In order 
to render ( 1 ) linear without neglect of any term it is necessary to 
introduce new variables and to transform the equation into the 
hodograph plane.

Putting

q  =  V u 2 4 -  V2 =  V 0 Z2 -f- 0 y2 (4)

d =  tan ~ l v / u  =  tan " 1 0 y/ 0 x (5)

Von Karman and Tsien chose the Mach number, and hence the 
point at which the tangent gas line intersects the real gas rela­
tionship, to correspond to the free stream condition. A suitable 
basis for cascades is the inlet Mach number although some 
workers prefer a mean flow Mach number. Another possibility 
is to arrange intersections at both the upstream and downstream 
flow conditions.

Having chosen a linear pressure volume relationship, it is 
possible to relate compressible flow equations

4>e =  ( 10 )
and

0 x =  — 0 * ( 1 1 )

to the equivalent equations in incompressible flow, and thus to 
determine a relationship between the compressible and incom­
pressible flow pressure coefficients.

Such a relationship has been given by Von Kârmdn [6 ] and 
Tsien [7],

The following linear equations are easily obtained,

<t>e =  (q /p) 'P ,  (6)

<t>l = - ( 1  -  ?2/c J) — <pe (7)
Pi

To achieve integration more conveniently we put

, , 1 
4>e =  --------  and cp\ =  — (1 — q2/c2) ——7— 1̂ 9

P p qM q )

.-.XT?) = — (1 -  ?7 c 2)1/:
q

:.d>e =  ((A) \j/\

<t>\ =  -l(\ )\ pe

‘ - J *
q / c dq

(8 )

(9)
where

((A) =  — V 'l  -  q2/c2
P

Cpc =
Cp in

v ' l  -  M J +
M»

( 12 )

V 'l  -  i P
 ̂p me
9

Although no exact check is yet available, the evidence of Kuo and 
Sears [S] suggests that for a thin profile this method provides de­
pendable results.

Reverting to equations (8 ) and (9), which are as general as 
equation (1 ), it is possible to eliminate 0  between these equations.

Z(X)V0 +  Z'(X)0x =  0 (13)

where

Z'(\) =  dl.d\ and V -  ^  (14)

Defining

= V z>

we obtain

V'F =  L(\)ty\  (15)
where

The foregoing transformations are real if the flow is subsonic. 
Equations (S) and (9) are still perfectly general in that no as­
sumptions concerning the vaiue of y  have been made.

I t  should be noted that if Z(X) =  1 then Laplace equations 
with respect to 6 and X are obtained. The Mach number can 
now be chosen to correspond to the flow under consideration.

L(X)
V V  /

v7 (16)

Equation (24) has been used by Chapyglin [9], Von Mises 
[10], Bergman [11], and Bers [12] to obtain solutions to the com­
pressible flow equations.

-Nomenclature'

.4 =  passage area 
D =  spacial difference operator 
E  = energy per unit volume 
F  =  X -+• id— coordinates in log-hodo- 

graph plane 
L =  see equation (16)

M =  Mach number 
P =  stagnation pressure 
R =  gas constant 
S =  source strength 
T =  stagnation temperature 
b =  boundary value vector 
c =  blade chord fin some figures) 
c =  sonic velocity

cp =  specific heat at constant pressure 
Z =  see equation (8 ) 
n =  distance normal to blade surface 
p =  static pressure 
s =  distance along blade surface

t =  time 
6 =  tan _ 1 t’/u

ww = q2 = u2 +  v2— complex conjugate 
velocity

z =  x -j- iy— physical plane coordi­
nates

y  =  specific heat ratio 
X =  see equation (8 )
¡x =  wave angle 
p =  density 
0  =  potential function 
0  =  stream function 
0  =  stream function vector 
T' =  see equation (15)

Subscripts

LE =  leading edge 
R E F  =  reference condition

c
ine
m
n

t
0

0 ,  1 .  2 ,  n

1

o

CO

1,2

Superscripts

compressible
incompressible
modified
nth approximation in equa­

tion i41)
at throat (in Fig. 11) 
stagnation condition 
indices in equation (17) 
low speed disturbance (equa­

tion (2 2 ))
iterated solution (equation

(22 ))
condition at infinity (equa­

tion (2 2 ))
upstream and downstream 

conditions (Figs. 1, 5, 13)

=  perturbation due to singularity 
t =  at time t
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T he G e n e ra l C a se . Whereas theoretical simplifications facilitate 
solution of the compressible Bow for the extremes of blade spac­
ing, neither channel How treatment nor linearization are possible 
for most cascades. In the general case four basic approaches 
are available. Following early work the solution can be ex­
panded in series form; alternatively fixed point iterative schemes 
of computation with arithmetical determination of convergence 
may be used; or, most recently, matrix and streamline curvature 
solutions have been used with success.

S eries S o lu t io n s  fo r  th e  G e n e ra l C a se . Since linearization would 
give unacceptable inaccuracies, no attempt is made in the series 
solutions to either transform to a hodograph plane or change the 
form of the gas laws. Thus equation (1) is used directly in 
methods given by Poggi [13] and by Janzen [14] and Rayleigh 
[15]. In both methods equation (1) was rendered integrable by 
obtaining a series solution of the form

0  =  00 -r 0 lM 2 -+- 02iVI4 +  . . . +  0 nM 2n (17)

The Mach number can have any reference value but is usually 
the inlet free stream Mach number.

Poggi regarded a compressible fluid as an incompressible fluid 
having a continuous source distribution in the region external to 
the body. If, in equation (17) 0o is a known incompressible flow 
obtained from V0 O =  0 then 0  is obtained by successively calcu­
lating V 0j =  fi [0o, x, y), V0 2 =  / 2[0O, 0i, x, ?/], etc., where/i and 
fi  are functions obtained from equation ( 1 ).

The method of Poggi was improved by Kaplan [16] who intro­
duced the conjugate complex notation of Milne Thompson [17],

ww =  ( — u -f- iv)( — u — iv) =  u2 -f- v2 (18)

and obtained

V0 O =  0

Ò©0

òr

(19)

and similarly for v©., V0 3, etc.
Kaplan was then able to relate the right-hand sides to succes­

sive approximations to a source-sink distribution. Using the 
conformal transformation of the obstacle to a circle and the 
known image system within the circle from sources outside, Kap­
lan expressed ail velocities in terms of contour integrals. If the 
integration is achieved analytically, the accuracy of compressible 
flow prediction is limited only by the number of terms taken.

Prince [IS] has recently used the Janzen-Ravleigh approach 
but replaced the potential functions of [17] by stream functions 
to simplify satisfaction of the boundary conditions.

Prince considered only the first term

0  =  0o -r 0i M 2 (21)

but allowed 0 ! to be a function of Mach number. The flow field 
is specified in terms of three stream-function components:

(a) the incompressible solution, 0 O
(h) a low Mach number compressibility disturbance. 0 1, and 
(c) an iterated solution. 0 4, for the compressibility distur­

bances at a high subsonic reference Mach number. M r e f - Ap­
plication of the component solutions to other reference Mach 
numbers is achieved by treating the difference between com­
ponents (6 ) and (c) as the M 4 component of the Janzen-Rayleigh 
theory, viz:

t = to +  m »5 I &  +  ~).r" "A»- -  'P\\ (22)
( M R E F  )

The foregoing approach appears to give reasonable approxima­
tions to local Mach numbers as high as 1.1, provided the dominant 
feature controlling the pressure distribution is the transverse 
pressure gradient due to streamline curvature rather than the 
one-dimensional area variation.

Cascade compressibility effects are conveniently handled by 
calculation of the compressibility disturbance. (<:), at a reference 
upstream Mach number of 0.6.

Fig. 1 gives an example of the type of improvement possible 
when a method such as Prince’s is used. The original NACA 65 
series blading was showing high losses due to the presence of 
shocks. A revised blade was then specified with a slightly longer 
chord and less curvature in the throat region. The analysis 
shows that nowhere on the new blade is the sonic condition 
reached.

I te ra t iv e  S o lu tio n s  fo r  th e  G e n e ra l C a se . The right-hand side of 
equation ( 1 ) may be simulated by a source-sink distribution 
within the field of incompressible flow around the profile. The 
difference between this concept and that of Poggi is that whereas 
in the Poggi and Janzen and Rayleigh theories the right hand 
side was expanded into a .Mach number power series, in this 
model the right-hand side remains intact and is calculated in 
iterative steps from the basic flow.

Now

0x20xx + 0y20l/i/ + 2 0Z0V0ZV C2
po ( * £ + * • $ (23)

and the density gradients can be obtained from

P_
Po

1
7 -1

(24)

If the source distribution, per unit area, is «S and y  =  1.4 then

X (25)

The procedure is that the source distribution corresponding to 
the right-hand side of equation (1 ) is firstly obtained from the in­
compressible flow solution. This is then used to obtain an equa­
tion of the form

0 rr — 0 V7 =  f(x , y) (26)

Now the comportent of velocity in the x direction at anv point 
(xi, i/i ), due to a source U occupying in area iôx X à y) at (x, y), 
as in Fig. 2 is given by

F ig . 1 Im p ro v e m e n t in  b la d e  p re ssure  d is tr ib u t io n  re s u lt in g  f ro m  c o m ­
p re s s ib le  c a lc u la t io n s
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F ig . 2 V a r ia t io n  of so urce  s tre n g th  th ro u g h  b la d e  passage

SÔrô,,(xi — x)
2tt( (xi -p x)2 +  (iji -  y )2)

( 2 7 )

and t’i' is obtained in a similar way.
The total velocity at (x\, yi) due to all such sources is

, _  1 p  p  S(xt -

2îr j - c o  j - c c  -  *)*

xidxdy 
- (.Vi -  V; 2

(28)

and similarly for iV.
This additional velocity is incomplete, however, since in this 

form the tinai solution would not converge to the flow around the 
original boundaries. The net induced velocity will in general 
have a component normal to the body surface. This normal com­
ponent must be counteracted by placing a line source around the 
body. The line source should be exactly sufficient to cancel all 
normal velocities and is incorporated into the flow equation in a 
similar way to the point sources which represent density varia­
tion.

Ui' and v\ are then treated as perturbations on the original 
velocities and hence a new flow is established. This new flow is 
then treated on the same basis and the procedure is repeated 
until convergence is obtained.

The foregoing is a simplified version of theories based upon the 
Martensen [19] potential flow theory, which have been proposed 
by Imbach [20] and by Price [21], who suggested the use of a line 
source to counteract the normal velocity component. Imbach 
used the vortex and source boundary conditions to derive two 
integral equations which were solved by a method of successive 
approximations.

I t  is interesting to note that if equation (2d) be expanded by 
means of the binomial theorem, the series obtained will be identi­
cal to that of Poggi’s method. Furthermore the description is 
simplified if the complex notation used by Kaplan is introduced. 
This has been achieved by Payne [22] also using the Martensen 
theory as a foundation.

Unfortunately the iterative methods converge slowly as the 
sonic condition is approached. This is because the source dis­
tribution given by equation (2d) is by no means a small perturba­
tion. Thus important compressibility terms are left “ trailing’’ 
one cycle behind in (he iterative procedure.

M a tr ix  S o lu tio n s . Matrix solutions have been developed by 
Smith [23] who also derived a Poisson-type differential equation. 
This was then solved using rinite difference techniques with a ten- 
point star. A band matrix solution was chosen, being efficient 
and more stable numerically than a relaxation method which 
would depend excessively on user input of an over-relaxation 
factor. If a relaxation method is chosen then under-relaxation 
must get stronger as Mach numbers approach unit}'.

As with the iterative procedures it is good practice to increase 
the inlet Mach number in gradual steps to the desired value.

Smith [23] suggests that the calculation of density should be 
allowed to lag the stream function calculation by one iteration, 
thus increasing stability for compressible flows. This recom­
mendation is at variance with the reasoning of Silvester and Fitch 
[24] who express density gradients in terms of a dependent 
variable and collect these together in such a way that density 
derivatives do not need to be specified “a priori” or guessed. 
Smith's is undoubtedly the safe approach and is certainly ade­
quate for surface Mach numbers up to 0.S5 as demonstrated in 
Fig. 3. Locally sonic conditions have been handled without 
difficulty.

S tre a m lin e  C u rv a tu re  S o lu tio n s  to  th e  G e n e ra l C a se . Into this 
category fall the powerful recent methods of Katsanis [25], 
Wilkinson [26], and Stuart [27]. The objectives of these 
methods appear to be efficiency of operation and the capa­
bility to consider velocities above the critical. The methods 
have originated using streamlines and “quasi-orthogonals,” which 
are simply lines passing from one channel wail to the other, in an 
arbitrary (usually pitchwise) direction. It appears likely that 
some users will switch to full orthogonal grids for transonic 
cascades.

Reference [25] gives a description of the latest Katsanis method 
and also a full Fortran listing. The program is versatile and 
allows for quasi three-dimensionality, losses, rotation and mixed 
flows. The solut ion is based on a finite difference technique with 
the streamline curvature routine taking over for transonic flows.

Wilkinson s program is almost as general and more efficient. 
The estimated equivalent run time is 10 sec on a 370-165 com­
puter. As a result of comparisons with exact solutions it is 
known to give doubtful results near the blade edges.
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Rolls-Royce are using; a new method developed by Stuart. 
The program is as fast as the Wilkinson program and has been 
integrated into a complete direct/indirect design system including 
boundary layer calculation. In a later version the program uses 
a full orthogonal grid. The method of Bindon and Carmichael
[28] also uses an orthogonal grid but the program is slower than 
the Wilkinson and Stuart programs by a factor of ten.

In a typical streamline curvature program the input data are 
differentiated twice and the values obtained are used in the 
velocity gradient equation. A start is made with approximate 
velocities, along the midstreamline, obtained from the previous 
iteration. A numerical integration is then performed in both 
directions to tind the blade surface velocities. Velocity levels are 
then adjusted to satisfy continuity.

In order to ensure rapid convergence, the appropriate damping 
factor must be chosen. The change in velocity gradient appears 
to be a sensitive convergence criterion and this is multiplied by a 
factor of less than unity between iterations to prevent divergence.

The least satisfactory feature of streamline curvature methods 
is their inability to give an accurate potential flow solution in the 
vicinity of the blade edges. The stagnation streamline has a 
right-angled kink at the blade edge which cannot be properly 
represented; consequently, errors must be present in the velocity 
distribution.

With the object of assessing the magnitude of any such errors, 
results from three streamline curvature programs, together with 
corresponding results from Smith’s matrix program, have been 
compared in Fig. 3.

Ideally the comparison would be performed for a cascade 
through which the flow is known exactly; a procedure which this 
author has adopted for incompressible flow solutions (reference
[29] ). Unfortunately such solutions do not exist for high speed 
cascade flows. However, ail four calculation methods had been 
used to predict the velocity distribution around the stator mean 
section of a cold-air turbine test, by Whitney, et al. [30], and an 
instructive comparison is possible.

The overall impression is that all four methods give quite 
acceptable accuracy. Agreement for most of the pressure surface 
is excellent ; for the higher Mach numbers of the suction surface 
it is quite good, although the Katsanis method exhibits wayward 
tendencies in places. It appears that the Stuart method dis­
plays good accuracy everywhere. The other three methods all 
have difficulty in the blade edge regions, either putting in un­
necessary velocity peaks (Katsanis and Smith) or failing to pre­
dict a genuine peak (Wilkinson). I t  should be noted that 
streamline curvature techniques are not alone in having prob­
lems of blade edge definition: methods using a finite difference 
approach can also encounter these difficulties.

The test case chosen was not particularly difficult, having only 
medium velocities and a reasonably high solidity, but the four 
methods used were reassuringly successful. Had other methods 
also been run for this case it is anticipated that agreement would 
have been reasonable. The reviewer therefore feels that, apart 
from the additional work needed to secure good accuracy in the 
blade edge regions, the direct problem for subsonic flows is es­
sentially solved.

The Indirect Problem of Subsonic Flow Calculation
The two approaches most widely favored for the design problem 

entail transformation to the potential plane (w =  0  -f- iip) or to 
the hodograph plane. None of the compressible solutions pro­
posed for the indirect problem involve working purely in the 
physical plane (z =  x -j- iy), although the incompressible ap­
proach of Murugesan and Raillv [31] should be capable of gen­
eralization for compressible flows.

S o lu t io n s  in  th e  P o te n tia l P la n e . Solutions in the potential (w = 
0  +  ¿0 ) plane often make use of the linearization obtained by 
choosing K\) =  1 in equations (8 ) and (9). Costeilo [32] has 
given a method of designing cascade blades with a prescribed ve­

locity distribution in compressible potential flow. The velocity 
distribution was used to select a suitable incompressible poten­
tial flow about the unit circle. The Lin [33] transformation 
was then used to transform this incompressible flow into a linear­
ized compressible flow about a cascade. Unfortunately the con­
ditions imposed upon the prescribed velocity distribution are 
rather stringent.

A widely used approximate design method is that of Stanitz 
[34]. The governing equations are written in terms of potential 
and stream function since the velocity distribution is prescribed. 
The blade surface in the physical (z = x -f- iy) plane are stream­
lines and are therefore lines of constant 0  in the potential plane. 
In reference [30] the continuity and irrotationality conditions 
are written as

1 id  log p d log q\ dd
~ ( — — 1- +  — -  -f- —  =  0 W )p \ 00  à(p / dip

p log q dd
dip Ò0

(30)

Differentiating equations (29) and (30) with respect to 0  and \p, 
respectively, and combining to eliminate d20/d<pdip yields

ò2 log p ò2 log q 
0 0 “ JO2

Ò log p 
Ò0

/  ò log p 

\ 00
ò log q\ 

00  /

ò log q ò log p 2 Ò2 log q 
 ̂ ò\p ò\p '  ̂ dip2

0 (31)

Equations (24) and (31) are sufficient to determine the distribu­
tion of log q in the potential plane. Equation (31) can be solved 
by either relaxation, matrix methods or a Green's function

O

£
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approach. Having found log q throughout a blade passage the 
flow angle distribution d((j>, \p) can be obtained along the stream­
lines (and hence blade surfaces) by integrating equation (30) 
keeping \p constant. Similarly the distribution along each po­
tential line is found by integrating equation (29) keeping (p con­
stant.

It  is then a straightforward matter, using the geometrical con­
ditions

dx =  ds cos 6 (32)

dy = ds sin 6 (33)

and the stream and potential function definitions

dip — pqdn (34)

dé = qds (35)

to arrive at the physical-plane blade geometry by integrating 
from the leading edge

The method was mainly used by Stanitz for channel flows, with 
and without the simplifying assumption of a linear pressure- 
density isentrope. An example from reference [35] shows that 
there is very little difference between the predicted geometries 
for values of 7  of -4-1.4 and — 1 (Fig. 4). The Green's function 
solution of the Stanitz method has been further developed by 
Payne [2 2 ! and is used extensively in British industry.

S o lu tio n s  in  th e  H o d o q ra p h  P la n e . The hodograph plane repre­
sentation of the incompressible flow around an impulse turbine 
blade has been given by Cantrell and Fowler [36]. This is 
illustrated schematically in Fig. 5.

Uenishi [37] generalized the solution to compressible flow and 
has obtained reasonable agreement bet ween theory and experi­
ment for a wide variety of impulse and reaction blades at mod­
erate subsonic velocities. Uenishi corroborated the finding of 
Fig. 4 and obtained a maximum closure error of 0.6 percent of 
chord length.

French progress in hodograph methods has been reviewed by 
Legendre [OS].

Use of the hodograph plane has many advantages for compres­
sible flows. In particular the equations relating stream and 
potential functions (S ,9) become linear in the hodograph plane.

SUCTION
SURFACE

CANTRELL, F O W L E R ---------
COHEN --------- A(M)

F ig . 5 S che m a tic  h o d o g ra p h  re p re s e n ta tio n  of C o h e n  a n d  C o n tre ll a n d  
F o w le r  f lo w s

Remembering that 6 =  tan -1  v/u and d\ =  V 71 — M 2 — the
<1

logarithm-hodograph plane F =  X -r id is introduced. Cohen 
(39) has obtained an interesting design solution by representing 
a blade passage by a rectangular profile in this plane. Such a 
closed profile does not permit the usual leading and trailing edge 
singularities. The full line in Fig. 5 represents the Cohen flow 
for blades having cusped edges.

If F =  X -f- id is conformally transformed into a modified log- 
hodograpn plane Fm = \m -j- idm then equations (8 ) and (9) are 
formally invariant when the field they represent is subjected to a 
conformal transformation: thus

4>8m =  H\m> (3S)

Q\m = —K\m' d^pffm (39 )

Using complex conjugate notation Cohen demonstrates that 
equations (8 ) and (9) can be rewritten in the form

dhv d In l dw
------ - =  -  1;----------- — . (40)
dFdF ‘ dF d\

Cohen adopts an iteration procedure for equation (40) solving 
for the in -r 1 )th approximation wn the differential equation

dhun t & In. I difn-i
dFdF ’ dF d\

Cohen takes the incompressible flow solution as his first ap­
proximation wo. For the second approximation he proceeds as 
follows:

Since Wo(F) is analytic (being a result of incompressible 
theory)

diro dir0
dX dF

(42)

Equation (41), having now n =  1. is integrated along lines of 6 
constant, with respect to F and then F, giving

u;, =  fi(F) +  f f llF » F + y t j l n l $ dF (43)

The arbitrary functions /¡(F) and f.lF ) are determined from 
the consideration that if / — 1, as it does in the lower subsonic 
ranee, tr, — «•., and In/ — 0. Hence, in (43;
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h  (F) =  ivo
;md /

M F )dF  =  0

Thus the second approximation IV{ is given by

W\ =  Wo +  V'■ / ' - ' I ? ¿F (44)

Because equation (42) only applies to n =  1 the foregoing pro­
cedure cannot be applied to give analytic results. Cohen, how­
ever, proceeds to give useful higher approximations. As with 
most design procedures, the argument is heuristic. Satisfaction 
of the closure condition at the trailing edge is the best judge of 
success or failure in the iteration process. Cohen shows that for 
a cascade airfoil with high subsonic velocities excellent closure is 
achieved. However Payne [23] find that this result must be in­
terpreted with extreme caution. By  a more general derivation of 
Cohen’s series Payne has shown that the only analytic functions 
wo(F) for which Cohen’s higher approximations can be expected 
to give an exact compressible solution are given by the source- 
vortex combination

dwo
IF — .4 iB (45)

where .4 and B are arbitrary constants.
This is significant because Cohen chose as test cases airfoils 

having constant velocity surfaces— on the questionable grounds 
that “good airfoil design has as its main aim the postponement 
of the advent of adverse pressure gradients to a position as far 
back chordwise as possible.’’ Cohen stated that no generality 
was lost in such a choice of velocities. Payne, however, has 
shown that exact results are given automatically for free vortex 
flow between concentric radii with constant velocity walls.

I t  is therefore not surprising that Cohen’s test cases should 
have exhibited good closure. Clearly more general verification 
of the method is called for. Should the Cohen theory survive 
more rigorous scrutiny it could be very useful.

Supersonic Flow Calculations
In cases where purely supersonic flows exist the method of 

characteristics is employed. The term “characteristics” may de­
note the real solutions to any hyperbolic equation. These solu­
tions take the form of lines along which information may be 
transmitted. No information is obtained concerning the deriva­
tives of dependent variables normal to these lines.

The initial information (or boundary condition) will be given 
along a curve which is, in general, not a characteristic. This 
curve is approximated by a series of straight lines. The “triangu­
la r  ’ network of characteristic lines and their characteristic rela­
tionships are built up in a step-by-step manner working outwards 
from the given curve.

The method is well described in the standard texts of Shapiro 
[40] and Courant and Friedrichs [41]. In the following section 
its application to compressor cascades and to impulse and reac­
tion turbine cascades is briefly considered.

C o m p re s s o r C a sca d e s . The inlet Mach number to a compressor 
blade row needs to be quite high (usually at least 1.5 before 
worthwhile areas of purely supersonic flow are present around 
the blade. .Some current fan rotor tip sections exhibit super­
sonic flow over all of the suction surface and much of the pressure 
surface. Such a case needs analysis by the method of charac­
teristics for optimum design.

Such techniques are not particularly new. In 1951 Costilow 
[42] was able to apply the method of characteristics to the tip 
section of a supersonic impeller using hand computation.

Interesting new applications include the analysis of radial dif­
fuser cascade for high-performance radial outflow compressors.

Ivenny [43] shows the rather involved configuration, assuming a 
uniform inlet circle source/vortex flow with sharp leading edge 
vanes. A strong, normal, passage shock occurs at the throat en­
try.

Im p u ls e  C a scad e s. The use of purely supersonic impulse cas­
cades is more widespread, applications having arisen very 
naturally. For some time the designers of highly loaded turbine 
stages for marine astern propulsion and for rocket pumps had 
been using high pressure ratios. Extrapolation of old subsonic 
bucket data was clearly resulting in bad designs and work was 
needed to properly prescribe passage geometries.

These cascades employ supersonic free-vortex flow in the main 
portion of the passage using a vortex net derived by Busemann 
[44]. Since the streamlines of such a flow are concentric circles 
the problem is one of designing suitable entrance and exit transi­
tion regions. If the blade edges are cusped, the supersonic flow 
pattern will be as shown in Fig. 6 . The flow in region I will be 
identical to the flow far upstream. In region II, the flow is ex­
panding, through waves generated by the convex transition arc, 
and in region I I I  the flow is compressed, through waves generated 
by the concave transition arc. In region IV  the desired super­
sonic free vortex pattern is established. The problem is thus to 
generate suitable transition arcs using the method of charac­
teristics. An illustration of this is given in reference [45].

Stratford and Sansome [46] have given a very simple early ex­
ample of the foregoing procedure: Goldman and Scullin [47] have 
published a computer program for the example shown in Fig. 6 , 
which includes boundary layer displacement thickness effects.

T u rb in e  C a scad e s. In general for a mixed supersonic flow field 
it is reasonable to divide the field into distinct areas. Even in 
the case of a supercritical turbine nozzle or other blade with sub­
sonic inlet flow there would be a definite sonic line and a new 
supersonic calculation could be started from that line. References 
[48, 49] give good applications of this procedure.

There are important cases, especially for steam turbine rotor 
tips, where both inlet and outlet flows are supersonic. Lawaczeck 
[50] has classified the various flow configurations for such cases. 
These mainly depend on whether the flow is choked or not. The 
mode of solution for such a cascade having a supersonic discharge 
axial Mach number has recently been given by Lichtfuss and 
Starken [51]. In the entrance region the flow is irrotational and 
isentropic. The flow within the entrance region (Fig. 7) has one 
family of simple Mach waves coming from far upstream. The 
waves are straight lines and the flow conditions along the wave 
do not vary.

In supersonic flows disturbances are propagated along Mach 
waves. These waves are of two families I and II, drawn at 
to the stream direction in Fig. 8.

Using family I I  as an example the velocity vector q changes in 
magnitude by oq and in direction by 69 across the Mach line. 
Now across the wave tangential momentum is conserved.

j
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F ig . 7  L o w  tu r n in g  tu rb in e  c a s c a d e  f lo w  w i th  M i =  2 .1  a n d  M 2 =  2 .4 3  
(re fe re n c e  (51 ])

and
q cos n =  (q +  Sq) cos (n — SB)

1 dq 1
-  77 =  ~  tan m ---------- ,
1 dd V M « -  1

Since, from the adiabatic relations

V t

M V y R

V1+W M 2

and T is constant we have

dq

q

d:u2

■2M- £ 1  +  M*

therefore

die = -  V m! -  1 u:m

This is integrated along the streamline to give 

6 -f- co(M) =  constant

where

« (M ) =  tan ' 1 l )  O 1* “  U

(46)

(47)

(48)

(49)

(.50)

(51)

tan 1 V  M 2 — 1 (52)

is the Prandti-Meyer expansion angle.
co has the significance of being the deflection angle required to 

accelerate the How from the sonic condition to the desired Mach 
number.

Having determined this region of the flow (marked A in Fig. 7) 
the next region B has to be calculated. This area is not a simple 
wave flow and the method of characteristics has to be applied. 
On complete coverage of area B the flow angie and Mach number 
at either side of the trailing edge are known. This information 
then fixes the inclination of the two shocks which spring from the 
trailing edge (assumed sharp in reference [50]) by means of the 
shock relationships.

Having found this information for the two shocks, the area be­
tween these, C, can be tackled. Since one set of waves emanates 
from upstream this area is one of simple wave How. However, 
for region D this is not the case and again the method of charac­
teristics must be employed.

Since the entire downstream region is covered by waves 
emanating from the blades the back pressure is fixed and cannot 
be varied by downstream throttling.

AIR FLOW

F ig . 9  T y p ic a l tra n s o n ic  co m p re s s o r ro to r  p a ssa g e

Transonic Flow Calculations
Transonic flows, within a two-dimensional cascade context, 

are taken to imply flow patterns in which both supersonic for, al­
ternatively, just sonic 1 and subsonic flow regimes exist.

T ra n s o n ic  S hock-F ree  F lo w s . An analogy with the previouslv- 
described Busemann solution exists whereby it. should be possible 
to design profiles having regions of supersonic flow which do not 
terminate in a shock.

Such solutions have been proposed by Nieuwland [52] who. 
basing his work on the full compressible equations, evolved a 
method for deriving airfoil siiapes for which waves reflected at the 
sonic line did not develop into a shock. These cases derive from 
exceptional hodograph solutions. I t  follows that, for a given 
shape of blade, even a small change in inlet Mach number could 
disrupt the shock-free How. Nevertheless the shock-free How 
patterns have been observed experimentally, for isolated airfoils, 
and could be worthy of some attention by the designer. Be­
cause of the strong pressure gradients and three-dimensional Hows 
it seems doubtful whether turbomachinery blading could be suc­
cessfully designed for such flows.

M ix e d  F lo w  P a tte rn s . Blading having mixed subsonic and super­
sonic Hows is often encountered in practice. Theories based on 
the transonic small disturbance assumption, successful for con­
ditions very close to sonic, are inadequate for Hows containing 
strong discontinuities.

A typical transonic compressor rotor passage is depicted in Fig. 
9. The inlet Mach number might be around 1.4; the position 
of the main shock structure is of considerable significance for the 
machine. Obviously no subsonic diffusion can be attempted up­
stream of the shock’s impingement on the suction surface. To 
achieve this diffusion efficiently the available subsonic ehordwise 
distance must be maximized. At the same time the shock 
losses, which are an important fraction of the total loss, must be 
reduced. The shock strength, and therefore the shock loss, is 
related to the supersonic expansion in the uncovered region of the 
passage (that region ahead of the first. Mach wave from the 
adjacent blade). The shape of the forward portion therefore 
determines the shock loss. In achieving optimum performance 
the designer is therefore constrained to balance the shock and 
diffusion losses.

The shock configuration lor a supercritical turbine blade pas-
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sage is shown in Fig. 10. Such blading is typical of the last rotor 
row of a large steam turbine where good performance is desired 
over a wide range of discharge conditions. The application of 
corner expansion is similar to that described previously, reason­
able performance resulting over a wide range as the expansion fan 
unfolds.

Blading which has considerable areas of supersonic flow can be 
dealt with by the method of characteristics. If equation (1) be 
rewritten as

A fpxx 2 B(f)xy +  Ccf)vv — 0 ,

where

A

then a necessary and sufficient condition for the existence of real 
characteristics is

D = B- -  AC >  0

The differential equation is elliptic if D <  0. hyperbolic if 
D >  0. In the elliptic (subsonic) case no characteristics or dis­
continuities in the higher derivatives of <p are possible. Hyper­
bolic equations represent supersonic flows for which different 
soiutions may join with a continuous derivative along the 
characteristic curve. Representation of a steady flow held 
having both subsonic and supersonic regions entails solution of 
both hyperbolic and elliptic equations.

A n a ly s is  fo r  S on ic  L in e s . The designer will not, in general, have 
; ‘ a priori" knowledge of the shape and position of the sonic line, 
which must therefore be predicted. This line is the boundary at 
which the elliptic and hyperbolic soiutions are matched and this 
description gives the clue to some recent prediction techniques.

The description of the sonic line in the hodograph plane is 
trivial. Nieuwiand [52], relying on the earlier work of Lighthill 
[53], was able to use this fact to produce some remarkable results. 
A recent contribution is that of Garabedian and Korn [54] who 
formulated a characteristic initial value problem amenable to 
solution by finite difference procedures. This method is in­
efficient in that four variables have to be considered to arrive at 
the solution in a two-dimensional hodograph plane.

With the stream function as dependent variable (unlike 
Garabedian and Korn who use x and //) one may use a charac­
teristics formulation with a finite difference solution.

In the elliptic domain the hodograph plane is divided by con­
stant M and 8 lines into four-pointed finite difference stars. For 
each mesh point the finite difference equations are written as

[F}$ =  b (53)

where [F] is a matrix whose elements depend on the local value 
of M and the star line length. Inversion by standard meth­
ods yields

$  =  [ F ] " l 6. (5)4)

The derivative dxp/dM is then calculated at the assumed sonic 
line and stored.

The procedure for the hyperbolic domain is broadly similar. 
However, any numerical method for the supersonic region must 
rely on the characteristic directions as coordinates since deriva­
tives of p  in any other direction are likely to be discontinuous.

The finite difference scheme is therefore set up in the I, I I  plane 
as defined in the previous section “Turbine Cascades.” The I, 
II  plane representation of an asymmetrical nozzle flow by Hobson 
[55] is given in Fig. 11.

Across the sonic line the derivatives cn/'/dM and d\p/d8 are 
finite and continuous and

p  =  iA(M, Q) =  $(1, I I )  (55)

Soiutions obtained for these quantities from the elliptic and 
hyperbolic domains are therefore compared and an iterative 
scheme is adopted until convergence is obtained. The solution 
has been checked against the exact solutions for compressible 
source-vortex and Ringleb flows and has been found to predict 
the sonic line satisfactorily after five iterations.

A computation method for mixed flows with sonic line which 
does not require a hodograph plane representation is that of 
Murman and Cole [56]. This procedure is the one which, more 
than any other, has demonstrated that sonic line computations 
need not be unduly difficult. An excellent review of the latest 
developments for isolated airfoil transonic flows has been given 
by Yoshihara [57].

A n a ly s is  fo r  Shocks. The difficulty of mixed elliptic and hyper­
bolic domains has been overcome by use of “time-marching” 
techniques, treating the governing time-dependent equations for 
compressible flow. These are hyperbolic for ail Mach numbers 
and it is premised that the asymptotic solution reached after 
a large number of iterations is the desired steady solution.

If the reference conditions relate to the upstream stagnation 
condition then the one-dimensional compressible flow' equations 
are

— (pu) +  pu —  (In A) =  0 
ÒX òx

ÒL
ò l òp ò

(put -I----- (pa2) - r ----------- f* pu2 — Un JL)
àx y  dx òx

ÒE 0 . -77 ,—  +  — E -I- pt7  
d1 òx

D] I +  u[E +  p (7  — 1)]

X
à
—  iln .1  ) =  0 
ÒI

E =  p T
717 —  1 ) ,
-------------  ir

P = pT (56)

These equations were solved by Marsh and Merrvweather [5S] 
in finite difference form usine a Taylor series expansion around 
the grid point under investigation. With a simpie forward time 
difference, At. the equations became

P i ‘ — Al[D(pu)j‘ -f- (pui,‘D(\n A),]

( p u ) j , + ‘il =  (pu ij‘ — At D(pu-)j‘ ------ D(p)j‘D(ln A)j
y

E,t+M = E . ! —  A t\D(uE),‘ +  <7 —  \ ) [p j ‘D ( u ) j ‘ +  H j‘û ( p ) j ‘] 

+  Uj‘ [ E . ‘ +  p j ‘( 7  — I)]D(ln A)>i.

pd = p j'7 ’ .! (57)

( ’sing this technique, where D is the spatial difference operator.
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the shock position and strength in a convergent-divergent nozzle 
were successfully predicted.

Daneshyar and Glynn [59] have developed a more efficient 
time-marching scheme based on the method of characteristics 
which shows comparable accuracy with that of Marsh and Merry- 
weather.

Neither of these schemes resorts to the introduction of artificial 
stabilizing “additives." The truncation errors implicit in the 
first order scheme give an adequate degree of stability.

However the most successful results to date do include such a 
stabilizing device. These are the calculations of Gopalakrishnan 
and Bozzola [60]. The impressive feature of these calculations 
is that flow configurations very similar to that of Fig. 9 have 
been calculated giving very plausible results, all features of the 
passage flow being faithfully represented apart from the shock­
boundary layer interaction.

A strength of the foregoing methods is that no information was 
input concerning shock location or entropy rise. Many flows, 
however, contain only weak shocks which may be treated using 
the isentropic relation, provided a calculation scheme is chosen 
which is stable under supersonic conditions. McDonald [61] 
has shown surprisingly good agreement between isentropic time 
marching theory and experiment for pressure distributions in 
which the maximum local Mach numbers is around 1.43. His 
method is termed a “finite area method." in which the conserva­
tion laws are automatically satisfied between two adjacent ele­
ments, giving the desired accuracy with a coarser mesh than the 
time dependent finite difference solutions.

In the principle the time-marching methods could also be em­
ployed for purely subsonic flows. This is unlikely to be eco­
nomically viable, however, since the equivalent 370-165 times of 
3 min and 10 min are estimated for the McDonald and 
Gopalakrishnan methods, respectively. The corresponding 
streamline curvature method times were of the order of 10 sec 
and it therefore appears likely that time-marching will be re­
served for cases having supersonic flow and shocks.

Even this is not an unchallenged domain for time-marching, 
however, since most streamline curvature methods are stable at 
supersonic speeds. Isentropic flow is assumed and prediction of 
sonic regions terminating in a weak shock can be attempted. 
Fig. 12 gives an example of the accuracy obtained. The pressure 
distributions, computed for the steam turbine blade of reference 
[48] using the programs of references [27] and [2S] give reasonable

p ia n e

agreement with the experimental results except in the peak vel­
ocity region. The characteristics solution assumes coincidence 
of a straight sonic line and the geometric throat.

At present the only reliable way to predict passage flows having 
shock-boundary layer interactions is to use empirical data, as 
plotted in Tig. 13. The graph shows peak pressure rise across the 
shock as a function of upstream Mach number.

The overall trends are established by Chapman’s data [62] 
obtained from a wide variety of Reynolds’ numbers. These 
data, extrapolated back, agree roughly with the trends of the 
Sinnott [63] and Pearcev [64] data and have a higher pressure 
rise at around Mach 1.6 than those quoted in reference [66]. 
The data of Griepentrog [66] tend to be open to wide interpreta­
tion, being derived from a variety of boundary conditions.

Sinnott s results are obtained from tests on isolated airfoils.

F ig . 12 C o m p a r is o n  o f  th e o ry  a n d  e x p e r im e n t fo r  s te a m  tu r b in e  b la d e
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In predicting pressure distributions the subsonic and supersonic 
regimes were treated separately and then linked by an empirical 
shock-pressure rise relation. Sinnott’s results suggest that the 
shock appears at that point on the airfoil at which an equiva­
lent shock-free flow would have its downstream sonic point.

The rule thus derived was used with the theory of Spreiter and 
Alkesne [67] to give good agreement with subsequent experi­
ments for both position and strength of shock. In common with 
some previously described theoretical methods, Sinnott’s ap­
proach is limited to nonpeaky profiles. Sinnott’s work has been 
usefully extended by Tayler [68].

Discussion
Apart from difficulties in blade edge definition the direct 

problem for subsonic potential flow through cascades is solved. 
Unfortunately, this cannot quite be said of the indirect problem.

It  is fundamental to compressible flows that the calculations 
get difficult at the sonic condition; at that point many existing 
subsonic programs fail, with a few notable exceptions. With 
customary malevolence many practical design problems involve 
cascades operating with transonic flows.

Approaching the problem by generalizing the supersonic case 
does appear to have advantages. Such efforts are still young but 
successes have included prediction of shock position and strength 
and progress on the prediction of sonic lines.

Obviously there must exist trade-offs, between input resources 
and accuracy of solution, which affect the choice of computational 
methods. Before moving into the prediction phase it would be 
helpful to establish the relative speed, simplicity, and accuracy 
of the various methods.

There is still, however, a shortage of published data suitable 
for checking out transonic flow computations. Accurate high­
speed data from cascade tests and possibly from analytic‘‘special 
case” solutions are needed for evaluation of the different tech­
niques. It should then be possible to apply each to several care­
fully selected key problems, along the lines of the 1968 Stanford 
Conference on turbulent boundary layers.

Now that numerical methods are being intelligently allied to 
powerful computers there appears to be every prospect that the 
general problems of compressible cascade design and analysis, 
with shocks and sonic lines, will soon be solved. At that stage 
the problems of shock-boundary layer and wake interaction and 
of calculating three-dimensional flows will become pressing, 
especially as a result of requirements for increased stage loading.
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A  Comparison Between Experimental and 

Theoretical Fluctuating Lift on Cascades at 

Low Frequency Parameters

B. SATYANARAYANA R. E. HENDERSON J. p. GOSTELOW

INTRODUCTION

Turbomachines used almost u n iv e rsa l ly  in 
a i r c r a f t  and marine p ropu ls ion ,  and in power 
generat ion , are i n t r i n s i c a l l y  unsteady in opera­
t i o n .  Nevertheless, most designs and previous 
research  have been performed on a steady or 
qu as i-s teady  b a s is .  Of major concern, however, 
i s  the in te r a c t io n  o f  the r o ta t in g  blades with 
s p a t ia l  var ia t io n s  in the in flow  v e l o c i t y .  These 
in te r a c t io n s ,  as do those o f  r o t o r  wakes on 
downstream s t a t o r s ,  generate unsteady fo r c e s  
and moments on the blades which, in turn, lead 
to  rad ia ted  n o ise ,  blade v ib r a t io n ,  and, in 
some cases ,  a degradation in o v e r a l l  performance.

One cause o f  the s p a t ia l  v a r ia t io n s  in 
v e l o c i t y  i s  d i s t o r t i o n  o f  the i n l e t  f lo w ,  which 
may encompass a large c ir c u m fe r e n t ia l  p or t ion  
o f  the flow  f i e l d  and r e s u l t  in  an unsteady 
response o f  very  low -frequency  parameter.
Another i l l u s t r a t i o n  o f  the s i g n i f i c a n c e  o f  such 
d is tu rban ces ,  o c cu rr in g  at low frequency  param­
e te r ,  i s  the case  o f  w hirl f l u t t e r  as descr ibed  
by Reed (_1) . 1

A great deal o f  the t h e o r e t i c a l  e f f o r t

1 Underlined numbers in  parentheses designate 
References at end o f  paper.

■NOMENCLATURE-

G { (D ,s / c ,ê )
K

T
U

wd

c
k

Jr

n
P
s
t

ud

wd
x

l i f t  c o e f f i c i e n t
pressure c o e f f i c i e n t
a x ia l  v e l o c i t y
cascade Theodorsen Function
number o f  sampling cy c le s
l i f t  on blade
period o f  f lu c t u a t io n
periphera l or ta n gen tia l  v e l o c i t y
gust propagation v e l o c i t y
v e l o c i t y  component in mean flow
d ir e c t io n
blade chord
in te g ra l  number
Bessel Function o f  f i r s t  kind, 
order r
wavelength o f  d isturbance 
number o f  b lades in cascade 
s t a t i c  pressure 
blade spacing 
time
disturbance v e l o c i t y  component 
(F ig .  1)
disturbance v e l o c i t y  component 
d isturbance v e l o c i t y  component 
coord inate  in chordwise d ir e c t io n

x+ = coord inate  in chordwise d i r e c ­
t i o n ,  measured from midchord 
(x+ = -  1 at i ' e  and x* = + 1 
at t •e )

y = coord inate  perpendicu lar  to 
chord

v = maximum camber in f r a c t i o n  o f  
chord

or = mean in cidence  angle  in  steadym
flow

ß  = f low  angle r e l a t i v e  to a x ia l  
p. = d isturbance parameter 
>’ = frequency 
i  = stagger angle 
p = den sity
r = in tr a -b la d e  phase angle 
u> = frequency parameter based on 

free -s tream  v e l o c i t y  
«  = frequency parameter based on 

gust propagation  v e l o c i t y

Superscripts
— = time mean value 
A = harmonic amplitude 

= unsteady

1



F ig .  1 Representation  o f  in te r a c t io n  between 
f lo w  and blade

which has been devoted to th is  problem has been 
concerned with the unsteady response o f  i s o la te d  
a i r f o i l s .  The work has invo lved  the an a lys is  
o f  convected gusts which are transported  with 
the mean v e l o c i t y  o f  the f low  and include  both 
transverse  g u s ts ,  Sears (2_), and chordwise gusts ,  
Horlock [3J • Recently ,  Holmes (4) has e x p e r i ­
mentally  in ve s t ig a te d  an i s o la t e d  a i r f o i l  
operated in a s e r ie s  o f  non-convected gusts ,
i . e . ,  propagating at a v e l o c i t y  other  than the 
mean v e l o c i t y ,  at low frequ en c ies  and has shown 
good agreement between experiment and the pre­
d i c t i o n s  o f  Kemp ( ¿ ) .

The a p p l i c a t io n  o f  i s o la t e d  a i r f o i l  th eor ies  
to a turbomachine is  d iscu ssed  by Horlock (_6 ) 
and Naumann and Yeh { J ) . Recent measurements 
o f  the unsteady c i r c u la t i o n  on a r o ta t in g  blade 
row by Henderson ( 8j  in d ic a t e ,  however, that 
the rep re se n ta t io n  o f  the unsteady response o f  
a blade row by an i s o la t e d  a i r f o i l  theory is  
in e rror  and, f o r  low reduced f r e q u e n c ie s ,  by 
a su b s ta n t ia l  amount. While sev era l  t h e o r e t i c a l  
analyses have been developed f o r  unsteady l i f t  
p r e d ic t io n ,  which include  the unsteady cascade 
e f f e c t s  f o r  convected gusts — Whitehead [9,
10) ,  Henderson and Horlock ( l_ l ) , and Henderson 
and Daneshyar (12) — no d i r e c t  measurements o f  
unsteady l i f t  are a v a i la b le  to  determine the 
importance o f  these e f f e c t s .

I t  i s  the purpose o f  th is  paper to  d is cu ss  
a program in  which measurements o f  the unsteady 
pressure d i s t r ib u t i o n s ,  and hence unsteady l i f t ,  
have been conducted on a cascade o f  a i r f o i l s .
These experiments were conducted, in the working 
s e c t i o n  used by Holmes (4-), f o r  sev era l  gust 
reduced frequ enc ies  and space-chord  r a t i o s  to

demonstrate the unsteady cascade e f f e c t s .  The 
reduced frequ encies  examined were low, « < 0 . 1 , 
and non-convected, transverse gusts were i n v e s t i ­
gated. A m o d if ica t io n  o f  the analys is  o f  r e f e r ­
ence ( 12j  i s  presented which permits the p re ­
d i c t i o n  o f  the unsteady l i f t  with non-convected 
gusts and the unsteady cascade e f f e c t s  included . 
Comparison o f  the measured unsteady l i f t  with 
these p re d ic t io n s  provides a measure o f  the 
v a l i d i t y  o f  the t h e o r e t i c a l  an a lys is .

THEORETICAL ANALYSIS

The an a lys is  o f  the unsteady l i f t  in  a 
two-dimensional moving cascade presented in 
re feren ce  ( 12_) considers the f low  in te ra c t in g  
with a moving blade row as shown in F ig .  1.
Shown is  a s in u so id a l  s p a t ia l  v a r ia t io n  in a x ia l  
v e l o c i t y  wd , which is  transported through the 
machine by a c ircum ferential-m ean a x ia l  v e l o c i t y ,  
Cx . This represents a convected gust which 
in te ra c ts  with a moving cascade o f  th in ,  s l i g h t  
cambered a i r f o i l s  to  generate unsteady l i f t  on 
the b lade. As d iscussed  in re feren ce  ( 12_), the 
unsteady l i f t  generated by th is  in te r a c t io n  can 
be considered as two separate problems whose 
so lu t io n s  are a d d it iv e  — the response to the 
chordwise gust,  u^, and the response to the 
transverse gust ,  vd . This i s  equivalent to  the 
independent analyses by Horlock (3)  and Sears 
( 2_) f o r  is o la te d  a i r f o i l s  which were combined 
by Horlock (̂ 6 ) and Naumann and Yeh [ j ) .

As stated  in the in tro d u ct io n ,  th is  paper 
cons iders  on ly  the unsteady response caused by 
a transverse gust .  This im plies  that f o r  a 
turbomachine the blades are f l a t  p la te s ,  and, 
hence, the e f f e c t s  o f  camber and angle o f  in ­
c idence are n eg lec ted .  When viewed r e la t iv e  
to the blades , th is  f low  appears as the s o l id  
l in e s  in  F ig .  2 .  From re fe re n ce  (12J [^quation 
( 21  )J , the unsteady l i f t  on a blade o f  such a 
co n f ig u ra t ion  can be w rit ten  in  terms o f  the 
t o t a l  unsteady transverse v e l o c i t y ,  v0 ( x * ) ,  as
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F ig .  3 Upper su r face  pressure traces  from f i v e  
transducers at .0 = 0 . 0 1

v o ( x l ) d x l

U )

-  iUJ y i  -  x + 2  v o ( x ^ ) d x |

J - l

where G (< u ,s /c , i )  i s  a "Cascade Theodorsen Func­
t i o n "  d e f in ed  in  re fe re n ce  ( ]^ )  and w a reduced 
frequency  de f in ed  as vc/2Wm. The chordwise 
v a r ia b le ,  x^, i s  measured from the midchord as 
a f r a c t i o n  o f  the h a l f  chord len gth .  A s o lu t io n  
f o r  the unsteady l i f t  can be obtained by the 
s p e c i f i c a t i o n  o f  the boundary co n d it ion s  and, 
hence, the term v0 (x*) in  equation ( 1 ) .  This 
i s  c a r r ie d  out in re fe ren ce  ( 12 )̂ f o r  the case o f  
a convected  gu st .  A more general so lution , f o r

-  G (w , s / c , 0
2pW  e

1  +  x .

F ig .  4- Unsteady pressure d is t r ib u t io n s  f o r  
i s o la te d  a i r f o i l

a non-convected transverse gust w i l l  now be 
developed. This so lu t io n  w i l l  employ the same 
assumptions as re fe ren ce  ( 12J : (a) the f low  is
in v i s c id ,  incom pressible ,  and two-dimensional, 
(b) the blades are represented as thin a i r f o i l s  
o f  zero th ickness ,  and ( c )  the magnitude o f  the 
disturbance v e l o c i t y  is  small as compared to  
the mean v e l o c i t y  o f  the b lades .

Unsteady Boundary Condition
To obta in  a so lu t io n  o f  equation ( l )  f o r



Table 1 Flow Parameters

Condition W ft/sec 
in VHz CO « v./W Z  d m w./wa ra

1 25 0.165 .010 .212 9.43 4.89

2 25 0.667 .042 .196 8.25 21.33

3 26 1.333 .080 .225 6.80 34.62

4 26 1.724 .102 .219 5.91 46.58

Note: The above values pertain to the tunnel axis

the unsteady l i f t ,  the t o t a l  transverse  v e l o c i t y ,  
v0 (x + ) ,  must be s p e c i f i e d  along the length  o f  
the b lad es .  This d is t r ib u t i o n  o f  vQ(x+) is  de­
termined by s a t is fy in g  the boundary co n d i t io n  
that the resu lta n t  f low  be tangent t o  the blade 
along i t s  e n t ire  length . Following  the assump­
t i o n  o f  r e fe re n ce  ( 12J in which the blade is  
assumed to be i n f i n i t e l y  th in ,  th is  boundary 
co n d i t io n  i s  s a t i s f i e d  on the blade camber l in e .  
Hence, from equation (32) o f  r e fe re n ce  (12)

2y (W
( 2 )

For the case considered here, both the maximum 
camber, y , and the mean angle o f  in c id ence ,  
am, are zero ,  making v 0 (x*) equal to -v<j, the 
component o f  the gust v e l o c i t y  normal to  the 
a i r f o i l s  o f  the cascade.

The gust v e l o c i t y ,  v^, i s ,  in  general ,  a 
.funct ion  o f  the d is tance  along the a i r f o i l ,  
x+, and time. Assuming i t  to be o f  a harmonic 
form, v ^ x ^ . t )  can be w ritten  as:

V . ( x + , t )  -  v , ( x ; ) c i V t  -  v  e i ^ V t _ ^ 2 W ~  > 
a  1  cl 1  d  m

(3)

The frequency, v,  i s  that o f  the d isturbance i f  
convected ,  r e la t i v e  to the cascade, and p a 
frequency which r e la t e s  the change in the d is tu rb ­
ance as i t  moves over the a i r f o i l .  In a general
case ,  i f |i = n + i/3, then,

1 I f  [3 = 0 ,  the gust 
constant along the

amplitude, v^ 
a i r f o i l

, ’ is

2 I f  P < 0, the gust amplitude, v^ 
cays along the a i r f o i l

, de-

3 I f  a = v, the gust is  convected ;and

moves with v e l o c i t y  Wm 
4- I f  «  /  v, the gust i s  non-convected 

and moves with a v e l o c i t y  d i f f e r e n t  
than Wm.

The case to  be considered here is  a combination 
o f  ( 1 ) and (4-), i . e . ,  a non-convected gust o f  
constant amplitude. Thus,

v d ( x * , t )  = v d e1 ^  "  “ x i )
(4)

where & = p,c/2Wm. Note that i f  /? = 0 and a = 
u, ® = co and th is  is  id e n t i c a l  to  the gust 
considered in re fe re n ce s  [2_) , (25) , and ( 12  ) .

Unsteady L i f t  with a Non-Convected Transverse 
Gust

S u b st i tu t ion  o f  vQ(x ^ , t )  = -  v ^ ( x * , t )  from 
equation (4) in to  equation (1) g ives  the f o l l o w ­
ing expression  f o r  the unsteady l i f t ,

-------- -— — —  -  G (u,s/c,£) [J ( « )  -  i  J.C«)] + i ~  V “ >
TT /v l V t  o  I  W 1  / c  X

ircpW v . e  \ Z> )m a

The term, G(w, s / c , : ) ,  represents the unsteady 
cascade c o n t r ib u t io n .  When s * ,  G (cu ,s /c , f )  b e ­
comes id e n t i c a l l y  equal to Theodorsen's fu n c ­
t i o n ,  C(m), and equation (5) i s  id e n t i c a l  to  
the expression  derived  by Kemp ( ¿ )  f o r  the un­
steady l i f t  on an i s o la t e d  a i r f o i l  in a non- 
convected transverse  gust.  As in re fe re n ce  (1 2 ) ,  
the so lu t io n  presented in equation ( 5 ) p ro ­
duces a complex s o lu t io n  with x-j_ = 0 c o r r e s ­
ponding to the midchord o f  the b lade.

The so lu t io n  o f  equation (5) in vo lv in g  
the computation o f  the cascade fu n c t io n ,  G(co, 
s / c , i ) ,  i s  not s tra ightforw ard  [12_] due to  the
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requ ired  evaluat ion  o f  sev era l  untabulated in ­
d e f i n i t e  in te g r a l s .  Programming o f  these  in ­
t e g r a ls  has been conducted as d iscussed  in 
re fe re n ce  (.13.) and has been used to  make the 
p r e d ic t io n s  presented la t e r .

The cascade Theodorsen's Function , G(o), 
s / c , £ ) ,  developed in  re fe re n ce  ( 12J includes 
a summation o f  the unsteady induced e f f e c t s  o f  
the e n t ir e  cascade o f  a i r f o i l s .  Included in 
th is  form u lat ion  is  an a d d it io n a l  frequency 
parameter which r e la t e s  the v a r ia t io n  o f  un­
steady  c i r c u la t i o n  from b la d e - t o -b la d e  in  the 
cascade.  This frequency parameter, t , i s  termed 
the in tr a -b la d e  phase angle by some authors ( ¿ )  
and, f o r  a cascade o f  n on -v ibra t in g  a i r f o i l s ,  
i s  r e la te d  to  the reduced frequency, u>. For the 
cascade wind tunnel,  t i s  r e la t e d  to the r e ­
duced frequency, a , as t = 2£ 01 s in£ .  [ i n  
genera l ,  th is  is  not the same as the value T in 
a compressor (13.) .__j

EXPERIMENTAL PROGRAM

As d iscu ssed  in the f o r e g o in g ,  a s e r ie s  o f  
experiments were conducted to  measure the un­
steady pressure d i s t r ib u t i o n  on d i f f e r e n t  con­
f ig u r a t io n s  o f  a two-dimensional cascade in 
the presence o f  a transverse  gust (F ig .  2 ) .  The 
number o f  blades in  the cascade was var ied  be ­
tween three and f i v e  to  g ive  two d i f f e r e n t  
space-chord  r a t i o s  f o r  a stagger  angle o f  4-5 
deg. As a l im it in g  co n f ig u ra t io n ,  an i s o la t e d  
a i r f o i l  was a lso  te s te d .  For each c o n f ig u ra t io n ,  
measurements were conducted at fo u r  reduced f r e ­
quency parameters, u>, ranging from 0 . 0 1  to  0 . 1 0 . 
The transverse  gust produced by the wind tunnel 
is  n o n -con v ect iv e ;  i . e . ,  the gust propagation 
v e l o c i t y  i s  d i f f e r e n t  from the free -s tream  
v e l o c i t y .  While the convected frequency  param­
e te r ,  a), based on the f r e e  stream v e l o c i t y  was 
changed, the frequency  parameter, -t>, based on 
the gust propagation  v e l o c i t y ,  was equal to 
approximately 0 .2  f o r  a l l  c o n d i t io n s .  Unsteady 
pressures were measured at ten chordwise l o c a ­
t io n s  on the top  and bottom surface  o f  the i n ­
strumented c e n t ra l  blade o f  the cascade.  From 
these d i s t r ib u t i o n s  o f  unsteady pressure ,  the 
unsteady l i f t  on the instrumented blade was de­
termined .

The experiments were conducted t o  study 
two broad aspects  o f  unsteady f low  in cascades: 
(a) to  obta in  the magnitude o f  the f lu c tu a t in g  
l i f t  and i t s  phase f o r  comparison with th eo ­
r e t i c a l  p r e d ic t io n s  in  order  to  determine i f  
th in  a i r f o i l  theory  f o r  cascades i s  v a l id  in 
unsteady f lo w ,  and (b) t o  obta in  d e ta i le d  un­
steady  pressure d i s t r ib u t i o n s  in  the t r a i l i n g

F ig .  5 Unsteady pressure d is t r ib u t io n s  f o r  
c l o s e l y  spaced cascade

edge reg ion  to  study the unsteady t r a i l in g  
edge co n d i t io n .  This paper is  concerned only  
with the f i r s t  a sp ec t .  As pointed out in  r e f e r ­
ence ( 1^_), the f low  does not simulate the f low  
in a compressor as the gust does not move at 
the f l u i d  v e l o c i t y  r e la t iv e  to the a i r f o i l  as i t  
does in the compressor.

The Wind Tunnel
The experiments were conducted in the gust 

tunnel d escr ibed  in  re feren ce  (^) . The perturba­
t i o n  i s  generated in a s p e c ia l ly  b u i l t  9 - f t  length 
te s t  s e c t io n  whose upper and lower surfaces 
are f l e x i b l e  metal sh ee ts .  This tunnel can be 
sch em atica lly  viewed by cons ider ing  F ig .  2 to 
represent a s id e  view o f  the tunnel t e s t  s e c ­
t i o n .  As such, the top and bottom surfaces 
o f  the t e s t  s e c t i o n  take the form o f  a s ine  wave 
represented by the heavy, s o l i d  lon g itu d in a l  
l in e s  shown at the ends o f  the cascade in F ig .
2. A ir f low  is  then maintained between these top

5
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o f  0 . 01+2 .

and bottom w a l l s .  These su r faces  are main­
ta ined  in  the form o f  s ine  wave by a system o f  
cams on the metal sheets which, by appropria te  
r o t a t i o n ,  causes the s ine  wave to  move in the 
d i r e c t i o n  o f  the a i r f l o w .  I f  the upper and 
lower su r faces  are in  phase, a transverse  gust 
i s  produced, and i f  the phase d i f f e r e n c e  is  
180 deg, a streamwise gust i s  produced. The 
tunnel has a width o f  l 8 - i n .  and in  the tra n s ­
verse  gust c o n f ig u ra t io n  o f  the su b je c t  t e s t s ,  
a height o f  2 7  in .

The maximum v e l o c i t y  o f  the mean a i r f lo w  
is  o f  the order  o f  100 f p s ,  and the frequency  o f  
the w all  can be var ied  up to  7 . 5  Hz. For these 
t e s t s ,  the d isturbance  f low s were obtained at 
a f r ee -s tream  v e l o c i t y  o f  26  fp s  and fo u r  wall 
f r e qu en c ies  ranging from O. 1 6 5  to  1 . 7  Hz. These 
parameters and the r e s u l t in g  d isturbance  char­
a c t e r i s t i c s  are g iven  in  Table 1.

The Blade Con figurations
The ba s ic  a i r f o i l  employed in  these  ex­

periments is  an uncambered N.G.T.E. 10C4 s e c ­
t i o n  o f  6 - i n .  chord, 1 8 - i n .  span, and a maximum 
th ick ness  o f  0 .6  in .  A stagger  angle o f  45 deg 
was employed f o r  a l l  cascade con f ig u ra t io n s  
t e s te d .  Two values o f  space-chord  r a t i o ,  O. 7 0 7  
and 1.1+14, were in v e s t ig a te d  using f i v e  and 
three  b lad es ,  r e s p e c t i v e ly ,  in cascade togeth er  
with a s in g le  blade which gave the i im it in g  
case o f  an i s o la t e d  a i r f o i l .

The blades were f i r m ly  mounted between 
two p a r a l l e l  s id e  w a lls  in the c e n tra l  p o s i t io n  
o f  the t e s t  s e c t i o n .  The c e n t ra l  blade was i n ­
strumented with f lu s h  pressure tappings at 
various  chordwise l o c a t io n s .  The same tran s ­
ducer was used to  measure the pressures on both 
the upper and lower blade su r faces  at each

at frequency parameter

lo c a t io n  o f  the cen tra l  blade by appropriate 
r o t a t i o n  o f  the transducer in  the tube connecting 
the pressure tapping to  the ou ts ide  o f  the te s t  
s e c t i o n .  Those tapping holes not in use were 
covered by adhesive tape.- During the t r i a l  
runs, f lu c t u a t in g  pressures were measured a t  15 
chordwise l o c a t io n s ,  but th is  number was reduced 
to  10 f o r  the m a jor ity  o f  the experiments. As 
in d ica ted  in F ig .  4, these were located  at 0 .0 2 ,
O.O7 5 , 0 . 1 6 , 0 .3 1 ,  0 .5 4 ,  0 . 7 0 , O.8 5 , 0 .9 0 ,  0 .9 4 ,  
and O.98 o f  the a i r f o i l  chord.

I N S T R U M E N T A T I O N
The "G aeltec"  transducers employed are 

s p e c ia l l y  fa b r ica te d  f o r  the measurement o f  un­
steady pressures over a i r f o i l s .  These tra n s ­
ducers c o n s is t  o f  a stra in -gaged  rectangular  
diaphragm which i s  located  in s id e  a long s t e e l  
tube o f  3 mm d i a . A 0 .0 4 3 - i n . - d ia  hole d r i l l e d  
in  the tube on one s id e  o f  the diaphragm is  
a l ign ed  with the s t a t i c  hole on the surface  o f  
the a i r f o i l .  The opp os ite  s ide  o f  the diaphragm 
is  open to the re feren ce  pressure ,  which is  
atmospheric in  the present case .  A s ign a l l e v e l  
o f  0 . 5  m v / l - in .  o f  water i s  produced using a 
+ 2 v supply.

The s ign a ls  are c a r r ie d ,  v ia  su itab ly  
screened cables  on l in e  to  the PDR-12 computer. 
The maximum input v o lta ge  f o r  the a n a lo g -d ig i t a l  
converter  o f  the computer i s  + 1 v and the 
le a s t  count i s  2 mv. A m p li f i ca t io n  i s ,  th e r e ­
f o r e ,  used a t  the transducer end to  obtain  the 
appropria te  s ign a l  o f  about + 1 v f o r  a pressure 
d i f f e r e n c e  o f  + 1 in .  o f  water which represents 
the maximum peak-to-peak  pressure observed in 
the experiments.

As i t  i s  intended to  measure only the 
f lu c tu a t in g  p ressures ,  the d -c  le v e ls  are r e -
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F ig .  7 L i f t  f lu c tu a t io n  at frequency parameter 
o f  0 . 1 0 2

moved by low frequency  c u t o f f  f i l t e r  with a f r e ­
quency o f  0.003 Hz. The lag  Introduced is  only  
about 0 .6  deg a t  0 .2  Hz.

The output o f  the transducers was recorded 
over a number o f  gust c y c le s  at  each s t a t i c  
pressure tap l o c a t i o n ,  as d escr ibed  la t e r ,  to  
obta in  an averaged output.

The transducers were c a l ib ra te d  using the 
PDP-12 computer with a known pressure ap plied  to  
a l l  tran sd ucers ,  the output s ign a ls  being fed 
to the computer and sampled using the A-D con­
v e r t e r .  The c a l i b r a t i o n  constant ( d i g i t a l  
value per unit  pressure)  was obtained f o r  each 
transducer and found to  be qu ite  repeatab le .  
Transducer c a l i b r a t i o n  had in d ica ted  a f l a t  
response to  3 kHz, and s ig n a l  c o n d it io n in g  was 
chosen to  g iv e  a f a s t  c u t o f f  a t  2kHz.

DATA ACQUISITION

In order  t o  ob ta in  the phase s h i f t  o f  the 
pressures and l i f t  r e l a t i v e  to  the undisturbed 
gust ,  a tim ing  re fe re n ce  i s  necessary .  An 
e lec trom agn et ic  sensor was in corporated  into  the 
d r iv e  mechanism f o r  the o s c i l l a t i n g  walls to 
produce a sharp e l e c t r i c a l  s ign a l independent 
o f  the f lo w  co n d i t io n s  when the o s c i l l a t i n g  w all 
was at a p a r t i c u la r  p o s i t i o n .  Once the phase 
o f  the undisturbed gu s t ,  and the phase o f  the 
pressure on the a i r f o i l  are obtained with r e ­
sp ect  to  the timing r e fe r e n c e ,  the phase r e l a ­
t i v e  to the gust can be evaluated . This phase 
in d ic a t o r  i s  a l s o  used to  i n i t i a t e  the data a c ­
q u i s i t i o n  a t  a p a r t i c u la r  phase o f  the gust 
c y c l e .

The transverse  gust v e l o c i t y  in  the wind 
tunnel i s  determined by the frequency  o f  o s c i l ­
l a t i o n  o f  the w alls  and the mean v e l o c i t y  
through the t e s t  s e c t i o n .  The r e s u l t in g  gust i s

a non-convecting type whose propagation v e l o c i t y  
i s  le ss  than the mean f low  v e l o c i t y .  The fou r  
gusts in vest iga ted  and the tunnel cond it ions  
required f o r  th e i r  generation  are given in 
Table 1.

Before conducting the experiments with 
the cascade, the undisturbed gust was in v e s t i ­
gated using a hot-w ire  probe. These measure­
ments were c a rr ie d  out in  the te s t  se c t io n  on 
i t s  ce n te r l in e  and at 3 and 6 in .  above and 
below the c e n t e r l in e .  These data indicated  
that the gust i s  qu ite  s in u so id a l .

The cascade o f  a i r f o i l s  was then in s t a l l e d  
and the instrumentation set to measure the un­
steady surface  pressures using the o n - l in e  com­
puter system. Data a c q u is i t i o n  was always i n ­
i t i a t e d  at the re feren ce  p o s i t io n  o f  the w all 
as ind icated  by the phase in d ic a to r .  S tartin g  
from the re feren ce  p o s i t io n ,  512  points were 
sampled in one computer c y c le  and displayed on 
the computer's C.R.T. d isp la y .  Data were sampled 
at every 2 . 2 5  deg o f  phase f o r  a l l  o f  the ex­
periments. Just over three complete gust cy c le s  
were, th e r e fo re ,  recorded during each computer 
a c q u is i t i o n  c y c le .

These raw data were very noisy  and the 
n o i s e - t o - s ig n a l  r a t i o  increased from leading 
edge to t r a i l i n g  edge. I t  is  be l ieved  that the 
noise  is  random and is  due to turbulence in 
the f low ,  v ib ra t io n s  o f  the model and tran s ­
ducers, e l e c t r i c a l  n o ise  in  the transducers and 
asso c ia te d  equipment, and due to  general ex ­
tern a l  noise .

The raw vo lta ge  tra ce  corresponding to  the 
pressure v a r ia t io n ,  p"(t), c o n s is ts  o f  three 
components: -

1 A "s te a d y -s ta te "  average, ps
2 A f lu c tu a t in g  component, P p ( t ) ,  having
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F ig .  8 Amplitude v a r ia t io n  with  frequency 
parameter

a mean l e v e l  o f  zero  and a p er iod ,  T 
3 A random n o is e ,  pr ( t ) ,  descr ibed  in 

the f o r e g o in g .

p ( t )  -  p s  +  p p ( t )  +  P r ( t )

p  ( c )  =  p ( t  +  k T )  f o r  a n y  i n t e g e r  k  
P

I f  the data are sampled over a number 
o f  gust c y c le s  and always at a g iven  in te r v a l  
o f  time a f t e r  the phase re fe re n ce  s ig n a l ,  the 
d i g i t a l  values can be summed t o  g ive  a "Phase- 
Lock" or Ensemble Average.

K
p ( t )  = lim  i  Z p ( t+kT)

K -  oo K k=l

1 K
-  Ps + Um -  Z {p (t+kt) + p (c+kT)}

K -*■ k= l P r

By d e f i n i t i o n ,  pp ( t )  = pr ( t )  = 0, and, with the 
s ig n a l  c o n d i t io n in g  used, ps i s  a l s o  zero .

5 ( 0  =■ Pp ( t )

In p r a c t i c e ,  the summation must take p lace  
over a s u f f i c i e n t  number, K, o f  c y c l e s .  In 
th is  ca se ,  100 such "computer c y c le s "  were gen­
e r a l l y  used.

Data Reduction  and Analysis
As d escr ibed  in  the fo r e g o in g  the p re s ­

sure data from three con secu t iv e  gust c y c le s  
were acqu ired  from each l o c a t io n  on the upper 
and lower su r faces  o f  the instrumented blade.
The datum o f  the pressure trace  i s  obtained by

CJ
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F ig .  9 Phase v a r ia t io n  with frequency parameter

evaluating  the average o f  a l l  the data poin ts  
( l6 o )  in  each gust c y c l e .  The su ct ion  and p r e s ­
sure values are obtained with resp ect  to th is  
datum.

An unsteady pressure c o e f f i c i e n t  i s  de­
f in e d  as

u n s t e a d y  p r e s s u r e

The instantaneous pressure i s  evaluated 
by d iv id in g  the computer d i g i t a l  value ,  c o r ­
responding to  the pressure s ig n a l ,  by the 
transducer constan t.  Instantaneous values o f  
Cp are then der ived  f o r  every 2 . 2 5 -deg phase, 
s ta r t in g  at the timing r e fe r e n c e .  The amplitude 
o f  the transverse  gust v e l o c i t y ,  v^, is  obtained 
from the c a l ib r a t i o n  curves corresponding  t o  each 
o f  the fou r  f lo w  con d it io n s  in v e s t ig a te d .

The chordwise d i s t r ib u t i o n  o f  Cp can now be 
determined at g iven  instant o f  time or at any 
phase. A new phase re fe re n ce  i s  defined  f o r  
these  pressure d i s t r ib u t i o n s  which corresponds 
to the occurrence o f  maximum su ct ion  at the 
leading edge o f  the b lade .  At th is  in stan t ,  
the phase angle i s  se t  equal to  zero ,  and b e ­
comes the new re fe re n ce  time f o r  a l l  the l o c a ­
t ion s  along the chord with re sp e c t  to  the w all 
phase in d ic a t o r .  The new re fe re n ce  time i s  d i f ­
fe r e n t  f o r  d i f f e r e n t  gust c o n d i t io n s ,  but p ro ­
v ides  a c o n s is te n t  re fe re n ce  f o r  a l l  pressure 
t r a c e s .  These traces  are then in tercep ted  at 
every 2 2 . 5 -deg phase with resp ect  to the new 
re fe re n ce  time and 1 6  instantaneous d is t r ib u t io n s  
o f  pressure c o e f f i c i e n t  are determined f o r  each 
gust c y c l e .

The unsteady l i f t  at any in stan t o f  time 
is  obtained by in te g ra t in g  the pressure d i f ­
f e r e n t ia l  a long  the chord; from the d e f in i t i o n
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o f  Cp ,

L i f t  = cp W v ,  m d

r 1

C
pupper

) d (f ) .

The s e c t i o n a l  l i f t  c o e f f i c i e n t  i s  defined  as 

c = L if t
L TrpcW v ,  m d

S u b st itu t in g  f o r  the l i f t

(c
upper Klow er

) d ( f ) .

The l i f t  c o e f f i c i e n t  i s  obtained at every  22 .5 
deg with respect  to  the new re fe re n ce  p o s i ­
t i o n .

The l i f t  d i s t r ib u t i o n  i s  p lo t te d  against 
phase ang le ,  and the phase o f  the maximum am­
p l i tu d e  i s  obtained with resp e c t  to  the common 
phase in d ic a t o r .  From the gust c a l ib r a t i o n  
curves ,  the phase o f  the gust at  the mid-chord 
lo c a t io n  i s  obtained , again w ith  resp ect  to 
the phase in d ic a t o r .  Then the lag  o f  the l i f t  
with r e sp e c t  to  the undisturbed gust at the 
midchord can be as certa in ed  f o r  various c o n d i ­
t i o n s .  The complete data red u ct ion ,  including  
in te g ra t io n  to  obta in  the l i f t ,  i s  ca rr ied  out 
by the PDR-12 computer using the experimental 
data s tored  in  d i g i t a l  form on magnetic tape.

EXPERIMENTAL RESULTS

Pressure Traces
Typical time-varying pressure traces for 

a cascade and single airfoil are presented in 
Fig. 3, at various chordwise locations. They 
are the digitized values from the computer, and, 
being photographed from a C.R.T. display, are 
not to scale. Flattening of the curves can 
be observed for the single airfoil on the in­
stantaneous suction surface and is assumed to 
be due to separation over part of a cycle.
While s im ilar  e f f e c t s  are not observed f o r  
cascade a i r f o i l s ,  there  are marked d i f fe r e n c e s  
between the su ct ion  and pressure portions  o f  
the c y c l e .  The d i f f e r e n c e  increases  p ro g re ss iv e ly  
from leading  edge to  t r a i l i n g  edge. I t  was ob­
served that the pressure traces  varied  f o r  d i f ­
fe r e n t  c o n f ig u ra t io n s  o f  the cascade. These
C.R.T. d isp la ys  are shown on ly  to  demonstrate 
the time-dependent behavior o f  the surface  p re s ­
sure on the a i r f o i l s .  M u lt ip l i c a t io n  o f  these 
s ign a ls  by the appropr ia te  transducer c a l i b r a ­

t i o n  constant and e l e c t r i c a l  gain  w i l l  g iv e  the 
instantaneous pressure d i s t r ib u t i o n  d iscu ssed  
in the fo l lo w in g .

Unsteady Cp D is t r ib u t io n
The instantaneous Cp d i s t r ib u t i o n  along 

the chord o f  the c e n t ra l  b lade i s  then p lo t te d  
on the upper and lower su r face  at every 4-5"deg 
phase with resp e c t  to  the occurrence  o f  maximum 
su ct ion  a t  the lead in g  edge, f o r  each o f  the 
four  frequency  parameters. The r e s u l t s  f o r  the 
i s o la t e d  a i r f o i l  are presented in F ig .  ^ f o r  two 
o f  the frequency  parameters. S im ila r ly ,  the Cp 
d is t r ib u t io n s  f o r  the most c l o s e l y  spaced cascade 
co n f ig u ra t io n  are presented in  F ig .  5 . The
C d i s t r ib u t i o n  is- smooth in  a l l  the cases ,  and 

P
the co n t r ib u t io n  to  unsteady l i f t  comes mainly 
from the leading  edge r e g io n .  In the case o f  
cascades,  the l a t t e r  h a lf  o f  the chord con tr ib u tes  
a very small amount t o  the t o t a l  l i f t .  The 
separation  and the nonuniform ities  which can 
be observed from the pressure traces  are not 
evident in  the chordwise Cp d i s t r ib u t i o n s .

R esults  were a l s o  obtained f o r  the chord-  
wise phase change o f  the p ressu res ,  and these 
were compared with the trends o f  the undisturbed 
gust .  The trend i s  s im ilar  f o r  both  the upper 
and lower su r faces  o f  the s in g le  a i r f o i l ,  but 
com pletely  d i f f e r e n t  f o r  the cascade models, 
p a r t i c u la r ly  f o r  the c l o s e l y  spaced cascades,  
where an abrupt change o f  phase on the upper 
sur face  was observed . The trend , even over 
the i n i t i a l  p o r t io n  o f  the chord, i s  f a r  d i f f e r ­
ent from the undisturbed g u s t .  However, the 
phase d i s t r ib u t i o n  on the lower su r face  is  not 
too  d i f f e r e n t  from the gust except in  the t r a i l ­
ing edge r e g io n .  These r e s u l t s  are s t i l l  being 
in v e s t ig a te d  and v e r i f i e d  f o r  p u b l i ca t io n  at a 
la te r  date .

UNSTEADY LIFT DISTRIBUTION

The v a r ia t io n s  o f  unsteady l i f t  c o e f f i ­
c ie n t  over a gust c y c le  are presented in F ig s .
6 and 7 f o r  the various co n f ig u ra t io n s  te s te d .  
While on ly  r e s u l t s  f o r  two o f  the frequency  
parameters in v e s t ig a te d  are p lo t t e d ,  the l i f t  
d is t r ib u t io n s  are smooth and n ear ly  s in u so id a l  
in a l l  ca se s .  These d i s t r ib u t i o n s  revea l  a 
maximum amplitude f o r  a cascade o f  a i r f o i l s  
which i s  lower than f o r  an i s o la t e d  a i r f o i l ,  at 
any frequency, w ith  a rap id  decrease  f o r  the 
lower space-chord  r a t i o s .

The amplitude o f  the unsteady l i f t  c o e f ­
f i c i e n t  are p lo t t e d  as a fu n c t io n  o f  frequency  
parameter and sp ace-chord  r a t i o  in  F ig .  8 .
I n i t i a l  r e s u l t s  in d ica te d  c e r t a in  anomalies, p re -
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dominant among these being a tendency for the 
lift coefficient to increase with increasing 
frequency parameter which is contrary to the 
theoretical predictions. The discrepancy was 
conclusively identified as a Reynolds number 
effect on the unsteady boundary-layer behavior, 
an effect which is ignored in the inviscid 
theory. It has subsequently proved possible 
to repeat all tests at a constant airfoil Reynolds 
number of 0.83 x 1C)5, and it is these results 
which are plotted.

The corresponding phase results are pre­
sented in Fig. 9- These were derived directly 
from the fluctuating lift distributions including 
those of Figs. 6 and 7 . Interprétations of 
experimental results for phase involve some 
ambiguities, and the results Cannot be relied 
upon to better than +5 deg.

DISCUSSION

At any point on the surface of an isolated 
or cascade of airfoils which interact with a 
sinusoidally varying transverse velocity, the 
variation of unsteady pressure with time is 
sinusoidal in the leading edge region and, in all 
cases, departs completely from this as the 
trailing edge is approached. In these experi­
ments, separation always occurred on the in­
stantaneous suction surface. Nevertheless, the 
distributions of pressure along the chord appear 
to be smooth at any instant of time. The 
measured lift variation follows the gust ve­
locity, but with a phase lag.

Inspection of the results obtained to 
date indicates that the instantaneous static 
pressure difference tends to zero at the trail­
ing edge for all cases tested. Thus, at low 
frequency parameters, the condition of zero 
trailing edge loading is approximately satisfied 
at all times throughout the cycle. The actual 
level of trailing edge pressure, however, ap­
pears to fluctuate throughout the cycle.

Concern has been expressed that the tunnel 
configuration itself might impose pressure fluc­
tuations on the blading which are not represent­
ative of any real situation. An analysis has 
been carried out which indicates that this is 
not the case and that the instrumented blade is 
not influenced by any such spurious fluctua­
tions ( ljj) .

The theoretical values of the magnitude 
and phase angle of the unsteady lift coefficient, 
CL, presented in Figs. 8 and 9 were predicted 
using equation (5). These predictions assume 
the non-convected reduced frequency, », is 
equal to a constant value of 0 .2 2 0 for all con­

ditions considered. This includes the case at 
i = 0 for which the cascade Theodorsen function 
is real and nearly equal to the Weinig lattice 
coefficient which expresses the steady cascade 
interference effects (_12_) . Thus, equation (5) 
predicts the phase angle lag shown in Fig. 9 
at »* = 0 .

The trends of the experimental results 
for the amplitude of the lift coefficient com­
pare reasonably well with the theoretical 
results, while the actual magnitude shows an 
encouraging measure of agreement as shown in 
Fig. 8 . Because of the Reynolds number de­
pendent boundary layer and separation effects, 
the agreement may be considered fortuitous.
Of significance is the fact that, while reduced 
frequencies investigated are low («£ 0 .1 ), 
there is a difference in both the magnitude and 
phase of the unsteady lift at these frequencies, 
and that at the quasi-steady condition (to=0 ).
For a compressor rotor where the intra-blade 
phase angle, r , is a direct function of » rather 
than or, the magnitude of the unsteady lift 
predicted by reference (12J varies by a factor 
of two between cu=0 anduj=0.1 < 13.). Thus, the 
use of a quasi-steady analysis at these low 
frequencies can lead to significant errors.

To obtain a qualitative understanding of 
the separation phenomena, flow visualization 
studies have been carried out using tufts and 
smoke. For certain flow conditions at a 
Reynolds number of 1 . 6 5  x 1 0 5 , a severe leading 
edge separation was observed during a part of 
the gust cycle. Such behavior was not observed 
at the Reynolds number of 0.83 x lo5 of the 
present tests. However, separations in the 
trailing edge region can be clearly observed 
during part of the gust cycle even on the 
isolated airfoil. It is evident that further 
studies of unsteady airfoil boundary layers 
are required.

The agreement between theoretical predic­
tions and experimental results for phase is 
not as good as the agreement in magnitude. How­
ever, although discrepancies of up to 15 deg 
are present, certain tentative conclusions may 
be reached. Although the trend is not accurately 
predicted, the agreement of the mean phase angle 
is quite close. It should be noted that there 
is a phase lag between the undisturbed gust and 
the gust in the presence of the cascade. This 
lag tends to a definite value as the frequency 
parameter tends to zero. It was also observed 
that the phase of the pressure along the chord 
changed abruptly on the upper surface of the 
cascade, a phenomenon which is still under

1 0



investigation. This behavior would seem to be 
associated with the separation phenomena pre­
viously noted.

It is clear that the contribution of the 
neighboring blades in the cascade, i.e., the 
effects of space/chord ratio on the unsteady 
response, is significant. This effect is dem­
onstrated by both the predicted and experimental 
results. The representation of the unsteady 
response of a turbomachine blade row as an 
isolated airfoil is, therefore, not valid.

The observations and results obtained in 
this study suggest at least three areas of 
further research on the unsteady response of a 
turbomachine blade row.

Firstly, the effect of blade stagger 
angle and of steady loading on the unsteady 
response should be investigated.

Secondly, the theoretical analysis of the 
unsteady lift could be useful as a design aid 
if the function, G(u),s/c,|), could be computed 
over a large range of its variables.

Finally, the unsteady flow field is highly 
complicated, especially in the boundary-layer 
regions. Further detailed flow solutions and 
experimental studies are required before the 
complete flow mechanisms which generate an un­
steady response are understood.

CONCLUSIONS

For the blading considered in this study, 
measurements at low frequency parameters indicate 
that the pressure difference across the trail­
ing edge remains zero throughout the cycle, but 
that the pressure level itself may fluctuate.

For the Reynolds number considered, agree­
ment between measured and predicted results for 
lift amplitude is good. Accurate phase measure­
ment is difficult, and, possibly for this 
reason, the trend of phase as a function of 
frequency parameter is not well predicted, al­
though the actual levels of lag are comparable.

As the frequency parameter tends to zero, 
the lift amplitude tends to a definite value, 
below unity for cascades, and the phase tends 
to a definite non-zero value.

It is clear that the contribution of 
neighboring cascade blades in an unsteady flow 
environment is significant. The representation 
of the unsteady response of a turbomachine by 
isolated airfoil unsteadiness is, therefore, 
not valid.

The effects of Reynolds number and boundary- 
layer behavior on unsteady response, particularly 
on phase, are both significant and complex.
Further detailed investigation is needed before

the flow mechanisms are understood.
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Trailing Edge Flows Over Turbomachine 
Blades and the Kutta-Joukowsky Condition

J. P. GOSTELOW

INTRODUCTION

The capability to predict the lift and drag 
of an airfoil is fundamental to the aerodynami- 
cist. The solutions evolved in pursuit of this 
objective form the basis of the edifice of classi­
cal aerodynamics. Implicit in the prediction of 
lift is a knowledge of the surface pressure dis­
tribution and, thence,.the boundary layer thick­
ness at the trailing edge.

Early progress for two-dimensional incom­
pressible flows was made using potential theory. 
The lift was determined by applying to the trail- 
ing-edge flow the Kutta-Joukowsky condition (_l,

Unfortunately, over the years many and 
varied interpretations have been placed on this 
condition. The problem is non-trivial since the 
different interpretations can lead to widespread 
discrepancies in prediction of lift.

The difficulties are increased when blade 
cascades, as used in turbomachinery applications, 
are considered. These may well have rounded 
trailing edges, operate under periodically-un-

Underlined numbers in parentheses desig­
nate References at end of paper.

steady flow conditions and give rise to signifi­
cant trailing-edge loading. In practice, the 
sort of discrepancies which we shall be discussing 
can, for example, lead to shortfalls of many tens 
of megawatts of generating capacity when they oc­
cur in the design of turbine nozzle blading for 
generating plant.

Although any conclusions reached in this 
paper might, therefore, be of more general inter­
est, the problems of turbomachinery aerodynamics 
have given rise to the investigation and are 
principally considered.

Initially, however, we shall return to a 
statement of the problem; the many and varied 
interpretations of the Kutta-Joukowsky condition.

THE KUTTA-JOUKOWSKY CONDITION

Many modern authors have sought to define 
the Kutta-Joukowsky condition. A few of these 
will be quoted to show the disparity between 
these, even whilst restricting the investigation 
to steady flow around a sharp trailing edge.

The most usual approach is to point out
-NOMENCLATURE-

A = arbitrary coefficient a = angle of attack
CD = drag coefficient P = angular location of trailing edge
K = arbitrary indicial constant y = vorticity

= fc/2U = frequency parameter 8 = boundary layer absolute thickness
U = free stream velocity e = wedge angle
a = longitudinal spacing between vor- £ = coordinates in circle plane

tices e = angular location in circle plane
b = lateral spacing between vortices p = density
c = chord length a; = <f> + i: = complex velocity
= pressure coefficient

f = frequency Subscripts
n = normal to streamline g = gust component
p = static pressure P = from pressure surface
q = amplitude of velocity ' s = from suction surface
r = radius of circle T = at trailing edge
t = time V = at convection velocity

X + iy = physical plane coordinates o.l = bound and free components, respec-
r = circulation tively
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that unless some condition determines the loca­
tion of the rear stagnation streamline, then an 
infinite number of flows can exist around an air­
foil at a given angle of attack. Robinson and 
Laurmann , Tsien (4-), and von Mises (¿) then 
state that for an airfoil with a sharp trailing 
edge the velocity at that trailing edge must be 
finite.

However, confusion now enters; Woods (6_)
cites "Joukowski's hypothesis........ postulating
that the rear stagnation point always be at a 
fixed point on C regardless of the value of a . "
Is this identical to the condition of Newman and 
Wu ( 2 ) , "a weak Kutta condition is imposed, by 
requiring that the velocity potential be continu­
ous at the trailing edge?"

Unfortunately, such sophistication cannot 
be maintained; Giesing [8 ) explains, "a simple 
statement of the Kutta condition for steady flow 
is that the velocities on the upper and lower 
surfaces at the trailing edge must be equal in 
magnitude but opposite in tangential direction."

Whitehead (_2) states that in applying the 
steady Kutta-Joukowsky condition, one can choose 
between either the velocity difference or the 
pressure difference tending to zero.

Thwaites (10_) also quotes the zero pressure 
difference criterion but, in a detailed and help­
ful survey of the field, also introduces the al­
ternative definitions. In addition, Thwaites has 
an original statement of the condition, "the rear 
dividing streamline leaves the airfoil at the 
trailing edge," and an "extended Kutta-Joukowsky 
condition" variously stated as, "the tangent to 
the rear dividing streamline passes through the 
interior of the airfoil," and "the dividing stream­
line turns through an angle approximately equal to 
the incidence."

Perhaps as a result of these excursions, 
Thwaites returns eventually to "the Kutta-Jou­
kowsky condition, that Ap is zero at the trailing 
edge" whilst predicting that future developments 
will not be too concerned with "the Kutta-Jou­
kowsky hypothesis or its various interpretations."

These subtle differences in interpretation 
have been culled from the work of only a few con­
temporary authors and have simply concerned steady 
flows past a sharp trailing edge. Obviously, in­
terpretations of any determining condition for 
more complex configurations will be even more 
varied.

A simple example will s e r v e to demonstrate 
that the different versions are not necessarily 
compatible, and that a re-appraisal of the situa­
tion is necessary.

Consider the potential flow around a lifting 
airfoil having a cusped trailing edge. Allow the

gradient of the camber line to be locally infinite 
at the trailing edge. This was a feature of many 
early NACA profiles. Assume that the downstream 
dividing streamline leaves the airfoil at the 
trailing edge such that the velocity at the trail­
ing edge is finite. This flow pattern does not 
satisfy the requirement that the static pressure 
difference in the trailing edge plane across a 
hypothetical wake should be zero. In fact, for 
the rear stagnation streamline to leave the pro­
file with a gradient of minus infinity, such that 
its tangent passes through the interior of the 
profile, and then return through a right angle, 
a significant normal pressure gradient will have 
arisen from the resulting streamline curvature. 
This pressure gradient will be most marked at 
the trailing edge location and will tend to zero 
as the streamline loses its curvature downstream.

Definition
It is at this point that we may benefit 

from an investigation of what Kutta and Joukowsky 
themselves postulated.

Kutta and Joukowsky were both concerned 
with the calculation of the lift on an infinite 
cambered airfoil.

Kutta introduces the condition as an a 
priori assumption; "The assumption that there is 
no vorticity in the flow mass that at the trail­
ing edge, the direction of the flow is tangent 
to the arcs forming the body." This is all that 
Kutta has to say about the condition, other than 
pointing out that it cannot be expected to hold 
if the camber exceeds 18 0 deg.

Fortunately, Joukowsky's elucidation is more 
rigorous. He introduces the condition as a step 
in the important conformal transfomation analysis 
which also produced the Joukowsky family of air­
foils .

"The critical point, N, of the original 
flow becomes, in the new flow, the critical point, 
F. As for the point, C, it remains C in the new 
flow, although it will no longer be critical. At 
this point, the fluid has a finite velocity, and 
both sides of the streamed contour are tangent to 
each other. This comes from the expression:

being finite, in this case, as in the previous 
case. Its numerator and denominator have a common 
multiplier (z-zi) (zj is a complex number corre­
sponding to the point C) and can be reduced by 
it."

The common factor in the foregoing appears 
to be that both Kutta and Joukowsky were consid­
ering two-dimensional airfoils having a cusped
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trailing edge in steady, incompressible potential 
flow. Clearly any extension beyond these limi­
tations is outside the field originally considered 
by Kutta and Joukowsky. The term "Kutta-Joukowsky 
condition" should, therefore, not be used indis­
criminately to denote some kind of trailing edge 
condition. The designation should be reserved 
exclusively for incompressible potential flow 
past a two-dimensional airfoil having a cusped 
trailing edge. Any application calling for 
greater generality might refer to a "trailing 
edge condition."

Under the foregoing circumstances, Kutta 
and Joukowsky seem to have been simply concerned 
with the avoidance of an infinite velocity in the

Thwaites has given a clear and helpful summary 
of this (3JL) , and Spence (12) and others have made 
further progress.

Quite apart from viscous effects, manufac­
turing considerations indicate that a true cusp 
cannot be produced, and that in practice any air­
foil will have finite curvature at the trailing 
edge. The Kutta-Joukowsky condition should, 
strictly speaking, not be applied to the manu­
factured profile of such an airfoil.

For most isolated airfoil applications, the 
chord is sufficiently large that the effect of 
manufacturing tolerances in the trailing edge 
region will not be noticeable. This is not the 
case for compressor and turbine blades or for

flow around a sharp point, treating the singularity projectiles and many other bodies.
by postulating that the rear stagnation point 
should be at the point of the cusp. In this way, 
they both recognized that the rear stagnation 
streamline would be tangential to the airfoil 
at the trailing edge.

It may well be presumptious and redundant 
to pull these thoughts together into a concise 
statement of the Kutta-Joukowsky condition. How­
ever, such a definition could conceivably serve 
the interests of clarity and an attempt is, 
therefore, made in the following paragraph.

"The Kutta-Joukowsky condition pertains to 
the steady, incompressible potential flow around 
a two-dimensional airfoil having a cusped trail­
ing edge. In such a case, the circulation is 
determined, for all angles of attack, by placing 
the rear stagnation point at the cusp. The 
singularity is, therefore, removed, and a finite 
velocity is preserved at the trailing edge. The 
rear stagnation streamline will, under these 
circumstances, be tangential to the airfoil sur­
faces at the trailing edge."

The remainder of the paper is devoted to an 
examination of some of the circumstances in which 
the Kutta-Joukowsky condition breaks down, and a 
discussion of various possible replacements under 
such circumstances.

Real Fluids and Real Airfoils
Even an airfoil having a truly-cusped trail­

ing edge could not operate in a pure potential 
flow and viscosity effects would be present. For 
example, the Kutta-Joukowsky condition postulates 
a finite non-zero velocity at the trailing edge 
of a cusped airfoil, whereas any attempt to con­
sider the effect of viscosity will give zero ve­
locity on the airfoil surface.

A full discussion of the role of viscosity 
in determining the circulation of isolated air­
foils is beyond the scope of this paper and is 
still, at least in part, a matter of speculation.

Thwaites observes; "But if the rear of a 
body has no- sharp trailing edge, the Kutta-Jou­
kowsky condition cannot be applied nor has any 
other criterion yet been generally accepted which 
renders unique the distribution of concentrated 
vorticity in the otherwise inviscid flow."

The foregoing statement is equally valid 
for cascades of airfoils and, in the interests of 
generality, these will be considered. The iso­
lated airfoil case can readily be recovered by- 
a l l o w i n g  the spacing between the blades to tend 
to infinity.

BLADE CASCADES

Whenever a fluid passes through a rectilinear 
cascade, comprising an infinite number of similar 
bodies, some condition must apply to determine 
the circulation, and hence the angle at which the 
fluid leaves the row. Such a trailing edge con­
dition can take different forms:

1 If the trailing edge is cusped, then the 
Kutta-Joukowsky condition states that the trail­
ing edge streamline must leave the blade at the 
point of the cusp.

2 Most practical blades have round trail­
ing' edges. Using potential flow theory (say the 
Martensen method (JL3) for such a case), an in­
finite range of pressure distributions and outlet 
angles is possible. In this case, the circulation 
is determined by the effect of viscosity on the 
trailing edge flow.

3 An interesting sub-set of 1 and 2 occurs 
when steady loading is present across the wake.

4- The periodically unsteady flow situation 
may involve instantaneous loading across the wake.

5 Supercritical flow in, say, a turbine 
nozzle. Here the discharge angle will be de­
termined by expansion around the trailing edge 
resulting from the application of back pressure.

4



Fig. 1 Trailing edge detail for blade having a 
rounded trailing edge

In the first of the foregoing categories, 
the pure potential flow solution is not in ques­
tion and gives rise to no ambiguity. Most prac­
tical problems fall into category 2 , and atten­
tion will be given to the way in which these prob­
lems arise and to their solution.

Using potential flow theory for such blading 
an infinite range of pressure distributions and 
outlet angles is possible. We do not consider 
methods such as the original method of Schlichting 
(lb) in which the actual trailing edge geometry 
is replaced by a substitute cuspea trailing edge. 
In that case, the problem is reduced to the first 
category and the Kutta-Joukowsky condition may 
be applied, at the expense of neglecting the 
original blade geometry. Methods such as that of 
Martensen treat the true trailing edge geometry 
and, for a rounded trailing edge, provide an in­
finite number of solutions. The author first 
encountered this problem in developing his exact 
theory References f(15, 16)] for use with rounded 
trailing edges.

Fig. 1 gives an enlarged view of the last 
1 / 2  percent of the chord of such an analytically 
derived airfoil. Selection of a rear stagnation 
point on such a trailing edge would clearly be 
arbitrary. Workers have variously suggested the 
point of maximum curvature or the point of tan- 
gency of the cascade trailing edge plane, but 
there is not a priori justification for any such 
location. The author, therefore, took three lo­
cations in the trailing edge region, designated

exact potential theory

a, b, and c, and computed pressure distributions 
and outlet angles for each of these stagnation 
point locations.

The pressure distributions, given in Fig.
2 , revealed quite a marked dependency on the pre­
cise stagnation point location, especially as the 
trailing edge is approached. These variations 
in pressure distribution are crucial to the solu­
tion of the problems and will be discussed in the 
following paragraphs.

Variation in the cascade outlet angle, com­
puted infinitely far downstream, was even more 
marked. Movement of the stagnation point from 
a to c, a distance of about 0 .3  percent of the 
chord, resulted in a 10 deg increase in the de­
flection imparted by the cascade. This surprising 
result made it even more important to decide which 
was the "correct" stagnation point location.

These results, predicting a large variation 
in outlet angle for a comparatively small altera­
tion in the position of the stagnation point, 
emphasize the fact that the potential flow around 
a conventional airfoil in cascade is not com­
pletely "determined" by specification of the 
cascade configuration and the inlet angle, but 
that the position of the rear stagnation point 
is a further variable.

Reverting to the pressure distributions, 
a qualitative understanding of their variation 
may be obtained by referring to the exaggerated 
sketches in Fig. 3, remembering that we are still 
only concerned with the potential, inviscid flow.

Fig. 3(a) shows the stagnation point lo­
cated at the end of the camber line. Since the 
flow does not attain high velocities anywhere 
the suction surface pressure rises smoothly to 
the stagnation point at exactly x/c = 1. Since 
the path of a particle traveling along the pres-
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Fig. 3 Exaggerated view of flow conditions at 
trailing edge

sure surface would follow similar curvatures, the 
velocity attained is similar and the pressure 
distribution approaches the stagnation point in 
a like manner.

In Fig. 3(b), the stagnation point is well 
up on the suction surface. Consequently, a fluid 
particle traveling along this surface is soon 
decelerated to approach the stagnation condition 
before the end of the chord. On the other hand, 
the pressure surface route entails a path of high 
curvature and an associated high velocity (which 
would be infinite in the limiting case of a 
cusped trailing edge). After negotiation of this 
region of high curvature, a rapid deceleration 
would bring the particle to the stagnation point. 
The upper and lower surface pressure distributions 
intersect well upstream of the stagnation point 
location.

Fig. 3(c) depicts a stagnation point on the 
pressure surface. Such configurations have con­
ceptual parallels in "jet flap" work. In this 
case, it is the pressure surface which gives low 
velocities and an early stagnation point. The 
suction surface velocity reaches high values in 
the region of high curvature. As in the case of 
the pressure surface velocity of Fig. 3(b), de­
celeration to the stagnation point is then rapid.

Not all of the foregoing flow patterns oc­

Fig. 4 Schematic representation of airfoil and 
wake

cur in real flows and, indeed, the concensus of 
experimental evidence from low speed cascade 
testing is that for given inlet conditions, the 
downstream flow angle and attendant blade pres­
sure distributions are unique and repeatable.
It may, therefore, be concluded that some agency 
contrives to exclude all but one of a family of 
pressure distributions such as those shown in 
Figs. 2 and 3. Since the potential flow calcu­
lations are inviscid and the experimentally ob­
served flows are viscid, it seems reasonable to 
assume that it is the role of viscosity which 
uniquely determines the flow pattern.

Fortunately, the basis of such a trailing 
edge condition is well established.

Kelvin's theorem, as given by Lamb (17), 
states that "The nett flux of vorticity by con­
vection and diffusion into any fixed closed cir­
cuit is equal to the rate of increase of circula­
tion in that circuit.

Taking the steady case, there is no nett 
flux of vorticity out of a fixed closed circuit 
enclosing the airfoil and cutting the wake down­
stream. This condition of "zero nett vorticity 
discharge" into the downstream wake was enunci­
ated by Taylor (1(3). Preston (3̂ 9) demonstrated 
that the circulation, T, was only constant for 
circuits enclosing airfoil and boundary layers 
and cutting the wake streamlines at right angles.

Fig. 4 depicts schematically the extent of 
the absolute thickness of boundary layer and wake 
on an airfoil with a rounded trailing edge. Since 
there is no nett vorticity discharge, i.e., the 
positive vorticity shed from one surface is can­
celled by the negative vorticity from the other 
surface, then circuits ABTba, ACcA, and ADdA will 
have the same circulation. Circulation in BCcbB, 
CDdcC, and BDdbB is therefore zero.

Preston demonstrated that the rate at which 
vorticity, y, crosses BT is

q y d n  = " PTsJ
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and for bT

Now B and b are in the free stream, and by 
Bernoulli, Pg = At T, q = 0. Pips = pipg and 
PTp = PTP. Thus, for

qyd n qYdn

we must have

Similarly, ,
Pts — '"Ptp

This condition, that the static pressure 
coefficients on the blade surface must tend to 
the same value if the trailing edge is approached 
from either surface, gives the basis of a condi­
tion which will be used for obtaining unique cal­
culated pressure distributions.

Utilizing the physical understanding of the 
previous paragraph, we now proceed to a first ap­
proximation to the true pressure distribution.
The "first viscous approximation" is applied by 
simply fairing in the pressure distributions to 
avoid severe velocity peaks near the trailing 
edge. This function is fulfilled in a real flow 
by means of the displacement effects of the 
boundary layer near the trailing edge, and our 
fairing in is a simplified way of allowing for 
this.

It is recommended that the fairing in is 
done by extrapolating the pressure distribution 
tangentially from a suitable chordwise location. 
In a study of measured pressure distributions on 
compressor blades, almost all pressure distribu­
tions indicated a linear change in pressure over 
the last 1 5 percent of chord. This conclusion 
agrees with that of Spence and Beasley (£0) who 
worked on isolated airfoils. This location is, 
of course, rather arbitrary and solely based on 
experimental observations. The turbine blade 
designer may find that the 85 percent chord loca­
tion is not in accordance with his own observa­
tions ; it may well be that the 90 or 95 percent 
chord location is more appropriate to turbine 
blading because of the less severe buildup of 
displacement thickness which is usually present.

The subsequent discussion, however, is based on 
a study of compressor blading and isolated air­
foils, and the fairing in process is illustrated 
in Fig. 5 .

The family of pressure distributions for a 
given inlet angle, and a given range of outlet 
angles, having extrapolated portions for the last 
1 5 percent of chord length is then examined for 
the difference in pressure coefficient between 
the two surfaces in the trailing edge plane. For 
a blade having an unloaded trailing edge and a 
straight wake, the correctly determined pressure 
distribution is the one for which the difference 
in pressure coefficients at the trailing edge is 
zero. If greater accuracy is required, then 
ACpT can be plotted as a function of outlet angle, 

2 * The g Tor which = 0 may be read-off,
and the potential flow calculations re-run for 
the given inlet angle and this new outlet angle.

Having obtained the first viscous approxi­
mation to the pressure distribution, unique values 
of outlet angle and lift coefficient have also 
been determined. This achieves the objective as 
far as the scope of this paper is concerned, but 
the designer may well wish to proceed to a cal­
culation of profile drag and to an improved 
second viscous approximation to the pressure dis­
tribution and outlet angle. A proposal for 
achieving this is given in Appendix A of Refer­
ence ( 2 1).

It is important to record that the foregoing 
recommendations are not identical to those of 
authors who simply equate static pressures at the 
penultimate points on each surface. The essential 
consideration is that whereas the potential flow 
pressure distributions curve rapidly in the last 
1 5 percent of chord, the real flow situation in- 
vilves rapid increases in displacement thickness
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z plane

and resulting modifications to streamline curva­
ture. This results in less severe gradients in 
the measured pressure distribution. The erroneous 
procedure leads to matching of pressures at a 
location where dCp/(jx on either surface is rela­
tively steep. A procedure based on Spence and 
Beasley's suggestion gives a much less steep 
dCP/dx matching location. Because of this,
it is anticipated that a procedure in which the 
pressure distribution is extrapolated from the 
85 percent chord location would be more effective 
in defining a unique turning angle. The procedure 
of simply matching velocities at the trailing 
edge leads to inconsistencies in turning angle 
prediction.

Miller (22), has compared the present au­
thor's recommended procedure with the "closure" 
condition described in the foregoing (equal static 
pressures computed in trailing edge plane), and 
with the placing of stagnation point on the end 
of the camber line. For the two compressor cas­
cades tested, it appears that the first method 
gives greater accuracy. This conclusion is prob­
ably valid for most compressor blading or isolated 
aerofoils, but should not be applied to turbine 
blading. All three procedures fail under condi­
tions of high incidence or loading.

Hie question of the steepness of the pres­
sure distribution as the trailing edge is ap­
proached is considered to be crucial to predic­
tions such as these. The conditions in the trail­
ing edge region are, therefore, considered in 
more detail in the following paragraph. The re­
sults of the investigation also have a direct 
bearing on the wake curvature.
VELOCITY GRADIENT IN THAIIING EDGE REGION

Consider the potential flow about a cam­
bered, lifting airfoil having a trailing-edge 
included angle, eT, which, in the limit, may 
tend to zero (cusped trailing edge) or n (rounded 
trailing edge). The objective is to ascertain 
the velocity gradients for the foregoing special 
cases as the trailing edge is approached.

A £ plane circle is mapped into a z plane 
airfoil z = f(g), as illustrated in Fig. 6 . De­
pending upon the value of «j, f(c) may or maY 
not be regular near zT.

Assume that f(£) may be expanded as

z -  z T ■  a , i t -  ; t ) k '  + a , u -  c_ ) K ! +  . . .  ( 1 )

where Kj, K2 are real numbers; <K £ <  ...

z' - zT - A - ct)k ‘ + A, ({■ - ...

z" - ZT - A,U" - 5t )K i ♦ Aj <c" - Ct)K '+ ...

further terms tending to zero. We then have

2 ' ~ZTarg z,t_z ~ arg (z'-zT) - arg(z"-zT) = 2--eT

Now

C'-S*arg ,1 n as approach ?“>T

Hence

( 2 )

Now
i :r so that K i > 1

Differentiating and approximating

dz
d C

(3-)
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The complex potential function for the 
general flow with circulation, T, past the £ plane 
circle is Reference (_3 )J ,

u ( C )  -  « ♦ ! *  -  -  U e ' 1 “  ( C - C o )  +  )

The corresponding complex velocity in the 
£ plane is given by

du  .. - i o  iT ! U r ï e i°t* r , - _  » t,e - j y  —  -

Writing

we obtain

giving

= Co + re for t r a i l i n g  edge

, . - la iT 18 M i(a+ 28)tUt ) - Ue - - Ue

(5)r£= 2nUi (ei(a+0)-e “i(a+8)) = - 4irUsin(a+6)

.. f  -ia. 2ir sin (a+â) r2ex 1
T = u [  6 + ------<Fcô---------- TT-TT) 7

-? £writing £ = f0 + re u for points on the circle

Hence
+ 2 iU sin(a+3)< 

1 àï I
-io i(a-26)

q = lui = ItI •

(6 )

= 4U| c os {a+ sin

r at the point, £, near is given by

’  -  « - ‘ W $ ) T

If the trailing edge is a cusp, £rn = 0

| (g+o) soo| • J 1nv 1 = b

If the trailing edge is not a cusp, e-p >  0 
as

’  - £ q -O

For velocity gradient near trailing edge

( Ê / T - ( f e ) T *(a î)T ( ü ) T

■Hypothetical stagnation t
streamline pressures.

0  6

Cp

0  5

'C-

0 -4
0-95 0  96 0  97 0  98 0-99 1-00

Fig. 7 Pressure distribution in trailing edge 
region of a cusped airfoil

Now

" - ‘T> ’ ( - Â T I j

2U 213 .—  e cos(a+B) < (z-zT ) 2 n

iJ-

" 1 , (7)

ld u\ 2U 2i3 , .. "CT . .?/-? - l)
(d z  ]T "  — ■■ e c o s i“ ^ )  - r >  y " '

If the trailing edge is a cusp, £™ = 0

( £ ) t *■

9- 2since (£-£T) in denominator.
If the trailing edge is a wedge 0<£rjrCr

1 dw\ 
{dzj. s i n c e ( ç - ç )  - 0

If the trailing edge is rounded, £T =  ir

(,2 “ \ • 1 2 —  e 21B cos <01+6 »
l dz/T rA‘

The rounded trailing edge is, therefore, 
a special case, the velocity gradient in its 
vicinity being finite.

It is thus seen that for the cusped trailing 
edge, the well known result that the trailing edge 
velocity is finite is recovered, but also the fact
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that the velocity gradient is infinite. Fig. 7  

shows the pressure distribution in the trailing 
edge region as computed for a cusped trailing 
edge cascade blade by the exact theo'ry of Ref­
erence (1 5.). The described behavior is evident 
with the pressure distributions from the two 
surfaces approaching a definite value of pressure 
coefficient, but doing so with an infinite slope. 
Fig. 7 demonstrates, however, that this effect 
is a very local one.

An outstanding difficulty with the foregoing 
is that in considering the potential flow past 
the foregoing cambered, cusped airfoil, a dis­
continuity in slope and curvature of the down­
stream stagnation streamline is unavoidable.
The stagnation streamline is tangential to the 
cusp (using the Kutta-Joukowsky condition). In 
postulating the velocity distribution along the 
stagnation streamline BC, downstream of the trail­
ing edge, the streamline may leave the trailing 
edge with either a pressure gradient of plus in­
finity following DB, one of minus infinity fol­
lowing AE, or some finite value. In any event, 
there will be a discontinuity in pressure gradient 
of at least-one of the two stagnation streamlines, 
AEC or DEC. This implies the presence of a static 
pressure gradient normal to the stagnation stream­
line .

Potential flov; computations such as those 
of Frith (2 3 ) seem to indicate that the downstream 
velocity distribution might be of the form indi­
cated by the dashed line in Fig. 7 . This suggests 
that the pressure surface streamline, AB, follows 
through downstream without discontinuity, whereas 
the suction surface streamline, DB, suffers an 
abrupt change in pressure gradient.

At this juncture, it may be considered 
fortunate that the real flows are viscid and do 
not, therefore, depend excessively on the fore­
going potential flow results. At the very least, 
the displacement thickness must be accounted for 
as a modification to the potential flow. The 
location of the displacement wake is initially 
unknown, but would emerge from a suitable implicit 
or iterative scheme. See, for example, Spence 
(12) or Geller (2k ) and Inoue and Kaneko (2 5 ) for 
cascades.

Spence obtained a viscous solution for the 
v/ake location, but found that this included an 
arbitrary constant which could be fitted only by 
considering details of the separating flow near 
the trailing edge. The value of the constant to 
be used was proportional to the curvature at the 
trailing edge. Furthermore, the reduction in 
circulation below the Kutta-Joukowsky value was 
also found to be proportional to the curvature at

the trailing edge.
Nevertheless, the effect of increasing dis­

placement thickness over the latter part of the 
aerofoil will have reduced the slope of both 
surface pressure distribution from the potential 
flow levels. The discontinuity in pressure gradi­
ent will certainly be reduced and arguably mini­
mized by the effect of viscosity.

Considerations for the rounded trailing edge 
are not too dissimilar. Equation (7 ) predicted 
finite levels of velocity gradient at the trail­
ing edge (but zero velocity). Although this pre­
diction is verified by potential flow computations 
(this is apparent from some of the distributions 
of Fig. 2 and from the qualitative arguments of 
Fig. 3), the values of these gradients are still 
quite high for all reasonable stagnation point 
locations. The computed local pressure gradients 
obtained to date in the trailing edge region have 
been sufficiently high to cause a rapid increase 
in displacement thickness and eventual separation. 
Some detailed results from a turbine nozzle cas­
cade in Reference (26) show that the experiemental- 
ly measured pressure gradient is, in the trailing 
edge region, considerably less steep than that of 
the pure potential flow analysis. The fact that 
the potential flow pressure gradient is finite 
has no effect since, in this case, a definite 
stagnation point is present, and there is no 
possibility of the desired continuous change in 
curvature of the streamlines from either surface.

Again, it is clear that the predominant 
effect is that of viscosity and the solution must 
account for this. The "second viscous approxima­
tion" achieves this by computation of a revised 
potential flow using the displacement body as a 
boundary condition.

The conclusion of the foregoing arguments, 
based on potential theory, is thus a somewhat 
negative one. For the airfoils considered, either 
isolated or in cascade, any meaningful trailing 
edge flow treatment must include the effect of 
viscosity. In the first viscous approximation, 
this is done using a somewhat arbitrary fairing- 
in process, to compensate for boundary layer ac­
cumulation near the trailing edge and application 
of the zero nett shed vorticity condition. In 
the second and subsequent viscous approximations, 
use is made of boundary layer information result­
ing from the first approximation to enable com­
putation of a revised potential flow about the 
new displacement body. In general, definition 
of the displacement body will depend upon de­
tailed descriptions of separation behavior and 
wake curvature effects, especially in the loaded 
trailing edge situation.
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SHAPE OF DOWNSTREAM PARTITION S THE A M U  HE

The shape of the downstream partition 
streamline is an Important constituent of un­
steady analyses, where wake vorticity must be 
accounted for. The following analysis is strict­
ly for steady flows, giving a quasi-steady limit­
ing case.

From equation (4-) and in the simplified, 
non-circulating, case

Putting r = 1/2 ( 'b 0 + cQ) Milne-Thompson (27) 
mapped the field outside the £ plane circle onto 
the outside of z plane ellipse of semi-axes, b0 

and cQ.

<

'where

Putting = Zq = 0 the flow past the el­
lipse is given by

= - * U  (bo-*- c . ) ( 8 )

To simplify extraction of the imaginary 
part, put z = d cosh k, where k = _/+ im, so that

+ y ;
d'cosh"Z d :sinn:

x ~ _ y ~
cos'ra d“s m 'n

The imaginary part of equation (8 ) is

=-C(bD+ Co) Sinn (?.-£o) sin (m -c) ( 1 1 )

Setting the foregoing to zero gives 
m= a , a +  tt which, substituted into equations (9 ) 
and (1 0 ) gives the _/o ellipse and two hyperbolic 
partition streamlines.

The case of a flat plate is easily recovered 
by allowing c to become zero; the partition 
streamlines are still given by m = a , a  + tt, and 
are still hyperbolic. Obviously, in this case, an 
infinite velocity is present at the trailing edge, 
and the Kutta-Joukowsky condition is contravened.

The essential feature of the approaches 
described in the foregoing is that instantaneous 
violation of the Kutta-Joukowsky condition re­
sults in a partition streamline leaving the body

(9)

d o )

orthogonally. Its shape has been demonstrated to 
be hyperbolic.

If the limiting case of an ellipse at zero 
incidence is taken in the foregoing analysis, the 
partition streamline degenerates to a straight 
line which, for a flat plate, will satisfy the 
Kutta-Joukowsky condition. In this case, the 
partition streamline is unstable to small dis­
turbances; a small change in incidence results 
in a change to a hyperbolic stagnation stream­
line.

Orszag and Crow (28) introduce viscosity 
into the potential flow solution by stipulating 
that the vortex sheet should never leave the 
trailing edge in such a way that an angle greater 
than tt is turned. Movement of the partition 
streamline between this limit and that of the 
"flapping parabola" constitutes what they term a 
"rectified Kutta condition." Satisfaction of 
the full Kutta condition requires addition in the 
potential function of a set of terms representing 
a periodic, irrotational surging motion around 
the trailing edge. The resulting equations per­
mit a fluctuating static pressure difference 
across the trailing edge which is eradicated by 
addition of a correction function.

In Fig. (5.6) of Reference (20), measure­
ments of the partition streamline shape are given, 
together with computed parabolic partition stream­
lines resulting from measured instantaneous ve­
locity differences in the trailing edge plane.

Fujita and Kovasnay were unable to observe 
any tendency to a parabolic shape in the measured 
partition streamline and, therefore, concluded 
that "the validity of the Kutta condition was 
confirmed within the limits of the experiment."
The foregoing statement is not meaningful since 
the trailing edge .of the test airfoil was clearly 
quite rounded. The experiment does, however, 
show that the location of the experimental parti­
tion streamline is more stable than theories such 
as that of Orszag and Crow would imply. This 
suggests that for further advances in partition 
streamline specification, we must look more 
closely at the stabilizing influences, particular­
ly those of viscosity and flow separation. This 
is true for both steady and unsteady flows, and 
also accords with the conclusions of Spence (12) 
and of the following paragraphs.

THAI I M G  EDGE CONDITIONS DURING VORTEX SHEDDING

Steady flow at subsonic speeds past a bluff 
tody gives rise to unsteadiness in the wake and 
periodic vortex shedding. This behavior is most 
marked for subcritical Reynold1s Numbers, but has
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been observed over a wide range of laminar and 
turbulent flows.

The resulting vortex streets are known to 
occur downstream of turbine blades, especially 
when the trailing edge has a large thickness or 
wedge angle. Associated with the vortex shedding 
process is the maintenance of a base pressure 
drag. Prediction of the turning angle and loss 
coefficient of turbine blades might, therefore, 
be expected to entail the use of a reliable model 
for these effects in the trailing edge region.

The complex flow structure of vortex streets 
has many features which are still unresolved. The 
basic difficulties concern the rate of mixing 
of vorticity and the application of a stability 
condition. Kronauer (30) has suggested that the 
latter question might be resolved by stipulating 
that a vortex street should minimize drag by 
adjusting its geometrical configuration.

The following remarks will be confined to 
ways in which the vortex shedding process may 
assist in determining the otherwise steady flow 
past a decade.

Consider an aerofoil having a trailing edge 
wedge angle, £ij. The model considered is of the 
unsteady flow from the wedge into a vortex-street 
wake consisting of isolated point vortices. The 
non-zero street width is assumed to occur as a 
result of instantaneous separation on each surface 
alternately. The profile boundary layers up to 
the separation points are assumed to be vanish­
ingly thin.

Milne-Thompson (JJl) gives the complex po­
tential of such a street

(z——  ) - ifoln sin— (z - ■ ( 12)

Putting ^ = 0 for the partition streamline,

ih—  sinh l7—  = - (13)

Differentiating

Pig. 8 Shedding models for a wedge-shaped trail­
ing edge

Fig. 9 Drag coefficient as a function of wedge 
angle

- f t - 9

(£-- 2) coth— - 2coth ^cosech —

sinh^cosh-^

Substituting into equation (1 5 )

sinh Ife cosh p - = sin ^  (1*0a a dx a

Bearman (32) has given an expression-re­
lating vortex street drag coefficient to the 
spacing ratio:

= 0 - 7  0 ) ’ h h’ ?  + ? ( n 7 - 2) ooth? ]  ( !5)

The Kronauer stability criterion is now 
applied, minimizing drag as a function of spacing 
ratio. The convection velocity ratio, *V/g, is 
thus uniquely determined.

c°th!̂  ŝinh2̂“ cosh2—  - (l6 )
D '  ” ' /coth^ cW iÜ  -

We now seek to relate the vortex street 
configuration to the trailing edge wedge angle. 
Two alternative mechanisms are proposed.

Based on steady flow arguments of Batchelor 
(3 3 ), Maskell (¿£) has suggested that the vortex 
sheet will be shed along the tangent to the air­
foil surface. The choice between the two tan­
gents of a wedge is determined by the sign of the 
instantaneously shed vorticity.

In the first model, as depicted in Pig.
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8 (a), the partition streamline is supposed to 
leave the sharp trailing edge tangentially.

Its maximum and minimum gradients are thus 
defined

( 17 )

and occur at x = a/1!, 5aA.
The spacing ratio of the v o r t e x  street is 

now uniquely defined as a function of trailing 
edge wedge angle.

Putting sinh ttb/a = cot £ip/2 into equation
(IS)

(13)

The foregoing expression gives the rather 
surprising result plotted as a dashed line in 
F i ~  o

The weakness of the foregoing interpretation 
of Haskell's condition is the unstable behavior 
of the partition streamline if the Kutta-Joukowsky 
condition is violated. The second model utilizes 
the previous observation that, in these circum­
stances, the potential flow partition streamline 
leaves close to this edge but perpendicular to 
the orientation of the instantaneous leeward 
surface.

Equating this angle to the maximum (or mini­
mum) slope of the partition streamline gives

. -b . T sin h —  = tanw—a

and, obviously, substitution of this into equa­
tion (16) gives

This equation reverses the previous result, 
as shown by the full curve in Fig. 9 . This re­
sult is more plausible, the vortex street drag 
tending to zero for a cusped edge and showing 
a sarong dependence of drag coefficient on wedge 
angle.

For the case of a rounded trailing edge 
( =  tt), the drag coefficient is 1/tt. The fore­
going models are not strictly applicable to this 
special case, but it seems clear that a model 
having a partition streamline which emerges nor­
mally from such an edge is more meaningful than 
that in which the streamline emerges tangentially.

Clearly the simplifying assumptions are 
such that equation (1 9 ) could not be taken as 
reliable design information. The foregoing argu­
ment has simply served to clarify the possible 
models and indicate the type of progress which 
is possible.

A critical appraisal of the Haskell cri­
terion, preferably by careful experimentation, 
is an obvious prerequisite to further progress. 
Furthermore, although the solution is most sensi­
tive to the leaving condition for the partition 
streamline, the Kronauer stability condition 
should also be investigated. The validity of 
this condition is not really established, and 
it would be desirable to use a condition which 
related more to the physics of the trailing edge 
flow, the local pressure gradients, the resulting 
separation locations, and the transition from 
shed vorticity to periodic vortex street.

EFFECT OF UNSTEADY EP.EESTEEAM

The unsteady lift of a thin airfoil passing 
through a transverse sinusoidal gust is given by 
the quasi-steady lift (that neglecting the ’.-.fake 
effect) multiplied by the Sears function (3?).
An expression for the response due to sinusoidal 
streamuise gust has been given by Korlock (go).

Thin airfoil analyses, such as that of 
Reference (5 7 ), predict the fluctuating lift in 
unsteady flow making the assumption that the 
velocity difference across the trailing edge is 
identical to the shed vorticity. Cases having 
an instantaneous pressure difference across the 
trailing edge have not been treated.

It is considered important to verify the 
assumption of’ zero instantaneous trailing edge 
loading, but this will not be possible in any 
generality until further theoretical and experi­
mental effort has been expended.

Instantaneous pressure loading across the 
trailing edge is likely in high frequency param­
eter unsteady flows. The cause is an instantane­
ous mis-match of the rate of change of bound 
vorticity and the rate of nett vorticity dis­
charge into the wake at the trailing edge. This 
implies some rolling-up of vorticity resulting 
from the low wavelengths of pressure fluctuation.

Some experimental evidence on the variation 
of instantaneous trailing edge pressure differ-
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Fig. 10 Maximum, minimum and average trailing 
edge loading as a function of frequency parameter

ence for low frequency parameters is given in 
Fig. 10. The data were recorded by Satyanarayana 
(39) using pressure transducers and digital phase- 
lock averaging from uncambered isolated and cas­
cade airfoils subjected to transverse sinusoidal 
gusts. The last transducer location was at 98 

percent chord, and instantaneous pressures were 
extrapolated linearly over the last two tappings 
to the trailing edge plane.

Fig. 10 gives the maximum positive and 
negative instantaneous differences in unsteady 
pressure coefficient and the averaged difference 
over a cycle. The scatter is sufficient to mask 
any trend, although it could be argued that the 
instantaneous pressure differences are increasing 
with frequency parameter. However, the highest 
recorded difference is less than 4- percent of 
the peak unsteady pressure coefficient, and it 
may, therefore, be stated that any instantaneously 
non-zero trailing edge loading is of negligible 
amplitude. This conclusion is reinforced when 
considering the pressure difference averaged over 
the cycle since the highest levels recorded are 
smaller than the 0.5 percent error band of the 
transducers. Whilst the instantaneous pressure 
difference is low, the level of pressure at the 
trailing edge itself fluctuates appreciably.
This is partially due to an unusual feature of 
the tunnel ^Reference (¿8)] , but mostly a result 
of periodic separation changing the shape of the 
pressure distribution.

Similar behavior to the foregoing, from the 
isolated airfoil results of Holmes (40), is shown 
in Pig. 11(a). These pertain to a sinusoidal

P ercen t
ch ord A A

a w /  v,

7.5

15.0

3 0 0

50.0

TOO

8 0 0

92-5

Upper surface
Fig. 11(a) Pressure

Low er su rface
traces from isolated airfoil

;

Pressure

| Suction
Fig, 11(b) Traces from 9^.5 percent chord loca­
tion superimposed

transverse gust onto an airfoil with 9 deg in­
cidence and, therefore, exhibit marked stalling 
behavior. Results are presented from nine trans­
ducer locations on the upper and lower surfaces 
of the airfoil at a frequency parameter of 0.0 1 6 . 
The last tapping was 7 1/2 percent chord upstream 
of the trailing edge. Data from the last tapping 
are plotted separately,. the two surfaces super­
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imposed with the correct phase reference in Fig.
11(b).

Unfortunately, reference pressure levels 
are not available and the data can, therefore, 
only he regarded as qualitative. However, it 
is clear that, as before, whereas the absolute 
level of trailing edge pressure is fluctuating, 
there is a tendency at these low frequency param­
eters for there to be very little fluctuation in 
the trailing edge loading.

Whilst the foregoing behavior may represent 
an appropriate unsteady trailing edge condition 
at frequency parameters up to 0.1 , corresponding 
information is still required at higher frequency 
parameters and for cambered blades.

It is considered likely that for some cir­
cumferential maldistribution problems, the con­
dition of zero instantaneous pressure difference 
across the trailing edge will be violated. For 
problems involving rotor-stator interaction, 
usually at frequency parameters higher by an 
order of magnitude or more, the probability of 
instantaneous trailing edge loading is strong.

CONCLUSIONS

The Kutta-Joukowsky condition and various 
modern interpretations have been reviewed and, 
by referring to the original versions, a concise 
statement of the condition has been attained.

It has been demonstrated that for many flow 
problems, including those concerned with the two- 
dimensional flow past cascade blades or isolated 
airfoils having a blunt trailing edge, the Kutta- 
Joukowsky condition has no relevance. The dif­
ficulty is that for a blade having a rounded 
trailing edge, the turning angle is extremely 
sensitive to small changes in rear stagnation 
point location. A "first viscous approximation" 
is described which gives a unique flow solution.

Consideration is given to velocity gradients 
in the trailing edge region, and it is shown that 
even the cusped-trailing edge blade gives diffi­
culties in definition of the wake streamline when 
any attempt is made to consider viscous effects.

The shape of this partition streamline is 
considered with a view to appropriate vortex wake 
modeling in unsteady flows. Turbine blading 
having a blunt or wedge-shaped trailing edge has 
been observed to shed a periodic vortex street.
Two simplistic models for this have been dis­
cussed and the resulting form drag coefficient 
related to the wedge angle.

Some experimental results for unsteady 
trailing edge loading were taken at low frequency 
parameter. Under these conditions, any instan­

taneous pressure difference across the trailing 
edge is very low indeed.

In general, the limiting feature for flow 
calculations around blading, including the un­
steady cases and those with curved wakes, is the 
state of viscous flow modeling. Until more re­
liable information is available on separation and 
transition behavior in unsteady and turbulent 
flows, any agreement between experiment and theory 
will continue to have an element of fortuity.
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A Closed Circuit Variable Density Air 
Supply for Turbomachinery Research

J. P. GOSTELOW P. J. WATSON

INTRODUCTION

The Engineering Department at Cambridge 
University has a long history of research in 
turbomachinery aerodynamics. Cambridge workers 
were involved in the design of some of the earli­
est steam turbines and Whittle's designs for the 
first aircraft gas turbines resulted from his 
days as a research student in Cambridge. After 
the second war, Rhoden built up experimental 
facilities for research in turbomachinery aero­
dynamics, and this work has been continued by 
Hawthorne and Horlock.

Despite this sustained effort, it had not 
hitherto been possible to investigate high-speed 
flows in turbomachines because space restrictions 
and the high noise levels associated with high­
speed machinery had prohibited such work on the 
Main Engineering Laboratory site in Trumpington 
Street. With compressible flow work becoming 
basic to the needs of industry, it became neces­
sary to move to a new site which could accommo­
date suitable new high-speed equipment, together 
with the large number of existing low-speed test 
facilities.

The provision of an air supply system suit­
able for transonic cascade testing and with suf­
ficient versatility for the testing of annular 
cascades, cold turbine rigs, high-speed compres­
sors, and Jet studies is the subject matter of 
this paper.

In July 1 9 6 8, the Science Research Council 
awarded a grant for the construction of a new 
laboratory. The laboratory became the first 
building on the new West Cambridge site situated 
approximately one mile west of the city center. 
Work on the site commenced in December 1 9 6 9 , and 
the building was completed on schedule and within 
the budget in May 1971-

As is indicated in Pig. 1, the building 
consists of three linked blocks. These are a 
"noise box" for containing noise from high-speed 
facilities, a "hangar" for the quieter low-speed 
equipment, and an office block with a seminar 
room and a pleasant courtyard. The office block

is linked to the hangar through a workshop.
Although anticipated rig noise levels were 

of the order of 14-0 dbA, a design constraint was 
that external sound levels at the site boundary 
should be lower than those typically caused by 
traffic on the adjacent road (around 55 dB). For 
this reason, all laboratories are of a cavity 
brick construction. The windows of the hangar 
are double-glazed, and access to all laboratories 
is by double acoustic doors.

For housing the heavy compressors, the most 
economical solution was a compact basement-level 
enclosure. Above this, there is a ground-level 
high-speed laboratory having a 6-in. concrete 
floor. The high-speed laboratory, which also 
contains an acoustically insulated control room, 
is of windowless construction and is surrounded 
by an earth mound.

Fig. 1 Plan of the S.R.C. Turbomachinery Labora­
tory
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The construction and layout of the building 
were, therefore, dictated almost entirely by the 
required air supply system and in particular by 
its associated noise levels. The success of this 
approach is evidenced by the fact that operation 
of the noisiest equipment is virtually inaudible 
from outside the building.

PLANT DESIGN

The principal objective when planning the 
system was the provision of an air supply for the 
continuous operation of transonic cascades of 
blades at Mach numbers up to 1.6 and with variable 
Reynolds number. Initial calculations, taking 
into account the total funding available, led to 
the adoption of 1 l/2 MW as the maximum power for 
the plant. Detailed consideration was given to 
motor, cooler, and ventilation plant capacity in 
relation both to running costs and capital cost 
of plant and building. It was decided to use 
two motor-driven compressors to give maximum 
flexibility. For the high pressure ratio re­
quired in high Mach number operation, the com­
pressors were to be used in series. For lower 
Mach numbers and where extra flow was required 
for boundary-layer suction, the machines were to 
be operated in parallel.

Only one wind tunnel tank was included in 
the first design, but provision was made for the 
later installation of a second tank. The compres­
sors were designed to be located in the basement 
for acoustic reasons, while the experimental 
sections were at ground level together with the 
control room.

The principal compressor is a three-stage 
centrifugal machine running at 894-0 rpm with a 
maximum pressure ratio of 2.75:1. At the design 
point, the pressure ratio is 2 .5 : 1  at a mass flow 
rate of 2.4 kg/sec, with an entry pressure of 1  

atm and an inlet temperature of 300 K.
The second compressor is a 375-w two-stage 

axial flow machine with a maximum speed of 1 6 ,5 0 0  

rpm. This is driven by a 3000-rpm motor through 
a Fluidrive variable output speed hydraulic 
coupling and a step-up gear box. This machine is 
arranged so that when the second compressor is 
not required as part of the air supply system, 
the drive and lubrication systems may be used for 
an experimental compressor.

The main compressor motors run from a 3.3- 
kv supply which is provided from a separate trans­
former in the 1 1 -kv power supply to the laboratory. 
Both motors use Direct On-Line starting employing 
Oil Circuit Breakers actuated remotely by push 
buttons in the Control Room.

A closed-circuit cooling system is used 
with a cooling tower outside the laboratory. Each 
compressor has its own air cooler from which the 
outlet air temperature may be controlled by chang­
ing the water flow rate. The oil coolers, both 
for lubrication and for the Pluidrive coupling, 
are supplied from the main cooling system.

The air pipework was originally to have 
been made from stainless steel, but this proved 
to be far too expensive. Mild steel piping was 
used which was cleaned internally and painted 
with three coats of a zinc-based paint. All pipe­
work was designed to allow for pressures up to 7  

atm. Although most of the pipework was welded, 
many flanged and bolted joints were incorporated 
to allow the removal of sections for inspection 
or modification. At suitable locations for orifice 
plates, pressure tappings were provided before and 
after the flanges. Pipe sizes were chosen in 
general to give flow velocities of less than 25 

m/sec to minimize losses. The choice between cas­
caded elbows and large radius bends was difficult 
to make, but large radius bends were eventually 
decided upon for reasons of cost.

Bellows units were incorporated in regions 
of varying air temperature, in particular between 
each compressor and its cooler. All pipes were 
designed to be supported on sprung supports, 
either floor mounted or suspended from the ceiling 
of the basement.

The original wind tunnel tank is cylindri­
cal mounted with its axis horizontal and is 1 . 5  

m dia and 3 m long. The air enters through a 
horizontal pipe 0 .8 m dia at one end and leaves 
through a vertical pipe in the top 0 .5 m dia.
There are also four pipes 0.2 m dia connecting 
the top of the tank through individual valves to 
a second suction pipe. These four small pipes 
are used for boundary-layer bleed suction.
There are two pairs of horizontally opposed 
branches 0.3 m dia at the sides of the tank and 
level with the centerline. These are fitted 
with windows for schlieren or specially prepared 
blanks with connections for pressure lines and 
instrument cables. Access to the tank is by 
means of a door at the opposite end to the air 
entry. Two opposed hinged doors are used to 
withstand positive or negative differential pres­
sures between the tank and atmosphere.

The second tank, which was installed in 
1975« is 2.3 m dia and 2 .5  m long with the same 
main inlet and outlet piping arrangements as the 
first tank. It has only one auxiliary connection
0.3 m dia which may be used for a radial inlet 
to a turbine within the tank or for boundary-layer 
suction. This tank has two side windows and many
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small branches for instrument leads and services. 
Both tanks are supported on spring supports but 
are only located horizontally by the restraints 
due to the pipewoik.

There are two dryer vessels containing a 
water absorbant chemical through which a portion 
of the airflow may be passed. The dessicant may 
be regenerated by blowing hot air through the 
dryer by means of two small electric fans with 
heaters.

CONTROL AND INSTRUMENTATION

Thirteen of the valves in the air supply 
system are flow control valves and the remainder 
are manually actuated stop valves used only fully 
open or closed for system scheduling. For econo­
my and compactness, all valves are butterfly 
valves and are rubber-lined for sealing.

The flow control valves are all pneumatically 
actuated, adequate operating speed having been 
established during design studies. The larger 
valves have power cylinders and the smaller ones 
are actuated by diaphragms. Suitably regulated 
and filtered air is supplied from two small shop 
air compressors connected in a fail-safe manner 
to give security of supply.

The signal transmitted from the control 
room to each valve is a 0-88 v d-c signal and 
this is converted to the desired 3- to 1 5 -psi 
pneumatic signal in an E-P convertor mounted on 
each valve.

Separate pre-programmed hydraulic anti­
surge control of main compressors was considered 
but rejected as being too inflexible. A simple, 
inexpensive, and very reliable system was finally 
adopted. The system depends upon the assumption 
that the air supply compressors are sufficiently 
rugged to tolerate one or two surge cycles pro­
vided that the compressor is then rapidly removed 
from surge. The instantaneous discharge pressure 
is monitored and is fed to one side of a bellows 
unit, while an orifice restricted time-averaged 
signal is tied-off and fed to the other side of 
the bellows unit. The bellows is arranged to de­
flect fully if a surge pulse is detected. A mi­
croswitch is then actuated which causes the com­
pressor bypass control valve to open rapidly.
The system operates with excellent reliability 
and is deliberately set to be slightly too sensi­
tive, such that over-enthusiastic throttle 
changes on the unstalled portion of the charac­
teristic will also give a "surge" warning and 
initiate opening of the bypass valve.

Since it was intended to operate all equip­
ment remotely from the control room, suitable

transducers were specified for all parameters. 
There nevertheless remains the need to retain 
visual contact with the plant to ensure system 
security and absence of unauthorized personnel 
during starting. Such "psychological" functions 
are monitored by strategically located closed- 
circuit T.V. cameras.

The scanning valve takes l/2-in. flush 
diaphragm transducers, and unbonded strain-gage 
transducers are generally used. An advantage of 
the scanning valve is that calibration is readily 
carried out each scan by feeding accurately pre­
assigned pressures to four or five of the ports 
such that the transducer records its own calibra­
tion curve each cycle. Since inter-porting of 
the scanning valve to vacuum eliminates hysteresis 
the accuracy of pressure measurement is high.
As a check and backup measure, a 50-tube mercury 
manometer bank is also used.

System temperatures are measured using Fe- 
Con thermocouples and two means of thermocouple 
data acquisition are available. In general, just 
a few system temperatures are required and these 
are read from Comark meter boxes. These meters 
have built-in cold junction compensation and give 
a 0- to 1 -v signal output proportional to tempera­
ture on one of the channels. Alternatively, up 
to 10 0 thermocouples may be 'terminated in the 
isothermal boxes of a solartron data logger which 
also has built-in cold junction compensation.
The logger is interfaced to the computer, as a 
second tier of analog-digital conversion for 
slowly changing signals, so that thermocouple 
level signals may be read directly and fed in 
digital form into the computer.

It is generally arranged that transducer 
data are amplified to a 0- to 1 -v signal level 
(with any analog filtering deemed necessary) and 
are then scanned by the main 32-channel analog- 
digital convertor. The ADC system has an 8-bit 
word length and is capable of conversion at rates 
up to 50 kHz. Although this speed is useful for 
unsteady flow and acoustic readings, the scan 
rates for conventional data acquisition are 
naturally much lower.

Data processing takes place in a PDP-12 
computer located in the control room. The func­
tion of the computer is the on-line acquisition 
and processing of data from any experiment within 
the S.R.C. Turbomachinery Laboratory including 
specifically control of experiments in the high­
speed air supply system. The computer configura­
tion includes 1 2 k of core store with a floating 
point processor, two tape decks, a disk, crystal 
clocks, c.r.t. display and line printer, tape 
reader and punch. Multi-level interrupt schedul-
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ing is possible so that several tasks may be per­
formed simultaneously to an assigned priority list.

On-line use of the computer results in a 
considerable reduction in run time by making avail­
able on the c.r.t. screen current information on 
system parameters. Thus, information from scanned 
transducers may be used to update every 10 sec a 
c.r.t. display of Mach number, Reynold's number, 
pressure coefficients, etc. Alternatively, tra­
verse information may be used to give an on-line 
plot of flow velocity or angle versus radius, 
thus permitting early verification or rejection 
of traverse results.

One such application, which saves running 
time in compressor testing, is the on-line display 
of a compressor characteristic. Transducers are 
scanned on manual command to enable a point to 
be generated on the usual pressure ratio-flow 
function axes. The data are stored and re-dis­
played each time a new scan is ordered. The 
current point is indicated by an "x." Thus, as 
the compressor is throttled up a speed line, the 
characteristic is generated. This has proved 
particularly useful in testing the system's axial 
flow compressor at various rotational speeds.

The foregoing modes of operation all call 
for manual control of the system, the operating 
engineer adjusting valve settings by means of 
potentiometers in the control room which may vary 
the 0- to 8 8-v signal into the E-P convertors. 
Obviously, in this, the operator is greatly 
assisted by the information on the adjacent c.r.t. 
screen. A fully automatic mode of operation 
would be perfectly feasible, and the hardware for 
this is installed. In this, the operator would 
type into the computer the desired operating con­
ditions. The computer would then compare the de­
sired conditions with the actual conditions, as 
determined from transducer scans, in a suitable 
error routine. The computer would then output 
the necessary correction signals through digital 
to analog convertors which replace the manual 
control potentiometers. Thus, the loop is closed 
and digital control of the wind tunnel operation 
is achieved.

The control routines for d.d.c. implementa­
tion have been developed by Burgess.Character­
istics of the system components were modeled on 
the hybrid computer of the Engineering Depart­
ment's Control Group.

1 Burgess, A. D., "The Simulation of A 
Wind Tunnel Compressor Plant with Studies for On- 
Line Control to Allow the Direct Setting of Tunnel 
Parameters," Ph.D. Thesis, London University,
July 1974.

For control purposes, the air supply system 
is of the many input-many output form with de­
sired tunnel conditions being an output. The air 
circuit comprises components which (excluding the 
thermal dynamics of the aftercoolers) may be rep­
resented by algebraic functions of the two main 
variables. These relationships are linked by 
variable delays and lags of temperature and pres­
sure, respectively. This constitutes a nonlinear 
system with delays.

System simulation has, to date, been achieved 
for parallel operation of the air supply compres­
sors. Unstable operating modes and methods of 
start-up have been identified and a control strat­
egy for stable operation has been evolved.

Additional instrumentation, which may be 
deployed for detailed flow investigations in wind 
tunnel testing, includes probe traversing appara­
tus and schlieren flow visualization equipment.

Two sets of the N.G.T.E. Marie 5A traverse 
gear are used having traverse lengths of 25 and 
50 cm. The apparatus consists of a probe-holding 
leadscrew having end-of-traverse limit switches. 
Suitable motors drive the leadscrew along its 
axis or rotationally enabling a "spanwise" tra­
verse and probe angle variation. Additionally, 
a third "pitchwise" linear motion is available. 
Probe position and orientation signals are gener­
ated in ten-turn potentiometers and a 0- to 1 -v 
analog signal transmitted.

Vibrations are monitored by accelerometers 
connected to industrial vibration meters in the 
control room. Similarly, parameters, such as ro­
tational speed, power consumed, air density, and 
valve locations, are displayed on the control 
panels.

Airflow rate is measured by orifice plates 
in compressor discharge and bypass ducts and also 
by using the main wind tunnel contraction, having 
an area ratio of 5.1. Pressure drops over ori­
fice plate and contraction are generally sensed 
using differential pressure transducers, but U- 
tube manometers are available as a check. Simi­
larly, various means are available for measuring 
the various absolute pressures in the system.
For the basic pressures, such as those at com­
pressor inlet and discharge which are scanned 
frequently, a separate transducer for each pres­
sure is used. These transducers are all of the 
strain gage and potentiometric types giving a 0- 
to 1-v d-c output. This signal level, being 
compatible with computer a.d.c. input require­
ments, was chosen as the standard range for all 
transducer outputs. All such signals are trans­
mitted in multichannel shielded cables and noise 
pickup is generally low.
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When testing a model which itself has pres­
sure tappings, there are too many pressures to 
justify a separate transducer for each channel. 
Scanning valves of the N.P.L. and scan!valve 
types are variously used enabling U8 pressures 
to be scanned or many more using a switched-valve 
multiplexing arrangement. These signals are re­
ceived in the control room, displayed upon digi­
tal voltmeters and are also available as computer 
input. Also mounted in the control room is the 
regulated power supply for motor drive and the 
control units which enable probe drive speed and 
direction to be selected.

Plow visualization for cascade and jet 
flows is achieved through 0.3-m-dia optical win­
dows in the tank side using schlieren apparatus. 
Mercury point source and argon jet spark lamps 
are used with schlieren mirrors of 2 .5 -m focal 
length. A focussed image is produced on the screen 
of a half-plate camera which takes a 10 0- x 1 2 5- 
mm Polaroid film holder. This beam may be de­
flected to form an image on a back projection 
screen in the control room window, enabling the 
test engineer to view shock and expansion forma­
tions around the model. For this purpose, color 
schlieren using colored strip filters is pre­
ferred, although black and white schlieren and 
shadowgraph are also employed.

PLANT OPERATION AND PERFORMANCE

The centrifugal compressor was commissioned 
in June 1972 and the capabilities of the circuit 
with one tank only were determined. The full com­
pressor characteristic for two modes of operation, 
was obtained: with atmospheric pressure at inlet

(7) CENTRIFUGAL COMPRESSOR 
IRCAYUL t

to the compressor and with atmospheric pressure 
at outlet from the compressor. In both cases, 
the performance was better than had been predicted 
by the manufacturer. The maximum power require­
ment was found to be somewhat higher than had been 
predicted but was well within the capacity of the 
motor. The flow was steady over the normal work­
ing range and only showed definite unsteadiness 
very close to surge and at low pressure ratios 
(below 1.7:1). Surging, when it occurred, was 
well defined and little difficulty was experienced 
in setting up the surge protection device already 
described. This device was found to work well 
over the whole range of absolute pressures used 
and is now incorporated as a routine and essential 
element of the system.

The performance of the system is shown ap­
proximately on Pig. 3 in terms of Mach number 
against throat area of a cascade. This is based 
on the testing of nozzles and turbine cascades 
with free discharge, i.e., in which there is no 
attempt at diffusion. The precise performance 
is determined by the outside air temperature 
since this affects the compressor inlet tempera­
ture, and the leakage and boundary-layer bleed 
flow for a particular cascade.

It has been found possible to control the 
flow by means of the butterfly valves to any de­
sired values up to the maximum. It is often 
necessary to use both the main flow valves and
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Pig. 4(a) Schlieren photograph for turbine 
nozzle cascade at discharge Mach number of 1 . 1 9

the bypass valves for the finest adjustment.
A two-stage build of the axial compressor 

was commissioned in November 1973* It was not 
possible to run this machine above 14,000 rpm 
because of vibration problems which were subse­
quently attributed to the gearbox. The pressure 
ratio was thus limited to a maximum of 1.4:1.
The pipe and cooler losses were greater than had 
been predicted, and, therefore, the overall per­
formance of this compressor was well below design.

In February 1 9 7 4 , the two compressors were 
run for the first time in series to drive an annu­
lar cascade of throat area 80 cm2. This gave a 
pressure ratio of 3:1 across the cascade, as com­
pared with 2.55:1 with the centrifugal machine 
above. For this operation, the axial flow com­
pressor ran with atmospheric outlet pressure and 
centrifugal with atmospheric inlet.

CASCADE TESTING

The prime purpose of the air supply system 
is the testing of rectilinear cascades. Complete 
blade and sidewall pressure distribution informa­
tion is often desired. Previous schlieren investi­
gations have often suffered interference with the 
field of vision from pressure leads obscuring 
shocks and other detail. Furthermore, loaded 
blades mounted between perspex or glass sidewalls 
may create photoelastic disturbances which again 
interfere with schlieren observations.

Both problems were solved by adoption of a 
double-pass schlieren system. One of the side- 
walls is a sheet of optical quality glass, but the 
other is 2 5-mm-thick steel plate ground and pol­
ished to a good mirror finish. Stainless-steel 
and nickel-plated mild steel have both been suc­
cessfully used. The blades are cantilevered from 
the steel wall and a pliable seal is made at the 
glass end. Two blades are instrumented for pres-

0 1 2  3 1 5

Fig. 4(b) Traverse results in the two downstream 
planes

sure measurement and the leads are taken out from 
the rear of the steel plate as are wall static 
pressure tappings.

Although further refinement is needed the 
double pass method, which effectively doubles 
schlieren sensitivity, offers many advantages for 
cascade testing.

Typical blade chords are of the order of 
50 mm since below this size pressure instrumenta­
tion becomes very difficult. Blading is manufac­
tured on the Engineering Department's numerically 
controlled tools from either aluminium or stainless 
steel depending upon thickness and instrumentation 
considerations.

The available operating range for cascades, 
presented in Fig. 3 is drawn for series operation 
of the compressors and no boundary-layer bleed.
For nozzle cascades, the maximum discharge Mach 
number is around 1.45 and power limitations re-
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Pig. 5 Measured Mach number contours on side wall 
¡of nozzle cascade

Strict the maximum Reynold's number to 2 x 10° 
for a 50-mm chord blade. It is, therefore, seen 
that Reynolds number and Mach number may be varied 
independently over the usual range of interest for 
fill subsonic and transonic cascades.

For compressor cascades, however, the situa­
tion is complicated by disturbances through the 
cascade and upstream resulting from side wall 
boundary layers and shocks, respectively, 
boundary-layer bleed through cascade side walls 
fs an established practice for subsonic compres­
sor cascades where effective area ratio (p^CX2 )
' . ) is quoted as an essential test parameter.
Pluxl
the only difficulty is that for transonic cas­
cades, the desires to use boundary-layer bleed 
and schlieren viewing conflict. An inflexible 
solution sometimes adopted is to use converging

Pig. 6 Measured Mach number distribution on 
nozzle guide vane

glass sidewalls preset to give the appropriate 
area ratio.

In any event, the upstream shock problem 
calls for boundary-layer bleed. Experience in­
dicates that perforated tunnel walls effectively 
minimize reflection of upstream shocks. Provi­
sion is, therefore, made in the tunnel for bleed 
through upstream perforated walls. The porous 
skin adjacent to the flow is of Porvair Tv'rous 
plastic. Various options are available for 
boundary-layer bleed suction, the most likely 
one for sub sonic cascades being to use the Rolls- 
Royce flow compressor for the main flow and the 
Reavell for the bleed flow.

The other major parameter is the cascade 
aspect ratio. Suitable values depend upon blade 
loading, but for turbine cascades, a minimum 
value of two has been adopted, although three is 
more typical. Compressor cascades need a much 
higher aspect ratio unless boundary-layer bleed 
can be deployed. However, most compressor cas­
cade tests are likely to use some method of con­
trolling effective area ratio so that aspect ra­
tios as low as unity may be confidently used.

The first cascade to be tested in the new 
tunnel (by Hobson2 ) was based on the turbine 
nozzle guide vanes of a production engine. An
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aspect ratio of 2.2 was chosen, but without 
parallel compressor operation only five flow 
passages could be choked. For the desired objec­
tive of maximum possible flow information from 
the center passage (as opposed to an alternative 
objective of very reliable loss coefficient and 
turning angle measurements), this was considered 
adequate.

The periodicity from passage to passage is 
indicated in the schlieren photograph and traverse 
results of Fig. 4. While the repeatability of 
flow structure from one passage to the next ap­
pears reasonable, this is not the case at the 
downstream traverse location. It is clear that 
the pattern of shock reflections from the shear 
layer has disrupted the periodic shock and wake 
structure. This is a familiar problem of high­
speed turbine cascade testing.

In a more recent series of tests,^ a tail­
board of variable porosity and adjustable angle 
has been used to successfully absorb the incident 
shocks and thus avoid the disruption of periodic­
ity in the downstream static pressure field.

The matrix of dots visible in the center 
passage indicates the location of side wall pres­
sure tappings. These were used to plot contours 
of static pressure and determine the sonic line 
location. The sonic line is shown in Fig. 5 to 
curve back to intercept the concave surface well 
upstream of the geometrical throat. Readings 
from the sidewall gave surprisingly good agree- 2 3

2 Hobson, D. E. , "Shock-Free Transonic 
Flow in Turbine Cascades," Ph.D. Thesis, Cambridge 
University, Sept. 1974.

3 Gostelow, J. P., Hobson, D. E., and Wat­
son, P, J., "Preliminary Evaluation of the Influ­
ence of Tailboard Porosity on Shock Reflections 
in A Supercritical Nozzle Cascade," CUED/A-Turbo/ 
TR 64 (1974-).

ment with those from the blade tappings in the 
center of the passage which resulted in the blade 
pressure distribution of Fig. 6.

In addition to a shock-free transonic im­
pulse turbine cascade, a supersonic annular cas­
cade for torsional flutter research is also being 
tested. A further series of tests has involved 
the traversing the schlieren investigation of a 
choked jet in which variable swirl is induced by 
an upstream radial cascade.

The provision of a second tank in parallel 
with the first considerably increases system 
utilization. The second tank could also have a 
dynamometer installed enabling the cold air test­
ing of small turbines.

CONCLUSIONS

A new closed-circuit variable density air 
supply system has been installed and all major 
objectives have been met. In particular, the 
acoustic attenuation, with noise compressors in 
a basement and the wind tunnel discharging into 
a tank, is adequate. Remote traversing and data- 
acquisition is an essential feature of the system 
and the availability of an on-line computer for 
the monitoring of experiments is particularly 
valuable. Double-pass schlieren is recommended 
for cascade testing since this obviates the visual 
interference of pressure leads and also eliminates 
confusing photoelastic stress patterns from the 
blade mounting. Typical results from the testing 
of a turbine nozzle cascade are given. The use 
of a porous tailboard was found to eliminate the 
problem of reflected shocks and expansions.

The facility is considered to have consid­
erable potential as a versatile air supply. Some 
of the instrumentation techniques developed in 
support of the system could conceivably be of 
value in other fields of investigation.
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A  New Approach to the 
Experimental Study of 
Turbomachinery Flow Phenomena
Measurements of the unsteady flow field over a rotor and within its wake are needed in 
the development of most turbomachines. The technique advocated is that of data acqui­
sition by on-line computer, using the periodic passing of a blade as a phase reference. 
The phase-lock averaging process is described as is its use in reducing the noise of raw 
data traces. Measurements of the unsteady flow over a cascade and of the resulting 
boundary layer behavior are presented. The approach was used in interpreting the un­
steady flow field of an axial-flow compressor rotor and the static pressure distribution 
over the rotor tip. Finally the application to centrifugal pumps is discussed, enabling the 
designer to obtain information on the suction pressures and the extent of any separated 
region.

Introduction

The premise of this paper is that a gap often exists between the 
detailed turbomachine design studies and flow calculations of the 
research engineer and the urgent performance improvement prob­
lems subsequently faced by the development engineer. Despite the 
considerable advances made in flow modeling and calculation in 
recent years the gap has the appearance of widening as higher 
speeds, loadings, and performance are demanded.

The first main reason for the shortfall of available knowledge in 
contributing to the immediate problems of machine development 
is that the flow field within a turbomachine is probably the most 
complicated environment which could be devised. The fluid may 
be compressible, causing shocks, or it may be a liquid, giving cavi­
tation problems. Variations in phase, viscosity, surface curvature, 
roughness, and turbulence levels need to be considered. High tem­
peratures may occur and lead to heat transfer problems. The flows 
are inevitably three-dimensional, with strong centrifugal and Cori­
olis forces. The inlet and discharge flows are not necessarily axi- 
symmetric or steady. The vanes may be vibrating and may gener­

1 Formerly, Deputy Director, S.R.C. Turbomachinery Laboratory, Madin- 
gley Road, Cambridge, England

Contributed by the (las Turbine Division and presented at the Gas Turbine 
Conference and Products Show, New Orleans, La.. March 21-25, 1976, of THE 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript re­
ceived at ASME Headauarters December 11, 1975. Paper No. 76-GT-47.

ate noise which will itself influence the flow. Finally, the most im­
portant of all, the flow will be inherently unsteady [l].2 There are 
many vanes each interacting with other vanes through shed wakes 
or induced potential fields. Thus, despite immense efforts and 
spectacular breakthroughs, the turbomachinery researcher still 
does not have answers to the most pressing problems.

The second reason for the gap between turbomachinery research 
and development is the continuing economic pressure for im­
proved performance. Each design breaks new ground. Economy of 
manufacture involves the use of new computer-oriented machining 
techniques which may themselves impose constraints on the de­
signer. In some applications stability of operation and reliability 
will be all important. New applications call for operation in novel 
media, often under adverse conditions. New standards of quietness 
are demanded and, probably most important in today’s energy sit­
uation, a high premium is placed on efficiency.

These continually changing societal and economic factors insure 
that the design and development process will be of a dynamic na­
ture. Timing becomes all-important and the inevitable penalty 
clauses bring pressures to “get it right first time.” Complexity, 
however, implies unpredictability. It is a rare and perhaps fortui­
tous design that does achieve the objective on its first run: indeed 
it may sometimes be said that if this is achieved then the specifica­
tion has been too conservative. In general it is more usual for one 
or more performance parameters to fall short of specification and a 
development program is then needed.

2 Numbers in brackets designate References at end of paper.
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After its first test run the development engineer will have a good 
overall idea of the machine's performance and a knowledge of 
which aspects are inadequate. However, even on the best auto­
mated test beds the objective will be limited to measurements of 
overall performance. The research engineer does not easiiv relate 
to overall assessments. His forte is the nature of the rlow field, how 
the different velocity components vary, where the worst flow sepa­
rations might be expected.

There is thus a communications gap. the bridging of which in­
volves a new flow of information. Principal physical causes of this 
lack of common ground are the unsteady nature of the flow and 
the difficulties in measuring flow conditions on a rotating impeller. 
The direct questions arising from development are. "Where is the 
How separating?” and. "How should I bend the blades?” The re­
searcher will seldom be able to answer these because he lacks in­
formation on ilow distributions within the test impeller. Conven­
tional outlet traverses are of little use because he knows that the 
outlet ilow conditions are often violently unsteady.

T he author s suggestion is that the biggest contribution toward 
implementing a development-research feedback loop would be the 
incorporation into the development process of techniques for mea­
suring unsteady flows and flow fields relative to rotating blade 
rows. In this wav an understanding of the physics of the flow pro­
cesses will emerge from within the development process and the 
rapid incorporation of hardware improvements will be facilitated.

Suitable techniques for acquiring the necessary unsteady data 
have been under investigation by the author and students oi the 
S.R .C . Turbomachinery Laboratory for the past five years and 
have resulted in the development of on-line digital sampling and 
averaging techniques.

Although some of the basic instrumentation techniques de­
scribed herein couid be used without a digital computer, doing so 
is not recommended. Their successiui and speedy implementation 
is mostly due to the use of digital signal averaging and this advan­
tage should be exploited wherever possible.

T heoretica l Basis
If a number, or ensemble, of data traces be taken, each of a du­

ration greater than the characteristic periodicity, the digital values 
may be summed over ail traces, with reference to an appropriate 
phase, to give an average value for the ensemble. "Ensemble aver­
aging" is a general description covering the treatment of both peri­
odic and nonperiodic phenomena.

If the signal has strong periodicity the recovery of the signal 
from background random noise is greatly facilitated. In particular 
many turbomacninerv applications exhibit such "stationary" (in 
the sense used by Bendat and Piersoi (2j) periodicity. It is general­
ly possible to obtain a reference signal, such as an electromagnetic 
puise generated by the passing of each blade. If this synchronizing 
puise is used as the appropriate pnase reference the resulting sum­
mation is termed a "phase-lock average" (PLA).

In practice the summation must take piace over a sufficient

number. K . of ensembles. The value of K  depends on the signai- 
to-noise ratio of the raw data trace. For the work described K  did 
not exceed 100 data traces.

All transducers used for the present work resulted in an output 
of ampiitude-modulated d-c voltage form. The raw voltage trace 
corresponding to the signal at a fixed point f ( t )  consists of three 
components:

1 A "steadv-state” average fs.
2 A periodically fluctuating component fp(t)  having a mean 

level of zero and period T.
3 A random noise fr(t)
Combining the three:

f(t) =f< + f rU) +  fp (t)

If high-pass analogue filtering is used and the steady-state average 
is measured independently then fs may be set to zero.

In a well-controlled (i.e., constant rotational speed, constant 
flow» turbomachinery experiment it appears reasonable to sepa­
rate the stationary random and periodic signals even under condi­
tions when the former may constitute the largest part of the fluc­
tuating signal. In obtaining a "cleaned-up" periodic signal the ran­
dom component need not be discarded but may be stored autono­
mously.

A stationary random function (2) is one for which the ensemble 
averages are equal at ail times:

7(t) = fit +  r >

A time average of the *-th  trace frU) is obtained by averaging 
the trace over a signiiicant time period. A function is termed ergo- 
dic if. for every trace K . the ensemble average is identical to the 
time average. For a stationary and ergodic random function

J(t) = f\t)K for ail K

The random function thus averaged } ( t )  may be put into root 
mean square form to give a turouience level

Tu = — ~  = t  V7 ( )f(t) - ; i f ) | -  dt (I)
/ t T

The fluctuating signal most often used for definition of rms tur­
bulence level is that of velocity. In practice the observed random 
fluctuations will include botn the "genuine" ones of homogeneous 
isotromc turbulence and any spurious random noises present in 
the data acquisition system.

For the purposes of recovering an uncontaminated periodic sig­
nal. phase-lock averaging tPLA) is used, giving

/(f) = limj,—co —  ^  fit +  AT)
K  km |

1 K
= fs -r linn,-.« — ^  i/p(f +  kT )  +  fr(t +  AT)|

Kkml

Having extracted the components due to steady-state signal

.Nom enclature.

Cpw =  unsteady pressure coefficient 
Cp =  steady pressure coefficient 
H  =  shape factor
K  =  numoer of traces (sample size»
Rer =  Reynolds numoer based on chord
T  =  period of signal
Tu =  fluctuation level
c =  chord
cr = axial velocity
f  =  signal level
f '  =  perturoation level
g =  acceleration due to gravity

k =  number of traces elapsed
p =  static pressure
r — radius
s =  blade spacing
t =  time elapsed
Um — mean rotational velocity
x =  distance in chordwise direction
y  =  distance perpendicular to surtace
a:? =  stator iniet air angie
di =  stator inlet blade angie
t) =  circumferential angle
p =  density
r =  time displacement

uj =  rotational speed (rad/s)

Subscripts
D =  total disturbance 
p =  periodically fluctuating component 
r =  random component 
s =  steady-state component

Superscripts
-  =  time average
- =  random turbulence
-  =  ensemble average
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variations fs and to random turbulence (/r (i) becomes zero on av­
eraging), there remains the periodic component.

7(0 = 7p(t) ^  f  f „ ( t  + kT)  (2)

This is the desired PLA signal.

The Technique in Practice
PLA may be applied to any amplitude-modulated analogue sig­

nal, which will generally be presented to the computer as a d-c 
voltage fluctuation. For pressure signals, pressure transducers or 
microphones may be used; for velocities the transducer will be an 
anemometer, probably based on hot-wire, laser-doppler or dual­
beam principles. The use o f three such systems is described in the 
following.

Pressure Transducers. “ Gaeitec” half-bridge semiconductor 
strain gage transducers are in use at the Turbomachinery Labora­
tory. Pressure ranges used are as low as ±2  cm o f water and a typi­
cal full scale output would be 30 mV. All transducers used are of 
the differential type with a suitable steady reference pressure ap­
plied to the rear face o f the d iaphragm. This could be the time av­
eraged steady-state pressure, ps(£).

For experiments on cascades it has been found convenient to 
mount the transducers in a stainless steel tube o f 3 mm dia and 50 
cm length. In this case the pressure is communicated via a 1-mm 
orifice to a small cavity containing the diaphragm. This configura­
tion has also been used successfully for measurement o f fluctuat­
ing total pressures in rotating machines. The latest flush-mounted 
transducers in use have a diameter o f 2 mm and a similar thick­
ness.

Calibration o f pressure transducers is performed both statically 
and dynamically. In the static calibration linearity, hysteresis, and 
temperature drift are checked. Dynamic calibration at frequencies 
up to 10 kHz is performed in a small shaker-driven piston-in-cylin- 
der device. The sensitivity o f the transducers is measured over the 
frequency spectrum. Improvements have raised the frequency at 
which any significant departure from constant response is ob­
served to well above 10 kHz. Shock tube studies on titanium-dia­
phragm transducers indicate first resonance to occur in the region 
o f 85 kHz.

Hot-wire Anemometry. Small single-wire probes are used in 
conjunction with DISA 55A01 and 55D01 constant temperature 
anemometers. A 55D10 linearizer is incorporated and the linear­
ized signal fed directly to the analog-digital convertor o f the com­
puter. When the unsteady part o f the signal only is required a suit­
able high-pass filter is incorporated.

Laser Anemometry. Laser flow measurement techniques are 
not yet in routine use, but the approach outlined in this paper is 
complementary to such measurements. The output from a Laser 
Doppler anemometer [3] is usually in the form o f an analogue volt­
age reading proportional to flow velocity. In a rotating machine 
PLA is the best way to separate the random and periodic elements 
o f the observed velocity signal. In this way the amplitude and di­
rection o f the averaged velocity and the associated turbulence level 
will be the result of, say, 100 readings at a given spatial location 
and phase angle.

Fig. 1 Block diagram  fo r unsteady pressure m easurem ents

It is, therefore, considered that on-line digital PLA techniques 
are a valuable part o f any application o f laser anemometry to tur­
bomachines.

Each of the experimental facilities in the Turbomachinery Lab­
oratory is connected by low-noise multichannel cable to the 32 an­
alogue-digital converter channels o f the PDP-12 computer. A syn­
chronizing pulse may be fed separately into the KW-12A crystal 
clock and used to initiate data acquisition and as a phase reference 
in the data analysis. As an example the block diagram for pressure 
transducer measurements is given in Fig. 1.

Data acquisition having been initiated by the synchronizing 
pulse, 512 points are sampled in each “ computer cycle,” stored on 
tape and displayed on the computer’s cathode ray tube display. In 
general the 512 readings would cover about three gust cycles or 
blade passages. Acquisition is then repeated for a sufficient num­
ber of traces, each taken with the correct phase reference, and the 
digital values are summed in the phase-lock averaging program. 
The averaged trace can then be compared on the screen with a 
noisy raw data trace for examination o f the degree o f improve­
ment. Fig. 2 gives the result of such a comparison in the very tur­
bulent trailing edge region of an aerofoil. Clearly no meaningful 
analysis could have been performed on the raw signal in this re­
gion.

Application to Unsteady Flow in Cascades
A basic need in the solution of blade interaction and distortion 

problems is the availability of improved theories for predicting 
blading response to an ordered flow unsteadiness.

The available theories (Sears [4j and Horlock (5)) are capable of 
predicting the response o f thin isolated aerofoils to sinusoidal 
gusts. The impending use and generalization of these theories ne­
cessitated an experimental investigation o f their validity. A wind 
tunnel was constructed with the capability o f generating an or­
dered sinusoidal gust at variable frequency parameter. The con­
struction of this tunnel and its employment in measurements of 
isolated aerofoil response are described by Holmes [6].

Measurements by Henderson [7] o f the unsteady circulation on 
a rotating blade row had attributed substantial errors to the repre­
sentation of the unsteady response o f  a blade row by isolated aero­
foil unsteady theory. No direct measurements o f unsteady lift in a 
cascade were available to verify theories for cascade unsteady re­
sponse.

It was. therefore, decided to perform experiments on a cascade 
of aerofoils mounted in the gust tunnel. The aerofoil chosen was an 
uncambered 10 percent thick C4 section which was tested at vari­
ous staggers and space/chord ratios.

The earlier experiments had utilized external pressure transduc­
ers with data presented as ultraviolet (uv) traces. The processing 
o f these data was extremely tedious and led to ambiguous interpre­
tations. For the unsteady cascade tests of Satyanarayana [8] the 
measurements were improved by using tube-mounted miniature 
transducers and on-line data acquisition.

After amplification to a ±1 V level the signals were carried by 
screened cable to the analog-digital convertor channels o f the 
PDP-12 computer. A phase reference signal was obtained by elec-

R jw  Data Trace P .L A  Trace, 1QO Cycles

Fig. 2 Typical raw  and PLA signals
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Fig. 3 Unsteady pressure d istribu tions to r cascade

tromagnetic pick-up from the camshaft which drove the gust-gen­
erating walls. This signal, fed independently into the computer 
clock (Fig. 1), thus provided a synchronizing signal for the PLA 
process.

The data traces from each transducer were intercepted at the 
same phase to obtain a distribution o f pressure around the aerofoil 
for that instant. The process was repeated at different phase an­
gles to obtain the distribution o f unsteady pressure coefficient 
throughout the gust cycle. Typical pressure distributions are plot­
ted at 45 deg phase angles in Fig. 3. The results are for an uncam­
bered 45 deg stagger cascade with a space/chord ratio o f 0.707. The 
pressure distribution is seen to be smooth in all cases with the 
greatest contribution to unsteady lift coming from the leading edge 
region.

The pressure distributions were numerically integrated to ob­
tain the unsteady lift coefficient. The amplitude and phase could 
then be readily compared with unsteady theory (see references [8]) 
and were found to give reasonable agreement.

During the work on fluctuating pressures certain anomalous re­
sults were obtained. For example, although the boundary layers 
were tripped with small spheres distributed near the leading edge, 
flow visualization had indicated periodic changes in the nature of 
the boundary layer. In order to further investigate these and to 
measure the performance o f the cascade a program o f boundary 
layer and wake traverses was undertaken. If good unsteady data 
were to be obtained it would be necessary to exploit fully the new 
on-line digital acquisition techniques.

This was achieved as indicated in the block diagram of Fig. 4.

The synchronizing pulse was fed to the computer as for the pres­
sure measurements. The linearized hot-wire signal was utilized in 
three different ways. An integrating digital voltmeter was used for 
obtaining a time-average signal. Appropriate filtering and amplifi­
cation were applied to the unsteady signal which could then either 
be recorded directly as a uv trace or presented to the computer for 
PLA.

Traverses were performed at three chord wise locations on each 
blade surface and in the wake. Although the free-stream distur­
bance was quite sinusoidal, the boundary-layer traces, which re­
sponded well to PLA, were not. For most locations consistent and 
sudden velocity changes were present at certain phase angles. The 
traces were intercepted at discrete phase angles and computer 
plots were generated from the resulting velocity profiles.

Fig. 5 shows the results for the boundary layer on an isolated 
aerofoil and Fig. 6 for the upper surface o f a cascade blade. A l­
though nonsinusoidal, the traces were broadly symmetrical about 
180 deg phase and therefore only five velocity profiles have been 
presented for each cycle.

Although the boundary layers are tripped at the leading edge, 
for a significant portion of each cycle the pressure gradient is not 
strongly adverse and the boundary layer is seen to be laminar. 
However, at a certain phase in each cycle transition to turbulence 
occurs. This periodic transition is present at the 54 percent chord 
location on both isolated aerofoil and cascade. At the 31 percent 
chord location on the cascade suction surface an inflexion is 
present which appears to mark the initiation of the transition pro­
cess.

The velocity profiles were stored on computer tape and it was 
straightforward to arrange for these to be integrated to give 
boundary-layer thickness and form factor H. For the 54 percent 
chord location this was performed every 2.25 deg of phase; the re­
sulting variation of H with phase is plotted in Figs. 7 and 8 for iso­
lated and cascade aerofoils, respectively. The higher H values 
around 2.0 are characteristic of laminar layers and the lower levels 
around 1.6 of turbulent layers. The phase reference is different 
from that of Figs. 5 and 6 because of measured time lags.

The changing boundary-layer behavior results from changes in 
the imposed instantaneous static pressure gradient, and the varia­
tions in this parameter through the cycle could be obtained from 
pressure distributions such as those of Fig. 3. The pressure gradi­
ent is also plotted as a function of phase in Figs. 7 and 8.

Although reliable quantitative information on the boundary 
layer state is best given by PLA, the velocity profiles indicated 
that qualitative changes, i.e., transition from laminar to turbulent 
and reverse transition, were occurring during every cycle. Confir­
mation of this was obtained from the raw uv traces, which are also 
shown in Figs. 7 and 8. The abrupt nature of the transition process

Fig. 4 Block diagram for unsteady boundary layer and w a ke  m easure­
ments
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VELO CITY R A TIO .

Fig. 5 (a ) Unsteady ve loc ity  profiles: a irfo il (upper sur): X /C  =  0.31 Fig. 6 (a ) Unsteady ve loc ity  profiles: cascade (upper sur): X /C  =  0.31

Fig. 5 (b ) Unsteady ve loc ity  profiles: a irfo il (upper sur): X /C  =  0.54

Fig. 6 (c )  Unsteady ve loc ity  profiles: cascade (upper sur): X /C  =  0.85
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Fig. 7 Shape factor, pressure gradient and ve loc ity  tra ce  at y  —  0.5 mm; 
54 percent chord location  on isola ted aerofoil

is best indicated by the raw data traces. This is a good illustration 
of an admonition concerning the use o f PLA techniques. In mea­
surements o f velocity components which may be highly turbulent, 
important qualitative information could be discarded by the PLA 
process. It is, therefore, desirable in velocity measurements either 
to store both periodic and random velocity components or to take 
additional raw data traces.

In investigating the boundary-layer flow past the cascade, flow 
visualization was also found to be useful in detecting transition. 
Smoke was injected into the suction surface boundary layer near

Fig. 8 Shape factor, pressure gradient and ve loc ity  tra ce  at y  —  0.5 mm; 
54 percent chord location  on cascade

Fig. 9 Flow visualization for cascade at tw o  phase angles

the leading edge. The 1-ms duration flash photographs o f Fig. 9 
show the smoke trace at two different phases. In Fig. 9(a) the trace 
appears to be laminar over almost all of the suction surface where­
as in Fig. 9(6) the boundary layer is clearly turbulent. A phase 
marker was present facilitating comparisons with the boundary 
layer and pressure distribution measurements. The correlation be­
tween flow visualization, raw data traces, and PLA boundary-layer 
measurements was very good.

Application to Axial Flow Compressors
Another situation in which measurements o f both periodically 

unsteady and random velocity fluctuations are needed for the flow 
to be completely described is the flow field downstream of an axial 
compressor rotor.

By retaining the random velocity component in measurements 
one quarter of a chord downstream of a rotor, Evans [9] was able to 
plot the levels o f periodic unsteadiness and random turbulence 
separately.

If the signal f{ t)  is taken to represent the instantaneous velocity, 
then equation (1) gives the conventional rms turbulence level. The 
rms level of periodic unsteadiness may be defined as

= f r | / ( i ) - / l 2 df (3)
f  T »Jo

and the total disturbance level Tud is therefore given by

Tud2 = Tu2 + Tu2 (4)

In Fig. 10 the two components and the total disturbance level 
have been plotted as a function o f flow coefficient. In this case, of 
the midspan of a lightly loaded single stage, the random turbu­
lence is always higher than the periodic unsteadiness. On ap­
proaching the stalling flow coefficient (just below 0.5) the random 
turbulence increases while the periodic unsteadiness decreases.

For information on the separate variations in amplitude and in­
cidence angle of the velocity vector onto a downstream stator, 
Evans made measurements with a single-wire probe in two differ­
ent planes. The system for data acquisition followed that o f Fig. 4. 
Results were obtained, from PLA, for axial and tangential velocity 
components. These were then resolved to give stator inlet velocity 
and flow angle variations, o f which Fig. 11 is a typical example. It 
is noteworthy that at this, the design point, there is still a 12 deg 
swing in incidence as the rotor wake passes. The absolute inlet ve­
locity varies by ±2  percent. The periodic incidence change onto a 
compressor stator appears likely to affect performance more than 
the ordered inlet velocity fluctuations.

For a turbine the fluctuations in relative rotor inlet velocity due 
to an upstream stator wake might be more severe than for the 
compressor case. However, whereas for a compressor the angle 
fluctuations were toward stall, for a turbine they would be in the
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opposite direction.
The PLA technique appears promising for traverse results in 

both compressors and turbines. In the development of either it is 
necessary to obtain accurate assessments o f rotor performance 
from downstream traverses. The accuracy and reliability o f hot­
wire and pressure transducer measurements will be enhanced by 
digital PLA to the extent that regions o f high loss and premature 
separation could be localized in both radial and circumferential di­
rections.

It is usually impossible for highly stressed rotor blading to carry 
pressure-measuring instrumentation. A technique which has been 
used is to mount pressure transducers over the rotor for observa­
tion of the tip pressure distribution. The quality o f such observa­
tions has frequently been low and it was considered that the appli­
cation o f digital PLA would considerably improve the results.

The large low-speed compressor in the Turbomachinery Labora­
tory was utilized to assess the validity o f this technique. The rotor 
blades have pressure tappings which communicate with a multi­
channel sealed bearing unit. One row o f pressure tappings is 6 mm 
from the rotor tip and this was used to obtain a pressure distribu­
tion which would be compared with that obtained from a pressure 
transducer communicating with casing tappings at nine axial loca­
tions (Fig. 12).

When the rotor passes under a transducer port with constant ro­
tational speed the pressure-time trace recorded by the transducer 
is equivalent to a record o f pressure as a function o f circumferen-

OSL
01______ _______ _______ 1______________
OSO 0-S2 0 5» 0  54 OSI 0 40

Fig. 10 Turbulence and unsteadiness m easurem ents in com pressor

VfL.
RATIO

ONE BLAOE PITCH
. STATOR INLET [—---------------------------

*|  AlP ANGLE

Fig. 11 Stator in le t a ir angle and ve loc ity  vector Cx/U m =  0.60

tial distance relative to the rotor. The minimum pressure level cor­
responds to the suction surface pressure and, since the thickness o f 
the blade is known, the PLA trace may be intercepted to deter­
mine the pressure surface values of pressure coefficient. The trans­
ducer is moved to each port sequentially and hence the pressure 
distribution over the rotor tip is obtained.

Fig. 13 gives the comparison between the pressure distribution, 
at a location 6 mm from the rotor tip, by rotor pressure tappings 
and that obtained by the transducer-PLA technique. Pressure dis­
tributions are presented for two typical flow coefficients. The 
agreement is seen to be quite good and it is considered unlikely 
that this results from conflicting errors.

It seems reasonable to conclude that in this case the static pres­
sures have remained constant through the 2-mm tip clearance re­
gion and a significant portion of the wall boundary layer. This pro­
vides reassurance for those annulus wall boundary-layer theorists 
who assume that the blade force remains constant through the tip 
clearance region. Furthermore the tip transducer technique is seen 
to be a valid method for measuring the pressure distribution over 
the tip section of a compressor rotor.

Application to Pumps
The designer of the centrifugal water pump has problems which 

are in many ways more intractable than those encountered in axial 
machines. Because of the strongly adverse radial pressure gradi­
ents the flow will almost always separate in some region of the im­
peller passage. Calculations of flows through such impellers, in­
volving a coupling between potential and separated flow regions, 
are not well advanced.

The most common source of low efficiency and instability is this 
separated region. If performance is to be improved (by, for in­
stance, the use of the tandem vanes of reference [10]), then it be­
comes necessary to determine the precise extent o f flow separa­
tion. The cavitation performance is dependent on the local suction 
surface pressures. If these were measurable there would be an op­
portunity to maintain an optimum pressure distribution, delaying 
the onset of cavitation. For purposes o f improving efficiency and 
stability and of delaying the onset of cavitation, the pressure dis­
tribution through the impeller passage is therefore required.

Concurrent with the application o f PLA to the axial compressor 
rotor an attempt was made at application to the radial flow water 
pump. The pump geometry was such that the impeller, having a 
vertical axis, rotated beneath a stationary shroud. A single trans­
ducer was flush-mounted in an 0-ring sealed disk incorporated 
into the shroud. The disk could be partially rotated during run­
ning, enabling the transducer to be positioned at varying impeller 
radii (Fig. 14).

With the transducer fixed at a given location a circumferential 
arc of the rotating impeller is swept by the transducer. If the im­
peller is rotating at constant speed then the p-t  trace generated by 
the transducer is equivalent to a p-S trace relative to the impeller. 
By taking traces at a number of radii, a contour map o f static pres­
sure distribution through the impeller is produced.

Fig. 12 Rotor tip transducer mount
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Fig. 13 Pressure d is tribu tion  a t ro to r tip  obtained by tw o  independent 
methods

FOR THREE PUMP RADII 

Fig. 15 Pressure traces for three pump radii

In general the static pressure will vary with passage height (or 
axial distance). However, in view o f the low heights o f most pump 
impellers and the small amount o f streamline curvature in an axial 
plane, it is reasonable to suppose that a pressure distribution mea­
sured in this way will be representative o f that present on the re­
gions o f the vane nearest the shroud. For the axial flow machine 
measurements showed the static pressure variation through the tip 
clearance region to be low. There is little reason to suppose that it 
would be significantly higher for the centrifugal pump.

To complete the flow picture for a pump it would be possible to 
use a suitable total head or velocity transducer at different axial 
locations at the impeller exit. This would result in information of 
the type displayed in Fig. 13, thus further helping to localize sepa­
rated flow regions.

The vehicle chosen for the investigation o f impeller flows was a 
Tecquipment radial flow water pump test rig. The impeller was a 
pure-radial wheel having eight circular-arc backward-leaning 
vanes. A pressure tapping was located at the same radius as the 
center of the disk, facilitating static calibration of the transducer. 
The pump was run at 1100 rpm and an operating point on the sta­
ble portion of the characteristic was chosen. With operating condi­
tions maintained constant, the transducer was traversed to 24 ra­
dial locations.

Fig. 15 gives PLA pressure traces for three different radii. Start­
ing with the pressure peak, in Fig. 15(a) the pressure decreases 
rapidly as the vane is traversed. The minimum pressure occurs on 
the concave vane surface and is then followed by a constant pres­
sure region for a portion of the circumference. The pressure then 
rises steadily toward the convex surface. Further downstream this 
pattern is not sustained. In Fig. 15(c) two peaks of suction and 
positive pressure are observed for each passage. The indication 
from this trace, only 3.5 mm from the exit plane, is that the as­
sumption of constant static pressure in the exit plane may not be a 
good one in this case.

In order to present the results in a more meaningful form a digi­
tal output corresponding to the 24 pressure traces was analyzed.
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Fig. 16 D istribution of Cp through im peller passage

The rotational term Ap = paj2r2f has been subtracted in order to 
give a more sensitive indication o f pressure changes. The results 
are presented as contours o f pressure coefficient in Fig. 16. It ap­
pears that upstream o f the Cp = 0.30 contour loading is sustained 
across the passage, whereas downstream of that contour this is not 
the case. The region upstream of this contour is throught to be free 
from any major separation. The waviness at the inner radii is prob­
ably caused by a small step from the shroud to the measurement 
disk. The flowfield downstream of the dividing Cp =  0.30 contour 
is dominated by separation. The impeller is a small, crudely de­
signed one of low efficiency and it is not really surprising that in 
this case the separated region should cover most o f the flow pas­
sage.

Conclusions
The objective o f this paper has been to describe a new approach 

to the experimental investigation o f turbomachinery flow fields. 
The techniques described contribute to controlled development, 
which is an attempt to implement the feedback loop between the 
measurements o f the development engineer and the theory of the 
design and research engineers. By enabling both to attain a deeper 
understanding o f the physics o f the flow processes the rapid iden­
tification o f desired hardware modifications becomes possible.

The nature o f the expected improvements is therefore twofold. 
First, the improved information flow between development and re­
search should result in cost savings from more relevant and rapid 
identification of development modifications. Second, the localiza­
tion o f flow problems should result in improved machine perfor­
mance. For a given duty, efficiency improvements will result in en­
ergy savings; systematic efficiency improvements are possible only 
if the source of loss is identified.

The proposed method o f clarifying the flow processes, that of

digital PLA,. has been used in the Turbomachinery Laboratory for 
five years. The theme of this paper is therefore illustrated by refer­
ence to experiments using this technique.

The first improvements were in experiments on unsteady flows 
through cascades. It became possible to attain a relatively precise 
and complete description o f the unsteady flow field; substantive 
conclusions were drawn on questions which might otherwise have 
remained unresolved. Using a combination o f raw data recording, 
flow visualization, and PLA velocity profiles, a large quantity o f 
data was processed efficiently.

An improved understanding of rotor wakes in axial compressors 
was obtained by application o f the technique to downstream veloc­
ity measurements. In this case the random component was larger 
than the periodic unsteadiness and the biggest influence o f the lat­
ter was on flow angle variations. Pressure distributions obtained 
from the rotor tip section were in good agreement with those ob­
tained by independent means, thus reinforcing confidence in the 
application of the technique.

With one easily calibrated transducer the flow field o f a centrif­
ugal pump impeller was surveyed. Pressure contours derived in 
this way would help to pinpoint regions o f severe adverse pressure 
gradient and the extent o f flow separation and to determine in 
which regions cavitation conditions are first approached.

This approach to computer-assisted acquisition o f unsteady 
data is currently being used on transonic compressors and in deep- 
stall conditions.

Transducers, especially miniature pressure transducers and 
laser anemometers, are improving very rapidly. However, these in­
struments merely convert a physical parameter into an electrical 
signal which may be more readily processed.

For elucidation o f signal characteristics and elimination o f un­
wanted noise the capabilities o f digital computers are most useful. 
In turbomachinery development full advantage should be taken of 
the periodic passing o f blades, which provides a phase reference to 
which transducer signals may be readily related. Hitherto inac­
cessible data thus become available and the quality o f unsteady 
data is greatly improved by the implementation o f digital phase- 
lock-averaging.

Acknowledgments
The author wishes to acknowledge the help of the many stu­

dents and assistant staff of the S.R.C. Turbomachinery Laborato­
ry whose efforts have made this work possible. In particular the 
data of R. L. Evans, P. Lane. S. A. H. Rizvi, and B. Satvanarayana 
have been quoted in this paper.

References
1 Dean. R. C., Jr., “On the Necessity of Unsteady Flow in Fluid Me­

chanics,” TRANS. ASME. Series D, Vol. 81, 1959, p. 24.
2 Bendat. J .  S., and Piersol, A. G., Random Data: Analysis and M ea­

surement Procedures, Wiley-Interscience, 1971.
3 Wisler, D. C., and Mossey, P. W., “Gas Velocity Measurements With­

in a Compressor Rotor Passage Using the Laser Doppler Velocimeter, 
ASME Paper No. 72-WA/GT-2.

4 Sears, W. R. “Some Aspects of Non-Stationarv Airfoil Theory,” 
Journal o f Aeronautical Sciences, Vol. 8, 1941, p. 104.

5 Horlock, J . H.. “Fluctuating Lift Forces in Aerofoils Moving Through 
Transverse and Chordwise Gusts,” TRANS. ASME, Series D, Vol. 90, p. 
494.

6 Holmes. D. H., “Lift Fluctuations on Aerofoils in Transverse and 
Streamwise Gusts,” PhD thesis. Cambridge University, 1972.

7 Henderson, R. E., “The Unsteady Response of an Axial Flow Turbo­
machine to an Upstream Disturbance, PhD thesis, Cambridge University, 
1972.

8 Satyanarayana, B„ “Unsteady Flow Past Aerofoils and Cascades,” 
PhD thesis, Cambridge University, 1975.

9 Evans, R. L., “Turbulent Boundary Layers on Axial Flow Compres­
sor Blades,” PhD thesis, Cambridge, University, 1973.

10 Gostelow, J . P., and Watson, P. J ., “Experimental Investigation of 
Staggered Tandem Vane Pump Impellers,” Cambridge University, CUED/ 
A-Turbo/TR 38, 1972.

Journal o f Engineering for Power JANUARY 1977 /  105



17. Gostelow, J.P. The present role of high speed 
cascade testing.
A.S.M.E. 81-GT-95 (1981)



81-G T-95
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
345 E 47 St., New York, N.Y. 10017

The Society shall not be responsible for statements or opinions advanced in papers or 
in discussion at meetings of the Society or of its Divisions or Sections, or printed in 
its publications. Di-scussion is printed only if the paper is published in an ASME 
Journal or Proceedings.Released for general publication upon presentation.Full 
credit should be giver, to ASME. the Technical Division, and the author(s).

J. P. Gostelow
Head,

School of Mechanical Engineering, 
New South Wales Institute of Technology, 

Broadway, Sydney, Australia 
Mem .ASME

The Present Role of High Speed 
Cascade Testing
The development o f  high speed cascade testing is traced and known high speed 
linear cascade tunnels are listed. The features o f  a good high speed cascade tunnel 
are discussed as are methods fo r  obtaining adequate two-dimensionality and 
periodicity. Techniques for  overcoming shock reflection problems in compressor 
and turbine cascades are described. Shock-boundary layer interactions require 
further investigation in compressor cascades and base-flow modelling in transonic 
turbine cascades. Instrumentation requirements and difficulties are discussed and 
the educational role o f  high speed cascade testing is emphasized.

NOMENCLATURE

A A rea

M Mach number

T o t a l  p r e s s u r e  

Re R e y n o ld s ' number

c  Mean s t a t i c  p r e s s u r e  r i s e  c o e f f i c i e n t
_P
tu Mean t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t

S u b s c r ip t s

CR C r i t i c a l  o r  t h r o a t  c o n d i t i o n

NS N orm al s h o ck

1 U pstream  c o n d i t i o n

2 D ow nstream  c o n d i t i o n

INTRODUCTION

M odern m a t e r ia l s  and s t r e s s i n g  t e c h n iq u e s  p e r ­
m it  h ig h  r o t a t i o n a l  s p e e d s  t o  b e  em p loy ed  in  t u r b o ­
m a c h in e ry . T hrough  t h i s  d e v e lo p m e n t  th e  a d d i t i o n  
o r  e x t r a c t i o n  o f  enorm ou s q u a n t i t i e s  o f  e n e r g y  b y  
o f t e n  o n ly  a s i n g l e  s ta g e  o f  b la d in g  b ecom es p o s s i ­
b l e .  The l a s t  s ta g e  o f  a l a r g e  steam  t u r b i n e ,  f o r  
e x a m p le , m ig h t e x t r a c t  200 MW o r  m ore from  th e  f l o w .  
P r e s e n t  w o r th  e f f e c t  o f  a 1% ch an ge  in  t u r b in e  
e f f i c i e n c y  o f  a 1000 MW m ach ine i s  e s t im a t e d  a t  
b e tw e e n  $5m and $14m ( 1 ) .

In  c o m p r e s s o r  o r  fa n  d e s ig n  t h e  h ig h  b y -p a s s  
r a t i o  e n g in e s  f o r  t o d a y 's  a i r l i n e r s  h a ve  t r a n s o n i c
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fa n s  w ith  a p r e s s u r e  r a t i o  o f  a rou n d  1 .6 .  T h is  i s  
th e  k e y  f e a t u r e  o f  t h e s e  q u i e t  and e f f i c i e n t  e n g in e s  
and h as  a p r o fo u n d  e f f e c t  on th e  e c o n o m ic s  o f  l o n g ­
d i s t a n c e  t r a n s p o r t a t i o n .  The f i r s t  su ch  e n g in e  was 
th e  JT9D and r e f e r e n c e  2 d e s c r i b e s  th e  fu n d a m en ta l 
r o l e  t h a t  c a s c a d e  t e s t i n g  had  in  th e  d e v e lo p m e n t  o f  
su ch  e n g in e s .  R e se a rch  in  s u p e r s o n ic  c o m p r e s s o r s  i s  
aim ed a t  p r o d u c in g  e f f i c i e n t  a x i a l  s t a g e s  h a v in g  
p r e s s u r e  r a t i o s  up t o  s i x  ( 3 ) .  T h is  w ou ld  o p e n  up 
new a p p l i c a t i o n s  in  t r a n s p o r t a t i o n  and in d u s t r y .

In  f a c i l i t a t i n g  su ch  d e v e lo p m e n ts  th e  h ig h  
sp e e d  c a s c a d e  t u n n e l  h a s  f o l l o w e d  an e v o l u t i o n a r y  
c o u r s e  from  th e  e a r l y  steam  n o z z l e  t e s t s .  Such 
t e s t s  w ere  c o n d u c te d  b y  m ost t u r b in e  m a n u fa c tu re r s  
b u t  th e  m ost c o n s i s t e n t  e f f o r t  was t h a t  o f  th e  
B r i t i s h  Steam  N o z z le  R e se a rch  C om m ittee  ( 4 ) .

The h ig h  s p e e d  c a s c a d e  t u n n e l  was d e v e lo p e d  
r a p i d l y  a s  a  t o o l  f o r  g e n e r a t in g  th e  e s s e n t i a l  i n f o r ­
m a tio n  on  c o m p r e s s o r  and t u r b in e  b la d e s  f o r  d e s ig n  o f  
th e  e a r l y  j e t  e n g in e s .  The steam  t u r b in e  n o z z le  
t e s t e r s  had b e e n  c r u d e  a f f a i r s  w h e re a s  th e  new 
c a s c a d e  t u n n e ls  had a l l  th e  s o p h i s t i c a t i o n  o f  th e  
co n te m p o ra ry  w ind  t u n n e l .

The known a v a i l a b l e  h ig h  s p e e d  c a s c a d e  t u n n e ls  
a r e  l i s t e d  in  T a b le  1 . T h ere  a r e  a lm o s t  c e r t a i n l y  
an e q u iv a le n t  number in  E a s te rn  E u rop e  and th e  
USSR. H owever s in c e  few  t r a n s la t e d  p a p e rs  d e s c r i b e  
th e  S o v i e t  b l o c  t u n n e ls ,  th e y  a r e  o m it t e d  from  th e  
l i s t .  T h is  s h o u ld  n o t  c a u s e  th e  r e a d e r  t o  o v e r l o o k  
su ch  v a lu a b le  s o u r c e s  o f  c a s c a d e  d a ta  a s  r e f e r e n c e s  
(5 ) and (6 ) .

A l l  th e  c o m p l e x i t i e s  o f  lo w  s p e e d  t e s t i n g  a p p ly  
t o  h ig h  sp e e d  t e s t s  and many m ore . B eca u se  o f  t h i s  
and th e  c o n s i d e r a b le  co m p re s se d  a i r  r e q u ir e m e n t s , 
t h e  c o s t  ca n  be h ig h .  E f f i c i e n t  e l e c t r i c a l  p ow er 
g e n e r a t i o n ,  s e a  and a i r  t r a n s p o r t a t i o n  a re  th e  
o b j e c t i v e s .  The f i n a n c i a l  re w a rd s  t o  th e  s u c c e s s f u l  
and b e n e f i t s  t o  s o c i e t y  have r i s e n  s h a r p ly  a s  th e



TABLE 1. High Speed Linear Cascade Tunnels

O r g a n iz a t io n C it y C o n ta c t S iz e
mm

Max
M

F e a tu re s

U .K .
Am al. Pow er Eng. B e d fo r d B ir d 12 x 400 2 .1 .
C .A . P a rso n s N e w ca s t le Sm ith 76 x  250 1 .4 a bc
CEGB M archw ood C u r t is 150 x  237 1 .8 ab
CERL L e a th e rh e a d W a lte r s 150 x  300 2 .0 abe
G .E .C . T u r b in e  Gen. M a n ch e ste r F o r s t e r 150 x  880 1 .9 be
G .E .C . T u r b in e  Gen. M a n ch e ste r F o r s t e r 50 x 270 1 .9 be
G .E .C . T u rb in e  Gen. M a n ch e ste r F o r s t e r 100 x  300 1 .6 -
G .E .C . T u r b in e  Gen. Rugby F o r s t e r 125 x  600 1 .8 ab
L iv e r p o o l  U n iv . L i v e r p o o l N orb u ry 50 x  215 1 .4 c
NGTE N o. 2 F a rn b o ro u g h - ? 1.0 b
NGTE N o. 3 F a m b o  rou gh - 50 x  200 1.0 b
NGTE N o. 4 HT F a rn b o ro u g h - 112 x  300 1.0 b
P am etrada N e w ca s t le C o lc lo u g h 15 x  24 1 .5 b
R o l l s -R o y c e D erby - ? 0 .9 be
Steam  N o z z le s  R .C . V a r io u s Guy V a r io u s 1 .3 e
U n iv . o f  O x fo r d , 1 O x fo rd S c h u lt z 76 x  250 l . i b f
U n if .  o f  O x fo r d , 2 O x fo rd S c h u lt z 300 x  500 1 .4 5 b f
U n iv . o f  S u ss e x B r ig h to n B a y le y 85 x  140 0 .8 -
W h it t le  L ab . C am bridge Camus 1 0 0 X 150 1 .4 ab

U .S .A .
D e t r o i t  D i e s e l - A l l i s o n I n d i a n a p o l i s F l e e t e r 74 x  105 1 .5 b
G .E . E v e n d a le , OH Sm ith 100 x  300 1 .8 a b c
G .E . S ch e n e c ta d y F o w le r
G .E .R .L . S c h e n e c ta d y Nagamatsu ad
MIT C am bridge F a u ld e rs ? x 400 0 .7 5 a
NASA, L a n g le y L a n g le y , VA - 56 x 56 1 .8 a
NASA, L ew is C le v e la n d - 300 x  900 1.0 a bc
P r a t t  & W hitney H a r t fo r d S tu b n e r 75 x 125 1 .6 ?
UTRL H a r t fo r d C a rta 100 x 175 1 .6 5 b
U n iv . o f  C in c in n a t i C in c in n a t i T a b a k o f f 150 x 150 1 . 4 - 3 .0 ab
U n iv . o f  T o le d o T o le d o -
W e stin g h o u se L e s t e r ,  PA - 75 x 350 1 .4 b

W. GERMANY
DFVLR, B ra u n sch w eig B ra u n sch w eig K orn er 300 x 486 1 .0 5 abc
DFVLR, G o t t in g e n G ö t t in g e n L eh th au s 120 x 330 1 .4 d
DFVLR, P o rz  Wahn, 1 K öln - 150 x 250 2 .5 a bc
DFVLR, P o rz  Wahn, 2 K öln - 175 x  500 1 .4 abc
T .H . A a ch en , 1 A achen G a llu s 50 x  70 2 .0 be
T .H . A a ch en , 2 A achen G a llu s 80  x  80 2 .0 ab
T .H . H annover H annover Bammert 180 x 600 0 .7 b

JAPAN
Kyushu U n iv . Kyushu In ou e 50 x  160 1 .3 a
M it s u b is h i N a ga sa k i Yano 90 x  350 1 .2 b
NAL, Tokyo T okyo M inoda 90 x  400 1 .1 b
T o s h ib a Yokohama Ik ed a 90 x  130 1 .8 abe

BELGIUM
E c o le  R oy. M i l . B r u s s e ls D ecu yp ere ae
VKIFD B r u s s e ls S ie v e r d in g 50 x  200 2 .5 bed

FRANCE
IMFM M a r s e i l l e C ahuvin 40 x 160 2 .0 5 a bc
ONERA P a r is F a b r i 100 x  247 1 .8 5 be

AUSTRALIA
NSWIT Sydney R e v e l 12 x  50 1 .4 d

CANADA
A .V . Roe T o r o n to K ea st 62 x  360 0 .9 be

INDIA
NAL B a n g a lo re P a r a n jp e j

SWITZERLAND
Lausanne U n iv . L ausanne S u te r 45 x 100 2 .5

KEY TO FEATURES

a -  In d e p e n d e n t  R e y n o ld s  N o. & Mach N o. v a r i a t i o n .  d -  B lowdown o r  i n t e r m i t t e n t  t u n n e l ,
b  -  V a r ia b le  in c i d e n c e  m ech an ism . e -  Wet steam  c a s c a d e ,
c  -  S id e w a l l  s u c t i o n .  f  -  I s e n t r o p i c  l i g h t  p i s t o n  t u n n e l .
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Mach number o f  t h e  f l o w  th ro u g h  th e  b la d in g  has 
m oved up th ro u g h  th e  t r a n s o n i c  r e g im e . The p e r f o r ­
mance o f  t r a n s o n i c  b l a d i n g ,  h a v in g  b o th  s u b s o n ic  
and s u p e r s o n ic  f l o w  r e g i o n s ,  h a s  f a r  e x c e e d e d  
e a r l y  e x p e c t a t i o n s .

The u s e s  o f  h ig h  s p e e d  c a s c a d e  t e s t i n g  a re  
v a r i o u s :

( i )  G e n e r a t io n  o f  s y s t e m a t ic  d e s ig n  in fo r m a t io n  i s  
b e s t  a c h ie v e d  in  t h i s  w ay. The c o r r e l a t i o n s  ( 7 ) ,
( 8 ) ,  w h ich  h ave s e r v e d  d e s ig n e r s  w e l l  f o r  s o  many 
y e a r s  w ere l a r g e l y  b a s e d  on th e  e a r l i e s t  h ig h  s p e e d  
c a s c a d e  t e s t s .  S u b seq u en t p r o p r i e t o r y  and p u b l i s h e d  
t e s t i n g  h a s  a dded  t o  t h a t  s t o c k  o f  d a ta .

( i i )  L ow er c o s t s ,  q u i c k e r  r e s u l t s  and s im p le r  
c o n f i g u r a t i o n  ch a n g e s  a r e  a v a i l a b l e  from  c a s c a d e  
t e s t s  a s  com pared  w ith  f u l l - s c a l e  r i g  t e s t s .

( i i i )  More d e t a i l e d  f l o w  m easurem en ts and a  c l e a r e r  
i n t e r p r e t a t i o n  o f  f l o w  p a t t e r n s  i s  a v a i l a b l e  from  
c a s c a d e  t e s t i n g .  T h is  e n a b le s  any l o c a l  s o u r c e  o f  
l o s s  o r  f l o w  s e p a r a t io n  t o  be  r e c t i f i e d .

( i v )  F low  co m p u ta t io n  m eth od s  u sed  in  b la d e  d e s ig n  
c a n n o t  be  c o n s id e r e d  a c c u r a t e  o r  r e l i a b l e  u n t i l  
a d e q u a te  c o m p a r iso n s  w it h  e x p e r im e n t a l  r e s u l t s  a re  
a v a i l a b l e .  T h ese  a r e  m ost r e a d i l y  o b t a in e d  from  
c a s c a d e  t e s t i n g .

(v ) F lo w  p r e d i c t i o n  i s  p r e s e n t l y  l i m i t e d  b y  p h y s i c a l  
u n d e r s ta n d in g  o f  su ch  q u e s t io n s  a s  s h o ck -b o u n d a ry  
l a y e r  i n t e r a c t i o n  and b a s e  p r e s s u r e  m o d e l l in g .  T h is  
i s  m o st  c o n v e n ie n t ly  a t t a in e d  in  a c a s c a d e  t u n n e l .

( v i )  T h ere  i s  an e d u c a t i o n a l  v a lu e  t o  o b s e r v a t i o n  
o f  c a s c a d e  p e r fo r m a n c e , e s p e c i a l l y  i f  a cco m p a n ie d  by  
s u i t a b l e  f l o w  v i s u a l i z a t i o n .  The j u n i o r  e n g in e e r  
m ore q u i c k l y  u n d e rs ta n d s  th e  c h a r a c t e r i s t i c  b e h a v io r  
o f  b l a d i n g  by  su ch  o b s e r v a t i o n s  th a n  b y  o v e r a l l  
m ach in e  t e s t i n g .

A lth o u g h  t h i s  l a t t e r  o b j e c t i v e  i s  p o s s i b l y  th e  
l e a s t  e a s y  t o  q u a n t i f y ,  i t  i s  a r g u a b ly  th e  m ost 
im p o r ta n t . Any com pany o r  e d u c a t i o n a l  e s ta b l is h m e n t  
t r a i n i n g  e n g in e e r s  f o r  i n d u s t r i e s  s u ch  a s  a e r o s p a c e  
o r  pow er g e n e r a t io n  s h o u ld  n o t  n e g l e c t  th e  h ig h  
s p e e d  c a s c a d e  t u n n e l  f o r  d e s c r i b in g  th e  a e ro d y n a m ic  
b a s i s  o f  th e  end  p r o d u c t s .

SUBSONIC AND TRANSONIC TUNNELS

B eca u se  t h e i r  p ow er r e q u ir e m e n ts  a re  m o d e s t , 
s u b s o n ic  c a s c a d e  t u n n e ls  a re  c o n t in u o u s -r u n n in g  
r a t h e r  th a n  o f  th e  i n t e r m i t t e n t  t y p e .

The f i r s t  B r i t i s h  h ig h  s p e e d  c a s c a d e  t u n n e l  was 
th e  in g e n io u s  N o. 2 t u n n e l  o f  th e  N a t io n a l  Gas 
T u r b in e  E s t a b l is h m e n t . D u rin g  W orld  War- I I ,  C .A . 
P a rs o n s  and C o. t o o k  o v e r  1 0 0 ,0 0 0  r e a d in g s  on  t h a t  
t u n n e l  ( 9 ) .  I t s  f e a t u r e s ,  f o r  e x a m p le , in c lu d e d  
in c i d e n c e  v a r i a t i o n  b y  drum r o t a t i o n ,  w a l l  b o u n d a ry  
l a y e r  b l e e d  ah ead  o f  t o p  and b o tto m  b la d e s  and 
r e m o t e ly  a c t u a t e d  t r a v e r s e  g e a r .  The t u n n e l  was 
f e d  fro m  a c e n t r a l  a i r  s u p p ly  and had a dump d i s ­
ch a r g e  i n t o  t h e  l a b o r a t o r y .  T h is  w a s , a s  s t i l l  i s ,  
th e  m ost common and g e n e r a l ly  u s e f u l  a rra n g e m e n t.
Some w o rk e rs  a t  t h a t  t im e  a rgu ed  t h a t  a b e t t e r  
a rra n g e m e n t c o n s i s t e d  o f  an in t a k e  t o  th e  c a s c a d e  
d i r e c t  fro m  t h e  l a b o r a t o r y  a tm osp h ere  w it h  th e  
s u c t i o n  o f  th e  m ain a i r  f l o w  t a k in g  p l a c e  d ow n stream

o f  th e  c a s c a d e . Todd ( 1 0 ) ,  f o r  e xa m p le , a d v o c a te d  
th e  u se  o f  dow nstream  s u c t io n  pumps f o r  th e  f o l l o w ­
in g  r e a s o n s :

( i )  W hereas t u r b u le n c e  can  be a p p l ie d  a t  w i l l  by  th e  
i n c l u s i o n  o f  w ire  mesh g r id s  in  th e  s tr e a m , i t s  
rem ova l i s  n o t  s o  s im p le .

( i i )  F or t u r b in e  c a s c a d e s ,  th e  r e q u ir e d  pow er in p u t  
i s  l e s s  than  w ith  a tu n n e l o p e r a t in g  from  an u p stream  
c o m p re s s o r .

( i i i )  O i l  from  an u p stream  co m p re s so r  may co n ta m i­
n a te  th e  b la d e s  and any t r a n s p a r e n t  s id e  w a l l s .

N e v e r t h e le s s ,  su ck ed  t u n n e ls  do  have d is a d v a n t a g e s  
com pared  w ith  b low n  tu n n e ls  in  t h a t  dow nstream  
t r a v e r s e  g e a r  i s  l e s s  a c c e s s i b l e  and c o n d e n s a t io n  
e f f e c t s  th ro u g h  th e  b la d in g  can  be  l e s s  e a s i l y  c o n ­
t r o l l e d .

The e v e n tu a l  r e s o l u t i o n  o f  t h i s  d e b a te  was t o  
b e  in  th e  form  o f  th e  c l o s e d  c i r c u i t  v a r i a b l e  
d e n s i t y  t u n n e l .  S in ce  Mach number and R e y n o ld s  
number a re  e a ch  p r o p o r t i o n a l  t o  v e l o c i t y ,  in  th e  
e a r l i e r  tu n n e ls  i t  p ro v e d  d i f f i c u l t  t o  s e p a r a t e  t h e i r  
e f f e c t s  on p e r fo rm a n ce . The s o lu t i o n  i s  t o  sy s te m a ­
t i c a l l y  v a r y  th e  am bient p r e s s u r e  l e v e l ,  and h en ce  
th e  d e n s i t y ,  w ith in  th e  t u n n e l .  T u n n els  a t  
Rugby (11 ) and C am bridge (1 2 ) (U K ), E v e n d a le , O h io
(1 3 ) (U SA ), and B rau n sch w eig  (1 3 ) (W. Germany) use
t h i s  a p p ro a ch .

C o n d e n sa t io n  p ro b le m s  can  s e v e r e l y  a f f e c t  c a s ­
ca d e  o p e r a t io n .  A v i s i b l e  f o g  o f  d r o p l e t s  o f t e n  
em erges  from  a c a s c a d e  and c o n d e n s a t io n  s h o ck  w aves
(1 4 ) may g iv e  s p u r io u s  r e s u l t s .  F or r e p e a t a b le  work 
t o  be p o s s i b l e  t h e s e  e f f e c t s  m ust be  e l im in a t e d  and 
t h i s  i s  m ost r e a d i ly  a c h ie v e d  in  op en  j e t  d is c h a r g e  
tu n n e ls  o r  in  v a r i a b l e  d e n s i t y  t u n n e ls .  D ry and 
w e t -b u lb  a i r  te m p e ra tu re s  a re  a v a i l a b l e  a s  v a r i a b l e s .

Many ca s c a d e  t u n n e ls  em p loy  a h e a t  e x c h a n g e r  
dow nstream  o f  th e  c o m p re s so r  t o  c o o l  th e  a i r  t o  
la b o r a t o r y  te m p e r a tu r e . The te n d e n cy  f o r  a i r  t o  
co n d e n se  i s  a s s i s t e d  b y  a f t e r c o o l i n g  and t h e r e f o r e  
c o n t r o l  o v e r  th e  d e g r e e  o f  a f t e r c o o l i n g  i s  e s s e n t i a l . 
O n ly  a l im i t e d  u n d e rs ta n d in g  o f  th e  c o n d e n s a t io n  
p ro b le m  can  be  o b ta in e d  from  a s tu d y  o f  s t a t e  p o i n t s  
s in c e  th e  r e l a t i v e  h u m id ity  o f  th e  a i r  a t  c o m p r e s s o r  
i n l e t  i s  a f u r t h e r  v a r i a b l e  and a l s o  c o n d e n s a t io n  
may b e  in d u ce d  in  c o n d e n s a t io n  s h o c k s . S m old eren  (1 5 ) 
has p ro d u c e d  an e m p ir ic a l  c o r r e l a t i o n  f a c i l i t a t i n g  
p r e d i c t i o n  o f  w h eth er c o n d e n s a t io n  s h o ck s  a r e  l i k e l y  
t o  o c c u r .

D ry in g  o f  th e  a i r  b y  p a s s in g  i t  th ro u g h  a bed  
o f  a c t iv a t e d  a lum ina  o r  s i l i c a  g e l  d e s s i c a n t  i s  
a n o th e r  p o s s i b i l i t y .  I f  a l l  th e  a i r  w ere t o  be 
p a s s e d  th rou g h  a d e s s i c a n t ,  b ed  s i z e  and p ow er l o s s e s  
w ou ld  b e  p r o h i b i t i v e .  H ow ever, f o r  a c l o s e d  c i r c u i t  
tu n n e l use  o f  su ch  a d ry e r  becom es f e a s i b l e  and 
d e s i r a b l e .  S in ce  a l l  th e  a i r  i s  b e in g  c o n t i n u a l l y  
r e c i r c u l a t e d ,  i t  i s  u s u a l ly  a d e q u a te  f o r  10% o r  l e s s  
o f  th e  a i r  t o  p a ss  th ro u g h  th e  d r y e r  a t  any t im e .
The d r y e r  can  be  m ounted in  p a r a l l e l  w ith  th e  t e s t  
s e c t i o n  th u s  m aking v i r t u a l l y  th e  o v e r a l l  c o m p r e s s o r  
p r e s s u r e  r a t i o  a v a i l a b l e  f o r  th e  d r y in g  p r o c e s s .
T h is  a rrangem en t i s  u sed  in  t h e  C am bridge and 
M archwood tu n n e ls  and i s  e n t i r e l y  s u c c e s s f u l .  Two 
a l t e r n a t e  d r y e r  v e s s e l s  a re  p r o v id e d ,  one o f  w h ich  
can  have i t s  c o n t e n t s  r e a c t i v a t e d  by  h e a t in g  w h ile  
th e  o t h e r  i s  b e in g  u s e d .
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The o n ly  a bn orm al f e a t u r e  on th e  u p s tre a m  s id e  
o f  a c a s c a d e  t u n n e l  i s  a  f l a n g e  dow n stream  o f  th e  
c o n t r a c t i o n ,  e n a b l in g  th e  f i t t i n g  o f  g r i d s  o f  b a r s  
f o r  v a r i a t i o n  o f  t u r b u le n c e  l e v e l .

S p e c i a l  f e a t u r e s  d e s i r a b l e  in  th e  t e s t  s e c t i o n  
a r e  n u m erou s. The f i r s t  e s s e n t i a l  aim s o f  a l l  
c a s c a d e  t e s t i n g ,  and o n e s  w h ich  w ere  n o t  a lw a y s  
m et in  e a r l y  t u n n e ls ,  a r e  g o o d  p e r i o d i c i t y  in  a 
p i t c h w i s e  d i r e c t i o n  and g o o d  u n i f o r m i t y  o f  th e  f l o w  
in  a sp a n w ise  d i r e c t i o n .

A t s u b s o n ic  s p e e d s  g o o d  p e r i o d i c i t y  e n t a i l s  th e  
u se  o f  a s u f f i c i e n t  number o f  b la d e s  in  th e  c a s c a d e  
and  a means o f  c o p in g  w it h  th e  b o u n d a ry  l a y e r s  from  
th e  t o p  and b o tto m  u p strea m  w a l l s ,  u s u a l ly  by  
a u x i l i a r y  c o m p re s s o r  s u c t i o n  th ro u g h  a p p r o p r ia t e  
s l o t s .  T h is  "en d  p a ss a g e  b o u n d a ry  l a y e r "  p ro b le m  i s  
e s p e c i a l l y  c r i t i c a l  f o r  c o m p r e s s o r  c a s c a d e s .  The 
minimum number o f  b la d e s  w h ich  w i l l  g i v e  g o o d  
p e r i o d i c i t y  o f  t h e  f l o w  (a s  t r a v e r s e d  dow n stream  
fro m  o n e  wake t o  a n o th e r )  h as  g e n e r a l ly  b e e n  p u t  a t  
a ro u n d  s e v e n . H ow ever t h i s  i s  v e r y  d e p e n d e n t  on  th e  
c a r e  w h ich  ca n  b e  ta k en  in  m aking a d ju s tm e n ts  t o  th e  
t u n n e l .  F o r  r o u t i n e  t e s t i n g ,  w h ich  may be  h u r r ie d  
in  n a t u r e ,  a h ig h e r  number o f  b la d e s  i s  d e s i r a b l e .
F o r  b a s i c  r e s e a r c h ,  in  w h ich  m ore c a r e  ca n  be  ta k en  
in  s e t t i n g  s l o t  s u c t i o n  and o t h e r  v a r i a b l e s ,  and 
f o r  c a s c a d e s  h a v in g  lo w  l o a d i n g s ,  g o o d  p e r i o d i c i t y  
m ig h t  b e  o b t a in e d  w ith  a s m a l le r  number o f  b l a d e s .

G ood sp a n w ise  u n i f o r m i t y  i s  a s  im p o r ta n t  t o  th e  
q u a l i t y  o f  t h e  r e s u l t s  and ca n  b e  m ore d i f f i c u l t  t o  
a t t a i n .  F or  t u r b in e  b l a d e s ,  h a v in g  a g e n e r a l ly  
f a v o r a b l e  p r e s s u r e  g r a d i e n t ,  th e  b la d e  a s p e c t  r a t i o  
ca n  u s u a l ly  b e  c h o s e n  s u f f i c i e n t l y  h ig h  t h a t  a su b ­
s t a n t i a l  r e g io n  o f  tw o -d im e n s io n a l  f l o w  i s  a v a i l a b l e  
o v e r  m ost o f  th e  sp a n . The d e s i r a b l e  a s p e c t  r a t i o  
i s  h ig h e r  f o r  im p u lse  r o t o r  b la d e s  th a n  f o r  n o z z l e s  
w h ich  have c o n s i d e r a b le  a c c e l e r a t i o n .  Im pu lse  
b la d e s  a re  p a r t i c u l a r l y  p ro n e  t o  s e c o n d a r  f l o w  
e f f e c t s  ( 1 6 ) .  A v a lu e  o f  tw o may be  a d e q u a te  f o r  
many n o z z l e  t e s t s .  In  s t r o n g l y  a c c e l e r a t i n g  n o z z le s  
v e r y  lo w  a s p e c t  r a t i o s  b e lo w  u n it y  have b e e n  u sed  
s u c c e s s f u l l y  (1 7 , 1 8 ) .

T e ch n iq u e s  f o r  o b t a in in g  g o o d  tw o d im e n s io n a l i t y  
in  c o m p r e s s o r  c a s c a d e s  o f t e n  in c lu d e  th e  u se  o f  p o r o u s  
s id e  w a l l s .  Even w ith  th e  b e s t  s i d e - w a l l  s u c t i o n  
a r ra n g e m e n ts , i t  w ou ld  be  p ru d e n t  n o t  t o  u s e  a s p e c t  
r a t i o s  b e lo w  tw o (1 9 ) . W ith  lo w  a s p e c t  r a t i o s  e ven  
i f  d e s i r e d  a x i a l  v e l o c i t y  r a t i o s  a r e  o b t a in e d ,  th e  
s u c t i o n  s u r f a c e  b o u n d a ry  l a y e r  may s t i l l  b e  s t r o n g l y  
t h r e e - d i m e n s i o n a l .

A p ro b le m  e x i s t s  i f  i t  i s  d e s i r e d  t o  u s e  s c h l i e r e n  
v i s u a l i z a t i o n  as  w e l l  a s  s i d e - w a l l  s u c t i o n .  No 
p o r o u s  m a t e r ia l  h a s  y e t  b een  fo u n d  w h ich  h a s  th e  
d e s i r e d  o p t i c a l  p r o p e r t i e s .  A t DVFLR (2 0 ) h o w e v e r , 
p e r f o r a t e d  t r a n s p a r e n t  w a l l s  h ave b e e n  u sed  g i v in g  
s im u lta n e o u s  s c h l i e r e n  v i s u a l i z a t i o n  and s i d e - w a l l  
s u c t i o n .  The q u a l i t y  o f  b o t h  i s  som ew hat co m p ro m ise d .

Many s u b s o n ic  c a s c a d e  t u n n e ls  a r e  w o r k h o r s e s , 
p e r m i t t i n g  la r g e  q u a n t i t i e s  o f  r e l i a b l e  d a ta  on b la d e  
p e r fo r m a n c e  t o  b e  o b t a in e d .  A u to m a tic  t r a v e r s i n g  
and d a ta  a c q u i s i t i o n  h ave b een  a p p l i e d  in  many 
t u n n e ls .

F o r  th e  u p strea m  f l o w ,  a f a m i l i a r  f e a t u r e  i s  th e  
t r a v e r s i n g  o f  a  y a w /p i t o t  p ro b e  in  a p r o p r i e t o r y  
a c t u a t o r .  T h ese  w ork w e l l ,  e n a b l in g  r a p id  n u l l i n g

o f  th e  ya w m eter, and can  b e  u s e d  in  c o n ju n c t io n  w ith  
m anom eters o r  p r e s s u r e  t r a n s d u c e r s  f o r  f a s t e r  
r e s p o n s e  t im e  and a u to m a t ic  d a ta  a c q u i s i t i o n .  Down­
strea m  o f  t h e  c a s c a d e  th e  t r a v e r s e  g e a r  i s  more 
u s u a l ly  t a i l o r - m a d e  f o r  a p a r t i c u l a r  c a s c a d e  t u n n e l .  
H ow ever, th e  p r i n c i p l e  i s  s im i l a r  a n d , a lth o u g h  
m anom eters may be  u s e d , n u l l i n g  i s  m ost q u i c k l y  and 
a c c u r a t e l y  a t t a i n e d  b y  a p p ly in g  th e  lim b  p r e s s u r e  
o f  t h e  yaw tu b e  t o  a d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  
and e i t h e r  a g a lv a n o m e te r  o r  an a u to m a t ic  n u l l i n g  
d e v i c e .  S t a t i c  p r e s s u r e s  from  b la d e s  and s i d e - w a l l  
t a p s  may b e  m o n ito r e d  e i t h e r  on  a m anom eter bank o r  
b y  s c a n n in g  v a l v e .

As t h e  s o n i c  v e l o c i t y  a t  any p o i n t  on  t h e  b la d e  
s u r f a c e  i s  e x c e e d e d ,  s h o ck  w aves a p p e a r . T h ese  grow  
and m ove; w h ile  g r e a t l y  i n c r e a s i n g  th e  c o m p r e s s io n  
o r  e x p a n s io n  p r o p e r t i e s  o f  t h e  b l a d i n g ,  t h e i r  i n t e r ­
a c t i o n  w ith  b o u n d a ry  l a y e r s  ca n  c a u s e  s e r i o u s  l o c a l  
s e p a r a t io n  and s u b s t a n t ia l  d e g r a d a t io n  o f  p e r fo r m a n c e .

The f i r s t  e s s e n t i a l  f e a t u r e ,  t h e n , o f  a n y  c a s c a d e  
t u n n e l  w h ich  w i l l  o p e r a t e  w ith  s u p e r s o n ic  l o c a l  Mach 
n u m b ers , i s  f o r  a d e q u a te  v i s u a l i z a t i o n  o f  e x p a n s io n s  
and s h o ck  w a v e s . V i s u a l i z a t i o n  o f  s h o ck  w aves i s  
a t t a i n e d  m ost s im p ly  b y  th e  sh adow grap h  m eth od , b u t  
t o  o b t a in  a n y  r e s o l u t i o n  o f  d e n s i t y  g r a d ie n t s  and 
o f  th e  e f f e c t s  o f  sh o ck -w a v e  i n t e r a c t i o n s  w ith  
b o u n d a ry  l a y e r s ,  u s e  o f  t h e  s c h l i e r e n  m ethod  i s  
p r e f e r a b l e .

A b la d e  row  i s  t r a n s o n i c  i f  e i t h e r  t h e  i n l e t  o r  
o u t l e t  f l o w  f i e l d  i s  s u b s o n i c ,  b u t  t h e r e  a r e  s u p e r ­
s o n i c  r e g io n s  w i t h in  t h e  f l o w .  Many t u r b in e  c a s c a d e s  
o p e r a t e  w ith  a s u b s o n ic  i n l e t  and a s u p e r s o n ic  d i s ­
c h a r g e .  C o n v e r s e ly  many c o m p r e s s o r  o r  fa n  c a s c a d e s  
o p e r a t e  w it h  a s u p e r s o n ic  i n l e t  f l o w  and a  s u b s o n ic  
d i s c h a r g e .  As a r e s u l t  o f  t h i s  fu n d a m e n ta l d i f f e r e n c e  
t r a n s o n i c  t u n n e ls  f o r  t u r b in e  b la d in g  a r e  d i f f e r e n t  
in  s e v e r a l  f e a t u r e s  from  t h o s e  f o r  c o m p r e s s o r  b la d in g .  
A g e n e r a l  p u r p o s e  c a s c a d e  t u n n e l , su ch  a s  t h a t  o f  
G .E . ,  E v e n d a le  (1 3 ) ca n  accom m odate  b o th  t y p e s  o f  
b la d in g ,  b u t  o n l y  a t  a c o n s i d e r a b le  c o s t  in  com ­
p l e x i t y .

F or  b o th  t u r b in e  and c o m p r e s s o r  c a s c a d e  t e s t i n g  
t h e  t e c h n iq u e s  o f  c o n v e n t i o n a l  t r a n s o n i c  w in d  t u n n e ls  
h ave b een  a d o p te d  s u c c e s s f u l l y .  T h ese  in c lu d e  
s l o t t e d  and p e r f o r a t e d  w a l l s  e i t h e r  u p s tre a m  o r  
d ow n stream  o f  th e  c a s c a d e .

TESTING OF HIGH SPEED COMPRESSOR CASCADES

The i n l e t  Mach number r e l a t i v e  t o  th e  r o t o r  
b la d in g  o f  c o n te m p o ra ry  a x i a l  f l o w  c o m p r e s s o r s  can  
be  a s  h ig h  a s  1 . 8 .  A c c o r d in g ly  t h e r e  e x i s t s  a need  
f o r  c a s c a d e  d a ta  from  b la d in g  f o r  a w id e  ra n g e  o f  
t r a n s o n i c  and s u p e r s o n i c  i n l e t  c o n d i t i o n s .  P r o v i s i o n  
o f  a s u p e r s o n ic  i n l e t  f l o w  f o r  fa n  and co m p r e s s o r  
c a s c a d e  t e s t i n g  i s  b y  m eans o f  a c o r r e c t l y - d e s i g n e d  
c o n v e r g i n g - d i v e r g i n g  n o z z le  a h ea d  o f  th e  w o rk in g  
s e c t i o n .  T h is  may b e  o f  f i x e d  n o z z le  b l o c k  fo rm  f o r  
a g iv e n  s u p e r s o n ic  Mach nu m ber, o r  a f l e x i b l e  form  
a l lo w in g  c o n t in u o u s  a d ju s tm e n t .

I f  p e r f o r a t e d  and p o r o u s  u p strea m  w a l l s ,  h a v in g  
s u i t a b l e  b l e e d  a r ra n g e m e n ts , a r e  u se d  w it h  c o m p r e s s o r  
c a s c a d e s ,  th e  b l e e d  f l o w  i t s e l f  may b e  u s e d  t o  g iv e  
some d e g r e e  o f  e x p a n s io n  and f i n e  c o n t r o l  o v e r  Mach 
num ber. In  th e  a u t h o r 's  e x p e r i e n c e ,  no  u p strea m  
c o n v e r g i n g - d i v e r g i n g  n o z z l e  i s  n e e d e d  f o r  Mach 
num bers up t o  a rou n d  1 .1 5 ,  th e  r e q u i r e d  e x p a n s io n
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b e in g  p r o v id e d  b y  b l e e d  f l o w .

The f i r s t  e s s e n t i a l  t e s t  o f  th e  w ind  tu n n e l  
w o rk in g  s e c t i o n  i s  t h a t  i t  s h o u ld  b eh a ve  a s  a c o n ­
v e r g i n g - d iv e r g in g  n o z z l e .  T h ere  s h o u ld  b e  a s h o ck  
sy s te m  a t  th e  n o z z le  d is c h a r g e  and a s  th e  d ow n stream  
f l o w  i s  t h r o t t l e d  s t a t i c  p r e s s u r e s  in  th e  w o rk in g  
s e c t i o n  s h o u ld  n o t  b e  d e p e n d e n t  upon ch a n g e s  in  b a ck  
p r e s s u r e .  A w id e  ra n g e  o f  b a c k -p r e s s u r e  v a r i a t i o n  
s h o u ld  e x i s t  f o r  w h ich  n o  ch an ge  i s  d e t e c t e d  in  
w o r k in g  s e c t i o n  Mach nu m bers. S u p e r s o n ic  tu n n e l  
o p e r a t io n  s h o u ld  be  l i m i t e d  t o  t h i s  r a n g e . I f  th e  
ra n g e  i s  in a d e q u a te , th e n  w ork i s  n e e d e d  on th e  
t u n n e l  f lo w p a th  t o  im p rove  i t s  o p e r a t io n  a s  a 
c o n v e r g i n g - d i v e r g i n g  n o z z l e .

W ith  t h i s  b a s i c  c o n d i t i o n  m et, i t  i s  p o s s i b l e  
t o  c o n s i d e r  th e  i n s e r t i o n  o f  a c o m p r e s s o r  c a s c a d e  and 
i t s  e f f e c t s  on th e  f l o w .  The d i s c u s s i o n  o f  t h i s  
s e c t i o n  w i l l  be  l i m i t e d  t o  c a s c a d e s  h a v in g  s u p e r ­
s o n i c  r e l a t i v e  i n l e t  f l o w s  b u t  s u b s o n ic  a x i a l  
v e l o c i t i e s .  T h is  i s  t h e  g e n e r a l  c a s e  w h ich  a t t a i n s  
in  a x i a l  c o m p r e s s o r s . Some r e s e a r c h  h a s  b e e n  p e r ­
fo rm e d  on  c o m p r e s s o r s  h a v in g  s u p e r s o n ic  a x i a l  
v e l o c i t i e s  b u t  su ch  w ork i s  s t i l l  in  i t s  in f a n c y  (2 1 ).

C o m p lic a t io n s  a r i s e  w ith  a s u p e r s o n ic  i n l e t  
Mach nu m ber. A t t h e  c a s c a d e  i n l e t ,  t h e s e  a r e  m a in ly  
a s s o c i a t e d  w it h  th e  s h o ck  w aves em a n a tin g  fro m  th e  
b la d e  l e a d in g  e d g e s .  T h ese  s h o ck s  a r e  r e f l e c t e d  
from  th e  u p p er  w a l l  o f  th e  w o rk in g  s e c t i o n  and ca n  
th u s  c a u s e  i n t e r f e r e n c e  w ith  t h e  u p strea m  f l o w  f i e l d .  
F o r  t h i s  r e a s o n ,  i t  i s  n e c e s s a r y  t o  u se  s l o t t e d  o r  
p o r o u s - w a l l  t e c h n iq u e s  in  th e  w o rk in g  s e c t i o n .

A m ore s u b s t a n t ia l  p e c u l i a r i t y  i s  t h a t  o f  th e  
'u n iq u e  i n c i d e n c e ' c o n d i t i o n  (2 2 ) . The d e c r e a s e  o f  
o p e r a t i o n a l  in c i d e n c e  ra n g e  w it h  i n c r e a s i n g  s u b s o n ic  
Mach number i s  shown in  f i g u r e  1 .  Once th e  c a s c a d e  
i s  's t a r t e d '  and i s  o p e r a t in g  s u p e r s o n i c a l l y ,  t h e r e  
i s  o n ly  on e  in c i d e n c e  p o s s i b l e  f o r  a p e r i o d i c  f l o w  
p a t t e r n .  T h is  i s  t r u e  f o r  a r o t a t i n g  c o m p r e s s o r  o r  
f o r  a l i n e a r  c a s c a d e .

In  t e s t i n g  c a s c a d e s  w it h  a s u p e r s o n ic  i n l e t  
f l o w ,  o n ly  a s e m i - i n f i n i t e  c a s c a d e  i s  r e p r e s e n t e d .  
E s s e n t i a l l y  th e  i n f i n i t e  s e r i e s  o f  s h o ck s  w h ich  
w ou ld  l i e  u p strea m  o f  a  c o m p r e s s o r  b la d e  i s  t r u n c a t e d  
a t  th e  s h o ck  fro m  th e  f i r s t  b la d e  o f  th e  c a s c a d e , 
i . e . , th e  on e  f u r t h e s t  u p strea m  in  th e  t u n n e l .  T h is  
f i r s t  b la d e  in  f a c t  h a s  a  k e y  r o l e  in  e s t a b l i s h i n g  
th e  s u p e r s o n ic  i n l e t  f l o w  f i e l d .  An a d d i t i o n a l  
d e g r e e  o f  i n l e t  Mach number v a r i a t i o n  may b e  o b t a in e d  
m e r e ly  b y  v a r y in g  th e  s t a g g e r  a n g le  o f  t h a t  b la d e .  
Thus v a r y in g  th e  c a s c a d e  drum a n g le  a c h ie v e s  n o t  a 
v a r i a t i o n  o f  in c i d e n c e  a n g l e ,  w h ich  i s  s e t  b y  th e  
u n iq u e  in c i d e n c e  c o n d i t i o n ,  b u t  r a t h e r  a v a r i a t i o n  
in  i n l e t  Mach num ber.

F or  s u p e r s o n ic  i n l e t  f l o w  w it h  s u b s o n ic  a x i a l  
v e l o c i t y  th e  f l o w  w i l l  a d ju s t  i t s e l f  t o  a d o p t  th e  
u n iq u e  in c i d e n c e  e v e n  when th e  b la d e s  a r e  s e t  a t  
q u i t e  d i f f e r e n t  a n g l e s .  In  t h i s  e v e n t  a s t a t i c  
p r e s s u r e  g r a d i e n t  w i l l  e x i s t  a lo n g  th e  l e a d in g  ed ge  
p la n e  o f  th e  c a s c a d e .  F o r  p e r i o d i c i t y  o f  i n l e t  f l o w  
t o  b e  r e t a in e d  th e  c a s c a d e  s h o u ld  t h e r e f o r e  b e  
c a p a b le  o f  i n l e t  a n g le  v a r i a t i o n .  Once th e  a x i a l  
v e l o c i t y  b ecom es  s o n i c ,  i t  i s  a g a in  p o s s i b l e  t o  s e t  
th e  c a s c a d e  f o r  a ra n g e  o f  in c i d e n c e  v a r i a t i o n  ( 2 1 ) .

I N L E T  M A C H  N U M B E R

F ig .  1 . T h r o a t  A rea  o f  C om p ressor  C a s ca d e s  o v e r  a Range o f  I n l e t  Mach Number.
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The phenom ena o f  c h o k in g  and s t a r t i n g  a r e  o f  
c o n s i d e r a b le  im p o r ta n c e  f o r  th e  o p e r a t io n  o f  h ig h ­
s p e e d  c o m p r e s s o r  b la d in g .  T y p i c a l l y  th e  ru n  w i l l  
com m ence w ith  lo w  p a ck  p r e s s u r e  and th e  f l o w  th ro u g h  
t h e  c a s c a d e  w i l l  be  ch o k e d . Such o p e r a t io n  f o r  a 
t r a n s o n i c  c o m p re s s o r  r o t o r  t i p  c a s c a d e  i s  shown in  
th e  p h o to g r a p h s  o f  f i g u r e  (2 a ) and 2 (b )  in  w h ich  
th e  i n l e t  Mach number i s  1 .2  and th e  i n l e t  a n g le  
i s  6 5 ° .  An i n c r e a s e  in  b a ck  p r e s s u r e  r e s u l t s  in  
fo r w a r d  m ovem ent o f  t h e  p a s s a g e  s h o ck  u n t i l  i t  
r e a c h e s  th e  o p e r a t in g  c o n d i t i o n  o f  f i g u r e  2 ( c ) .
The f l o w  i s  now s t a r t e d  and no l o n g e r  c h o k e d . The 
u n iq u e  in c i d e n c e  c o n d i t i o n  s e t s  th e  in co m in g  f l o w .
A f u r t h e r  i n c r e a s e  in  b a ck  p r e s s u r e  r e s u l t s  in  th e  
p a s s a g e  s h o ck  b e in g  p u sed  fo rw a r d  b e y o n d  th e  l e a d in g  
e d g e  o f  th e  b l a d e .  The f l o w  i s  now u n s t a r t e d  and 
' s p i l l s '  from  on e  p a s s a g e  t o  th e  n e x t .  The u n iq u e  
in c i d e n c e  c o n d i t i o n  no l o n g e r  h o l d s .  In  a t r a n s o n i c  
c o m p r e s s o r  o p e r a t in g  u n d er t h i s  c o n d i t i o n ,  th e  mass 
f l o w  w h ich  w ou ld  h a ve  b e e n  c o n s t a n t  w h ile  th e  s h o ck  
re m a in e d  a t t a c h e d  t o  th e  b l a d e , w ou ld  now b e g in  t o  
f a l l  o f f ,  w ith  an a s s o c i a t e d  i n c r e a s e  in  i n c i d e n c e .

The a b o v e  d e s c r i p t i o n  a p p l i e s  t o  c o r r e c t l y  
d e s ig n e d  b la d e  p a s s a g e s  f o r  w h ich  th e  t h r o a t  i s  in  
th e  l e a d in g  e d g e  r e g i o n .  B la d in g  may be e n c o u n te r e d  
w h ich  i s  m ore d i f f i c u l t  t o  s t a r t  and a m ore d e t a i l e d  
a c c o u n t  o f  th e  f l o w  p r o c e s s e s  i s  d e s i r a b l e .  F or  
su ch  i n s i g h t  t h e  r e a d e r  i s  r e f e r r e d  t o  th e  e x c e l l e n t  
d e s c r i p t i o n  o f  s t a r t i n g  and c h o k in g  p r o c e s s e s  in  
c a s c a d e s  g iv e n  b y  L i c h t f u s s  and  S ta rk e n  ( 2 3 ) .

A fu r t h e r  c o m p l ic a t io n  i s  t h a t  i f  a l l  p a s s a g e s  
in  a s u p e r s o n ic  co m p re s so r  w ere t h r o t t l e d  e q u a l ly ,  
th e  u p p er  and lo w e r  f l o o r  bou n d a ry  la y e r s  w ou ld  c a u s e  
e x c e s s i v e  c o n t r a c t i o n  in  t h o s e  end p a s s a g e s . Upon 
a p p l i c a t i o n  o f  b ack  p r e s s u r e  a s h o ck  w ou ld  be  f o r c e d  
th ro u g h  th e  end p a s s a g e s  b e f o r e  f u l l  t h r o t t l i n g  
c o u ld  be a c co m p lis h e d  in  th e  c e n t e r  p a s s a g e s .

Some o p e r a t o r s  o f  s u p e r s o n ic  c o m p re s s o r  c a s c a d e s  
have u sed  a f r e e  j e t  and t h r o t t l e  b o x  a rra n g em en t (2 4 ) . 
In  su ch  a c o n f ig u r a t i o n  th e  tu n n e l d i s c h a r g e s  a 
s u p e r s o n ic  j e t  i n t o  th e  ta n k . The c a s c a d e  b o x  i s  
m ounted in  th e  j e t .  In  o r d e r  t o  im pose a b ack  
p r e s s u r e , th e  d is c h a r g e  o f  t h i s  b o x  i s  in  th e  form  
o f  a t h r o t t l e  v a lv e  w h ich  ca n  b e  c o n t r o l l e d  r e m o t e ly  
by  th e  o p e r a t o r .

A d i f f e r e n t  arran gem en t i s  shown in  f i g u r e  3 .
The co m p re s so r  ca s c a d e  i s  h e re  a t t a c h e d  d i r e c t l y  t o  
th e  tu n n e l w o rk in g  s e c t i o n  a s  f o r  c o n v e n t io n a l  
s u b s o n ic  t e s t i n g .  In  o r d e r  t o  a v o id  th e  t u n n e l  end 
w a ll  bou n d a ry  la y e r  p ro b le m  th e  e n t i r e  f l o w  e n t e r in g  
e a ch  end p a ss a g e  i s  s e p a r a t e ly  b le d  o f f .  As shown in  
f i g u r e  4 t h i s  ga v e  im p roved  b a c k -p r e s s u r in g  ra n g e  
a s  com pared  w ith  a t h r o t t l e  b o x  a rra n g em en t.

A fu r t h e r  p ro b le m  in  t e s t i n g  s u p e r s o n ic  co m p re s ­
s o r  c a s c a d e s  i s  t h a t  u n le s s  s t e p s  a re  ta k e n  t o  e n s u re  
t h a t  th e  a x i a l  d e n s i t y  v e l o c i t y  r a t i o  i s  c o r r e c t l y  
c o n t r o l l e d ,  s e v e r e  s id e  w a l l  b ou n d a ry  la y e r  s e p a r a t io n  
may r e s u l t .  T h is  w ou ld  g iv e  d i f f i c u l t i e s  in  ch a n g in g  
b a ck  p r e s s u r e  o v e r  th e  ra n ge  o f  o p e r a t io n .

F i g .  2 . E f f e c t  o f  I n c r e a s in g  B ack P r e s s u r e  on  T r a n s o n ic  R o to r  T ip  C ascade a t  I n l e t  Mach Number o f  1 .2 .
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F ig .  3 . T r a n s o n ic  T ip  P ack a ge  S how ing End P a ssa ge  B le e d  D u cts

0  t e s t s  u s i n g  t h r o t t l e  b o x

S T A T I C - P R E S S U R E  R I S E  C O E F F I C I E N T  Cp

F ig .  4 .  L oss  C o e f f i c i e n t  a s  a F u n c t io n  o f  S t a t i c  P r e s s u r e  R is e  C o e f f i c i e n t .
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The u s u a l  way o f  o v e r c o m in g  t h i s  p ro b le m  i s  t o  
e m p lo y  c o n v e r g in g  s id e  w a l l s .  A t th e  v e r y  l e a s t ,  
i t  c o u ld  b e  a rg u e d  t h a t  th e  e f f e c t i v e  a r e a  c o n t r a c ­
t i o n  p r e v a l e n t  i n  th e  r o t a t i n g  h ig h -s p e e d  c o m p r e s s o r  
s h o u ld  b e  r e p l i c a t e d .  In  th e  e x a m p le s  in  f i g u r e s  2 
t o  4 ,  an a re a  c o n t r a c t i o n  o f  14% was u s e d . A lth o u g h  
t h e r e  a r e  v a r i o u s  s o u r c e s  o f  i n t e r f e r e n c e  w it h  th e  
s c h l i e r e n  v i s u a l i z a t i o n ,  no  d i f f i c u l t y  in  o b s e r v a ­
t i o n  i s  c a u s e d  b y  u s in g  c o n v e r g in g  s i d e - w a l l s .

A ssum ing t h a t  a l l  o f  th e  a b o v e  p r e c a u t i o n s  have 
b e e n  t a k e n , t h e  t e s t  o f  a g re e m e n t b e tw e e n  c a s c a d e  
e x p e r im e n t s ,  c a s c a d e  t h e o r y  and r i g  m easurem en ts 
m ust b e  m et. F o r  r o t o r  t i p  b la d in g  i t  i s  p o s s i b l e  
t o  o b t a i n  r e l i a b l e  d a ta  fro m  c a s in g  t r a n s d u c e r  
s i g n a l s .  R e fe r e n c e  (2 5 ) r e v e a l s  s u b s t a n t ia l  d i s ­
c r e p a n c i e s  b e tw e e n  su ch  m easurem en ts and c a l c u l a t i o n s  
(w h e th e r  t im e  m a rch in g  o r  m eth od  o f  c h a r a c t e r i s t i c s ) . 

The a u t h o r  h a s  o b s e r v e d  s im i l a r  d i s c r e p a n c i e s  
b e tw e e n  c o m p r e s s o r  c a s c a d e  m easurem en ts and t im e ­
m a rch in g  c a l c u l a t i o n s .

I t  a p p e a r s  t h a t  th e  m a jo r  d i s c r e p a n c y  i s  b e tw e e n  
th e  known c a l c u l a t i o n  m eth od s  and th e  t e s t  d a t a ,  
w h e th e r  from  c a s c a d e  t e s t s  o r  c o m p r e s s o r  r o t o r  
m e a su rem en ts .

The a u t h o r 's  c o n c l u s i o n  i s  t h a t  f o r  t r a n s o n i c  
c o m p r e s s o r  b l a d i n g ,  i t  i s  a d e t a i l e d  k n o w le d g e  o f  th e  
f l o w  w h ich  i s  s t i l l  l a c k i n g .  W ith o u t  an im p roved  
u n d e r s t a n d in g  o f  s h o c k -b o u n d a r y  l a y e r  i n t e r a c t i o n s  
on  b l a d i n g  a p p l i c a t i o n  o f  c a s c a d e  f l o w  c a l c u l a t i o n s  
t o  c o m p r e s s o r  b la d in g  w i l l  b e  f u t i l e .  C asca d e  
t e s t i n g  i s  r e q u i r e d  t o  i n v e s t i g a t e  s h o c k -b o u n d a r y  
l a y e r  i n t e r a c t i o n s  on  c u r v e d  b la d in g  u n d er c o n d i t i o n s  
o f  h ig h  f r e e - s t r e a m  t u r b u le n c e .

TESTING OF HIGH SPEED TURBINE CASCADES

A lth o u g h  f o r  m ost  a i r c r a f t  and i n d u s t r i a l  g a s  
t u r b i n e s  t h e  d i s c h a r g e  Mach number o f  t u r b in e  b la d in g  
r a r e l y  e x c e e d s  1 . 2 ,  in  th e  l a s t  s t a g e s  o f  l a r g e  
s tea m  t u r b in e s  l e v e l s  a s  h ig h  a s  1 .8  may be 
a t t a i n e d  ( 1 ) .  The n o z z l e s  o f  s m a ll  im p u ls e  t u r b in e s  
may b e  d e s ig n e d  f o r  s u b s t a n t i a l l y  h ig h e r  s u p e r s o n ic  
v e l o c i t i e s .

I n l e t  r e l a t i v e  v e l o c i t i e s  t o  t u r b in e  b la d in g  
w i l l  g e n e r a l l y  be  s u b s o n i c .  E x c e p t io n s  t o  t h i s  may 
i n c l u d e  th e  r o t o r  b la d in g  o f  im p u ls e  t u r b in e s  and 
th e  t i p  s e c t i o n s  o f  l a s t  s t a g e  steam  t u r b in e  b l a d i n g .  
T h e se  l a t t e r  c a s e s ,  e x h i b i t i n g  s u p e r s o n i c  c o n d i t i o n s  
a t  b o t h  i n l e t  and d i s c h a r g e ,  a re  p a r t i c u l a r l y  d i f f i ­
c u l t  o n e s .  B oth  t h e  c o m p l e x i t i e s  o f  s u p e r s o n ic  
i n l e t  f l o w s ,  d i s c u s s e d  in  t h e  p r e v io u s  s e c t i o n ,  and 
t h o s e  o f  s u p e r s o n i c  d i s c h a r g e  f l o w s ,  t o  b e  d e s c r i b e d ,  
w i l l  b e  p r e s e n t .

The p r i n c i p a l  d i f f i c u l t y  in  s im u la t in g  s u p e r ­
s o n i c  d i s c h a r g e  f l o w s  o f  t u r b in e  n o z z l e  and r o t o r  
b l a d i n g  in  a l i n e a r  c a s c a d e  i s  in  a t t a i n i n g  p i t c h -  
w is e  p e r i o d i c i t y  o f  th e  f l o w  f i e l d .  T r a v e r s e s  w i l l  
t y p i c a l l y  be  made i n  a p la n e  a b o u t  a c h o r d  d ow n stream  
fro m  t h e  t r a i l i n g  e d g e  p la n e .  The aim  w i l l  be  t o  
e s t a b l i s h  th e  t u r n in g  a n g le  and l o s s  c o e f f i c i e n t  o f  
t h e  b la d e  row .

In  s u b s o n ic  t u r b in e  b l a d i n g  t h e r e  i s  n o t  u s u a l ly  
t o o  much d i f f i c u l t y  in  a t t a i n i n g  p e r i o d i c i t y .  A 
r e a s o n a b le  num ber o f  b la d e s  and p o s s i b l e  a t t e n t i o n  
t o  b o u n d a ry  l a y e r  b l e e d  in  th e  end  p a s s a g e s  a r e  
u s u a l ly  q u i t e  s u f f i c i e n t .  I t  i s ,  h o w e v e r , q u i t e  
im p o r ta n t  t o  e n s u r e  t h a t  th e  b la d in g  i £  d im e n s io n a l ly

s t a b l e  and th a t  th e  t h r o a t  w id th  o f  e a c h  p a s s a g e  i s  
e q u a l .

The d is c h a r g e  o f  a s u p e r s o n i c  j e t  from  a c a s ­
ca d e  i n t o  a m b ien t a i r  i s  a m ore dem an din g b o u n d a ry  
c o n d i t i o n .  E xp a n s ion s  and s h o ck  w aves em a n a tin g  
from  th e  t r a i l i n g  ed ge  r e g io n  o f  t h e  b la d e s  im p in g e  
upon a h ig h ly  t u r b u le n t  s h e a r  l a y e r .  T h ese  a r e  th en  
r e f l e c t e d  b a ck  i n t o  th e  m ain s tr e a m  f l o w ,  u s u a l ly  
in  th e  r e g io n  o f  th e  t r a v e r s e  p l a n e , c a u s in g  a s t r o n g  
and s p u r io u s  f l o w  d is t u r b a n c e .

I f  th e  t u r b in e  b la d e  h a s  a c o n v e x  r e g io n  dow n­
s trea m  o f  th e  t h r o a t  e x p a n s io n  w aves w i l l  b e  
g e n e r a te d  from  th e  b la d e  s u r f a c e  and im p in g e  upon th e  
f r e e  bou n d a ry  o f  th e  d ow n stream  s u p e r s o n i c  f l o w .  T h ese  
w i l l  be r e f l e c t e d  as c o m p r e s s io n  w a v es  w h ich  u s u a l ly  
run t o g e t h e r  t o  form  a r e f l e c t e d  s h o c k .  A s h o ck  wave 
w i l l  a l s o  be  g e n e ra te d  from  t h e  t r a i l i n g  e d g e  r e g i o n .  
I t s  im pingem ent on th e  f r e e  b o u n d a ry  r e s u l t s  in  th e  
r e f l e c t i o n  o f  a fa n  o f  e x p a n s io n  w a v e s .

The s i t u a t i o n  i s  d e p i c t e d  s c h e m a t i c a l l y  in  
f i g u r e  5 . D epen din g upon b la d e  s h a p e , f l o w  a n g le  and 
Mach num ber, th e  r e f l e c t e d  s h o ck s  and e x p a n s io n s  w i l l  
v a r y  in  s t r e n g t h  and e f f e c t .

F ig .  5 .  S ch e m a tic  R e p r e s e n ta t io n  o f  R e f l e c t e d  S hock  
P a tte r n  w ith  F ree  B o u n d a ry .

An exam ple  o f  t h i s  ty p e  o f  d i s r u p t i o n  i s  g iv e n  
in  f i g u r e  6 . F low  p e r i o d i c i t y  was b a d  in  a p la n e  
on e  c h o r d  dow nstream  and e v e n  w o rse  h a l f  a c h o r d  down­
s trea m  o f  th e  t r a i l i n g  e d g e  p la n e .  The ca u s e  o f  th e  
t r o u b l e  was th e  r e f l e c t i o n  o f  t r a i l i n g  e d g e  s h o ck s  
from  th e  f r e e  sh e a r  la y e r  a s  e x p a n s io n s ,  th u s  
c r e a t i n g  r e g io n s  o f  e x c e s s i v e l y  lo w  s t a t i c  p r e s s u r e .  
T h is  p ro b le m  w ou ld  n o t  b e  s o lv e d  s im p ly  by  i n c r e a s i n g  
th e  number o f  b la d e s .  R e fe r e n c e  (2 6 ) d e s c r i b e s  
c a s c a d e  t e s t s  in  w h ich  a la r g e  num ber o f  b la d e s  was 
u s e d . The v i s i b l e  p ro b le m  in  t h a t  c a s e  was o f  
in c i d e n t  e x p a n s io n s  b e in g  r e f l e c t e d  from  t h e  f r e e  
s h e a r  la y e r  a s  s h o ck s  w ith  e q u a l ly  c a t a s t r o p h i c  
e f f e c t .

An a l t e r n a t i v e  c o n f i g u r a t i o n  fro m  t h a t  o f  th e  
s u p e r s o n ic  d is c h a r g e  j e t  e m e rg in g  i n t o  a m b ie n t  a i r , 
w ith  a t u r b u le n t  and u n c o n t r o l l a b l e  s h e a r  l a y e r  a t  
th e  i n t e r f a c e ,  i s  f o r  th e  j e t  t o  b e  b ou n d ed  b y  a 
s o l i d  s u r f a c e .  A m ovab le  w a l l  i s  h in g e d  fro m  th e  
t r a i l i n g  e d ge  o f  th e  end b l a d e .  T h is  w a l l  b ecom es  
a s t r e a m l in e .  The f l o w  d i r e c t i o n  and p r e s s u r e  a re
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evident in these examples.

F i g .  6 .  S c h l i e r e n  P h o tg ra p h  o f  Unbounded Dow nstream  
F lo w  F i e l d  in  a T u rb in e  N o z z le  C a s ca d e ; 
D om inated  b y  R e f le c t e d  E x p a n s io n s .

t h e r e b y  p r e s c r i b e d  and e x p a n s io n  o f  th e  f l o w  t o  th e  
c o r r e s p o n d in g  a n g le  b ecom es t h e  d ow n stream  b o u n d a ry  
c o n d i t i o n  ( 1 7 ) .

E x p a n s io n s  g e n e r a te d  from  t h e  c o n v e x  b la d e  
s u r f a c e  w i l l  be  r e f l e c t e d  a s  e x p a n s io n s  and th e  
s h o c k s  g e n e r a te d  in  th e  t r a i l i n g  e d g e  r e g io n  w i l l  be  
r e f l e c t e d  a s  s h o c k s . T h is  c o n f ig u r a t i o n  i s  t h e r e ­
f o r e  u s u a l ly  a s  dam agin g t o  f l o w  p e r i o d i c i t y  a s  th e  
f r e e  j e t  d i s c h a r g e  c a s e .

N e v e r t h e le s s ,  c o n f ig u r a t i o n s  e m p lo y in g  a 
m o v a b le  w a l l  a s  a dow nstream  f l o w  b o u n d a ry  have b een  
em p lo y e d  w it h  r e a s o n a b le  s u c c e s s  ( 2 7 ) ,  ( 1 8 ) .  The 
s c h l i e r e n  p h o to g r a p h s  o f  f i g u r e  7 show th e  r e s u l t s  
o f  c a s c a d e  t e s t s  on  n o z z le  b la d e s  f o r  C u r t is  
t u r b i n e s .  The p r e s s u r e  r a t i o s  c o r r e s p o n d in g  t o  
s m a ll  ch a n g e s  in  t a i l b o a r d  a n g le  a r e  a l s o  g iv e n .
The s t r o n g  r e f l e c t e d  s h o ck  s t r u c t u r e  i s  p a r t i c u l a r l y

S in c e  r e f l e c t e d  w aves have p ro v e d  t o  be  so  
t r o u b le s o m e , th e  p ro b le m  i s  on e  o f  i d e n t i f y i n g  a 
dow n stream  b o u n d a ry  c o n f i g u r a t i o n  w h ich  m ig h t be 
c a p a b le  o f  s u c c e s s f u l  and r o u t i n e  i n c o r p o r a t i o n  in  
c a s c a d e  t e s t i n g .  The u se  o f  a p e r f o r a t e d  t a i l b o a r d  
o f  c o n t r o l l a b l e  p o r o s i t y  (2 8 ) i s  recom m ended a s  a 
v e r s a t i l e  s o l u t i o n  t o  t h i s  p ro b le m .

I f  a s h o ck  i s  i n c i d e n t  on  an u n d is t o r t e d  s h e a r  
la y e r  i t  w i l l  be  r e f l e c t e d  a s  an e x p a n s io n  ( f i g u r e  
8 a ) . C o n v e r s e ly  i f  su ch  a s h o ck  im p in g e s  on a f l a t  
p l a t e  th e  r e f l e c t i o n  i s  in  th e  fo rm  o f  a s h o ck  
( f i g u r e  8 b ) . I t  i s  n o t  t o o  d i f f i c u l t  t o  d e v i s e  a 
s u i t a b l e  p e r f o r a t e d  o r  p o r o u s  s u r f a c e  su ch  t h a t  th e  
n e t  r e f l e c t e d  d is t u r b a n c e  a t  a  s u i t a b l e  d i s t a n c e  
from  t h a t  s u r f a c e  w i l l  be z e r o  ( f i g u r e  8 c ) . The o n ly  
r e f l e c t e d  s h o ck s  o r  e x p a n s io n s  p r e s e n t  in  t h e  f l o w  
a r e  l o c a l  o n e s  o f  a l e n g t h  s c a l e  c o r r e s p o n d in g  t o  
th e  p o r o s i t y  o f  t h e  s u r f a c e .  M utual c a n c e l l a t i o n  
i s  e f f e c t e d  w i t h in  t h a t  l e n g t h  s c a l e .

Such a t a i l b o a r d ,  o f  a d ju s t a b l e  p o r o s i t y  and 
i n c l i n a t i o n ,  was d e v i s e d  f o r  th e  c a s c a d e  o f  f i g u r e  6 . 
T h is  r e s u l t e d  in  c a n c e l l a t i o n  o f  th e  s t r o n g  r e f l e c t e d  
wave f i e l d  and s u b s t a n t ia l  im p rovem en t in  dow n stream  
p e r i o d i c i t y .  D i f f i c u l t i e s  in  s t r e s s i n g  and m anu- 
f a c t e  r e s u l t  in  th e  t r a i l i n g  e d g e s  o f  m ost t u r b in e  
b la d e s  b e in g  q u i t e  b l u n t .  B la d e  c o o l i n g  r e q u ir e m e n ts  
o f t e n  i n c r e a s e  th e  t h i c k n e s s  f u r t h e r .  The s t a t i c  
p r e s s u r e  b e h in d  a  b lu n t  t r a i l i n g  e d g e  w i l l  u s u a l ly  
be  lo w e r  than  t h a t  o f  th e  n e a r ly  f r e e  s tr e a m . T h is  
r e s u l t s  in  an a d d i t i o n a l  d ra g  p e n a l t y .

F o r  s u b s o n ic  f l o w  th e  e x i s t e n c e  o f  a Von Karman 
v o r t e x  s t r e e t  i s  a  s i g n i f i c a n t  m echanism  o f  d ra g  
i n c r e a s e . O b s e r v a t io n s  a p p e a r  t o  i n d i c a t e  t h a t  
from  an i s e n t r o p i c  d is c h a r g e  Mach number r a n g in g  
b e tw e e n  1 .1  and 1 .3 5  th e  s h e d d in g  o f  a p e r i o d i c  
v o r t e x  s t r e e t  i s  u s u a l ly  s u p p r e s s e d  b y  th e  dow n stream  
s h o ck  wave system  ( 2 9 ) .  H ow ever s c h l i e r e n  p i c t u r e s  
do e x i s t  (3 0 ) sh ow in g  c l e a r l y  th e  e x i s t e n c e  o f  a 
v o r t e x  s t r e e t  dow n stream  o f  a s t r o n g  s h o ck  s y s te m .
In  su ch  a c a s e ,  th e  s h o ck  sy s te m  may o s c i l l a t e  a t  
th e  s h e d d in g  f r e q u e n c y .

In  s u p e r s o n ic  f l o w s  w h eth er  s h e d d in g  i s  s u p p r e s s e d  
o r  n o t ,  a c h a r a c t e r i s t i c  t r ia n g u la r - s h a p e d  b a s e  
p r e s s u r e  zo n e  e x i s t s  dow n stream  o f  th e  t r a i l i n g  e d g e . 
A erod yn am ic p r o p e r t i e s  su ch  a s  l o s s  and t u r n in g  
d ep en d  upon c o r r e c t  m o d e l l in g  o f  t h i s  r e g i o n .  The 
t u r b in e  b la d in g  d e s ig n  p r o c e s s  i s  now l a r g e l y  
c e n t e r e d  on t im e -m a rch in g  and s i m i l a r  c o m p u t a t io n a l  
p r o c e d u r e s .  The v a l i d i t y  o f  f l o w - f i e l d  c a l c u l a t i o n  
f o r  t u r b in e  b la d in g  i s  v e r y  s e n s i t i v e  t o  th e  m o d e ll in g  
o f  e x p a n s io n  and c o m p r e s s io n  p r o c e s s e s  in  th e  b a s e  
f l o w  r e g io n  ( 3 1 ) .  A s m a ll  d i s c r e p a n c y  in  b a se  
t r i a n g l e  r e p r e s e n t a t i o n  d r a s t i c a l l y  a f f e c t s  s h o ck  
l o c a t i o n  and p r e s s u r e s  o v e r  th e  w h o le  o f  th e  b a ck  
h a l f  o f  th e  t u r b in e  b l a d e .  I f  p e r i o d i c  e f f e c t s  a re  
n o t  a l l  s u p p r e s s e d , th e  s h o ck  w aves w i l l  o s c i l l a t e  
w i t h in  th e  p a s s a g e  w ith  c o n s i d e r a b le  l e v e r a g e .

A m a jo r  c o n t r ib u t i o n  in  c o r r e l a t i o n s  o f  t u r b in e  
b la d e  l o s s  i s  t h e  c h o i c e  o f  b a s e  p r e s s u r e  c o e f f i ­
c i e n t .  A v a i la b le  l o s s  d a ta  a re  d e p e n d e n t  on 
im p ro v e d  u n d e r s ta n d in g  o f  b a s e - r e g io n  f l o w s  f o r  
a c c u r a t e  s y s t e m a t ic  a p p l i c a t i o n .  I t  h a s  b een  c o n ­
c lu d e d  t h a t  " c a l c u l a t i o n  m eth od s  w h ich  n e g l e c t  b a se  
p r e s s u r e  e f f e c t s  a r e  in c a p a b le  o f  a c c u r a t e l y  c a l c u ­
l a t i n g  th e  f l o w  p a t t e r n  o r  th e  t o t a l  p r e s s u r e  l o s s " (3 2 ).
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7 (a )  -  T a i lb o a r d  A n g le  7 8 ° ;  P r e s s u r e  R a t io  4 .2 5

7 (b )  -  T a i lb o a r d  A n g le  7 3 ° ;  P r e s s u r e  R a t io  8

F ig .  7 . F low  in  C u r t i s  T u rb in e  N o z z le s  (R e fe r e n c e  2 7 ) .

In  t h i s  c o n t e x t  th e  r o l e  o f  h ig h  s p e e d  c a s c a d e  
t e s t i n g  i s  s e e n  a s  on e  o f  s e c u r in g  im p ro v e d  u n d e r ­
s ta n d in g  o f  t h e  p h y s i c s  o f  b a s e  f l o w s .  T h ere  i s  
p a r t i c u l a r l y  se e n  t o  be  a r o l e  f o r  im p roved  p r e c i s i o n  
in  f l o w  v i s u a l i z a t i o n  and th e  u se  o f  s u b -m ic r o s e c o n d  
e x p o s u r e  p h o to g r a p h y .

The d i f f i c u l t y  o f  c o n d e n s a t io n  s h o ck s  i s  
e s p e c i a l l y  a c u t e  w ith  s u p e r c r i t i c a l  t u r b in e  b la d in g  
w here th e  lo w  d is c h a r g e  t e m p e r a tu r e s  make c o n d e n s a ­
t i o n  q u i t e  l i k e l y .  I f  i t  i s  d e s i r e d  t o  e l im in a t e  
c o n d e n s a t io n  s h o c k s  th e  use o f  a c l o s e d - c i r c u i t  
c o n t in u o u s  ru n n in g  tu n n e l  w ith  a d e q u a te  d r y in g  
f a c i l i t i e s  i s  recom m ended. A l t e r n a t e l y  c a s c a d e s  may 
ru n  'h o t '  a t  su ch  a te m p e r a tu r e  t h a t  c o n d e n s a t io n  
i s  n o t  a p ro b le m .

In  t h e  l a s t  s t a g e s  o f  steam  t u r b in e s  c o n d e n s a t io n

phenom ena, in c lu d in g  d r o p l e t  p r o d u c t io n  from  n u c l e a -  
t i o n  and c o n d e n s a t io n  s h o ck s  w it h in  th e  b l a d i n g ,  
a p p e a r  t o  o c c u r  in  o p e r a t io n  and le a d  t o  d e c r e a s e d  
e f f i c i e n c y  in  a d d i t i o n  t o  th e  o t h e r  w e ll-k n o w n  
p ro b le m s  su ch  a s  b a ld e  e r o s i o n .  Such m easurem ents 
have b een  r e p o r t e d  in  r e f e r e n c e  (3 3 ) and c a l c u l a t i o n s  
o f  d ro p  s i z e  h ave b een  p e r fo rm e d  b y  M oore e t  a l  ( 3 4 ) .

In  e x p e r im e n t a l  i n v e s t i g a t i o n s  o f  w et steam  
b e h a v io r  in  c a s c a d e s ,  a w et steam  tu n n e l  i s  a u s e f u l  
t o o l .  That shown in  f i g u r e  9 i s  t h a t  o f  th e  B r i t i s h  
C e n t r a l  E l e c t r i c i t y  R e se a rch  L a b o r a t o r i e s .  D r o p le t  
s i z e  can  b e  v a r ie d  b e tw een  0 .2  and 2 .0  mm and a  w id e  
ra n g e  o f  s u p e r s o n ic  Mach num bers w i l l  b e  a t t a i n a b l e  
a t  th e  c a s c a d e  d i s c h a r g e .  M ost r e l e v a n t  d im e n s io n ­
l e s s  p a ra m e te rs  can  be m o d e lle d  w e l l  in  t h i s  t u n n e l ,  
i n c lu d in g  th e  s p e c i f i c  h e a t  r a t i o .  At h ig h  d is c h a r g e  
Mach nu m bers, i t  may b e  d e s i r a b l e  t o  r e p l i c a t e  th e
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(b ) S ch e m a tic  R e p r e s e n ta t io n  o f  Bounded Dow nstream  
F lo w -F ie ld  G iv in g  R e f l e c t e d  S h o ck s .

( c )  S ch e m a tic  R e p r e s e n ta t io n  o f  S hock  C a n c e l l a t i o n  b y  P o ro u s  T a i l - B o a r d .

F ig .  8 . S ch e m a tic  R e p r e s e n ta t io n  o f  E f f e c t  o f  D i f f e r i n g  D ow nstream  F lo w -F ie ld  B o u n d a rie s

F ig .  9 .  The C .E .R .L .  W et-S team  T u n n e l.
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s p e c i f i c  h e a t  r a t i o  o f  v a r io u s  s tea m  q u a l i t i e s  
w it h o u t  th e  a t t e n d a n t  m o is t u r e  p ro b le m s  o r  th e  o t h e r  
in c o n v e n ie n c e s  o f  w o rk in g  w ith  s te a m . F o r s t e r  (1 1 ) 
h a s  d e s c r i b e d  t h e  a d v a n ta g e s  o f  t e s t i n g  in  a F reon  
1 2 - a i r  m ix tu r e .

INSTRUMENTATION AND OBSERVATION TECHNIQUES

The m easurem ent o f  t im e  a v e ra g e d  p r e s s u r e s  and 
f l o w  a n g le s  in  th e  v i c i n i t y  o f  s u b s o n ic  c a s c a d e s  
i s  s t r a i g h t f o r w a r d .  H owever a s  th e  l o a d in g  o f  
c o m p r e s s o r  b la d in g  in c r e a s e s  o r  in  t h e  wake r e g io n  
o f  t u r b in e  b l a d i n g ,  s t a t i c  p r e s s u r e  v a r i a t i o n s  
becom e s i g n i f i c a n t .  F or  t h i s  r e a s o n  i t  i s  d e s i r a b l e  
t o  in c o r p o r a t e  a r e l i a b l e  s t a t i c  p r e s s u r e  m e a su r in g  
d e v i c e  i n t o  th e  p r o b e  h e a d . W ork ers  in  many 
c o u n t r i e s  have p ro d u c e d  c o m b in a t io n  p r o b e s  c a p a b le  
o f  m e a su r in g  t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e  and 
f l o w  a n g le .

P ro b e s  f o r  s u p e r s o n ic  f l o w  n e e d  c a r e f u l  e v a lu a ­
t i o n .  The p ro b le m  i s  m ost a c u t e  in  th e  d i s c h a r g e  
r e g i o n  o f  t u r b in e  b la d in g  w here s h o c k s ,  s e v e r e  
e x p a n s io n s  and w akes a r e  p r e s e n t .  U nder t h e s e  c o n ­
d i t i o n s ,  even  a p i t o t  tu b e  ca n  b e  s e n s i t i v e  t o  
i n c i d e n c e .  I n t e r n a l l y  ch a m fe r in g  th e  tu b e  i n l e t  
r e d u c e s  t h i s  s e n s i t i v i t y .

P i t o t  tu b e  m easurem en ts in  s u p e r s o n ic  f l o w  a r e  
a f f e c t e d  b y  th e  s h o ck  s ta n d in g  u p strea m  o f  th e  p r o b e . 
C o r r e c t i o n  f o r  t h i s  s h o ck  p resu m es k n o w le d g e  o f  th e  
l o c a l  s t a t i c  p r e s s u r e .

R e fe r e n c e  (3 5 ) i l l u s t r a t e s  th e  u s e  o f  a  d i s c  
p r o b e  h a v in g  a  c e n t e r  t a p  on  th e  p la n e  f a c e .  I n d i ­
c a t e d  s t a t i c  was s u f f i c i e n t l y  c l o s e  t o  t r u e  s t a t i c  
t h a t  o n l y  a s m a ll  c o r r e c t i o n  was n e e d e d . F low  
b lo c k a g e  from  a t h i c k  p r o b e  and s u p p o r t  a s s e m b ly  can  
be  a  p r o b le m , e s p e c i a l l y  a t  t r a n s o n i c  s p e e d s .  F or  
t h i s  r e a s o n  t h e  p r o b e s  s h o u ld  b e  as  co m p a ct  as  
p o s s i b l e ,  c o n s i s t e n t  w ith  a d e q u a te  r e s p o n s e  t im e .

T h ere  a re  a number o f  t e c h n iq u e s  a v a i l a b l e  
p e r m i t in g  a c c u r a t e  p r e s s u r e  m easurem en ts t o  b e  made 
in  w e t steam  ( 3 6 ) .  T h ese  u s u a l ly  i n v o lv e  p u r g in g  
th e  p r o b e  w ith  d r y  a i r  b e f o r e  o r  d u r in g  a  r e a d in g .  
D i r e c t  m easurem ent o f  v e l o c i t i e s  and t u r b u le n c e  
l e v e l s  in  lo w  s p e e d  f l o w s  i s  a c c o m p lis h e d  b y  h o t  
w ir e  anem om etry . S u s c e p t i b i l i t y  t o  damage h a s  n o t  
p r e v e n t e d  th e  u se  o f  h o t  w ir e s  in  a w et steam  
c a s c a d e  a t  Mach num bers up t o  1 .3  ( 3 7 ) .

New s e m ic o n d u c to r  te m p e r a tu r e  t r a n s d u c e r s  a re  
w e l l  s u i t e d  t o  m e a su r in g  s t a t i c  and s t a g n a t io n  
t e m p e r a tu r e s  in  a h ig h  s p e e d  f l o w .  A ra n g e  o f  
s p e c i a l i z e d  t e c h n iq u e s  i s  a v a i l a b l e  f o r  m easurem en ts 
in  h o t  c o m b u s t io n  g a s e s .

In  r e f e r e n c e  (3 8 ) th e  a d v a n ta g e s  o f  u s in g  a 
t r a n s i e n t  c a s c a d e  f a c i l i t y  a r e  d e s c r i b e d .  The t e s t  
may b e  s t a r t e d  w ith  c o l d  b la d in g ;  by  u s in g  a i r  w ith  
a s t a g n a t i o n  te m p e r a tu r e  o f  520 K, a g a s - t o - w a l l  
te m p e r a tu r e  r a t i o  o f  1600K : HOOK i s  s im u la t e d .
T h in  f i l m  ga u g e  q u a r tz  i n s e r t s  w ere u se d  t o  m easure  
h e a t  t r a n s f e r  r a t e  d i s t r i b u t i o n  on l i g h t  a l l o y  
b l a d e s .  A l t e r n a t i v e l y ,  b la d e s  a re  m ach in ed  from  
MACOR g l a s s  c e r a m ic  w h ich  a l s o  t a k e s  a d e p o s i t e d  
t h in  f i l m  g a u g e .

The m ost r e a d i l y  u s e f u l  in fo r m a t io n  f o r  h ig h  
s p e e d  c a s c a d e s  i s  o b ta in e d  from  s c h l i e r e n  o b s e r v a ­
t i o n .  S in g le  p a s s  s c h l i e r e n  sy s te m s  s u f f e r  from

tw o m a jo r  d e f i c i e n c i e s .  F i r s t l y ,  lo a d e d  b la d in g  
w h ich  i s  s t r u c t u r a l l y  s u p p o r te d  in  t r a n s p a r e n t  s i d e -  
w a l l s  m ust im p a rt  a s t r e s s  t o  th e  w a l l s .  The 
r e s u l t i n g  c o n c e n t r a t io n  i s  o f t e n  v i s i b l e  a s  a p h o t o ­
e l a s t i c  s t r e s s  p a t t e r n  and may j e o p a r d i z e  v i s u a l i z a ­
t i o n .  S e c o n d ly , i t  i s  o f t e n  d e s i r e d  t o  m easure 
b la d e  o r  s i d e - w a l l  s t a t i c  p r e s s u r e s .  P r e s s u r e  le a d s  
i n v a r ia b l y  i n t e r f e r e  w ith  s c h l i e r e n  and u s u a l ly  
c o n t r iv e  t o  c o n c e a l  th e  m ost im p o r ta n t  s h o ck  un d er 
i n v e s t i g a t i o n .  F or t h e s e  r e a s o n s  some i n v e s t i g a t o r s  
h a ve  p r e f e r r e d  t o  u se  d o u b le - p a s s  s c h l i e r e n  w ith  th e  
b la d e s  c a n t i l e v e r e d  from  a t h i c k  o p t i c a l l y - s u r f a c e d  
s t e e l  w a l l .  T h is  a c t s  a s  a p la n e  m ir r o r ,  r e f l e c t i n g  
th e  beam b a ck  n o r m a l ly .

Such an a rra n g em en t i s  u se d  in  th e  s m a ll  NSWIT 
i n t e r m i t t e n t  t u r b in e  n o z z le  c a s c a d e  t u n n e l .  The 
e d u c a t i o n a l  n eed  was t o  r e p l a c e  th e  t r a d i t i o n a l  s im p le  
c o n v e r g i n g - d i v e r g i n g  n o z z le  e x p e r im e n t  b y  on e  w h ich  
w ou ld  l i n k  u n d e rg ra d u a te  t e a c h in g  in  g a s  d yn am ics  
and tu rb o m a c h in e ry . I t  was d e s i r e d  t o  v i s u a l i z e  
s h o ck s  and e x p a n s io n s  and t o  m easure  s o n i c  l i n e s .  
S id e w a l l  t a p s  a r e  s u rv e y e d  b y  a S c a n iv a lv e  u n i t .  One 
dow n stream  t o t a l  p r e s s u r e  t r a v e r s e  i s  made e a ch  ru n , 
w ith  p r e s s u r e  and d is p la c e m e n t  t r a n s d u c e r  o u t p u t s  
d r i v i n g  an x - y  p l o t t e r .

T o t a l  p r e s s u r e  c o n t o u r s  i n d i c a t e  t h a t  f o r  su ch  
a s t r o n g l y  a c c e l e r a t i n g  n o z z le  th e  com p rom ise  o f  
u s in g  an a s p e c t  r a t i o  o f  o n ly  0 .5  h as  n o t  l e d  t o  
e x c e s s i v e  t h r e e - d i m e n s i o n a l i t y .  H ow ever, th e  v e r y  
d r a s t i c  com p rom ise  o f  h a v in g  o n l y  t h r e e  p a s s a g e s  has 
l e d  t o  p o o r  f l o w  p e r i o d i c i t y .

M ost s c h l i e r e n  s u r v e y s  a r e  s t r i c t l y  q u a l i t a t i v e .  
I n t e r f e r o m e t r y  i s  a t e c h n iq u e  w h ich  ca n  g i v e  q u a n t i ­
t a t i v e  r e s u l t s .  E x c e l l e n t  r e s u l t s  h ave b e e n  o b t a in e d  
u s in g  th e  M a ch -Z eh n d er i n t e r f e r o m e t e r  f o r  t u r b in e  
c a s c a d e s  ( 3 9 ) ,  b u t  th e  d e v i c e  i s  e x p e n s iv e  and 
v i b r a t i o n ^ s e n s i t i v e . The p o l a r i z a t i o n  i n t e r f e r o m e t e r  
i s  s im p le r  and l e s s  v i b r a t i o n - s e n s i t i v e .  I t  ca n  be 
u se d  w it h  a s c h l i e r e n  c u t - o f f  (4 0 ) t o  com b in e  th e  
b e n e f i t s  o f  s c h l i e r e n  and i n t e r f e r o m e t r y .  R e fe r e n c e  
(4 1 ) d e s c r i b e s  th e  use  o f  a l a s e r  f o r  i n t e r f e r o m e t r y  
and h o lo g r a p h i c  m easurem en ts on  a t u r b in e  c a s c a d e .

L a se r  anem om etry i s  p r o v in g  t o  have s i g n i f i c a n t  
a d v a n ta g e s  in  m e a su r in g  v e l o c i t y  and f l o w  d i r e c t i o n  
dow n stream  o f  t r a n s o n i c  c a s c a d e s .  S c h r e ib e r  (4 2 ) 
d e s c r i b e s  th e  u se  o f  th e  t r a n s i t  anem om eter in  t h i s  
w ay, b u t  p o i n t s  o u t  t h a t  th e  p ro b le m  o f  a c c u r a t e  t o t a l  
p r e s s u r e  l o s s  d e t e r m in a t io n  r e m a in s .

CONCLUSIONS

E x is t in g  h ig h  s p e e d  l i n e a r  c a s c a d e  t u n n e ls  have 
b een  b r i e f l y  s u r v e y e d  and t h e i r  p r i n c i p l e  f e a t u r e s  
l i s t e d .  D e s ir a b le  a t t r i b u t e s  o f  a v a r i a b l e  d e n s i t y  
c a s c a d e  t u n n e l  f o r  g e n e r a l  u se  a r e  d e s c r i b e d .

T u n n e ls  f o r  t r a n s o n i c  c o m p r e s s o r  c a s c a d e s  have 
s h o ck  r e f l e c t i o n  p ro b le m s  a t  t h e  i n l e t ;  w ith  t u r b in e  
c a s c a d e s  s im i l a r  p ro b le m s  o c c u r  a t  th e  d i s c h a r g e .
The u se  o f  t r a n s o n i c  w in d  t u n n e l  t e c h n iq u e s ,  su ch  a s  
p e r f o r a t e d  and s l o t t e d  w a l l s ,  h e lp s  t o  ove rco m e  
b o t h  p r o b le m s .

F or t r a n s o n i c  c o m p r e s s o r  c a s c a d e s  t h e  d i f f i c u l ­
t i e s  o f  a r r a n g in g  f o r  th e  c a s c a d e  t o  s u s t a in  a ra n g e  
o f  b a ck  p r e s s u r e s  a re  d e s c r i b e d .  In  a d d i t i o n  t o  
s t e p s  ta k e n  t o  e n s u r e  e q u a l t h r o t t l i n g  in  a l l  p a s s a g e s  
i t  i s  n e c e s s a r y  t o  p r o v id e  th e  sp a n w ise  c o n t r a c t i o n
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w h ich  w ou ld  be  p r e s e n t  in  th e  c o m p r e s s o r . M a jor  5 .
d i s c r e p a n c i e s  rem ain  b e tw een  d e s ig n  c a l c u l a t i o n s
and m easurem ents from  e i t h e r  c a s c a d e  t u n n e ls  o r
c o m p r e s s o r  r i g s .  A d d i t i o n a l  c a s c a d e  t e s t i n g  i s
n e e d e d  t o  o b t a in  d a ta  on  s h o ck -b o u n d a ry  l a y e r  i n t e r -  6 .
a c t i o n s  on  c u rv e d  b la d in g  u n d er c o n d i t i o n s  o f  h ig h
f r e e - s t r e a m  t u r b u le n c e .

The q u a l i t y  o f  d e s ig n  c a l c u l a t i o n s  f o r  t r a n ­
s o n i c  t u r b in e  b la d in g  i s  p r e s e n t l y  l i m i t e d  b y  an 7.
in a d e q u a te  a p p r e c i a t i o n  o f  t h e  p h y s i c s  o f  th e  b a s e  
f l o w  r e g i o n .  The p o s i t i o n  o f  s h o ck s  in  th e  p a s s a g e  
i s  c r i t i c a l l y  d e p e n d e n t  on t h e  b a s e  r e g io n  m o d e l.
The p ro b le m  i s  com pounded  i f  p e r i o d i c  v o r t e x  s h e d d in g  8 . 
i s  p r e s e n t .  D e t a i le d  c a s c a d e  e x p e r im e n ts  a re  
u r g e n t ly  r e q u i r e d  t o  s o lv e  t h i s  p ro b le m .

I t  i s  q u i t e  e s s e n t i a l  f o r  s c h l i e r e n  o r  s im i l a r  9 .
v i s u a l i z a t i o n  t o  b e  e m p loy ed  w ith  t r a n s o n i c  b la d in g  
s in c e  o n l y  in  t h i s  way ca n  t h e  q u a l i t y  o f  th e  f l o w  
f i e l d  and th e  e s ta b l is h m e n t  o f  d e s i r e d  c o n d i t i o n s  
b e  a d e q u a t e ly  m o n ito r e d . 1 0 .

I n s tr u m e n ta t io n  d i f f i c u l t i e s  m a in ly  a r i s e  in  
th e  dow n stream  r e g io n s  o f  t r a n s o n i c  b la d in g  w h ere  1 1 .
th e  g r a d ie n t s  o f  s t a t i c  and t o t a l  p r e s s u r e  a re  
q u i t e  s e v e r e  and w here th e  p r e s e n c e  o f  t h e  p r o b e  may 
i t s e l f  d i s t u r b  th e  f l o w  f i e l d .  In  su ch  m easurem en ts 
th e  use  o f  l a s e r  anem om etry and i n t e r f e r o m e t r y  s h o u ld  
b r in g  in c r e a s e d  a c c u r a c y .  1 2 .

T h ere  i s  an im p o r ta n t  e d u c a t i o n a l  r o l e  f o r  
th e  h ig h  sp e e d  c a s c a d e  tu n n e l and t h i s  n e e d  n o t  be  
e x p e n s iv e  t o  a c h i e v e .  C om p reh en sion  o f  tu rb o m a c h in e ry  1 3 . 
o p e r a t io n  f o r  p ow er g e n e r a t io n  and a i r c r a f t  p r o p u l ­
s io n  w ou ld  be  m ost r e a d i l y  im p roved  b y  an i n c r e a s e  
in  t h e  number o f  s m a ll  h ig h  s p e e d  c a s c a d e  t u n n e ls .
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ABSTRACT

The use o f  a m in ia tu re  p re s s u re  t ra n s d u ce r  to  
m easure the  f lo w  f i e l d  a t the d is c h a r g e  o f  an in d u s t r i ­
a l  c e n t r i f u g a l  pump im p e l le r  i s  d e s c r ib e d .  P e r io d ic  
s ig n a l s  were e lu c id a te d  u s in g  a phase l o c k  a v e ra g in g  
program . A new te ch n iq u e  was used in  w h ich , w ith  one 
e a s i l y  c a l ib r a t e d  t r a n s d u c e r , t o t a l  and s t a t i c  p r e s ­
s u re s  and flo w  a n g le  were m easured. A x ia l  t r a v e r s in g  
e n a b led  the  d is c h a r g e  f lo w  to  be su rveyed  and th e  s l i p  
f a c t o r  t o  be deduced  d i r e c t l y .  The m easured s l i p  
f a c t o r  was in  good  agreem ent w ith  d e s ig n  c o r r e l a t i o n s .

INTRODUCTION

I t  has p r e v io u s ly  been  v i r t u a l l y  im p o s s ib le  to  
m easure d i s t r i b u t i o n s  o f  f lo w  at the d is c h a r g e  o f  a 
r o t a t in g  pump im p e l le r .  Flow d i s t r i b u t i o n s  a t  im p e lle r  
d is c h a r g e  a re  r e q u ir e d  i f  a c cu ra te  d e te rm in a t io n s  o f  
im p e l le r  s l i p  f a c t o r  a re  t o  be made and in fo r m a tio n  
o b ta in e d  on any r e g io n s  o f  h ig h  p re s s u re  l o s s .

R ecent d eve lop m en ts  in  m in ia tu re  p re s s u re  t r a n s ­
d u ce rs  o f f e r  th e  p o s s i b i l i t y  o f  h ig h  fre q u e n cy  dynamic 
m easurem ents c l o s e  to  r o t a t in g  b la d e s ;  how ever random 
e f f e c t s ,  such as t u r b u le n c e , have o f t e n  cau sed  the 
s ig n a t u r e  t o  be swamped by n o i s e .

T h is  p a p er d e s c r ib e s  the use o f  a s im p le  t e c h ­
n iq u e , d e v e lo p e d  o v e r  a p e r io d  o f  tw e lv e  y e a r s ,  known 
as "p h a se  lo c k  a v e r a g in g "  ( 1 ) .  U sing t h i s  te ch n iq u e  a 
s in g le  p re s s u re  t ra n s d u ce r  may be used to  s ca n  the 
p re s s u r e  d i s t r i b u t i o n  o v e r  an o p en -sh rou d ed  im p e l le r  
and a t im p e l le r  d is c h a r g e .  The p e r i o d i c  p a s s in g  o f  a 
b la d e  i s  used as a s y n c h r o n iz in g  tim e r e fe r e n c e  and 
th e  s ig n a l  i s  p r o c e s s e d  by d i g i t a l  com p u ter.

A lth ou gh  some o f  the b a s i c  in s tr u m e n ta t io n  
t e ch n iq u e s  d e s c r ib e d  b e lo w  co u ld  be used w ith o u t  a 
com puter t h i s  i s  n o t  recom m ended. T h e ir  s u c c e s s f u l  
im p lem en ta tion  i s  m o s t ly  due t o  the  use o f  d i g i t a l  
s ig n a l  a v e ra g in g  and t h is  a dvantage sh ou ld  be 
e x p lo i t e d  w h erever p o s s i b l e .

The te ch n iq u e  g iv e s  e x c e l l e n t  a c c u r a c y  but i s  
tim e -  consum ing t o  a p p ly  and i s  more s u it e d  to

re s e a r c h  and deve lop m en t than o p e r a t io n a l  t e s t i n g .  
N e v e r th e le s s  the  te ch n iq u e  c o u ld  be used in  f i e l d  
t e s t s ;  the r e s u l t s  w ou ld  be re c o rd e d  in  a n a lo g  form  
f o r  su b seq u en t com puter a n a ly s is .

The s im p le  t h e o r e t i c a l  b a s is  o f  the a p p roa ch  i s  
d e s c r ib e d  f i r s t  and the p r a c t i c a l  u t i l i z a t i o n  o f  the 
te ch n iq u e  in  the im p e l le r  d is c h a r g e  f lo w  f i e l d  i s  then 
d is c u s s e d .

N o n -u n ifo r m ity  o f  the  pump d is c h a r g e  f lo w  in  b o th  
vane to  vane and hub to  shroud p la n e s  has been m easur­
ed by few i n v e s t i g a t o r s .  One n o t a b le  s tu d y , h ow ever, 
i s  th a t  o f  Howard and K ittm er  (2 )  whose m easurem ents 
were made in  a low  head r e s e a r c h  pump u s in g  a m in ia ­
tu re  h ot f i lm  p r o b e . A c c o r d in g ly  the o b j e c t i v e  o f  the 
p re s e n t  i n v e s t i g a t i o n  i s  the  d evelopm ent o f  a t e c h ­
n iq u e  f o r  m aking such m easurem ents in  an i n d u s t r ia l  
r e s e a r c h  and d evelopm ent en v iron m en t.

NOMENCLATURE

A A rea in  d is c h a r g e  p la n e  
Ch V a n e -to -v a n e  d i s t r i b u t i o n  f a c t o r

Cp S t a t i c  p re s s u re  c o e f f i c i e n t  =

D D iam eter
H T o ta l  head
K Number o f  t r a c e s  (sam ple s i z e )
P Power
Q Flow ra te
T P e r io d  o f  s ig n a l
c V e lo c i t y
f  S ig n a l l e v e l
g A c c e le r a t io n  due to  g r a v i t y
k Number o f  t r a c e s  e la p s e d
p S t a t i c  p re s su re
r R adius
t Time e la p s e d
U P e r ip h e r a l  v e l o c i t y  
w R e la t iv e  v e l o c i t y
a Flow a n g le  w ith  r e s p e c t  t o  c i r c u m fe r e n t ia l
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H y d ra u lic  e f f i c i e n c y - i m p e l l e r  = l i i j?  £  R i  = H i
p i  H theo .

C a s in g  = H_
Hi

A H u b -to -sh ro u d  v e l o c i t y  d i s t r i b u t i o n  f a c t o r  
jj S l ip  f a c t o r
p D en sity
x Time d isp la ce m e n t

p
v Power c o e f f i c i e n t  = ----------------r

P°22 u23
(p Flow c o e f f i c i e n t  = cra/U
y Head c o e f f i c i e n t  = gH

U2 2
S u b s c r ip t s

N N oorbakhsh
W W iesner
S S t a t i c
i  A cro s s  im p e l le r
m M e r id io n a l com ponent 
p P e r i o d i c a l l y  f lu c t u a t in g  com ponent
r Random com ponent
s S tead y  s t a t e  com ponent
x A x ia l  com ponent
u C ir c u m fe r e n t ia l  com ponent
1 I n le t
2 D is ch a rg e

S u p e r s c r ip t s

Time a vera g e  
Ensemble a vera g e  

* C a lc u la te d  from  geom etry

THE THEORETICAL EASIS

I f  a number, o r  en sem b le , o f  d a ta  t r a c e s  be ta k en , 
each  o f  a d u ra t io n  g r e a t e r  than the c h a r a c t e r i s t i c
p e r i o d i c i t y ,  the  d i g i t a l  v a lu e s  may be summed o v e r  a l l  
t r a c e s ,  w ith  r e fe r e n c e  t o  an a p p r o p r ia te  p h a se , to  
g iv e  an a vera g e  v a lu e  f o r  th e  en sem b le . "Ensem ble 
A vera g e"  i s  a gen era ], d e s c r i p t i o n  c o v e r in g  th e  t r e a t ­
ment o f  b o th  p e r i o d i c  and n o n -p e r io d ic  phenomena.

The ou tp u t s ig n a l  from  a p re s s u r e  t ra n s d u ce r  
mounted in  a turbom ach ine i s  an a m p litu d e -m o d u la te d  
s t a t io n a r y  random f u n c t io n .  Many tu rb om ach in ery  
a p p l i c a t i o n s  e x h ib i t  t h i s  " s t a t i o n a r y "  ( i n  the sen se  
used  by Bendat and P ie r s o l  ( 3 ) )  p e r i o d i c i t y .

The s ig n a l  ten d s  t o  be s t r o n g ly  p e r i o d i c  bu t 
c o n ta in s  random com ponents due t o  tu rb u J en ce  and n o is e  
w h ich  o b sc u re  the  tru e  d a ta . The e x i s t e n c e  o f  s tr o n g  
p e r i o d i c i t y  g r e a t ly  f a c i l i t a t e s  the  r e c o v e r y  o f  a 
s ig n a l  from  the background  n o i s e .

I t  i s  g e n e r a l ly  p o s s i b le  t o  o b ta in  a r e fe r e n c e  
s ig n a l ,  such  as an e le c t r o m a g n e t ic  p u ls e  g e n e ra te d  by 
th e  p a s s in g  o f  each  b la d e . I r  o r d e r  to  im prove the 
s ig n a l  to  n o is e  r a t i o  the te ch n iq u e  o f  "P hase Lock 
A v e ra g in g "  i s  a p p l ie d .  Numerous d a ta  t r a c e s  -  an 
ensem ble o f  t r a c e s  -  a re  summed u s in g  the  s y n c h r o n iz ­
in g  p u ls e  as a r e fe r e n c e  s ig n a l .  Tn p r a c t i c e  the 
summation roust tak e p la c e  o v e r  a s u f f i c i e n t  num ber, K, 
o f  t r a c e s .  The v a lu e  o f  K depends on the s i g n a l - t o -  
n o is e  r a t i o  o f  the  raw d a ta  t r a c e .  F or the  work 
d e s c r ib e d  K d id  n ot e xceed  cne hundred d a ta  t r a c e s .

A l l  t ra n s d u ce rs  used f o r  th e  p r e s e n t  w ork gave 
an ou tp u t o f  a m p litu d e -m o d u la te d  d . c .  v o l t a g e  form . 
The raw v o l t a g e  t r a c e  c o r r e s p o n d in g  t o  th e  s ig n a l  a t 
a f ix e d  p o in t  f ( t )  c o n s i s t s  o f  th re e  com p on en ts :

1. A 's t e a d y - s t a g e ' a v e r a g e , f s .
2 . A p e r i o d i c a l l y  f l u c t u a t i n g  com ponent f ( t ) ,  

h a v in g  a mean l e v e l  o f  z e r o  and p e r io d  T.
3 . A random n o is e  f „ ( t ) ,  w h ich  d e c l in e s  on a v e r a g in g .

Com bining the  th r e e :

f(t) = fs + fr(t) + fp(t). (i)
I f  h ig h -p a s s  a n a lo g  f i l t e r i n g  i s  used and the 

s t e a d y -s t a t e  a v e ra g e  i s  m easured in d e p e n d e n t ly  then 
f s may be s e t  a t  z e r o .

A s t a t io n a r y  random fu n c t io n  i s  one f o r  w h ich  the 
ensem ble a v e ra g e s  a re  equ a l a t  a l l  t im e s ,

f ( t )  = f ( t  +  t ) .  ( 2 )

A tim e a ve ra g e  o f  th e  k th  t r a c e  f r ( t )  i s  o b t a in ­
ed by a v e ra g in g  the  t r a c e  o v e r  a s ig n i f i c a n t  tim e 
p e r i o d .  A fu n c t io n  i s  term ed e r g o d ic  i f ,  f o r  e v e ry  
t r a c e  k , th e  ensem ble  a ve ra g e  i s  i d e n t i c a l  to  the tim e 
a v e ra g e . For a s t a t io n a r y  and e r g o d ic  random fu n c t io n

f ( t )  = f ( t k ) k f o r  a l l  k .

For the  p u rp o se s  o f  r e c o v e r in g  an u n con tam in ated  
p e r i o d i c  s ig n a l  the  a p p l i c a t i o n  o f  phase lo c k  a v e ra g ­
in g  g iv e s K

f ( t )  = l im  |  l  f ( t  + k T ).
k-*» J k -1 K

= f s +Ura k £ ' ' fp ( t  + kT) + f r ( t  + K T )). (3 )  
k-*=° k = l

H aving e x t r a c t e d  th e  com ponents due t o  in d e p e n ­
d e n t ly  d e term in ed  s t e a d y - s t a t e  s ig n a l  v a r ia t io n s  f g 
and t o  random tu rb u le n c e  ( f ^  ( t )  becom es z e ro  on
a v e r a g in g ) ,  th e re  rem ains th e  p e r i o d i c  com ponent,

„ , K
f ( t )  = fp ( t )  = lim  i  l  f p ( t  + k T ). U )

k-*» k = i

T h is  i s  th e  d e s ir e d  phase lo c k  a vera g e  s ig n a l  -  a 
c le a n  n o i s e - f r e e  p re s s u r e  t r a c e  o b ta in e d  from  the 
v i c i n i t y  o f  the  pumD im p e l le r  o r  o t h e r  r o t a t in g  
com ponent.

IMPLEMENTATION OF THE TECHNIQUE

Phase l o c k  a v e ra g in g  may be a p p lie d  t o  any
a m p litu d e -m o d u la te d  a n a logu e  s ig n a l  p ro v id e d  a phase 
r e fe r e n c e  s ig n a l  i s  a l s o  a v a i l a b l e .  The a n a logu e  
s ig n a l  w i l l  g e n e r a l ly  be p re s e n te d  t o  the com puter as 
a d . c .  v o l t a g e  f l u c t u a t i o n .  P re s su re  t ra n s d u ce rs  a re  
u s u a l ly  th e  m ost c o n v e n ie n t  in s tr u m e n ta t io n  f o r  
o b ta in in g  s ig n a l s  from  pump t e s t s .
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The p re s su re  t ra n s d u ce r  used in  t h i s  i n v e s t i g a ­
t io n  was a " G a e lte c "  m in ia tu re  h a l f - b r i d g e  sem i­
c o n d u c t o r  s t r a in  gage t r a n s d u c e r . The t r a n s d u ce r  was 
o f  th e  d i f f e r e n t i a l  ty p e  w ith  a s u i t a b le  s te a d y  
r e f e r e n c e  p re s s u re  a p p lie d  t o  the  r e a r  fa c e  o f  the 
d iaph ragm . For s i m p l i c i t y ,  a tm o sp h e r ic  p re s s u re  was 
used  as the  r e fe r e n c e .

C a l ib r a t io n  o f  the  tra n s d u ce rs  had p r e v io u s ly  
b een  p erform ed  b oth  s t a t i c a l l y  and d y n a m ica l ly . In 
the s t a t i c  c a l i b r a t i o n  l i n e a r i t y ,  h y s t e r e s i s  and 
tem p era tu re  d r i f t  w ere ch e ck e d . Dynamic c a l i b r a t i o n  
a t  f r e q u e n c ie s  up to  10 khz was perform ed  in  a sm a ll 
s h a k e r -d r iv e n  p i s t o n - i n - c v l i n d e r  d e v i c e ,  th e  s e n s i ­
t i v i t y  o f  the t ra n s d u ce rs  b e in g  m easured o v e r  th e  
fr e q u e n c y  spectru m . Im provem ents have r a is e d  th e  
fr e q u e n c y  a t w hich  any s i g n i f i c a n t  d e p a rtu re  from  
c o n s ta n t  resp on se  i s  ob se rv e d  t o  w e l l  o v e r  10 k h z. 
Shock  tu be  s tu d ie s  on t ita n iu m -d ia p h ra gm  t ra n s d u ce rs  
in d ic a t e d  a f i r s t  re so n a n ce  in  the r e g io n  o f  85 k h z.

The in s tr u m e n ta t io n  arrangem ent f o r  th e  a c q u i s i ­
t i o n  o f  th e  p re s su re  tra n s d u ce rs  s ig n a ls  i s  shown in  
f i g u r e  1 . A m p l i f i c a t io n  i s  r e q u ire d  t o  r a is e  the  
m i l l i v o l t  t ra n s d u ce r  ou tp u t o f  th e  t ra n s d u ce r  to  th e  
l e v e l  r e q u ir e d  by the  a n a lo g - t o - d ig i t a . l  c o n v e r t e r ,  o f  
the  o r d e r  o f  one v o l t .

P ro v id e d  ca re  i s  tak en  to  ensure  f a i t h f u l  r e p r o ­
d u c t io n  o f  the  o r ig in a l  s ig n a l  t h i s  may be s low ed  down 
or. p la y b a c k  t o  ex ten d  the e f f e c t i v e  fr e q u e n cy  range o f  
the  a r .a l o g - t o - d i g i t a l  c o n v e r t e r .  In th e s e  i n v e s t i g a ­
t io n s  th e  r e s u l t s  were re c o rd e d  on a B and K in stru m en ­
t a t i o n  r e c o r d e r  p r i o r  to  p la y b a ck  t o  a NOVA com p u ter.

D esign  o f  the p ro b e  was b ased  on fo u r  e s s e n t i a l  
r e q u ir e m e n ts : -

( i )  Minimum o b s t r u c t io n  o f  the  im p e lle r  
d is c h a r g e  f lo w .

( i i )  Dynamic c h a r a c t e r i s t i c s  t o  p erm it
m easurement o f  vane to  vane p re s s u re  v a r i ­
a t io n s  .

( i i i )  A b i l i t y  t o  d e term in e  f lo w  d i r e c t i o n .
( i v )  A b i l i t y  to  v en t e n t i r e  f l u i d  r e g io n .

To meet re q u ire m e n ts  ( i )  and ( i i )  the  p ro b e  
d ia m e te r  was l im it e d  t o  5mm w it h in  the s e n s in g  r e g io n  
and th e  t ra n s d u ce r  was l o c a t e d  c l o s e  t o  the  s e n s in g  
p o in t  w ith  a la r g e  d ia m e te r  p a ssa g e  f o r  p r e s s u r e  
t r a n s m is s io n . The t r a n s d u ce r  s e le c t e d  had a d ia m e te r  
o f  3 mm and a le n g th  o f  11 mm. T h is ,  p lu s  th e  need 
f o r  s h o r t ,  la r g e  p a ss a g e s  and ad equ ate  v e n t in g ,  
d i c t a t e d  a s in g l e  t r a n s d u ce r  c o n f ig u r a t i o n .  To 
m easure flo w  d i r e c t i o n  w ith  a s in g le  t r a n s d u c e r  th e  
d a ta  o f  A rm entrout and K ick s  (4 )  s u g g e s te d  a c y l i n d r ­
i c a l  p ro b e  w ith  a s id e  o r i f i c e  w ou ld  be m ost s u i t a b le  
due t o  i t s  h igh  s e n s i t i v i t y  o f  f lo w  a n g le .

V en tin g  was a ch ie v e d  w ith  a s l o t t e d  s le e v e  around 
th e  o u t s id e  o f  th e  t r a n s d u ce r  le a d in g  to  an a n n u la r  
c a v i t y  w ith  a v a lv e d  c o n n e c t io n .  A draw ing m achine 
p r o t r a c t o r  was ad ap ted  t o  r o t a t i o n a l l v  t r a v e r s e  the  
p ro b e  and in d i c a t e  i t s  a n g le . F ig u re  2 shows th e  p ro b e  
l a y o u t .

Fig. 1 INSTRUMENTATION FOR UNSTEADY PRESSURE MEASUREMENTS

Data a c q u i s i t i o n  h a v in g  been i n i t i a t e d  by the 
s y n c h r o n iz in g  p u ls e ,  512 p o in t s  a re  sam pled in  each  
"co m p u te r  c y c l e " ,  s to r e d  on tap e  and d is p la y e d  as 
r e q u i r e d .  In g e n e ra l the  512 re a d in g s  w ou ld  c o v e r  
a b ou t t h r e e  b la d e  p a s s a g e s . A c q u is i t i o n  i s  then  
re p e a te d  f o r  a s u f f i c i e n t  number o f  t r a c e s ,  each  taken 
w ith  th e  c o r r e c t  phase r e f e r e n c e ,  and th e  d i g i t a l  
v a lu e s  a re  summed in  the phase lo c k  a v e ra g in g  program . 
The a v e ra g e d  t r a c e  can then be com pared on the s c re e n  
w ith  a n o is y  raw d a ta  t r a c e  f o r  e x a m in a tion  o f  the  
d e g r e e  o f  im provem ent.

TEST PROGRAM

A ttem p ts  were made to  con vey  p re s s u r e  s ig n a l s  
h y d r a u l i c a l l y  to  an e x te rn a lly -m o u n te d  p re s s u re  t r a n s ­
d u c e r . T h is  ap p roach  was found to  be e x c e s s i v e l y  
s e n s i t i v e  to  the  p re s e n ce  o f  sm a ll volum es o f  tra p p ed  
a i r  and was abandoned . I n s te a d , a p rob e  c o n ta in in g  a 
m in ia tu r e  p re s s u re  t ra n s d u ce r  was u sed .

Measurement o f  f lo w  d i r e c t i o n  was r e s t r i c t e d  t o  
th a t  in  p la n e s  norm al t o  th e  im p e l le r  d is c h a r g e ,  i . e .  
v e l o c i t i e s  in  the  hub t o  shroud  d i r e c t i o n  ( a x i a l  in  
th e  ca s e  o f  a r a d i a l  d is c h a r g e )  w ere n ot m easured . 
T h is  was j u s t i f i e d  on th re e  c o u r t s :  -

( i )  E u le r 's  e q u a t io n  f o r  c e n t r i f u g a l  im p e l le r s  
i s  based  on v e l o c i t y ’ com ponents in  p la n e s  norm al tc- 
the  im p e l le r  i n l e t  and d is c h a r g e  s u r f a c e s .

( i i )  E a r l i e r  tw o -d im e n s io n a l m easurem ents o f  
im p e l le r  d is c h a r g e  v e l o c i t y  bv Howard and K ittm er  (2 )  
and M izuki e t  a l (5 )  had d em on stra ted  an a b i l i t y  to  
d e t e c t  s i g n i f i c a n t  se co n d a ry  o r  r e c i r c u l a t o r v  f lo w s  by 
v e l o c i t y  s ig n  ch an ge .

( i i i )  For o p e r a t io n  a t  P e s t  E f f i c i e n c y  P o in t  
(B .F ..P .)  and m easurement c l o s e  t o  the  im p e l le r  d i s ­
c h a r g e , the f lo w  b e in g  m easured was e x p e c te d  t o  be 
f r e e  o f  s i g n i f i c a n t  se co n d a ry  f l o w s .
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C a lib r a t io n  f o r  v o l t a g e  ou tp u t as a fu n c t io n  o f  
s t a t i c  p re s su re  was perform ed  u s in g  a dead w e ig h t 
gage t e s t e r .  In d ic a te d  dynam ic p r e s s u r e s  were 
re c o rd e d  as a fu n c t io n  o f  f lo w  a n g le  w ith  r e fe r e n c e  
t o  a p i t o t  tube in  a p ip e  f lo w .

The e x p e r im e n ta l in v e s t ig a t i o n s  w ere p erform ed  on 
the t e s t  bed a t K .L . W o rth in g ton  Pumps, P e n r it h , 
A u s t r a l ia .  The sta n d a rd  end s u c t io n  pump was ra te d  
1 07 .5  l i t r e s / s e c . ,  2 5 .8  m, 1475 r .p .m . ,  33 kw at 
B .E .P . P e r t in e n t  im p e l le r  and c a s in g  d a ta  w e re : D]_ = 
1 6 5 .0  mm, D2 = 3 0 1 .6  mm, d is c h a r g e  w id th  4 0 .0  mm, 
d is c h a r g e  vane a n g le  28 ; number va n es  7 , v o lu te  
th r o a t  a rea  130 cm 2

The i n s t a l l a t i o n  i s  shown in  f i g u r e  3 w ith  a 
d is c h a r g e  p rob e  havin g  i t s  a x is  8 mm outw ards from  the 
im p e l le r  t i p .  The p rob e  c o u ld  be t r a v e r s e d  r o t a t i o n -  
a l l y  t o  sen se  v a r ia t io n s  and a x i a l l y  t o  g iv e  a x ia l  
f l o w  v a r i a t io n s .

S in ce  o n ly  one t ra n s d u ce r  c o u ld  be in c lu d e d  a 
n o v e l  te ch n iq u e  was em ployed w h ich , by c a l i b r a t i o n ,  
en a b le d  t o t a l  and s t a t i c  p r e s s u r e s  and f lo w  a n g le  to  
be d e te rm in e d . The in d ic a te d  p re s s u re  was m easured a t 
10° p rob e  in t e r v a l s  o v e r  a t  l e a s t  ± 50° o f  th e  nom inal 
f lo w  d i r e c t i o n .  T h is  in d ic a t e d  p re s s u r e  was p lo t t e d  
as a fu n c t io n  o f  probe  a n g le . T o t a l  p re s s u re  and flo w  
a n g le  w ere g iv e n  by the  peak o f  the  c u r v e , th e  peak 
b e in g  d eterm in ed  by n u l l i n g .  S t a t i c  p re s s u re  was 
g iv e n  by the  in t e r c e p t  o f  the cu rv e  a t an a p p r o p r ia te  
a n g le  (b y  c a l i b r a t i o n )  from  the pea k .

RESULTS

Measured o v e r a l l  perform an ce  c h a r a c t e r i s t i c s  a re  
g iv e n  in  f ig u r e  4 . I n c ip ie n t  d is c h a rg e  r e c i r c u l a t i o n  
c a p a c ity  was es tim a te d  to  be 102 l i t r e s  p e r  secon d  o r  
97% o f  B .E .F . v a lu e . P lo t s  o f  w earin g  r in g  head l o s s  
and s t a t i c  p re s su re s  showed a d i s t i n c t  d i s c o n t in u i t y  
a t a p p ro x im a te ly  75 l i t r e s  p er  s e co n d . Based on the 
o b s e r v a t io n s  o f  S c h ia v e l lo  and Sen (6 )  t h i s  i s  the 
p o in t  at w hich  p r e r o t a t io n  and r e c i r c u l a t i o n  commences 
a t  the  im p e lle r  i n l e t .  A n a ly s is  o f  head drop  down the 
f r o n t  and back  im p e lle r  shrouds showed the e f f e c t i v e  
a n gu la r  v e l o c i t y  o f  the f l u i d  betw een shroud and 
c a s in g  to  be 0 .4 2  U and 0 .3 7  U r e s p e c t iv e ly  a t B .E .P . 
Both v a lu e s  a re  low er than the 0 .5  U t y p i c a l l y  used 
f o r  d e s ig n . At s h u t - o f f  th e re  was a p re s su re  in c r e a s e  
down the f r o n t  shroud and o n ly  a sm all drop  down the 
b ack  sh rou d . C urrent th in k in g  i s  th a t  t h i s  i s  a 
con seq u en ce  o f  d is c h a rg e  r e c i r c u l a t i o n .  S in ce  shroud 
p re s su re  drop  was not an o b je c t i v e  o f  the  r e s e a r ch  
t h is  a s p e c t  was n ot pursued fu r t h e r .

P lo t s  o f  a veraged  in d ic a te d  p re s su re  v e r su s  p rob e  
a n g le  showed l i t t l e  s c a t t e r ;  most p o in ts  b e in g  w ith in  
1% p re s su re  v a r ia t io n ;  the a n g le  f o r  peak p re s s u re  n ot 
v a ry in g  by more than 0 .7 5 °  when determ in ed  a t 4 
p o s i t i o n s  down the s lo p in g  r e g io n  o f  the p l o t .  F ig . if5 
shows a t y p i c a l  p l o t .

E rror  in  p re s su re  measurement was e s t im a te d  a t ± 
1%, th a t  in  f lo w  a n g le  ± 1.5% . These gave an es tim a te d  
e r r o r  in  d e r iv e d  v e l o c i t i e s  Cu_ and Cran o f  ± 2.0% and 
± 10.0% r e s p e c t iv e l y .

Two ty p e s  o f  re a d in g s  w ere ta k e n : s te a d y  s t a t e  
u s in g  a gage in  the v en t l i n e  and dynam ic u s in g  the 
t r a n s d u c e r . S teady s ta t e  r e a d in g s  w ere taken as r e f ­
e re n ce  d a ta  to  ch eck  the b a s i c  a c cu ra cy  o f  p r o c e s s e d  
dynam ic r e a d in g s . Dynamic re a d in g s  w ere fe d  thru 
c o n d i t io n in g  equipm ent to  the in s tr u m e n ta t io n  tape

V a n e -to -v a n e  v a r ia t io n s  
v e l o c i t y  com ponents and 
the p lo t t e d  phase lo c k

o f  t o t a l  and s t a t i c  p r e s s u r e , 
f lo w  a n g le s  were d e r iv e d  from  

a veraged  re a d in g s  f o r  each o f
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fo u r  p rob e  l o c a t i o n s .  G en era1ly  the v e l o c i t y  com po­
n e n ts  and a n g le s  w ere r e l a t i v e l y  c o n s ta n t  w ith  no 
in d i c a t i o n  o f  je t -w a k e  f lo w  and l i t t l e  e v id e n c e  o f  
im p e l le r  vane w akes.

Fig. 3 PROBE INSTALLATION

F ig u re  6 shows the d i s t r i b u t i o n  o f  d is c h a r g e  
m e r id io n a l  v e l o c i t y  o v e r  th e  im p e l le r  p a ssag e  i n v e s t i ­
g a te d  a t  a f lo w  ra te  o f  105 l i t r e s  p e r  secon d  ( l i n e  
show ing d a ta  f o r  m easurin g  p o in t  3 o m itte d  f o r  c l a r i ­
t y ) .  T h is  c o n fir m s  the a b sen ce  o f  any s ig n i f i c a n t  
wake from  the vanes but d oes  in d i c a t e  a r e g io n  o f  
r e v e r s e  f lo w  at the hub s id e .  The d ip  betw een  van es  
a t the  shroud  s id e  c o u ld  be in d i c a t i v e  o f  th e  same 
phenomenon. T h is  w ou ld  be c o n s i s t e n t  w ith  th e  d i s ­
ch a rg e  r e c i r c u l a t i o n  v o r te x  l o c a t i o n  and form  shown in  
f i g u r e  7 and the f a c t  th a t  the pump was o p e r a t in g  a t 
o n ly  103% o f  i t s  c a l c u la t e d  d is c h a r g e  r e c i r c u l a t i o n  
c a p a c i t y .

V a n e -to -v a n e  a v e ra g e s  o f  c u2> c m2> ^ 2 , Cp and 
g iv in g  the  a vera g e  h u b -to -s h ro u d  d i s t r i b u t i o n s ,  a re  
shown in  f i g u r e  8 . The d i s t r i b u t i o n s  o f  c m2> CD and 
«2  a re  c o n s i s t e n t  w ith  th o se  r e p o r te d  by N oorbakhsh 
(8 )  f o r  a s im i la r  f lo w  c o e f f i c i e n t ,  w ith  the  e x c e p t io n  
o f  p o s s i b le  r e v e r s e  f lo w  a t  the  hub s id e .

CO

Fig. 4 PUMP PERFORMANCE

PROBE ANGLE —  DEG.

Fig. 5 TYPICAL MEASUREMENT PLOT
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RECIRCULATION RECIRCULATION
FLOW VORTEX

Fig. 7 IMPELLER RECIRCULATION 
(after Fraser et al (7))

I3

O 0.25 0.50 0.75 1.00
IM P .  D I S C H .  W I D T H

Fig. 8 HUB TO SHROUD VARIATION IN 
IMPELLER DISCHARGE FLOW COMPONENTS.
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T a b le  1 g iv e s  the e f f e c t i v e  v e l o c i t i e s ,  s t a t i c  
p r e s s u r e  and f lo w  a n g le s  d e term in ed  from  the a vera g e  
h u b -to -s h r o u d  d i s t r i b u t i o n s .  C o n s is te n cy  w ith  v a lu e s  
d eterm in ed  from  s te a d y  s t a t e  m easurem ents was g o o d .

cu2 Cm2 W£ Hs “2 Hi

m/s m/s m/s m deg m

11.12 3.08 12.56 20.28 15.5 28.07

V e lo c i t y  d i s t r i b u t i o n  fa c t o r s  compound the e f f e c t  
o f  s l i p  which i s  d e f in e d  as

U gH______
nH CH A L'2 Cu2*

(8)

For the  im p e lle r  t e s t e d  u a c co r d in g  t o  equation . 
(8 )  was 0 .7 7 8 .

Noorbakhsh d e f in e s  the r e a l  s l i p  f a c t o r  as

c u 2 n /c u2* (9)

TABLE 1 IMPELLER DISCHARGE VELOCITY DATA

From f ig u r e s  6 and 8 the  h u b -to -s h ro u d  v a r ia t io n  
o f  d is c h a r g e  m e r id io n a l  v e l o c i t y  i s  s i g n i f i c a n t l y  
g r e a t e r  than the v a n e -to -v a n e  v a r i a t i o n .  In v ie w  o f  
t h i s  the  v a n e -to -v a n e  d i s t r i b u t i o n  f a c t o r  Ĉ ; was 
a s s ig n e d  a v a lu e  o f  u n it y ;  the  h u b -to -s h ro u d  v e l o c i t y
d i s t r i b u t i o n f a c t o r , A > was e v a lu a te d u s in g an
e q u a t io n  g iv e n by W is l ic e n u s ( 9 ) ,

C{{ A = l-  ( -c m2* c u2
i ) (5 )

The term c m2/°m2* was e v a lu a te d  f o r  1'mi xed o u t "
c o n d i t i o n s ,  w hich  i s  e v id e n t ly  the  ca se  from  the mea­
su red  v e l o c i t y  d i s t r i b u t i o n s .  A p p l ic a t io n  o f  e q u a tio n  
(5 )  gave A = 0 .9 7 0 .

M easured im p e l le r  t o t a l  h ea d , o f  2 8 .0 7  <m 
( t a b le  I )  i s  r a t io n a l  f o r  a pump t o t a l  h ea d , H, o f  
27 .20m , g iv in g  im p e l le r  and c a s in g  h y d r a u lic  e f f i c i ­
en cy  o f  0 .8 8 7  and 0 .9 6 9  r e s p e c t iv e l y .  U n fo r tu n a te ly  
the  v a lu e  o f  C-u2 in  t a b le  1 i s  low er than th a t  n e c e s ­
sa ry  to  g iv e  Hj_ o f  2 8 .0 7  m based  on z e ro  p r o - r o t a t i o n .

T h is  r e s u l t  s u g g e s te d , among o th e r  t h in g s ,  d e t e r -  
in a t io n  o f  s w ir l  v e l o c i t y  be in t e g r a t i o n  o v e r  the 
im p e l le r  d is c h a r g e ,  w h ile  in t e r n a l l y  c o n s i s t e n t ,  m ight 
n ot be y i e l d i n g  the  e f f e c t i v e  v a lu e . To ch e ck  t h is  
the  E u le r  e q u a t io n  was e x p r e ss e d  in  the form

where c u2n i s an e f f e c t i v e  v a lu e  determ in ed  on the 
same b a s is  as e q u a tio n  ( 6 ) .  For the im p e l le r  t e s t e d  
Un = 0 .7 1 2 . T h is  v a lu e  i s  7% below  the v a lu e  o f
0 .7 6 6  p r e d ic t e d  by W ie sn e r ’ s c o r r e l a t i o n  (1 0 ) and 8.5% 
b e low  the a c t u a l  v a lu e . T h is  d is c re p a n cy  i s  p r im a r ily  
due t o  im p e lle r  h y d r a u lic  l o s s e s  and s e c o n d a r i ly  due 
to  h u b -to -s h ro u d  v e l o c i t y  d i s t r i b u t i o n .  The 
d e f i n i t i o n  o f  s l i p  f a c t o r  a c co r d in g  to  e q u a tio n  (8 ) i s  
c o r r e c t  l o c a l l y  but n ot when a p p lie d  a c r o s s  a d e v ic e  
in c u r r in g  l o s s e s  as w e ll  as s l i p .

T ab le  2 sum marizes the r e s u l t s  o f  s l i p  a n a ly s is  
based  on measured lo s s e s  and im p e lle r  d is c h a rg e  
v e l o c i t i e s .

m

29.86 0.943 1.000 0.970 0.778 0.712 0.766

TABLE 2 SLIP ANALYSIS SUMMARY

CONCLUSIONS

P ressu re  p ro b e s  f o r  the measurement o f  in s ta n ta n ­
eous l o c a l  v e l o c i t i e s  in  f l u i d  flo w  r e q u ir e  in t e r n a l  
m in ia tu re  tra n s d u ce rs  lo c a te d  c l o s e  t o  the s e n s in g  
p o i n t s .  A ttem pts to  em ploy sm a ll c a p i l l a r i e s  c o n n e c t ­
in g  the se n s in g  p o in t s  to  rem ote t ra n s d u ce rs  r e s u lt e d  
in  e x c e s s iv e  s ig n a l  a t t e n u a t io n .

jj. = b’2 f-12 Cup cm2 ¿A 
1 g $ i

H* d eterm in ed  u s in g  e q u a t io n  (6 )  was 2 9 .8 6  m, 
g iv in g  im p e l le r  and c a s in g  h y d r a u lic  e f f i c i e n c y  o f  
0 .9 4 3  and 0 .9 0 8  r e s p e c t iv e l v .  The e f f e c t i v e  v a lu e  o f  
c u2 was 1 2 .56  m /s , w h ich  i s  13% above the  v a lu e  g iv e n  
in  t a b le  1.

For co m p a riso n , im n e l le r  d is c h a r g e  h ea d , Hj_2 , was 
a v era g ed  o v e r  the  r a d ia l  d is c h a r g e  a rea  and im p e lle r  
head c a l c u la t e d  from

Hi = Hi2  -  Hü  (7 )

T h is  c a l c u l a t io n  gave Hi = 2 8 .5 5  m, w hich  i s  
c o n s i s t e n t  0 .7 %  h ig h ) w ith  2 8 .0 7  m ( t a b le  1 ) .  I t  i s  
n o t  c o n s i s t e n t  w ith  2 9 .8 6  m c a lc u la t e d  from  Gu2 a v e r ­
aged o v e r  the im p e l le r  f l o w , thus c o n fir m in g  the need 
to  a ve ra g e  e n ergy  q u a n t i t i e s  o v e r  th e  flo w  to  w hich  
the  e n ergy  has been  added .

A lthough  m in ia tu re  tra n sd u ce rs  have becom e more 
s e n s i t i v e  and com p a ct, s ig n a ls  o b ta in e d  from  the 
v i c i n i t y  o f  pump im p e lle r s  are  o f t e n  dom inated by 
e x tra n eou s  n o i s e .  For e lu c id a t i o n  o f  s ig n a l  ch a r a c ­
t e r i s t i c s  and e l im in a t io n  o f  n o is e  the c a p a b i l i t i e s  o f  
d i g i t a l  com puters a re  most u s e f u l .  In tu rb om ach in ery  
developm ent f u l l  advantage sh ou ld  be tak en  o f  the  
p e r i o d i c  p a ss in g  o f  b la d e s , w h ich  p r o v id e s  a phase 
r e fe r e n c e  to  which t ra n sd u ce r  s ig n a ls  mav be r e a d i ly  
r e la t e d .  H ith e r to  i n a c c e s s ib l e  d a ta  thus become 
a v a i la b le  and the q u a l i t y  o f  un steady  data  i s  g r e a t ly  
im proved by the  im p lem en tation  o f  d i g i t a l  phase lo c k  
a v e ra g in g . T h is  te ch n iq u e , ana i t s  s im p le  t h e o r e t i c a l  
b a s i s ,  have been d e s c r ib e d .

W ith one e a s i l y - c a l i b r a t e d  tra n s d u ce r  the  d i s ­
ch arge  flo w  f i e l d  o f  a com m ercia l c e n t r i f u g a l  pump 
im p e l le r  was s u rv e y e d . These m easurem ents p rod u ced  
d i s t r i b u t i o n s  o f  f lo w  a n g le  and v e l o c i t y  com ponents 
e n a b lin g  the s l i p  f a c t o r  to  be deduced d i r e c t l y .

7



S lip  f a c t o r  a t B .E .P . can be d e term in ed  w ith  
r e a s o n a b le  a c cu ra cy  from  o v e r a l l  p erform a n ce  and 
m easured p a r a s i t i c  l o s s e s ,  p ro v id e d  the d i s t r i b u t i o n  
o f  m e r id io n a l  v e l o c i t y  o v e r  the  im p e lle r  d is c h a r g e  
d oes  n o t  s i g n i f i c a n t l y  in c r e a s e  the  e f f e c t i v e  v a lu e  o f  
m e r id io n a l v e l o c i t y .  Measurement o f  im p e l le r  d i s ­
ch a rg e  l o c a l  v e l o c i t i e s  p e rm its  assessm en t o f  the 
p r e v a i l in g  b a s ic  f lo w  reg im e , s e p a r a t io n  o f  c a s in g  and 
im p e l le r  h y d r a u lic  l o s s e s  and the e v a lu a t io n  o f  the 
e f f e c t  o f  m e r id io n a l  v e l o c i t y  d i s t r i b u t i o n  on s l i p  
f a c t o r .

For the  pump t e s t e d ,  o p e r a t in g  a t B .E .P . , the 
r e l a t i v e  flo w  a t  the  im p e lle r  d is c h a r g e  was a t t a c h e d ; 
th e re  was n ot e v id e n c e  o f  s e p a ra te d  o r  je t -w a k e  f lo w . 
The e f f e c t  o f  m e r id io n a l  v e l o c i t y  d i s t r i b u t i o n  was 
r e l a t i v e l y  sm a ll and due to  v a r ia t io n  in  the h u b - t o -  
sh rou a  d i r e c t i o n  o n ly .

F or the  one t e s t  p o in t  the  a c t u a l  s l i p  f a c t o r  o f  
th e  im p e l le r  t e s t e d  a greed  w ith in  1.5% w ith  th e  v a lu e  
e s t im a te d  by W ie s n e r 's  c o r r e l a t i o n .
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THE CALCULATION OF INCOMPRESSIBLE FLOW THROUGH
CASCADES OF HIGHLY CAMBERED BLADES

Jo Pc Gostelow
University  of Liverpool ,  Liverpool ,  U0 K0

Ab stract

An exact so lut ion  to the p o ten t ia l  flow around highly  
cambered blades in cascade i s  given for  certain p r o f i l e s  having 
rounded t r a i l i n g  edges0 The solution i s  used for checking 
the accuracy of e x i s t i n g  methods of ca lculation  at two high 
values of camber. An i t e r a t i v e  procedure, in use for  c a lc u la t in g  
the e f f e c t  of the boundary layer on the pressure d i s t r i b u t i o n ,  
i s  described,  This process includes the e f f e c t  of wake curvature  
and gives a unique value of c ir c u la t io n  around the p r o f i l e ,

1 ,  Introduction

Blading currently  employed in turbomachinery practice  
often has camber angles as large as 120°0 The problem of  
analysing flow through cascades of  such blades cannot yet be 
regarded as solved ,

Highly cambered blade shapes present great d i f f i c u l t i e s  
for  p o te n t ia l  flow analysis  and i t  i s  anticipated that many 
known p o te n t ia l  flow methods w i l l  f a i l  at above 70° camber.



In a previous paper, Ref,  1,  an exact p o ten t ia l  
flow solution was given for  a certain family of cascades.
It  was shown that the leading and t r a i l i n g  edges could e ither  
be cusped or rounded, but that a n ear -c ircu lar  arc camber 
line was o b l ig a to r y ,  In the second paper o f  the s e r i e s ,
R e f0 2 8 i t  was demonstrated that exact p otentia l  flow so lutions  
could be obtained for  blades of  very high camber. For the 
convenience of the reader a b r i e f  summary of the theory of  
RefSo 1 and 2 is  included in Appendix 1 0

In addition to the complications inherent in the 
ca lcu lat ion  of p o te n t ia l  flows for  highly cambered cascades,  
the prediction of the e f f e c t  of v i s c o s i t y  is  also extremely 
d i f f i c u l t .  The main reason for  th is  is  the high value of  
t r a i l i n g  edge loading associated  with the curvature of highly  
cambered b la d es .  This loading supports curvature in the 
wake and the prediction of th is  curvature gives some1 d i f f i c u l t y ,

It  w i l l  therefore  be seen that the case of highly  
cambered p r o f i l e s  in cascade represents a more stringent case 
of the general cascade flew problem. I f  th is  part icu lar  
problem can be solved i t  3ould be possible  to approach the 
general problem of c a lcu la t io n  of incompressible flow in 
cascades with confidence.
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2 o Notation

C
P

AC
P

c
H

P
R
u

u .

y
a

6
5 :

9

P

. . , 1  2  Pressure c o e f f i c i e n t  p -  p , / - p u
Increment in pressure c o e f f i c i e n t s
Chord length
Shape parameter 6/6
S ta t ic  pressure
Radius of curvature of wake
Velocity  at a point on blade surface
Velocity  at upstream i n f i n i t y
V eloc ity  at a distance y from the blade surface
Normal distance from blade surface
Flow angle to cascade normal
Absolute boundary layer thickness
Boundary lyaer  displacement thickness
Boundary layer momentum thickness
Density of f l u i d

Sub sc ripts

TE In the t r a i l i n g  edge plane
1 At upstream i n f i n i t y
z At downstream of i n f i n i t y
2 Two chord lengths aovnatream from t r a i l i n g  edge
x  Distance x downstream from t r a i l i n g  edge

On upper surface
On lower surface
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3 o P otentia l  Flow

Cascades of p r o f i l e s  with camber angles of 70°  and 
1 1 2 ° have been derived using the exa.cc analysis  of R e fs 0 1 and 
2 o Although these p r o f i l e s  are of unfamiliar shape they should 
represent a good t e s t  of the accuracy of any poten tia l  flow 
methodo

3ol  70** Camber P rof i le

A 70s camber p r o f i le  was produced primarily for  the 
purpose of checking the accuracy of S c h lic h t in g 33 p o ten t ia l  
flow theory (Ref 0 3)o The basis  assumption is that the p r o f i l s  
i s  represented by courses and vortices  d istr ibuted  along the 
chord l in e  and i t  was required to determine the range of  
application of the Schiichting  theory0 I t  w i l l  be seen from 
Figs,, 2 and 3 that the Schiichting theory (as applied  
independently by Chauvin and Lewis in R efs0  ̂ and 5 ) gives  
reasonable agreement with the exact r e s u l t t although i t  i s  not 
possible  to vary the ou t le t  angle in S c h l i c h t i a g 3s th e o r y 0

The other method applied to the 70° camber p r o f i l e  wa 
the Martensen method (Ref u 6 ) 0 I t  w i l l  be seen from P i g s » 2 
and 3 that fo r  the same outlet  angle as the analysis  the 
Martaasea pressure d is tr ib u t io n  is  quite accurate 0

At the present date no resu lts  have been obtained for  
3oaformal transformation methods at high camber angles but i t  
13 expected that r e su l ts  of the Garri on theory (Ref 0 7 } w i l l  
bo available  quite soon»
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3 ,2  112° Camber P r of i le

Since the theories  of Martensen and Schlichting  were 
found to he applicable  at 70s'' camber, i t  was decided to obtain  
an exact solution for  a more highly  cambered b lade .  This was 
found to be quite possib le  although the blade is  very thick  
and possesses  a large t r a i l i n g  edge radius0 This p r o f i le  
provides a very stringent t e s t  for  poten tia l  flow methods.

The coordinates and tabulated for  th is  p r o f i le  are
r

given in Appendix 2 and p lo t te d ,  with the l i f t  c o e f f i c i e n t s  
for  a constant p os it ion  o f  rear stagnation point ,  in Figs ,  b 

and 5o The only p o te n t ia l  flow method which has been used 
for  th is  p r o f i le  to date is  the Schliehting  method, as 
developed by Lewis9 although i t  i s  hoped to obtain re su lts  
from the theories  of Martensen and Garrick sh o r t ly .

It w i l l  be seen from Fig ,  1 th a t ,  using the Sch lich i in g  
theory,  a large error i s  obtained over the l a t t e r  h a l f  of the 
p r o f i l e .  I t  i s  suggested that th is  error is  due to the fact  
that S c h l i c h t i n g 5s theory gives the flow around a s im ilar  
cusped p r o f i l e  and also due to the placing of s i n g u la r i t i e s  
on the shorn l i n e .  These sources of error are p a r t i a l l y  
overcome in Ref,  8

k , Viscous FIow

Whereas fo r  conventional blade p r o f i le s  in cascade 
the loading at the t r a i l i n g  edge i s  l ig h t  9 certain types of 
blade cause large streamline curvature in the t r a i l i n g  edge 
region. This e f f e c t  is  apparent in cascade t e s t s  of highly  
cambered b la d e s ,  the most extreme examples being blades o f



the 9ACA compressor cascade range0 Due to the high streamline  
and wake curvatures involved,  the highly cambered blade  
represents a very d i f f i c u l t  te s t  of  methods for  the prediction  
of viscous flow«

Work at Liverpool  University on the correction of  
pressure d is t r ib u t io n s  fo r  the e f f e c t  of the boundary layer  
i s  v e i l  advanced and although i t  i s  not yet possib le  to  give  
r e s u l t s9 progress has been achieved for  cascades both with 
and without large wake curvature«

For convenience the condition of l ig h t  loading  
at the blade t r a i l i n g  edge i s  defined as

R a  ■»acp.t2 3 o

Conversely,  the condition

a c ? t s  #  0 R ^ 0 0  
TE

are taken as defining a degree of t r a i l i n g  edge loading«

In the case of l ig h t  t r a i l i n g  edge loading i t  i s  
assumed for  s i m p l ic i t y  that the center l in e  for  the wake, 
an viscous f low ,  ia a s tr a ig h t  line from the t r a i l i n g  edge 
region at the true angle to the cascade normal«

The procedure used to correct the p o te n t ia l  flow 
pressure d is tr ib u t io n  for the a f f e c t  of v i s c o s i t y  ia simply 
an i t e r a t i v e  scheme based upon alternate use of the Marten sen 
p o te n t ia l  flow theory and the boundary layer theories  of  
Thvaitas ,  for  the laminar la y e r ,  and Lawkowica, for the 
turbulent layer« The displacement thickness i s  c a lcu lated  for



the p o te n t ia l  flow pressure d istr ibution  and then used to 
correct this  d is tr ib u t io n »  Transition assumptions are 
consistent  with the Reynold’ s number and Turbulence Level 
sp eci f ied»  I t  i s  a lso  assumed that no large areas of  
separation are present on the blade»

Upon convergence of the i t e r a t iv e  scheme the 
pressure d is tr ib u t io n  and boundary layer thickness are 
obtained*. together with the correct  value of outlet  angle 
for  the s p e c i f ie d  i n l e t  angle.

In the case o f  h ighly  cambered blades and others 
with high t r a i l i n g  edge loading i t  is  necessary to derive 
re la t io n sh ips  between the value of Cp across the wake and 
the radius of curvature cf  the wake» This problem has 
been solved by Spence (Ref» 11) using the aquation

do _ Pu*- 
dy ~ "  y

which expresses the balance of radial  forces in the wake0 
The further  assumptions made fcr  highly cambered blades are 
that  the wake center streamline is  p a r a l le l  to the t r a i l i n g  
edge stagnation streamline in potential  flow, and that  
tha wane can be rounded o f f  at some distance downstream of  
the t r a i l i n g  edge without a f fe c t in g  tha pressure d is tr ibution  
around the blade prof  l i e  0 The Howarth condition q, , = q., i s  
then applied across the wake at th is  p o s i t io n ,  thus giving

1  C  D 0



- 8 -

As in the simpler ease ox’ l i g h t  t r a i l i n g  edge loading,  
an i t e r a t i v e  scheme using the Thwaites and Lewkowicz methods 
i s  employed fo r  the boundary layers  0 The correct  pressure  
d is tr ib u t io n  and o ut let  angle are given upon convergence of  
the i t e r a t i v e  scheme»

5o Conclusions

The two p r o f i l e s  given and the corresponding exact  
pressure d is tr ib u t io n s  should serve to e s ta b l ish  the accuracy  
of any known incompressible poten tia l  flow method for  cascades  
with high values of camber angle0 S c h l ia n t in g 1s method of  
d istr ib u ted  s i n g u l a r i t i e s  was seen to work well  at 70° camber 
but not at 112° camber; i t  does not seem wise to use th is  
method in i t s  present form for  p r o f i le s  having e ither  camber 
angles above 70° or rounded t r a i l i n g  edges» Marten sen8s 
method works well  for p r o f i l e s  with 70° camber and r e s u l ts  
should soon be obtained which w i l l  determine the v a l i d i t y  of  
the Martensen theory at camber angles above 70°»

A procedure, currently in use at Liverpool University  
for  e s ta b l is h in g  the c ir cu la t io n  around cascade blades which 
are free  from large regions of separation,  i s  described»
The work i s  not s u f f i c i e n t l y  far  advanced for  r e su l ts  to be 
given» C ri t ic ism  i s  p a r t i c u la r ly  sought on the suggestions of  
the section of  the note dealing with viscous flow»
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Appendix 1

This appendix c o n s is ts  of a b r i e f  summary of the 
analysis  of Ref» 1 (based p a r t i a l l y  on Ref,  13 ;6 for  obtaining  
an exact solution to the p o te n t ia l  flow around certain cascades»

Notation

l ss m + in C omplex coordinates in plane Of ovals o
z = X + iy Complex c oordinate s in plane of cascade 0
u = <P + iip C omplex p o te n t ia l  f une t ion »
ç = Ç + i n Complex coordinate s in intermedi ate plane
U V 5 W Normal, tangentia l  

components 0
and circulato ry veloci

3 Oval s ize  f a c t o r ,
a Cas cade stagger angle»

1 . The

the

f  o:

normal flow past a ser ies  

w = $ + i  \p -  U { i +

streamline b ~  0 marks the

cosh 2m = cos 2m + 

s im p l ic i ty  we define

p
^ =  1 +  sinh 3 coth i

of ovals is  known

?
sinh S coth 1}

closed oval

sinh^S sin 2n 
n

2Y = 3 + sinh 3 coth 3

2 ,  The normal flow past a ser ies  of laminae ly ing  along the 
imaginary axis  i s  known and a transformation connecting 
the ovals and the laminae is  obtained0

w = ^  cosh ^(ccsh Ycosh C) 0 , cosh * = cosh Y cosh i



•»

The general flow past the laminae is  known to ce

d iu 
d  ?

U ’sinh c +
J  s inh c c + tanh“

and by transformation th is  gives the general  
the ovals

flow past

»»  -  i v i ■ H *  I o * i
L sinh -  sinh v ! :

• K 2  1s i n h  p 

s in h 2!  I

Uo A part icu la r  case of  the l a t t e r  equation is  for  W = 0 s
V = U tan can substitute  V and W into the flow aroun
the o v a l s0 For W = 0 ,  V = U tan 3 i t  i s  known that

du)
cTz

U ( Ì

Combining the equations for dw/ di and dw/dz gives

d^
d l

0 i a  I i cos a i  s i n  rr s i n h  • 1  7 ,  s i n h ' "  p. 7

. z , r . . 2  i ! x  -  T T T i
s m h  a -  s m n  y*  1 s i n n  i  J

hence the transformation connecting the oval and cascad»  
planes is

,  i l 0 ( c o :z i sin a or ccshi sechv cosh A ))



5 t h e  o v a l s  a r e  o f f  s e t  v i  ■; T» O -p O V to small ovals
f a r e d  .on the o n g i n ,  i t ■ 2  PO ¿  3 0 1 e  ' o  obtain c a s c a d e s

a e r o f o i l  p r o f i l e s  „ T h e Z 6  T  O is 3  0  Í t h e  t r a n s f o r m a t i o n

g i v e n  i n  t h e  & p l a n e  b y 2 i r . b -  À ~
»■

■“  «  O O J  j  ¿11 l i  At’ *1

t h e  o f f s e t  o v a l p a s s e s  t 1’ r  ò l i  r  i  ü -.¿a. -  ** ■* o  f  t h e s e  a  c  n  s p e d

a e r o f o i l  i s  obtained. I f  i e  o f f s e t  oval  
zeroes ,  a p r o f i le  with continuous ourvatuj

Ldes the

From the equations for  dU/ du and dz/di  
to obtain the flow in the cascade nlane

„ s possible

r
! y  + ,  i  W c o s h  - ' -  V s x n h  A ; |

a -  i v  = 4 -2 z az
• sinh“ A- sinh'

cos a sinh
"? sin a “ A -  smn ~ i

sinh2 3 I
s m n

In the numerator the values of A y  i ■ and  ̂ re fer  to
•’ located at the or igin .  For thet hfî isrjz^r oval

denomina«or the

and i t  
of the

V and W ara obtai ned from the re ia t io n sh ip s

V -  TJ t an V * w
: - TJ (X . .  **

a l l y p o s s i t i^ t 0 ¿p-SCi f y  either the p os it ion
gnat ion point rj  V* alta n a t i v e l y  t he o u t le t

angle0



COORDINATES AND PRESSURE DISTRIBUTION FOR 112° CAMBER PROFILE

Zero stagger ,  i n le t  angle = 5 0 ° ,  s /c  = 0 o58996l+36 

Stagnation p t . at ( l „ 0 ) ,  tan = 1 „21+221+12U 0

No. x /  c y /  c C
P

lo 0,00000000 0,00000000 0,99115082
2. 0o00631790 -Q000588533 0,209273k6

3 o 0,03286025 0,00103115 -0,639381+75

u. 0„08 5 98U51 0,01+805301+ Oo092279157
5 » 0 .12668707 0,08629330 0,3256701+5
6 o 0 o2lU07 971 0 , 1539065k 0,51+935131+
7 » 0 0 392282U1 0,23125038 0,69055688
8. o,53900388 0,2k535753 0,7151+6992

9 o 0 , 71+601+1+1+1+ 0»1933kl+15 O0665I+1+259
10. 0085691^62 Ool2335896 0,51+732966
Ho 0 0 90807529 0,07792880 0,1+1580197
12 o 0 , 9695291+9 0 , Oll+l+kl+ 30 -0,03605221+9

13c 0.99508686 - 0,00299272 -0 ,0907 7782
lU. 1 .00000000 0,00000000 1,00000000

15 » - 0,003521096 0,00923877 0-.82211789
16 » -0o001+16633 0 ,0 3 k l8 l5 1 0,19303330
17 o 0,00226933 0,061+70695 -0,251+6671+2
18 o 0 ,01529799 0,09905553 -0 ,5 6 1 2 0 2 5 1
19 o 0,03535^33 0 . 13651*865 -0 ,7 6 5 0 5 9 3 1
2 0 o 0 o06389262 0 , 17722395 -0 ,8810 0575



O o 10^29606
0 , 1651+9821 
O o 21215T96 
0 , 2866011+6 
0,1+5195727 
I 0O0201575 
O o 99971382 
0,99057698 
0,97509^09  
0 , 9 5 2 7 6 3 0 6  

0,92202323  
0 o879301+08 
O 0 8 I 5 2 I I O 2

0,766U7825
0 , 68881+350
0,51896138

0,22198988
0,27368098

0,301+5065^
0,31+220073
0,38307185
0,00721731
0,029759^6
0,05922620

0,09331+566
0,131201+58
0,17275505
0,21893512

0,27273351+
0,301+92329
0,3^397029
0,38370916

-0 ,9133 2828
- 0,86322892
- 0 ,8 0 6 2 3 7 8 7
-0„7l81+667l+
-0,57979161+
0,62637309

-0,0051+5531+
-0,35781+959

-O o 5 8 97 U 412
-0,73969601
- 0 , 81606581+

-0 ,8 1 8 0 2 8 2 9
-o  , 71+^631+37
-0,68181+755
-0,6051+5506
-0 ,5 5 7 0 5 2 5 6
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Fig . 2 . P re ssure  d i s t r i b u t i o n s  f o r  70° camber a e ro f  o i I

in c a s c a d e

Fig. 5
P r e s s u r e  d i s t r ib u t t o n s  for 70° camber a er o f o i l  in c a s c a d e



Pressure distributions for I/29 cam ber a erofo il in cascade.

i l __ —
-50 -HO *20 0 20 HO 60

L ift coefficien ts fo r  112° camber cascade  

(Stagnation p o i n t â t  (x ,y ) c ( 1 ,0 ) . )
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Dynamic Stall in Axial Compressor Rotors 
Subjected to Circumferential Inlet Distortion

J.P. GOSTELOW
Head of School of Mechanical Engineering, New South Wales Institute of Technology

and
S.A.H. RIZVI

Research Student, Whittle Laboratory. Cambridge, UK

SUMMARY Some exp er im en ta l in v e s t ig a t io n s  on s in g le  stage and m u ltistag e  a x ia l  com pressors  under c o n d it io n s  
o f  s tea d y  c ir c u m fe r e n t ia l  i n l e t  d i s t o r t i o n  are d e sc r ib e d . The c ir c u m fe re n t ia l  movement o f  th e  d i s t o r t i o n  
through the com pressor and the e f f e c t  o f  the d i s t o r t io n  on s t a l l  margin are d is c u s s e d . A s ig n i f i c a n t  
in f lu e n c e  on s t a l l  m argin f o r  many d i s t o r t i o n  c o n fig u ra t io n s  i s  id e n t i f i e d  as the dynamic s t a l l  b e h a v io u r  
o f  th e  r o t o r  b la d in g . T h is  ca u ses  th e  's p ik e s ' in  downstream t o t a l  p ressu re  t r a v e rs e s  as a r o t o r  em erges 
from  the d is t o r t e d  flo w  r e g io n .

The n a tu re  o f  th e  s t a l l in g  b e h a v iou r i s  b e in g  fu r th e r  in v e s t ig a te d  by means o f  in s ta n ta n eou s  p re ssu re  
d i s t r i b u t i o n s ,  ob ta in e d  from  twenty m in ia tu re  p ressu re  transdu cers mounted on the r o t o r  b la d e , as the 
d i s t o r t e d  r e g io n  i s  t r a v e r s e d . The r e s u l t in g  s ig n a ls  are transm itted  by s l i p  r in g s  and p r o c e s s e d , w ith  
d a ta  ob ta in e d  from  downstream in s tru m e n ta t io n , in  an o n - l in e  com puter.

NOTATION

p T o ta l p ressu re
U R o ta t io n a l speed
p D en sity
$ Flow c o e f f i c i e n t  based  on a x ia l  v e l o c i t y

in  u n d is to r te d  re g io n
\p S t a t i c  p re s su re  r i s e  c o e f f i c i e n t

S u b scr ip ts

D D is to r te d com pressor
S At s t a l l  p o in t
U U nspoiled com pressor

S u p e rs cr ip t

“  C ir cu m fe re n tia l  average v a lu e

1 INTRODUCTION

The i n l e t  f lo w  d i s t o r t i o n s  e x p e r ie n ce d  by an a x ia l  
f lo w  com pressor a re  com plex phenomena and the r e s ­
ponse o f  the  com pressor b la d in g  when s u b je c te d  to  
th ese  d i s t o r t i o n s  i s  h ig h ly  n o n - l in e a r . A lthough 
th e  d i s t o r t i o n s  en cou n tered  in  e n g in es  may c o n s is t  
o f  tem poral f lo w  v a r ia t io n s ,  changes in  f l u i d  prop ­
e r t i e s  and v a r ia t io n  o f  incom ing v e l o c i t y  p r o f i l e  
in  a l l  th ree  s p a t ia l  p la n e s , such r e a l  d is t o r t i o n s  
may be u s e fu l ly  s im ula ted  by sep a ra te  m od e llin g  o f  
t h e ir  c o n s t i tu e n t  p a r t s .  T h is paper co n ce n tra te s  
on the m o d e llin g  o f  one such com ponent, the steady 
c ir c u m fe r e n t ia l  d i s t o r t i o n  o f  v e l o c i t y  p r o f i l e .

C ir cu m fe re n tia l d i s t o r t i o n s  are  u s u a lly  s im ulated  
in  r i g  t e s t in g  by u s in g  an upstream  gauze t o  gen­
e r a te  a c ir c u m fe r e n t ia l  d e f e c t  in  th e  incom ing 
t o t a l  p ressu re  p r o f i l e .  I t  c o u ld  be argued th a t  
whereas most c ir c u m fe r e n t ia l  en g in e  d i s t o r t i o n s  
have low harm onic c o n te n t , th ose  ob ta in e d  by gauze 
s cre e n  s im u la tio n  o f t e n  have the  h ig h  harm onic con ­
te n t  o f  a square-w ave p r o f i l e .  A p a r t ia l  o b je c t ­
iv e  o f  the p re s e n t  work i s  t o  h ig h l ig h t  some p en a l­
t i e s  o f  such an inadequ ate  s im u la t io n .

I t  i s  s t i l l  n o t  p o s s ib le  t o  p r e d ic t  the  e f f e c t s  o f  
c ir c u m fe r e n t ia l  i n l e t  d i s t o r t i o n  on the  s t a l l  mar­
g in  o f  an a x ia l  flo w  com p ressor. On the one hand

o b serva tion s  o f  r o t o r  b la d e  resp on se  t o  c ir c u m fe r ­
e n t ia l  m a ld is tr ib u t io n  in d ic a t e  maximum u n steady 
l i f t  w e ll  in  excess  o f  s tea d y  s ta t e  maxima; on  the  
o th e r  hand most measurements in c lu d in g  th o s e  o f  
Mokelke (1) , G ostelow  (2) and Katz (3) in d ic a t e
a s u b s ta n t ia l d e t e r io r a t io n  in  s t a l l  m argin o f  a 
com pressor having a c ir c u m fe r e n t ia l  d i s t o r t i o n ,  as 
compared w ith  the u n d is to r te d  co m p re sso r . The 
p ressu re  r i s e  c o e f f i c i e n t  i s  a f f e c t e d  much more 
than the flow  c o e f f i c i e n t  and i t  d oes  seem th a t  
any s t a l l  margin d e f i n i t i o n  used sh ou ld  tak e t h i s  
behaviour in to  a ccou n t.

A com p lica tin g  fa c t o r  in  some fan s  i s  th a t  the  
abrupt s t a l l in g  mode o f  the u n d is to r te d  fan  i s  r e ­
p laced  by a gradual and in te r m itte n t  s t a l l i n g  p r o ­
c e s s  when the fan  i s  s u b je c te d  t o  a c i r c u m fe r e n t ia l  
d is t o r t i o n .  The s t a l l  margin i s  thus n o t  w e l l  d e ­
fin e d  but th ere  i s  in  t h is  phenomenon th e  s u g g e s t ­
ion  o f  a co u p lin g  between r o t a t in g  s t a l l  and the 
unsteady o r  dynamic s t a l l  o f  a b la d e  as i t  t r a v e r ­
ses  a re g io n  o f  c ir c u m fe r e n t ia l  d i s t o r t i o n .  T h is 
su gg estion  has a p a r a l l e l  in  the  n u m erica l work o f  
Adamczyk and Carta (4) who, u s in g  a n o n - l in e a r  
d is t o r t io n  th e o ry , are  a b le  t o  p r e d i c t  th e  in c e p t ­
ion  o f  r o t a t i n g - s t a l l .  Because i t  i s  s t i l l  n o t  
p o s s ib le  t o  p r e d ic t  dynamic s t a l l  l i f t  c o e f f i c i e n t s  
steady s ta te  va lu es  have t o  be assumed in  c a l c u l a ­
t io n s  u s in g  is o la t e d  a e r o f o i l  and ca sca d e  l i f t  
response th e o r ie s .

In an attem pt t o  study the in f lu e n c e  o f  harm onic 
con ten t o f  a d i s t o r t i o n  on s t a l l in g  b eh a v iou r 
Carta (5) s y s te m a tica lly  v a r ie d  the  r a t e  o f  change 
o f  in c id e n ce  on to  an o s c i l l a t i n g  a e r o f o i l .  He 
d id  t h is  by vary in g  the freq u en cy  w h ils t  a l l  o th e r  
param eters remained co n sta n t  and showed t h a t ,  f o r  
an a e r o f o i l  o p e ra tin g  in  unsteady f l o w , c o n s id e r ­
a b le  d i f fe r e n c e s  in  response were a t t r ib u t a b le  t o  
d i f f e r e n t  ra te s  o f  change o f  in c id e n c e . These 
d i f fe r e n c e s  d id  n o t  o ccu r  as the in c id e n c e  was 
b eing  in creased  but ra th e r  as the  in c id e n c e  was 
reduced . The e f f e c t  was th a t  w ith  a d e c re a s in g  
in c id e n ce  angle a la rg e  ra te  o f  change o f  in c id e n c e  
produced a sm all re g io n  o f  in te n s e  dynam ic s t a l l  
whereas a low ra te  o f  change o f  in c id e n c e  p rod u ced  
a la rg e r  reg ion  o f  le s s  in te n s e  s t a l l .



In  an  i n v e s t i g a t i o n  o f  w h e th e r  C a r t a 's  f i n d i n g s  
w e re  a p p l i c a b l e  t o  t h e  r e s p o n s e  o f  a c o m p r e s s o r  
r o t o r  b l a d e  M ok eIk e  (1 )  o b t a in e d  t r a v e r s e  d a t a  b e ­
h in d  e a c h  s t a g e  o f  a  f o u r  s t a g e  a x i a l  c o m p r e s s o r .

2 MULTI-STAGE COMPRESSOR RESULTS

M o k e lk e 's  w ork  was p e r fo r m e d  on a f o u r  s t a g e  a x i a l  
c o m p r e s s o r  o f  h u b - t i p  r a t i o  0 .6  and a mean r a d iu s  
o f  160  mm. T he 50% r e a c t i o n  c o n s t a n t  s e c t i o n  
b l a d i n g  had  a  c i r c u l a r  a r c  ca m b er l i n e  and s t a g g e r  
and ca m b e r  a n g le s  o f  20 and  40 r e s p e c t i v e l y .

S q u a r e -w a v e  c i r c u m f e r e n t i a l  d i s t o r t i o n s  c o v e r i n g  
v a r i o u s  s e c t o r  a n g le s  w e r e  t e s t e d .  The t o t a l  
p r e s s u r e  v a r i a t i o n s  d ow n strea m  o f  e a c h  s t a g e  w e re  
n o t  c i r c u m f e r e n t i a l l y  s y m m e t r i c a l ,  p a r t i c u l a r l y  a t  
f l o w  c o e f f i c i e n t s  o n  t h e  u n s t a l l e d  p a r t  o f  th e  
c h a r a c t e r i s t i c  b u t  a p p r o a c h in g  t h e  s t a l l  v a l u e .
I n  t h i s  r e g i o n  a s  t h e  r o t o r  em erged  s u d d e n ly  fr o m  
t h e  d i s t o r t e d  f l o w  r e g i o n  s e v e r e  ' s p i k e s 1 i n  t h e  
t im e - a v e r a g e d  t o t a l  p r e s s u r e  t r a v e r s e s  w e re  
o b s e r v e d  ( F i g .  1 ) .

F i g .  1 T o t a l  p r e s s u r e  p r o f i l e s  in  m u l t i - s t a g e
c o m p r e s s o r .  6 0 °  s q u a r e -w a v e  d i s t o r t i o n .

W ith  t h e  in s t r u m e n t a t i o n  a v a i l a b l e  on  th e  f o u r  
s t a g e  c o m p r e s s o r  i t  was n o t  p o s s i b l e  t o  a s c e r t a i n  
t h e  n a t u r e  o f  t h e s e  s p ik e s  o r  t o  d e t e r m in e  w h e th e r  
t h e y  r e p r e s e n t e d  t h e  t im e -a v e r a g e d  fo rm  o f  an  e v e n  
s t r o n g e r  u n s te a d y  d i s t u r b a n c e . F u r th e rm o re  th e  
s m a l l  s i z e  o f  th e  m u l t i - s t a g e  c o m p r e s s o r  p r e c lu d e d  
l o c a l i s a t i o n  o f  th e  o r i g i n  o f  th e  s p i k e s .  K atz
(3 ) had  p r e v i o u s l y  n o t i c e d  v e l o c i t y  f l u c t u a t i o n s  in  
t h e  same r e g i o n  and h y p o t h e s i s e d  t h a t  th e  f l u c t u a ­
t i o n s  m ig h t  b e  a  s t a l l  p r e c u r s o r .  In  any e v e n t

p a s s a g e  o f  su b se q u e n t  b l a d i n g  th ro u g h  su ch  a d i s ­
t o r t e d  r e g io n  o f  h ig h  h a rm o n ic  c o n t e n t  i s  c o n s i d e r ­
ed p o t e n t i a l l y  s e r i o u s  fro m  a  b la d e  v i b r a t i o n  
v ie w p o in t .

In  o r d e r  t o  c o n f ir m  t h a t  t h i s  b e h a v io u r  was o n ly  
p r e s e n t  a s  th e  r o t o r  em erged  s u d d e n ly  fr o m  th e  d i s ­
t o r t e d  r e g i o n ,  and was n o t  p r e s e n t  u p on  s u d d e n ly  
e n t e r in g  su ch  a r e g io n  and e m e rg in g  g r a d u a l l y ,  a 
s e r i e s  o f  t e s t s  w ith  fo r w a r d  and b a c k w a r d - t r a v e r s e d  
sa w to o th  d i s t o r t i o n s  was p e r fo r m e d . The f o r w a r d -  
t r a v e r s e d  d i s t o r t i o n  i s  t h a t  in  w h ich  t h e  r o t o r  
s u d d e n ly  e n t e r s  th e  d i s t o r t e d  r e g io n  and g r a d u a l ly  
em erges  from  i t .  H owever i t  i s  th e  c o n v e r s e  c a s e ,  
th e  b a c k w a r d -t r a v e r s e d  d i s t o r t i o n ,  w h ich  m a n i fe s t e d  
th e  s p ik y  b e h a v io u r  as t h e  r o t o r  s u d d e n ly  em erges  
from  t h e  d i s t o r t e d  f l o w  r e g i o n  ( F ig .  2) . T h is  
b e h a v io u r  was c o n s id e r e d  t o  i n d i c a t e  t h e  o ccu rx tn ce  
o f  s h o r t  d u r a t io n  d yn am ic s t a l l  o f  h ig h  m a g n itu d e  
o v e r  a s m a ll  r e g io n  w h ere  th e  t o t a l  p r e s s u r e  was 
i n c r e a s i n g  r a p i d ly .

F i g .  2 M u lt i - s t a g e  c o m p r e s s o r . B a ck w a rd - 
t r a v e r s e d  s a w to o th  d i s t o r t i o n .

M okelke was a b le  t o  make q u a n t i t a t i v e  c o m p a r is o n s  
b e tw e e n  th e  a b ov e  m easurem ents and t h e  i s o l a t e d  
a e r o f o i l  d a ta  o f  C a r ta . D e s p i t e  s m a l l  d i f f e r e n c e s  
t h e r e  was g e n e r a l ly  a r e m a rk a b le  s i m i l a r i t y  b e tw e e n  
th e  n a tu re  o f  s t a l l  r e s p o n s e  o b s e r v e d  b y  M ok elk e  
and t h a t  o b s e r v e d  b y  C a r ta .

3 SINGLE-STAGE COMPRESSOR RESULTS

In  e x p e r im e n ts  d e s ig n e d  t o  c o n f ir m  and l o c a l i s e  
th e  e f f e c t s  d e s c r ib e d  a b o v e ,  R iz v i  has p e r fo r m e d  
t r a v e r s e s  dow nstream  o f  a s i n g l e  s t a g e  c o m p r e s s o r



r o t o r ,  e a c h  b la d e  h a v in g  a c h o r d  o f  150  mm and a 
h e i g h t  o f  450 mm. The 22 b la d e d  i s o l a t e d  r o t o r  
was t e s t e d  in  t h e  N o. 1 R o t a t in g  C a s ca d e  W ind 
T u n n e l o f  th e  W h i t t l e  L a b o r a t o r y  a t  C a m b r id g e .
The s p o i l e r  was m ounted  on  a s u p p o r t  s c r e e n  and 
c a r r i e r  r i n g  a s s e m b ly , r o t a t a b l e  p a s t  t h e  p r o b e s  
in  in c r e m e n ts  o f  2 d e g r e e s  th r o u g h  3 6 0 ° .  C a l i b ­
r a t e d  t r a v e r s a b l e  p r o b e s  u p s tr e a m  and d o w n stre a m  
o f  t h e  r o t o r  w e re  u s e d  t o  m easu re  t h e  t o t a l  and 
s t a t i c  p r e s s u r e s  a s  w e l l  a s  th e  d y n a m ic  h e a d  and 
t h e  a b s o l u t e  a n g l e s .  The r o t o r  was t r a v e r s e d  a t  
t h r e e  r a d i a l  l o c a t i o n s  (m id  p o i n t s  o f  t h r e e  e q u a l  
a r e a  a n n u la r  s e c t i o n s )  and  t h r e e  f l o w  c o e f f i c i e n t s  
c o v e r i n g  t h e  ra n g e  fr o m  minimum l o s s  t o  a  p o i n t  
n e a r  s t a l l .

T e s t i n g  was p e r fo r m e d  on  a s q u a r e -w a v e  d i s t o r t i o n  
d e s ig n e d  f o r  a v e l o c i t y  r a t i o  v a r i a t i o n  o f  ± 15% 
a b o u t  t h e  mean l e v e l .  The t o t a l  p r e s s u r e  v a r i a ­
t i o n  u p s tr e a m  o f  th e  c o m p r e s s o r  am ou nted  t o  80% o f  
t h e  a v e r a g e d  d y n a m ic  h e a d . In  t h e  d o w n stre a m  
r e g i o n  t h e  f l o w  r e d i s t r i b u t e d  i t s e l f  r a d i a l l y .
A t t h e  h ig h  f l o w  r a t e  t h e  t i p  f l o w  was 12% h ig h e r  
and  t h e  hub f l o w  16% lo w e r  th a n  t h e  a v e r a g e d  v a l ­
u e s .  As t h e  f l o w  c o e f f i c i e n t  d e c r e a s e d  t h e s e  
v a lu e s  i n c r e a s e d  t o  +25% , +33% a t  t h e  t i p  an d  -24%  
and -4 9%  a t  t h e  hub r e s p e c t i v e l y .  T he c i r c u m f e r ­
e n t i a l  n o n - u n i f o r m i t y  d u e  t o  u p s tr e a m  d i s t o r t i o n  
was a l s o  e x h i b i t e d  i n  th e  d ow n strea m  r e g i o n ,  b u t  
t h e  u p s tr e a m  and dow n strea m  a v e r a g e d  f l o w s  d i f f e r ­
ed  b y  l e s s  th a n  1% in  e a ch  c a s e ,  w e l l  w i t h i n  t h e  
e x p e c t e d  ra n g e  o f  e x p e r im e n t a l  e r r o r .  T he s t a t i c  
p r e s s u r e  v a r i e d  c i r c u m f e r e n t i a l l y  b y  8% a t  h ig h  
f l o w  r a t e  and 2% t o  3% a t  t h e  in t e r m e d ia t e  and  
lo w  f l o w  r a t e s .

T he t o t a l  p r e s s u r e  p r o f i l e s  sh ow ed  h ig h e r  p r e s s u r ­
e s  i n  t h e  t i p  r e g i o n  th a n  in  t h e  hub r e g i o n ,  t h e  
d i f f e r e n c e  i n c r e a s i n g  w it h  d e c r e a s i n g  f l o w  r a t e s .  
The m o s t  d i s t i n c t i v e  b e h a v io u r  was t h a t  f o l l o w i n g  
t h e  t o t a l  p r e s s u r e  m axima w h ich  m arked  t h e  e n d  o f  
t h e  d i s t o r t e d  r e g i o n  an a b r u p t  and  u n e v e n  c h a n g e  
i n  t h e  t o t a l  p r e s s u r e  o c c u r r e d .  T h is  e f f e c t  was 
p r o n o u n c e d  a t  t h e  t i p  l o c a t i o n  n e a r  s t a l l  w h ere  
s u d d e n  ch a n g e s  i n  t o t a l  p r e s s u r e  a p p r o a c h in g  h a l f  
a d y n a m ic  h ea d  w ere  r e c o r d e d .  The r e l a t i v e  amp­
l i t u d e  and  t h e  s h a r p n e s s  o f  t h e  s p i k e  seem ed  t o  b e  
r e l a t e d  t o  th e  s e v e r i t y  o f  t h e  d i s t o r t i o n  l e v e l  
j u s t  b e f o r e  e m e rg e n ce  o f  t h e  r o t o r .

As i n  th e  m u l t i - s t a g e  c o m p r e s s o r  t e s t s  t h e  s p i k e s  
w e re  o n l y  o b s e r v e d  n e a r  s t a l l ,  u p o n  su d d e n  e m erg ­
e n c e  o f  t h e  r o t o r  fro m  t h e  d i s t o r t e d  r e g i o n .  In  
fo r w a r d  - t r a v e r s e d  s a w to o th  d i s t o r t i o n  t e s t i n g  on  
t h e  i s o l a t e d  r o t o r  t h e s e  e f f e c t s  w e re  n o t  o b s e r v ­
e d .  Some d ow n strea m  t o t a l  p r e s s u r e  p r o f i l e s  fro m  
t h e  b a c k w a r d - t r a v e r s e d  s a w to o th  d i s t o r t i o n  a r e  
p r e s e n t e d  i n  f i g u r e  3 . The s p i k y  b e h a v io u r  i s  
h e r e  s e e n  m o st  c l e a r l y  i n  th e  t i p  r e g i o n  j u s t  o u t ­
s i d e  t h e  a n n u lu s  b o u n d a ry  l a y e r .

T he r e s u l t s  w e re  s u f f i c i e n t l y  c o n c l u s i v e  t o  i n d i ­
c a t e  t h a t  t h i s  was a  g e n e r a l  phen om en on  r e p r e s e n t ­
i n g  t h e  s t a l l i n g  b e h a v io u r  o f  d i s t o r t e d  f l o w s  in  
b o t h  a  lo w  h u b - t i p  r a t i o  i s o l a t e d  r o t o r  an d  a  h ig h  
h u b - t i p  r a t i o  m u l t i s t a g e  c o m p r e s s o r .

C h a r a c t e r i s t i c s  o f  th e  u n s p o i l e d  i s o l a t e d  r o t o r  
and  i t s  r e s p o n s e  t o  1 8 0 ° fo r w a r d  and  b a c k w a r d -  
t r a v e r s e d  d i s t o r t i o n s  w e re  o b t a i n e d  f o r  in fo r m a ­
t i o n  on  s t a l l - m a r g i n  e f f e c t s .

The l o s s  o f  s t a l l  m a rg in  may b e  c o n v e n i e n t l y  
d e f i n e d  a s
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F i g .  3 I s o l a t e d  r o t o r .  B a c k w a r d - t r a v e r s e d  
s a w to o th  d i s t o r t i o n ,  d i f f e r e n t  r a d i i .

s a w to o th  d i s t o r t i o n .



V a lu e s  ta k e n  fro m  t h e  c h a r a c t e r i s t i c s  o f  f i g u r e  4 
i n d i c a t e  t h a t  w h e re a s  t h e  fo r w a r d  t r a v e r s e d  d i s t ­
o r t i o n  c a u s e d  a l o s s  o f  s t a l l  m a rg in  o f  1 7 .9 8 % , 
f o r  th e  e q u i v a l e n t  b a c k w a r d - t r a v e r s e d  d i s t o r t i o n  
t h i s  was a s  h ig h  a s  2 4 .3 5% . In  n e i t h e r  c a s e  i s  th e  
f l o w  c o e f f i c i e n t  s e v e r e l y  a f f e c t e d  b u t  t h e  a v e r a g e d  
p r e s s u r e  r i s e  c o e f f i c i e n t  i s  c o n s i d e r a b l y  r e d u c e d .  
T h is  i s  e s p e c i a l l y  t r u e  n e a r  s t a l l  f o r  th e  b a ck w a rd  
- t r a v e r s e d  d i s t o r t i o n  -  t h e  r e g i o n  o f  s p ik y  b e h a v ­
i o u r  and d yn am ic  s t a l l .  T h e s e  e f f e c t s  a r e  s o  
s t r o n g 't h a t  th e  s l o p e  o f  t h e  c h a r a c t e r i s t i c  b e co m e s  
q u i t e  p o s i t i v e  b e f o r e  a b r u p t  s t a l l  o c c u r s .

The r e s u l t s  i n d i c a t e  t h a t  s t a l l  m a rg in  w i l l  b e  
s i g n i f i c a n t l y  r e d u c e d  f o r  any i n s t a l l a t i o n  in  w h ich  
t h e  r o t o r  e m e rg e s  s u d d e n ly  fr o m  a c i r c u m f e r e n t i a l  
d i s t o r t i o n  o f  h ig h  h a rm o n ic  c o n t e n t .  F u r th e rm o re  
s im u la t io n  o f  c i r c u m f e r e n t i a l  d i s t o r t i o n  b y  th e  
u s u a l  ' s q u a r e  w a v e 1 t y p e  o f  s c r e e n  c o u l d  g i v e  a 
s u b s t a n t i a l l y  c o n s e r v a t i v e  v a lu e  o f  s t a l l  m a r g in .

4 DRIFT PREDICTION

The l o c a t i o n  o f  t h e  s p i k e s  ca n  b e  e s t im a t e d  b y  
c o n s i d e r i n g  t h e  su d d e n  e m e rg e n ce  o f  t h e  r o t o r  b la d e  
fro m  th e  lo w  v e l o c i t y  r e g i o n  w i t h o u t  a t t e m p t in g  t o  
i n v e s t i g a t e  t h e  p r e c i s e  n a t u r e  o f  a n y  p r o f i l e  
c h a n g e s . S u ch  c h a n g e s  a r e ,  h o w e v e r , a s s o c i a t e d  
w i t h  su d d en  v a r i a t i o n s  i n  i n c i d e n c e  and f l o w  c o n d ­
i t i o n s  a t  t h e  e n t r y  r e g i o n  o f  a b l a d e  e m e r g in g  fro m  
a d i s t o r t e d  t o  an u n d i s t o r t e d  r e g i o n .

In  g e n e r a l  th e  f l o w  th r o u g h  t h e  c o m p r e s s o r  s u f f e r s  
a  c i r c u m f e r e n t i a l  d r i f t  w h ic h  d e p e n d s  o n  t h e  v a r i ­
o u s  g e o m e t r i c a l  and a e r o d y n a m ic  p a r a m e t e r s .  In  
an a n a l y s i s  t o  p r e d i c t  t h i s  d r i f t  ( r e f .  6 ) t h e  f l o w  
th ro u g h  t h e  c o m p r e s s o r  w as s p l i t  i n t o  t h r e e  d i s t ­
i n c t  r e g i o n s .  U p strea m  o f  t h e  r o t o r  t h e  d r i f t  i s  
d e s c r i b e d  s im p ly  b y  c o n s i d e r a t i o n  o f  t h e  d e f l e c t i o n  
a t  t h e  o u t e r  e d g e  o f  t h e  d i s t o r t i o n  s c r e e n ,  th e  
r a d i a l  l o c a t i o n  and  t h e  a x i a l  d i s t a n c e  b e tw e e n  
s c r e e n  and r o t o r .  T h ro u g h  t h e  r o t o r  b l a d i n g  
H o r l o c k 's  ( r e f .  7 ) a p p r o x im a t e  c a s c a d e  a n a l y s i s  i s  
u s e d  t o  g i v e  th e  f l o w  p a t h .  The t a n g e n t i a l  v e l ­
o c i t y  com p o n e n t s o  o b t a i n e d  i s  i n t e g r a t e d ^ t o  g i v e  
t h e  c i r c u m f e r e n t i a l  d r i f t .  D ow nstream  o f  th e  
r o t o r  th e  a b s o l u t e  v e l o c i t y  a l s o  h a s  a w h i r l  com ­
p o n e n t ;  b y  r e p l a c i n g  t h e  r o t o r  row  b y  a h y p o t h e t ­
i c a l  u p s tre a m  s t a t o r  th e  d r i f t  i s  o b t a i n e d  a s  a 
f u n c t i o n  o f  th e  m e a su re d  f l o w  a n g l e .

The f l o w  a t  t h e  o u t e r  e d g e  o f  t h e  s p o i l e r  and  th e  
a s s o c i a t e d  u p s tr e a m  d e f i c i e n c i e s  th u s  m ig r a t e  t o  
t h e  d ow n strea m  r e g i o n  w it h  a  c i r c u m f e r e n t i a l  d r i f t  
w h ich  i s  d e t e r m in e d  b y  summing t h e  t h r e e  c o m p o n e n ts  
d e s c r i b e d  a b o v e .

The r e s u l t i n g  e q u a t i o n  p r e d i c t s  t h a t  t h e  d r i f t  
w o u ld  i n c r e a s e  w i t h  d e c r e a s i n g  r a d iu s  and a l s o  w it h  
d e c r e a s i n g  f l o w  c o e f f i c i e n t  (b e c a u s e  o f  t h e  s i g n i f ­
i c a n t  i n c r e a s e  in  d o w n stre a m  f l o w  a n g l e ) . #  T h e se  
phenom ena w e re  o b s e r v e d  in  t e s t i n g  on  th e  lo w  h u b - 
t i p  r a t i o  m a ch in e  upon  t r a v e r s i n g  a t  t h r e e  r a d i a l  
l o c a t i o n s  and f o r  t h r e e  f l o w  c o e f f i c i e n t s .

The o b s e r v e d  d r i f t  i n  t h e s e  t e s t s  b e a r s  som e r e s -  
e m b le n ce  t o  t h e  p r e d i c t e d  v a lu e  a s  may b e  s e e n  in  
f i g u r e s  5 and 6 . The a g re e m e n t  i s  r e a s o n a b l e  d e ­
s p i t e  th e  f a c t  t h a t  v e r y  a c c u r a t e  m ea su re m e n ts  in  
t h e  s h e a r  l a y e r s  w ere  n o t  p o s s i b l e  and  t h a t  t h e  
s p ik e  i t s e l f  e x t e n d e d  th r o u g h  a few  d e g r e e s .  The 
e x p e r im e n t s  d i d  c o n f i r m  t h a t  t o t a l  p r e s s u r e  d i s t ­
o r t i o n  u n d e r  h ig h  l o a d i n g  h a s  a p r o m in e n t  s p ik y  
n a tu r e  and t h a t  t h e  o b s e r v e d  d r i f t  o f  th e  s p ik e s  
i n c r e a s e s  a s  t h e  l o a d i n g  i s  i n c r e a s e d  o r  a s  th e  
hub i s  a p p r o a c h e d .

F ig .  5 C ir c u m f e r e n t ia l  d r i f t  a s  f u n c t i o n  
o f  f l o w  c o e f f i c i e n t .

F ig .  6 C om p a rison  b e tw e e n  o b s e r v e d  and
p r e d i c t e d  d r i f t  f o r  i s o l a t e d  r o t o r .

5 INSTRUMENTATION FOR CURRENT TESTS

F u r th e r  i n v e s t i g a t i o n s  o f  th e  c o m p r e s s o r  o p e r a t in  
in  a d i s t o r t e d  i n l e t  f l o w  a r e  b e in g  p e r fo r m e d  b y  
m ea su r in g  th e  f l u c t u a t i n g  p r e s s u r e  o v e r  t h e  b la d e  
s u r f a c e s  and d ow n stream  o f  th e  r o t o r  r o w . The 
m ain e x p e r im e n ts  i n v o lv e  an in s t r u m e n t e d  b la d e  w i 
20 m in ia tu r e  p r e s s u r e  t r a n s d u c e r s ,  u s e d  t o  m easur 
th e  in s ta n t a n e o u s  c h o r d w is e  p r e s s u r e  d i s t r i b u t i o n  
a t  d i f f e n n q  c i r c u m f e r e n t i a l  l o c a t i o n s  as  th e  b la  
t r a v e r s e s  th ro u g h  th e  d i s t o r t e d  f l o w .



5 .1  I n s tr u m e n te d  B la d e  and T r a n s d u c e r s

T he b la d e  was c a s t  from  a tw o p i e c e  m ou ld  w i t h  2 mm 
s q u a r e  c h a n n e ls  fo r m e d , u s in g  r u b b e r  s t r i p s ,  on  
b o t h  s u r f a c e s  a t  p r e s c r i b e d  p o s i t i o n s  c h o r d w is e  and 
ru n n in g  th e  e n t i r e  s p a n . The c h a n n e l s  t a k e  t h e  
1 .5  mm o . d .  v i n y l  tu b e  c o n t a i n i n g  t h e  t h r e e  t r a n s ­
d u c e r  l e a d s  and  t h e  hub b a c k in g  p r e s s u r e  f o r  e a ch  
t r a n s d u c e r .  The b la d e  w as m arked  o f f  a t  f o u r  
r a d i a l  (s p a n w is e )  l o c a t i o n s  and h o l e s  m i l l e d  t o  a 
d e p t h  o f  2 .5  mm and d ia m e t e r  o f  3 .7 5  mm. The 
tw e n ty  t r a n s d u c e r s  w e re  t h e n  m ounted  f l e x i b l y  i n  a 
t h i n  b e d  o f  s i l i c o n  r u b b e r  ( s i l i c a s e t ) .

The b a c k in g  p r e s s u r e  tu b e  -  a  p u s h  f i t  on  th e  
1 .2 5  mm h y p o d e rm ic  t u b e  s o ld e r e d  t o  t h e  3 .5  mm o . d .  
" c a n "  c o n t a i n i n g  t h e  t r a n s d u c e r ,  w as d o u b ly  s e a l e d  
u s in g  an a d h e s i v e , and  t h e  tu b e  i t s e l f  was l a i d  i n  
" s i l i c a s e t "  w i t h i n  e a c h  g r o o v e  f o r  r e t e n t i o n .  The 
f i n i s h e d  b l a d e  s u r f a c e  was q u i t e  sm o o th  and p erm ­
i t t e d  re m o v a l o f  t h e  t r a n s d u c e r  an d  v i n y l  t u b in g  
t o  a n o t h e r  s t a t i o n .

S e n s i t i v e  ' G a e l t e c '  h a l f - b r i d g e  s e m ic o n d u c t o r  
s t r a i n  ga u g e  p r e s s u r e  t r a n s d u c e r s  a r e  u s e d  w i t h  a 
f u l l  s c a l e  ra n g e  o f  ± 0 .1  B a r . The t r a n s d u c e r s  
a r e  c a l i b r a t e d  s t a t i c a l l y ,  t o  d e t e r m in e  l i n e a r i t y ,  
te m p e r a tu r e  and  g r a v i t a t i o n a l  d e p e n d e n c e .  D ynam ic 
c a l i b r a t i o n  i s  c a r r i e d  o u t  u s i n g  a  p i s t o n - i n -  
c y l i n d e r  a rra n g e m e n t  d r i v e n  b y  a  s h a k e r  c o u p le d  t o  
a  p o w e r  o s c i l l a t o r .  A h i n c h  B and  K m ic r o p h o n e  
i s  u s e d  a s  a  c a l i b r a t i o n  s t a n d a r d  i n  c o n ju n c t i o n  
w i t h  a  f r e q u e n c y  a n a l y s e r ;  n o  s ig n  o f  r e s o n a n c e  
h a s  b e e n  d e t e c t e d  w i t h i n  t h e  t e s t  r a n g e  o f  0 t o  
10 k h z .

5 .2  P rea m p s, S l i p r i n g s  and  A m p l i f i e r

I t  w as f e l t  t h a t  t h e  s i g n a l  t o  n o i s e  r a t i o  c o u l d  b e  
im p r o v e d  b y  m o u n tin g  p r e a m p l i f i e r s  o n  t h e  r o t o r  t o  
g i v e  a f i x e d  g a in  o f  100  b e f o r e  t h e  s i g n a l  p a s s e d  
t h r o u g h  t h e  s l i p  r i n g s .  F o u r  p o t t e d  p r e a m p l i f i e r  
m o d u le s , o f  5 c h a n n e ls  e a c h ,  w e re  m ou n ted  on  t h e  
r o t o r  ( t a k in g  c a r e  t o  k e e p  t h e  r o t o r  b a la n c e d )  and 
a l l  t h e  c o n n e c t i o n s  t o  t h e  t r a n s d u c e r  made a t  t h e  
r o t o r  e n a b l in g  v a r i o u s  t r i m  r e s i s t o r s  t o  b e  c h a n g ­
e d  f o r  new t r a n s d u c e r s  and  a d ju s t m e n t  and  r e p a i r  
made t o  i n d i v i d u a l  t r a n s d u c e r s .  S ig n a l  and  p o w e r  
s u p p ly  l i n e s  w e re  r o u t e d  t h r o u g h  a 24 way s l i p r i n g  
a s s e m b ly  (F ig u r e  7 ) h a v in g  s i l v e r  t o  s i l v e r / g r a p h -  
i t e  c o n n e c t i o n s  g i v i n g  a v e r y  lo w  n o i s e  l e v e l  o f  
20 /xv p e r  ™A a t  1 2 0 0 0  rpm  a t  a  b a n d  w id t h  DC t o  
8 k h z  and h a v in g  a  v e r y  s m a l l  r e s i s t a n c e  o f  < 60 
m i l l i o h m s .  T e s t s  a t  t h e  u s u a l  r u n n in g  s p e e d  o f  
500  rpm show ed  an i n s i g n i f i c a n t  n o i s e  l e v e l .  The 
s l i p  r i n g  o u t p u t s  w e re  t h e n  c o n n e c t e d  t o  a DC c o u p ­
l e d  20 c h a n n e l  a m p l i f i e r  w i t h  a  s w i t c h a b l e  lo w  
f r e q u e n c y  f i l t e r  and  u p p e r  r o l l  o f f  a t  a b o u t  3 0 k h z . 
E ach  c h a n n e l  had  a  v a r i a b l e  g a in  c o n t r o l  u n i t  and 
z e r o  o f f s e t  w h ic h  w e re  a d e q u a te  i n  m o s t  c a s e s  b u t  
w h ich  c o u ld  a l s o  b e  ch a n g e d  a t  t h e  pream p  s t a g e .
T he m ain  a m p l i f i e r  a l s o  h o u s e d  t h e  s t a b i l i s e d  p o w e r  
s u p p ly  f o r  t r a n s d u c e r s .  T he a m p l i f i e r  o u t p u t  
s i g n a l s  w ere  th e n  ta k e n  t o  t h e  a n a l o g - t o - d i g i t a l  
c o n v e r t o r  o f  t h e  PD P-12 c o m p u t e r . A 20 way s w i t c h  
w as u s e d  f o r  c o u p l i n g  a  DVM i n  p a r a l l e l  in  o r d e r  
t o  m o n ito r  e a c h  c h a n n e l  o u t p u t .  C o n n e c t io n s  
t h r o u g h o u t  w ere  s c r e e n e d  and  g r e a t  c a r e  was ta k e n  
t o  a v o id  e a r t h  l o o p s .

5 .3  M e a s u r in g  T e c h n iq u e s

The tw e n ty  b la d e -m o u n t e d  m in ia t u r e  p r e s s u r e  t r a n s ­
d u c e r s  a r e  b e in g  u s e d  t o  m ea su re  t h e  c h o r d w is e  
p r e s s u r e  d i s t r i b u t i o n  a t  3* i n t e r v a l s  a s  t h e  b la d e  
p a s s e s  th ro u g h  th e  d i s t o r t e d  i n l e t  f l o w .  The s i g ­
n a l s  a m p l i f i e d  on  th e  r o t o r  a r e  s w i t c h e d  v i a  th e  
lo w  n o i s e  s l i p  r i n g  a s s e m b ly  and a m p l i f i e r  t o  th e

F i g .  7 I n s tr u m e n te d  r o t o r  s h o w in g  p rea m p s  
and s l i p - r i n g  u n i t .

PDP-12 c o m p u te r .

D i g i t a l  p h a se  l o c k  a v e r a g in g  i s  u s e d  f o r  s i g n a l  
a n a l y s i s  ( r e f .  8 ) .  E ach  i n d i v i d u a l  t im e  r e c o r d  i s  
t r i g g e r e d  b y  a p u l s e  fr o m  a m a g n e t ic  p i c k u p  m ounted  
on  th e  i n s i d e  o f  th e  h u b . To f a c i l i t a t e  d a t a  i n ­
t e r p r e t a t i o n  th e  l e a d in g  e d g e  o f  th e  1 8 0 °  s p o i l e r  
s e c t i o n  i s  p la c e d  9 0 ° a d v a n ce d  fro m  t h e  in s tr u m e n ­
t e d  b la d e  p o s i t i o n  when th e  p u l s e  o c c u r s .  F o r  
e a ch  'p h a s e  l o c k e d ' a c q u i s i t i o n  t h e  c o m p u te r  f i r s t  
d e t e r m in e s  t h e  e x a c t  t im e  f o r  on e  r e v o l u t i o n  from  
t h e  f i r s t  tw o p u l s e s  g iv e n  b y  th e  m a g n e t i c  p i c k u p .  
The c o m p u te r  th e n  p r o c e e d s  t o  a c q u i r e  t h e  f l u c t u a ­
t i n g  d a t a  b e tw e e n  th e  c o r r e s p o n d in g  p u l s e s .  U s in g  
th e  p u l s e s  a s  r e f e r e n c e  t im e  th e  u n s t e a d y  m e a s u r e ­
m ents a r e  th e n  a v e r a g e d  o v e r  100 c y c l e s ;  in  t h i s  
way t h e  p h a se  l o c k  a v e r a g e d  p r e s s u r e  d i s t r i b u t i o n s  
a t  t h e  120 c i r c u m f e r e n t i a l  l o c a t i o n s  a r e  d e r i v e d .

6 CONCLUSIONS

As t h e  r o t o r  b la d in g  o f  an a x i a l  c o m p r e s s o r  e m erges  
s u d d e n ly  from  a l o w - v e l o c i t y  r e g i o n  i t  t r a v e r s e s  a 
r e g i o n  o f  a b r u p t ly  f l u c t u a t i n g  t o t a l  p r e s s u r e .
T h is  b e h a v io u r ,  i n i t i a l l y  o b s e r v e d  in  a m u l t i - s t a g e  
c o m p r e s s o r ,  i n d i c a t e d  th e  o c c u r r e n c e  o f  s h o r t - d u r ­
a t i o n  d y n a m ic  s t a l l  o f  h ig h  i n t e n s i t y .

In  an a tte m p t  t o  l o c a l i s e  t h e s e  phen om en a  e x p e r i ­
m ents w ere  p e r fo r m e d  on an i s o l a t e d  r o t o r  o f  lo w  
h u b - t i p  r a t i o .  When fo r w a r d  and b a c k w a r d - t r a v e r ­
se d  s a w to o th  d i s t o r t i o n s  o f  i d e n t i c a l  m a g n itu d e  
w ere  t r a v e r s e d  th e  t o t a l  p r e s s u r e  s p i k e s  w e re  a g a in  
o n ly  o b s e r v e d  f o r  b a c k w a r d - t r a v e r s e d  d i s t o r t i o n s  
n e a r  s t a l l .  The s p ik e s  w ere  s t r o n g e s t  in  th e
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er.

Although the stalling flow coefficient was relativ­
ely unaffected,the compressor characteristic exhib­
ited a deterioration in pressure rise which was 
most marked for the backward-traversed case in the 
dynamic stall region. The loss of stall margin 
for the backward-traversed distortion was 24.35% 
compared with 17.98% for the equivalent forward- 
traversed distortion. These results indicate a 
significant reduction in stall margin for any in­
stallation in which the rotor blading emerges sud­
denly from a distortion region. Simulation of a 
distortion by the usual square-wave screen should 
give a conservative indication of stall margin.

A simplified analysis was performed to predict the 
circumferential drift of the spikes. The theory 
predicts an increase of drift with decreasing val­
ues of radius and flow coefficient. The measure­
ments confirmed such tendencies, showing reason­
able agreement.

Further tests are in progress to determine the 
response of a rotor blade having pressure trans­
ducers mounted at 20 chordwise locations for four 
radii. The signals are communicated through fixed 
gain rotor-mounted pre-amplifiers, low noise slip- 
rings and suitable signal conditioning units to an 
on-line PDP-12 computer. Digital phase-lock aver­
aging is in use and instantaneous rotor pressure 
distributions are being obtained throughout the 
distortion region.
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SUMMARY. T he s t a n d in g  an d  p r o s p e c t s  o f  A u s t r a l i a n  m a n u fa c tu r e r s  and  o p e r a t o r s  o f  s tea m  and g a s  t u r b in e s  
pum ps, fa n s  and  g e n e r a l  t u r b o m a c h in e r y  a r e  s u r v e y e d .  Some tu r b o m a c h in e r y  r e s e a r c h  i n  A u s t r a l i a  and 
o v e r s e a s  i s  a l s o  r e v ie w e d .  R a t i o n a l  d e s i g n  p r o c e d u r e s  a r e  now p o s s i b l e  a s  a r e s u l t  o f  p r o g r e s s  in  
co m p u te r  m o d e l l i n g  and  c o r r e s p o n d i n g  f l o w  m easu rem en t t e c h n iq u e s . I t  i s  a r g u e d  t h a t  t h e  b e s t  p r o s p e c t s  
a r e  i n  h i g h - t e c h n o l o g y  p r o d u c t s  b u t  t h a t  c o o r d i n a t i o n  b e tw e e n  t h e  i n d u s t r i a l  and  r e s e a r c h  c o m m u n it ie s  i s  
in a d e q u a t e .  P r o p o s a l s  f o r  im p ro v e m e n t  i n c l u d e  t h e  f o r m u la t i o n  o f  r e s e a r c h  a s s o c i a t i o n s ,  w o r k s h o p - t y p e  
m e e t in g s  and  i n c r e a s e d  a p p l i e d  r e s e a r c h  f u n d in g .

1 INTRODUCTION

T u rb o m a ch in e s  a r e  c h a r a c t e r i s e d  b y  e x t r e m e  
d i v e r s i t y  i n  s p e c i f i c a t i o n  and  a p p l i c a t i o n .  
A u s t r a l i a  i s  a  m a jo r  u s e r  o f  c e r t a i n  t y p e s  o f  
tu r b o m a c h in e  and a  v i a b l e  m a n u fa c t u r e r  o f  o t h e r s .  
C e r t a in  s e c t o r s  o f  t h e  eco n o m y  a p p e a r  t o  b e  p o i s e d  
f o r  s u s t a in e d  g r o w th  a n d  t h e i r  e f f e c t s  o n  t h e  
A u s t r a l i a n  t u r b o m a c h in e r y  i n d u s t r y  in  t h e  n e x t  
d e c a d e  ca n  b e  p r e d i c t e d  w i t h  r e a s o n a b le  c o n f i d e n c e .  
A u s t r a l i a  a l s o  p e r fo r m s  som e o u t s t a n d i n g  r e s e a r c h  
on  t h e  f l u i d  m e c h a n ic s  o f  t u r b o m a c h in e r y .  An 
a t t e m p t  w i l l  b e  made t o  s u r v e y  b o t h  t h e  i n d u s t r y  
and  t h e  r e s e a r c h  e f f o r t .  T he d i s c u s s i o n  o f  
i n d u s t r y  w i l l  b e  c a t e g o r i s e d  i n t o  s te a m  t u r b i n e s , 
g a s  t u r b i n e s , p u m p s, fa n s  and  g e n e r a l  t u r b o ­
m a c h in e r y . The s u r v e y  o f  r e s e a r c h  w ork  w i l l  
com m ence w i t h  th e  c l a s s i c a l l y  s i m p l i f i e d  f l o w  
m o d e ls  a n d , i n t r o d u c in g  r e a l  f l o w  e f f e c t s ,  
c u lm in a t e  in  a d i s c u s s i o n  o f  a p p l i c a t i o n  t o  
s p e c i f i c  m a c h in e s . The a u t h o r  r e g r e t s  h i s  
i n a b i l i t y  t o  e x t e n d  t h e  s u r v e y  t o  n e ig h b o u r in g  
c o u n t r i e s  w h ic h  a r e  b e y o n d  h i s  e x p e r i e n c e .

2 SURVEY OF INDUSTRY

2 .1  S team  T u r b in e s

By 1978  some 83% o f  A u s t r a l i a 's  e l e c t r i c i t y  
was s u p p l i e d  fr o m  th e r m a l s t a t i o n s .  T he e l e c t r ­
i c i t y  s u p p l i e d  a n n u a l ly  t o t a l l e d  86 GWh, a b o u t  60% 
o f  w h ic h  was con su m ed  i n  N .S .W . and V i c t o r i a .

P r i o r  t o  1970  m o s t  A u s t r a l i a n  s te a m  t u r b i n e  
g e n e r a t o r  s e t s  w e re  p u r c h a s e d  fr o m  E u ro p e  and  m ost 
w e re  b e lo w  100 MW in  e l e c t r i c a l  r a t i n g .  D u r in g  
th e  1 9 8 0 's  many s u ch  u n i t s  w i l l  com e fr o m  J ap a n  
and w i l l  b e  in  t h e  5 0 0 -6 6 0  MW r a n g e .

The a u t h o r  s e e s  n o  o p p o r t u n i t y  f o r  l o c a l  
d e s ig n  o r  m a n u fa c tu r e  o f  s u c h  l a r g e  u n i t s .  Any 
q u e s t i o n  o f  l o c a l  m a n u fa c tu r e  i s  r e s t r i c t e d  t o  
s m a l l  s te a m  t u r b i n e s  f o r  i n d u s t r i a l  and  m a r in e  u s e .

2 . 1 . 1  P ow er g e n e r a t i o n

As an ex a m p le  o f  g r o w th  i n  r e q u ir e m e n t s  f o r  
p o w e r  g e n e r a t i o n  o v e r  t h e  p a s t  d e c a d e  t h e  
i n s t a l l e d  g e n e r a t i n g  c a p a c i t y  and  a c t u a l  maximum 
dem and f o r  N .S .W . a r e  p l o t t e d  i n  f i g u r e  1 . A ls o  
p l o t t e d  i s  t h e  p la n n e d  i n c r e a s e  i n  c a p a c i t y  f o r  
t h e  co m in g  d e c a d e .  Some 845  MW o f  b a s e  l o a d  w i l l  
b e  r e q u i r e d  m e r e ly  t o  s u p p ly  new a lu m in iu m

s m e lt e r s  t o  b e  c o m m is s io n e d  i n  t h e  H u n te r  V a l l e y  in  
t h e  m id 1 9 8 0 's .  The h ig h  c o s t  o f  e n e r g y  o v e r s e a s  
m akes r e l a t i v e l y  i n e x p e n s i v e  A u s t r a l i a n  e l e c t r i c i t y  
p r o d u c e d  fr o m  a b u n d a n t and  s e c u r e  l o c a l  c o a l

1*70 1975 19*0 >9*5

Y E A *

F ig u r e  1 G e n e r a t in g  c a p a c i t y  and  maximum dem and 
f o r  N .S .W .
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s u p p l i e s  a p p e a r  a t t r a c t i v e .  In  p a r t i c u l a r  a lu m in ­
ium s m e l t in g  i s  e l e c t r i c i t y - i n t e n s i v e  and i s  b e in g  
p h a se d  o u t  in  J ap a n  and a c c e l e r a t e d  i n  A u s t r a l i a .  
In  an a t t e m p t  t o  m eet t h e s e  a d d i t i o n a l  dem ands i t  
i s  p la n n e d  t o  r e d u c e  t h e  l e a d  t im e  f o r  new p ow er  
s t a t i o n s  fr o m  7 y e a r s  t o  5 y e a r s .

o f  e x i s t i n g  o r  new m i l i t a r y  e n g i n e s .  The A u s t ­
r a l i a n  r o l e  i s  r a t h e r  s e e n  t o  b e  t h a t  o f  a  s o p h i s t ­
i c a t e d  and i n t e l l i g e n t  u s e r .  A u s t r a l i a  h a s  d e v e l ­
o p e d  a g o o d  r e p u t a t i o n  f o r  o p e r a t i o n a l  e x p e r t i s e  in  
p e r fo r m a n c e  a s s e s s m e n t , c o n d i t i o n  m o n i t o r in g  and 
r e p a i r  w o rk .

L in d le y  (1 9 7 1 ) i n d i c a t e d  a h i s t o r i c a l  d o u b l ­
in g  o f  e l e c t r i c a l  p o w e r  dem and f o r  t h e  U .K . r o u g h ly  
e v e r y  d e c a d e .  T h e r e  w o u ld  b e  t h e  p r o s p e c t  o f  c o n ­
s id e r a b l y  e x c e e d in g  s u ch  a  g r o w th  r a t e  i n  A u s t r a l ­
i a  w era  i t  n o t  f o r  c e r t a i n  c o n s t r a i n t s .

The u n i t  s i z e  f o r  th e rm a l s t a t i o n s  i s  e n o r ­
mous in  c o m p a r is o n  w i t h  e a r l i e r  p l a n t ;  t h e r e  c o u ld  
be  c o r r e s p o n d in g  e c o l o g i c a l  e f f e c t s .  E n v iro n m e n ta l 
im p a c t  s t u d i e s  and  p r o v i s i o n  o f  c o o l i n g  w a te r  can  
g o v e rn  t h e  r a t e  a t  w h ich  new p l a n t  i s  c o m m is s io n e d .

The s h o r t a g e  o f  s u i t a b l e  m anpower i s  l i k e l y  
t o  b e  a  p r o b le m . S in c e  t h e  new s t a t i o n s  a r e  t e c h ­
n o lo g y  i n t e n s i v e  t h e  n e e d  i s  f o r  h i g h l y - q u a l i f i e d  
t e c h n i c ia n s  and e n g i n e e r s .  U n le s s  m ore p r o f e s s i o n ­
a l  e n g in e e r s  a r e  p r o d u c e d  t h e i r  a b s e n c e  c o u ld  b e  
th e  m ain  c o n s t r a i n t  on  p o w e r  a v a i l a b i l i t y  and  th e  
a t t e n d a n t  i n d u s t r i a l i s a t i o n .

L a rg e  s tea m  t u r b i n e s  a r e  s o p h i s t i c a t e d  in  
b o th  d e s ig n  and o p e r a t i o n .  The fo r m e r  f u n c t i o n  i s  
p e r fo r m e d  o v e r s e a s .  T h e r e  a r e  now l e s s  th a n  a 
d o z e n  r e p o s i t o r i e s  o f  th e  n e c e s s a r y  d e s ig n  know­
le d g e  i n  t h e  w o r ld .  An u n d e r s t a n d in g  o f  t h e  f l u i d  
m e ch a n ic s  i n v o lv e d  i s  im p o r ta n t  i n  t h e  e v a l u a t i o n  
and s e l e c t i o n  p r o c e s s  and  i n  s e t t i n g  a p p r o p r ia t e  
p e r fo r m a n c e  s p e c i f i c a t i o n s .  I t  i s  a l s o  im p o r ta n t  
i f  d e f i c i e n c i e s  o r  f a i l u r e s  a r e  e n c o u n t e r e d .  A t 
o t h e r  t im e s  t h e  e m p h a s is  b e co m e s  o n e  o f  h ig h  
q u a l i t y  i n  c o n s t r u c t i o n ,  c o m m is s io n in g ,  p e r fo r m a n c e  
and c o n d i t i o n  m o n i t o r in g .  A p r im e  r e q u ir e m e n t  f o r  
a g e n e r a t in g  s y s te m  i s  r e l i a b i l i t y .

2 . 1 . 2  I n d u s t r i a l  and  m a r in e  s te a m  t u r b in e s

Many i n d u s t r i a l  p l a n t s  h a ve  a  r e q u ir e m e n t  f o r  
s m a ll  s te a m  t u r b i n e s ,  o f t e n  ru n  fro m  w a s te  h e a t .
A t y p i c a l  e x a m p le  w o u ld  b e  s u g a r  m i l l s  in  w h ich  
steam  t u r b i n e s  a r e  o p e r a t e d  fr o m  b a g a s s e - f e d  
b o i l e r s .  The m a j o r i t y  o f  s u ch  a r e  l i k e l y  t o  c o n ­
t in u e  t o  b e  p u r c h a s e d  fr o m  o v e r s e a s  s u p p l i e r s .
L o c a l  m a n u fa c tu re  w o u ld  h a ve  t o  b e  r e s t r i c t e d  t o  
c a r e f u l l y - s e l e c t e d  t y p e s .  A lt h o u g h  m a r in e  s tea m  
t u r b in e s  w e re  f o r m e r l y  made in  A u s t r a l i a  t h e  p o s s ­
i b i l i t i e s  f o r  f u t u r e  l o c a l  m a n u fa c tu re  d o  a p p e a r  
som ew hat r e m o te .

2 . 1 .3  F u tu r e  s t r a t e g y

Steam  t u r b i n e s  a r e ,  f o r  A u s t r a l i a ,  a g o o d  
exa m p le  o f  t h e  d i s t i n c t i o n  b e tw e e n  d e p e n d e n c e  and 
s e r v i t u d e .  A r e a l i s t i c  a p p r a i s a l  o f  t h e  l i m i t ­
a t i o n s  w h ich  make l o c a l  d e s ig n  and  m a n u fa c tu re  
u n e co n o m ic  i s  h e a l t h y .  A l a c k  o f  u n d e r s t a n d in g  o f  
th e  d e s ig n  and  c o n s t r u c t i o n  o f  t h i s  e q u ip m e n t , from  
w h ich  m ost  o f  A u s t r a l i a  d e r i v e s  a l l  o f  i t s  e l e c t ­
r i c a l  e n e r g y  w o u ld  v i r t u a l l y  e n s u r e  e x p l o i t a t i o n  b y  
o v e r s e a s  s u p p l i e r s .  I t  i s  n o t  s u f f i c i e n t  t o  w r i t e  
s p e c i f i c a t i o n s ,  c a l l  t e n d e r s  and  r e l y  up on  th e  
o p e r a t i o n  o f  m a rk e t  f o r c e s .  An i n t e l l i g e n t  a p p r e c ­
i a t i o n  o f  t h e  v a lu e  o f  e a c h  e f f i c i e n c y  p o i n t  and o f  
what p e r fo r m a n c e  i s  p o s s i b l e  w i t h  a c c e p t a b l e  
r e l i a b i l i t y  s h o u ld  b e  a minimum r e q u ir e m e n t  i n  t h e  
e d u c a t i o n  o f  t h e  p o w e r  e n g i n e e r .

2 .2  Gas T u r b in e s

2 . 2 .1  A i r c r a f t  g a s  t u r b i n e s

A u s t r a l ia n  a i r l i n e s  h a v e  r e c e n t l y  f a c e d  
im p o r ta n t  d e c i s i o n s  b e tw e e n  c o m p e t in g  h ig h  b y - p a s s  
r a t i o  e n g i n e s .  The b a s i c  RB 2 1 1 , CF6 and JT9D 
e n g in e s  a r e  shown i n  f i g u r e  2 and  t h e  l a t e s t  
v e r s i o n  o f  e a ch  w i l l  s o o n  b e  i n  A u s t r a l i a n  a i r l i n e  
s e r v i c e .  E ach h a s  d i f f e r e n t  p e r fo r m a n c e  and 
c o n d i t i o n  m o n i t o r in g  r e q u ir e m e n t s  and  a new g e n e r ­
a t i o n  o f  e n g in e  t e s t  c e l l s  w i l l  b e  r e q u i r e d .

I__________________________________ ' 3 metres 1

F ig u r e  2 R iv a l  e n g in e s  draw n t o  t h e  same s c a l e .

T u r b in e  i n l e t  t e m p e r a tu r e  i s  an im p o r ta n t  
v a r i a b l e  s i n c e  e a ch  d e g r e e  o f  t e m p e r a t u r e  won ca n  
g i v e  o v e r  20 N o f  a d d i t i o n a l  t h r u s t .  T re n d s  o v e r  
th e  p a s t  20 y e a r s  and a p r o j e c t i o n  f o r  t h e  n e x t  
d e c a d e  a r e  shown in  f i g u r e  3 . The p l o t  i s  m e r e ly  
i n d i c a t i v e .  T h r u s t  r a t i n g  and  b la d e  l i f e  s h o u ld  
s t r i c t l y  b e  p l o t t e d  a s  a d d i t i o n a l  p a r a m e t e r s .  
D e m o n s tra to r  e n g in e s  a r e  a l r e a d y  o p e r a t in g  w i t h  
t u r b i n e  i n l e t  t e m p e r a tu r e s  o v e r  1800  K.

2 .2 .2  C o n d i t io n  m o n i t o r in g

I f  i t  w ere  p o s s i b l e  t o  m o n i t o r  t h e  c o n d i t i o n  
o f  e a ch  com p on en t and  run t h e  e n g in e  u n t i l  i n c i p ­
i e n t  f a i l u r e  th e  e n g in e  w o u ld  b e  ru n n in g  'o n  
c o n d i t i o n ' .  B e ca u se  e a ch  p a r t  h a s  a d i f f e r e n t  l i f e  
and i n s u f f i c i e n t  i n s t r u m e n t a t i o n  i s  a v a i l a b l e  t o  
m o n ito r  a l l  c o n d i t i o n  p a r a m e t e r s ,  t r u e  on  c o n d i t i o n  
m o n i t o r in g  rem a in s  a t h e o r e t i c a l  i d e a l .  In  p r a c ­
t i c e  i t  i s  o p e r a t e d  i n  c o n ju n c t i o n  w it h  t h r e s h o l d  
sa m p lin g  ( H i l l ,  197 4 ) .

N e v e r t h e le s s  t h e  im p ro v e d  d e s ig n  o f  m odern  
h ig h  b y -p a s s  e n g i n e s , h a v in g  s u b s t a n t i a l  b u i l t - i n  
s u r v e y  c a p a b i l i t i e s  and  m o d u la r  c o n s t r u c t i o n  f o r  
e a s e  o f  r e p la c e m e n t , h a s  b r o u g h t  a b o u t  g r e a t l y  
im p ro v e d  m a in te n a n ce  s t r a t e g i e s .  The in s t r u m e n t ­
a t i o n  u s e d  i n c l u d e s  h o r o s c o p e ,  r a d io g r a p h y ,  e d d y  
c u r r e n t ,  m a g n e t ic  p l u g ,  s p e c t o g r a p h y , f e r r o g r a p h y

No im m e d ia te  p r o s p e c t  i s  s e e n  f o r  t h e  d e s ig n  
and m a n u fa c tu re  o f  g a s  t u r b i n e  e n g in e s  i n  A u s t r a l i a .  
The o n l y  e x c e p t i o n s  a r e  t h e  b u i l d i n g  u n d e r  l i c e n s e
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and  v i b r a t i o n  m o n i t o r i n g .  In  a d d i t i o n  f l o w p a t h  
v a r i a b l e s  a r e  m e a su re d  and  t r e n d s  a r e  r e c o r d e d  f o r  
a  g iv e n  e n g in e .

YEAR

F ig u r e  3 T re n d s  in  t u r b i n e  i n l e t  t e m p e r a t u r e

2 . 2 . 3  M a rin e  g a s  t u r b i n e s

The W h y a lla  s h ip y a r d  h a s  c o n s i d e r a b l e  
e x p e r i e n c e  o f  b u i l d i n g  g a s  t u r b i n e  p o w e r e d  r o l l - o n  
r o l l - o f f  v e s s e l s .  T h e s e  a r e  p o w e r e d  b y  G e n e r a l  
E l e c t r i c  h e a v y  d u ty  m a r in e  g a s  t u r b i n e s .  A 
s u p e r i o r  m a in te n a n ce  r e c o r d  t o  t h a t  o f  d i e s e l  
e n g in e s  and  t h e  a d d i t i o n a l  c a r g o  s p a c e  a f f o r d e d  b y  
t h e  m ore c o m p a c t  g a s  t u r b i n e s  a p p e a r  t o  c o m p e n s a te  
on  s h o r t  j o u r n e y s  f o r  t h e  h ig h  f u e l  u s a g e .

The R o y a l  A u s t r a l i a n  N avy i s  b e i n g  e q u ip p e d  
w it h  FFG-7 g u id e d  m i s s i l e  f r i g a t e s  b u i l t  i n  t h e  
U .S . w i t h  GE LM 2500  g a s  t u r b i n e  e n g i n e s .  New 
t e s t  c e l l s  and  a  ra n g e  o f  s u p p o r t  f a c i l i t i e s  and  
t e c h n i c a l  e x p e r t i s e  w i l l  b e  r e q u i r e d  f o r  t h i s  
d e v e lo p m e n t .

2 . 2 . 4  P ow er and  i n d u s t r i a l  a p p l i c a t i o n s

A lt h o u g h  A u s t r a l i a  a d e q u a t e ly  e x p l o i t s  t h e  
p o t e n t i a l  o f  g a s  t u r b i n e s  f o r  a i r  and  s e a  t r a n s p o r t ,  
t h e  same c a n n o t  b e  s a i d  o f  r e m o te  s t a t i o n  p o w e r  and 
i n d u s t r i a l  a p p l i c a t i o n s .  The g a s  t u r b i n e  n e e d s  no 
c o o l i n g  w a te r  and  i s  l i g h t ,  c o m p a c t  and  q u i c k  t o  
i n s t a l .  I t s  m a in te n a n ce  r e q u ir e m e n t s  a r e  lo w  and 
i t  ca n  b e  o p e r a t e d  r e m o t e ly .  O p e r a t io n  c a n  b e  on  
e i t h e r  l i q u i d  f u e l s  o r  g a s .  S u ch  c h a r a c t e r i s t i c s  
l e n d  t h e m s e lv e s  i d e a l l y  t o  many A u s t r a l i a n  a p p l i c ­
a t i o n s .  Y e t  A u s t r a l i a  com es  a  v e r y  p o o r  2 1 s t  in  
w o r ld  i n s t a l l a t i o n s .  W ith  a b o u t  t h e  sam e a r e a  as  
t h e  U .S . ,  A u s t r a l i a 's  i n s t a l l e d  g a s  t u r b i n e  p ow er  
i s  o n l y  1% o f  t h e  U .S . f i g u r e .  A lt h o u g h  t h e  d i e s e l  
i s  m ore  e f f i c i e n t  i t  w o u ld  b e  e x p e c t e d  t h a t  c o r r e c t  
l i f e - c y c l e  c o s t i n g  f o r  A u s t r a l i a n  c o n d i t i o n s  w o u ld  
f a v o u r  t h e  g a s  t u r b i n e  m ore o f t e n .

One f a c t o r  w h ic h  c e r t a i n l y  f a v o u r s  t h e  g a s  
t u r b i n e  i s  r a p i d  a v a i l a b i l i t y  f o r  p e a k  l o a d  
e l e c t r i c a l  g e n e r a t i o n .  A e r o - d e r i v a t i v e  g a s  
t u r b i n e s  a r e  u s e f u l  f o r  t h i s  p u r p o s e  and  t h e  
h e a v i e r  i n d u s t r i a l  t u r b i n e s  a r e  a l s o  p e r f o r m in g  
t h i s  f u n c t i o n  and  t h a t  o f  b a s e  l o a d  g e n e r a t i o n  
when c a l l e d  up on  t o  d o  s o .  A u s t r a l i a n  u t i l i t i e s

now h a ve  o p e r a t in g  e x p e r i e n c e  w i t h  g a s  t u r b in e  
s t a t i o n s  o f  up t o  200 M W (e). S u ch  u n i t s  have 
t e n d e d  t o  b e  d e l i b e r a t e l y  p u r c h a s e d  w it h  a  s h o r t  
l e a d  t im e ,  o f  t h e  o r d e r  o f  2h y e a r s ,  and  h a ve  
s e r v e d  t o  m eet s h o r t f a l l s  s u c h  a s  t h a t  c r e a t e d  b y  
t h e  d e l a y s  t o  t h e  N ew p ort p o w e r  s t a t i o n  ( S e e r s ,  
1 9 7 7 ) .  A t y p i c a l  s p e c i f i c a t i o n  i n t e n t  i s  f o r  t h e  
p l a n t  t o  o p e r a t e  on  b a s e  l o a d  f o r  a b o u t  5000  h o u r s  
p . a .  i n i t i a l l y ,  r e v e r t i n g  e v e n t u a l l y  t o  a  p e a k in g  
r o l e  o f  500 h o u r s  p . a .

Gas t u r b i n e s  a r e  u s e d  e x t e n s i v e l y  o n  B ass  
S t r a i t  o i l  r i g s .  They o c c u p y  o n e  t h i r d  o f  th e  
s p a c e  o f  an  e q u i v a l e n t  r e c i p r o c a t i n g  u n i t  and h a v e  
o n e  e ig h t h  o f  t h e  w e ig h t .  O p e r a t in g  r e l i a b i l i t y  i s  
c l a s s e d  a s  " g o o d  t o  e x c e l l e n t "  (H ick m a n , 1 9 7 4 ) .
The p o t e n t i a l  f o r  g a s  t u r b i n e s  in  t h e  N o rth  W est 
s h e l f  p r o j e c t s  s h o u ld  b e  c o n s i d e r a b l e .

2 .3  Pumps

A u s t r a l i a  h a s  a h e a l t h y  in d ig e n o u s  pump in d u s ­
t r y .  I t  ow es  t h i s  t o  t h e  e f f o r t s  o f  e a r l y  d e d i c a t ­
ed  e n t r e p r e n e u r s  and t o  t h e  s k i l l s  o f  t h e  many 
t e c h n i c a l  p e r s o n n e l  i t  now e m p lo y s . The a r i d  
n a t u r e  o f  much o f  i t s  a r e a  r e n d e r s  A u s t r a l i a  m ore 
d e p e n d e n t  on  pumps th a n  m o st  c o u n t r i e s .  The 
a s s o c i a t e d  h e a l t h y  m a n u fa c t u r in g  b a s e  a l s o  
p o s i t i o n s  t h e  i n d u s t r y  w e l l  f o r  e x p o r t i n g  t o  many 
d e v e l o p i n g  c o u n t r i e s .

The i n d u s t r y  i s  l e d  b y  tw o  o r  t h r e e  l a r g e  
f i r m s  b u t  i t s  d i v e r s e  n a t u r e  a l l o w s  s c o p e  f o r  a 
r e a s o n a b le  num ber o f  s m a l l e r  s p e c i a l i s t  c o m p a n ie s . 
The A u s t r a l i a n  Pump M a n u fa c tu r e r s  A s s o c i a t i o n  has 
13 member c o m p a n ie s  in  V i c t o r i a ,  10 in  N .S .W . and  
a t o t a l  o f  29 i n  A u s t r a l i a .

2 . 3 . 1  C o o r d in a t in g  b o d ie s

The APMA was fo rm e d  i n  1964  t o  r e p r e s e n t  t h e  
i n t e r e s t s  o f  t h e  i n d u s t r y  and  t o  p r o m o te  i t s  
d e v e lo p m e n t , i t s  member c o m p a n ie s  r e p r e s e n t  a b o u t  
80% o f  pump p r o d u c t i o n  i n  A u s t r a l i a .  A k e y  a s p e c t  
o f  t h e  APMA' s w ork  i s  t o  p r o m o te  t h e  t e c h n o l o g i c a l  
d e v e lo p m e n t  o f  th e  i n d u s t r y  and  t o  e f f e c t i v e l y  
d i s s e m in a t e  t e c h n o l o g i c a l  i n f o r m a t i o n  t o  a l l  
a s s o c i a t e d  s e c t o r s .

An ex a m p le  o f  t h i s  e f f o r t  i s  t h e  " A u s t r a l ia n  
Pump T e c h n i c a l  H andbook" (1 9 8 0 )  w h ic h  i s  in t e n d e d  
t o  im p r o v e  th e  t e c h n i c a l  e x p e r t i s e  o f  pump d e s i g n ­
e r s  and m a n u fa c t u r e r s  and  t o  a s s i s t  u s e r s  in  t h e  
s e l e c t i o n  and  o p e r a t i o n  o f  pum ps an d  t h e i r  i n c o r ­
p o r a t i o n  i n t o  e f f e c t i v e  s y s t e m s . The h a n d b o o k  i s  
com m ended a s  a v a l u a b l e  i n t r o d u c t o r y  e d u c a t i o n a l  
a i d .

A n o th e r  r e c e n t  a c t i v i t y  i s  t h e  p a r t i c i p a t i o n  
o f  A u s t r a l i a n  m a n u fa c t u r e r s  and  u s e r s  in  t h e  
d r a f t i n g  o f  s u i t a b l e  s t a n d a r d s  t h r o u g h  t h e  I . S . O .  
The r e s u l t  w i l l  b e  a new s e t  o f  s t a n d a r d s  f o r  
a c c e p t a n c e  t e s t i n g  o f  c e n t r i f u g a l ,  m ix e d  f l o w  a n d . 
a x i a l  pum ps. A u s t r a l ia n  p a r t i c i p a t i o n  h a s  p r o v id e d  
a d e g r e e  o f  c h a l l e n g e  t o  t h e  p r e v a i l i n g  c o z y  i n t e r ­
n a t i o n a l  c o n s e n s u s  ( I . S . O . , 1 9 7 7 ) .

2 . 3 . 2  T y p e s  o f  pumps and  p e r fo r m a n c e  p a r a m e te r s

R o to d y n a m ic  pumps a r e  u s e d  f o r  a  w id e  r a n g e  o f  
a p p l i c a t i o n s  and  w o rk in g  f l u i d s .  S e l e c t i o n  o f  
m a t e r i a l s  i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  c h e m ic a l  
and  p h y s i c a l  n a t u r e  o f  t h e  f l u i d  t o  b e  pum ped . A 
common i m p e l l e r  m a t e r i a l  i s  g r e y  i r o n  w i t h  b r o n z e ,  
s t a i n l e s s  s t e e l ,  v a r i o u s  a l l o y s ,  p l a s t i c s  and 
r u b b e r  a l s o  u s e d  w h ere  a p p r o p r i a t e .

The c h a r a c t e r i s t i c  f e a t u r e  o f  pum ping
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a p p l i c a t i o n s  i s  d i v e r s i t y .  E ach  s y s te m  a p p l i c a t i o n  
ji,..: i t s  own c h a r a c t e r i s t i c  c u r v e  and  pump s e l e c t i o n  
jj ' a r i a b l y  i n v o l v e s  a co m p ro m ise  b e tw e e n  s e v e r a l  
p a ra m e te rs . S e l e c t i o n  o f  pump t y p e  and  g e o m e tr y  i s  
d ep e n d e n t upon  t h e  d e l i v e r y  r e q u i r e d  a g a i n s t  a 
g iv e n  h ea d  r i s e .  The s p e c i f i c  s p e e d  a p p r o a c h  i s  
u s e fu l  f o r  p r e l i m i n a r y  d e s i g n  p u r p o s e s  and  w i l l  b e  
more s o  when a l l  s u p p l i e r s  and  u s e r s  a r e  f i r m l y  
com m itted  t o  S I  u n i t s .

C a v i t a t i o n  a v o id a n c e  i s  b e s t  a s s u r e d  b y  
a p p l i c a t i o n  o f  t h e  NPSH o r  s u c t i o n  s p e c i f i c  s p e e d  
a p p r o a c h e s . NPSH t e s t i n g  may b e  p e r fo r m e d  and i f  
the  r e s u l t s  a r e  a d h e r e d  t o  in  o p e r a t i o n  n o  c a v i t ­
a t i o n  p r o b le m s  s h o u ld  o c c u r .

C e n t r i f u g a l  pumps now ru n  f a s t e r  and  h a ve  
im p roved  p e r fo r m a n c e  and  t h e r e  i s  f u r t h e r  s c o p e  f o r  
im p rovem en t. H ow ever u n p r e d ic t e d  p u l s a t i o n s  and 
r e c i r c u l a t i o n  phenom ena h a v e  o f t e n  a c c o m p a n ie d  t h e  
p e r fo r m a n c e  im p ro v e m e n ts  r e s u l t i n g  i n  n o i s e , 
v i b r a t i o n  and  c a v i t a t i o n  d i f f i c u l t i e s .  I t  b e com es  
i n c r e a s i n g l y  im p o r ta n t  t o  d e p l o y  a d v a n c e d  h y d r a u l i c  
d e s ig n  t e c h n iq u e s  t o  d e f i n e  t h e  l i m i t s  im p o s e d  on 
p e r fo rm a n ce  b y  c a v i t a t i o n  i n c e p t i o n  and  t o  d e v e lo p  
d e s ig n s  in  w h ic h  t h e s e  l i m i t s  a r e  p r o g r e s s i v e l y  
e x te n d e d  (L e w is ,  1964 )

2 .2 .3  T e s t i n g  and  t e s t  f a c i l i t i e s

T e s t s  a t  t h e  m a n u fa c t u r e r s  w ork s  g e n e r a l l y  
form  t h e  b a s i s  o f  a c c e p t a n c e  o f  t h e  h y d r a u l i c  p e r ­
fo rm a n ce  o f  a pum p. The p u r c h a s e r  may t h e r e f o r e  
s p e c i f y  t h a t  t h e  t e s t i n g  b e  w i t n e s s e d  t o  b e  in  
a c c o r d a n c e  w i t h  an a p p r o p r i a t e  s t a n d a r d .  S u b se ­
q u e n t  s i t e  t e s t i n g  i s  u s u a l l y  l i m i t e d  t o  c h e c k in g  
m e c h a n ic a l  p e r fo r m a n c e .  A c c o r d i n g l y  m o s t  pump 
m a n u fa c tu re r s  h a v e  s u f f i c i e n t  ' i n - h o u s e ' t e s t  
f a c i l i t i e s  t o  e n s u r e  c o m p l ia n c e  w i t h  t h e  s t i p u l a t e d  
h y d r a u l i c  p e r fo r m a n c e .  S u ch  s t a n d a r d i s e d  t e s t  
a rra n g e m e n ts  may g i v e  u s e f u l  c o m p a r is o n s  b e tw e e n  
th e  p e r fo r m a n c e  o f  d i f f e r e n t  pumps u n d e r  s p e c i f i e d  
c o n d i t i o n s  b u t  w i l l  n o t  n e c e s s a r i l y  g i v e  a  t r u e  
i n d i c a t i o n  o f  p e r fo r m a n c e  i n  s e r v i c e ,  e s p e c i a l l y  
f o r  o f f - d e s i g n  o p e r a t i o n .

A lth o u g h  m odern  c o m p u t e r is e d  t e s t  b a y s  h ave 
d r i v e  c a p a b i l i t i e s  up t o  6 MW n o  m a n u fa c t u r e r  has 
su ch  e x t e n s i v e  f a c i l i t i e s  t h a t  a l l  p e r fo r m a n c e  
t e s t s  ca n  b e  p e r fo r m e d . A c c o r d i n g l y  t h e r e  i s  a 
n eed  f o r  p u b l i c a t i o n  o f  a  d e t a i l e d  l i s t i n g  o f  t e s t  
f a c i l i t i e s  w h ic h  c o u l d  b e  made a v a i l a b l e  on  a 
c o n t r a c t  b a s i s .

2 . 3 . 4  I n t e r n a t i o n a l  t r e n d s

The l a r g e  pump i n d u s t r i e s  o f  S o u th  E a s t  A s ia  
c o u ld  b e  w e l l - p l a c e d  t o  t a k e  a l a r g e  s h a r e  o f  th e  
A u s t r a l ia n  m a rk e t  e s p e c i a l l y  f o r  s m a l l  pum ps. 
A u s t r a l ia n  i n d u s t r y  ca n  o n l y  r e m a in  in d e p e n d e n t  
and c o m p e t i t i v e  b y  s t a y i n g  a b r e a s t  o f  t h e  l a t e s t  
t e c h n o lo g y .

R e q u ir e d  r a t i n g s  f o r  p o w e r  s t a t i o n  and  w a te r  
s u p p ly  i n s t a l l a t i o n s  w i l l  i n e v i t a b l y  e x t e n d  t h e  
- x i s t i n g  r a n g e .  The o n l y  way t o  e n s u r e  t h e  
r e t e n t i o n  o f  h ig h  e f f i c i e n c y  and  r e l i a b i l i t y  u n d er 
su ch  c o n d i t i o n s  i s  t o  e m p lo y  t h e  b e s t  a v a i l a b l e  
c o m p u t e r -a id e d  p r o c e d u r e s  f o r  h y d r a u l i c  and  m ech­
a n i c a l  d e s i g n .  V is c o u s  f l o w  c a l c u l a t i o n s  a r e  
p r e s e n t l y  b e in g  p e r fo r m e d  f o r  c e n t r i f u g a l  i m p e l l e r s  
and w i l l  e v e n t u a l l y  b e  u s e d  r o u t i n e l y  in  t h e  
d e s ig n  o f  l a r g e  i m p e l l e r s .

2 .4  Fans

" lo s t  fa n s  m a n u fa c tu r e d  and  i n s t a l l e d  in  A u s t r a l i a  
i r e  r e l a t i v e l y  s m a l l  o n e s  f o r  v e n t i l a t i o n  and

m is c e l la n e o u s  i n d u s t r i a l  p u r p o s e s .  A lt h o u g h  40% 
o f  s a l e s  a r e  in  t h i s  f i e l d ,  t h e  l a r g e r  u n i t s  u s e d  
in  p ow er g e n e r a t i o n  b o i l e r s  (28% o f  t h e  fa n  m a rk e t) 
and m in e s h a f t  v e n t i l a t i o n  (11% ) a r e  m ore c r i t i c a l  
a p p l i c a t i o n s  f o r  t h e  e co n o m y .

A u s t r a l i a  h a s  a d y n a m ic  fa n  i n d u s t r y  s e r v i n g  
e a ch  o f  th e  a b o v e  a r e a s  o f  a p p l i c a t i o n ,  b u t  o n e  
w h ich  h a s  fe w  i n t e r n a l  c h a n n e ls  o f  c o m m u n ic a t io n . 
E x p o r t s  and im p o r t s  o f  f a n s  a r e  r o u g h ly  e q u a l .

2 . 4 . 1  S m a ll fa n s

A la r g e  p r o p o r t i o n  o f  e l e c t r i c i t y  c o n s u m p t io n  
g o e s  i n t o  many s m a ll  fa n s  and  pu m p s. T h e s e  u n i t s  
t y p i c a l l y  o p e r a t e  w it h  e f f i c i e n c i e s  b e lo w  50%.
T h e re  i s  c o n s i d e r a b le  p o t e n t i a l  f o r  e n e r g y - s a v i n g  
b y  r e d e s ig n  o f  th e  s m a l l e r  u n i t s .  T he c e n t r i f u g a l  
fa n  i s  com m only e m p lo y e d  i n  v e n t i l a t i o n  s y s t e m s , 
b e in g  r o b u s t  in  d e s ig n  and  q u i e t  i n  o p e r a t i o n .  
B ackw ard  l e a n in g  i m p e l l e r s  a r e  v e r y  t o l e r a n t  t o  
v a r i a t i o n  i n  d u t y .  F o rw a rd  c u r v e d  i m p e l l e r s  o f  t h e  
c r o s s  f l o w  t y p e  o p e r a t e  a t  l o w e r  r o t a t i o n a l  s p e e d  
b u t  a r e  m ore s e n s i t i v e  t o  v a r i a t i o n  i n  d e s i g n  d u t y .  
The u n i t s  a r e  co m p a ct  s i n c e  t h e  b l a d e s  a r e  s h o r t  
r a d i a l l y  and l o n g  a x i a l l y .  T h ey  l e n d  t h e m s e lv e s  
w e l l  t o  i n c o r p o r a t i o n  i n t o  d u c t  b e n d s  and p r e ­
p a ck a g e d  u n i t s  w it h  b u i l t - i n  d a m p e r s .

A g o o d  a x i a l - f l o w  fa n  w i l l  g e n e r a l l y  b e  t h e  
m ost co m p a ct  and  l e a s t  e x p e n s i v e  i n  m a t e r i a l s  and 
m ou n tin g  c o s t s .  H ig h e r  t i p  s p e e d s  g i v e  n o i s e  
p ro b le m s  w h ich  ca n  b e  a l l e v i a t e d  b y  c l o s e  a t t e n t i o n  
t o  d e t a i l e d  a e ro d y n a m ic  d e s i g n .

W a l l i s (1 9 6 8 ) h a s  a r g u e d  t h a t  b e t t e r  e q u ip m e n t  
i s  d e p e n d e n t  upon t h e  p r e p a r a t i o n  o f  m ore  a d e q u a te  
s p e c i f i c a t i o n s  u s in g  t h e  l a t e s t  t e c h n o l o g i c a l  d a t a .

2 . 4 .2  M in e - s h a f t  v e n t i l a t i o n  fa n s

A m ix tu r e  o f  p r im a r y  v e n t i l a t i o n  and  b o o s t  
fa n s  i s  u sed  in  c o a l  m in e s  and  t h e s e  a r e  o f t e n  o f  
th e  a e r o f o i l  t y p e  o f  c e n t r i f u g a l  m a c h in e . F o r  t h e  
s m a l le r  u n i t s  w h ere  r e l i a b i l i t y  i s  o f  p r im e  c o n c e r n  
r o b u s t  c e n t r i f u g a l  fa n s  s h o u ld  c o n t i n u e  t o  s u f f i c e .

B a la n ce d  s y s te m s  o f  d o w n c a s t  and  u p c a s t  v e n t ­
i l a t i o n  a r e  o f t e n  d e s i r a b l e .  A lt h o u g h  t h e  p r e s s u r e  
r i s e  r e q u i r e d  o f  p r im a r y  v e n t i l a t i o n  fa n s  i s  o n l y  
a b o u t  100 mm o f  w a te r  t h e  f l o w  r a t e s  a r e  s u b s t a n t ­
i a l .  A x i a l  fa n s  h a ve  many a d v a n t a g e s  f o r  t h e s e  
la r g e  i n s t a l l a t i o n s .

O f Mount I s a ' s  t h r e e  6 .1  m d ia m e t e r  a x i a l  
f a n s , tw o w e re  f o r  d o w n ca s t  d u t y  and  o n e  f o r  u p ­
c a s t .  The fo r m e r  h a ve  r e m a in e d  t r o u b l e - f r e e  b u t  
th e  u p c a s t  u n i t  o p e r a t e s  i n  an a tm o s p h e r e  o f  h i g h l y  
a b r a s iv e  q u a r t z  d u s t .  Many d i f f e r i n g  s u r f a c e  
t r e a tm e n t s  h a ve  b e e n  t r i e d .  As a r e s u l t  o f  e x p e r ­
i e n c e  w ith  fa n s  o f  d i f f e r i n g  d e s i g n  p h i l o s o p h y  i t  
h as  becom e c l e a r  t h a t  t h e  b l a d e  s h a p e , and  h e n c e  
v e l o c i t i e s  and i n c i d e n c e ,  l a r g e l y  d e t e r m in e  
e r o s i o n  r a t e s .

P rim a ry  v e n t i l a t i o n  fa n s  a r e  u s u a l l y  t o o  b i g  
f o r  f u l l  s c a l e  t e s t s  t o  b e  p e r fo r m e d  i n  t h e  w o r k s .
A c o m b in a t io n  o f  m o d e l t e s t i n g  an d  o n - s i t e  p e r f o r ­
m ance t e s t i n g  i s  r e q u i r e d .  R u g le n  (1 9 7 3 )  h a s  
e x p o s e d  d e f i c i e n c i e s  i n  e x i s t i n g  s t a n d a r d s  and  h as  
p r o p o s e d  im p r o v e m e n ts .

2 .4 .3  B o i l e r  fa n s  f o r  p o w e r  s t a t i o n s

Fan a p p l i c a t i o n s  in  p o w e r  s t a t i o n  b o i l e r  p l a n t  
i n c l u d e  in d u c e d  d r a f t ,  f o r c e d  d r a f t  and  p r im a r y  
a i r .  O p e r a t in g  d u t i e s  f o r  in d u c e d  and  f o r c e d  d r a f t  
h a ve  i n c r e a s e d  c o n s i d e r a b l y ;  r e c e n t  t r e n d s  f o r
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t h e s e  fa n s  h a v e  b e e n  aw ay fr o m  c e n t r i f u g a l  u n i t s  
and  t o w a rd s  a x i a l  f l o w .

Peak e f f i c i e n c i e s  o f  c e n t r i f u g a l s  h a v in g  
i n l e t  v a n e  c o n t r o l  (a ro u n d  90%) a r e  h i g h e r  th a n  
t h o s e  o f  a x i a l s  h a v in g  v a r i a b l e  r o t o r  b l a d i n g  
(a ro u n d  8 7 % ). U nder p a r t - l o a d  c o n d i t i o n s  a x i a l s  

h a v e  an e f f i c i e n c y  a d v a n t a g e  o f  up  t o  25% .

As a r e s u l t  o f  t h e  i n c r e a s i n g  p o w e r  dem an d s, 
w h ic h  r e s u l t  i n  ' s t a t e  o f  t h e  a r t '  r e q u ir e m e n t s  f o r  
A u s t r a l i a n  c o n d i t i o n s , t h e  n e e d  f o r  l o c a l  d e s ig n  
and m a n u fa c t u r in g  e x p e r t i s e  a l s o  i n c r e a s e s .  F o r  
e x a m p le  t h e r e  w i l l  b e  a  n e e d  f o r  a x i a l  f a n s  h a v in g  
a  h ig h e r  p r e s s u r e  d e l i v e r y  a s  a r e s u l t  o f  t h e  
s w i t c h  fro m  e l e c t r o s t a t i c  p r e c i p i t a t o r s  t o  b a g  
c o l l e c t o r s .

One u t i l i t y  h a s  r e c e n t l y  had  p a r t i c u l a r l y  
u n f o r t u n a t e  e x p e r i e n c e s  w i t h  in d u c e d  d r a f t  f a n s .  
S u ch  f a i l u r e s  h a v e  l e d  t o  som e h u r r i e d  A u s t r a l i a n  
R & D and t h e  l o c a l  p r o d u c t i o n  o f  f i n i t e  e le m e n t  
s t r e s s  a n a l y s i s  p r o g r a m s . R e a s o n a b le ’ a g re e m e n t  i s  
now c la im e d  b e tw e e n  c o m p u te r  p r e d i c t i o n s  and  s t r a i n  
g a u g e  m e a su re m e n ts . As a  r e s u l t  f u t u r e  e x t e n s i o n  
t o  l a r g e r  s i z e s  w i l l  b e  a c c o m p a n ie d  b y  r i g o r o u s  
s t r e s s  a n a l y s i s  o f  hub g e o m e tr y  a s  w e l l  a s  b l a d i n g .

W here a num ber o f  u n i t s  a r e  o p e r a t e d  in  
p a r a l l e l  o n e  u n i t  may b e  f o r c e d  i n t o  s t a l l .  T h is  
im p a r t s  d e v a s t a t i n g  c y c l i c a l  b lo w s  t o  b l a d e s .  Any 
w e a k n e ss  i n  m a t e r i a l s ,  w e ld s  o r  a n y  s t r e s s  c o n c e n ­
t r a t i o n s  w i l l  b e  e x a c e r b a t e d  u n t i l  f a i l u r e  o c c u r s .

2 . 4 . 4  O p e r a t i o n a l  p r o b le m s

T h re e  p r o b le m s  o f t e n  f a c e d  b y  fa n  o p e r a t o r s  
a r e  s t a l l i n g ,  n o i s e  and b l a d e  e r o s i o n .

A x i a l  f l o w  fa n s  h a v e  c o n s i d e r a b l e  a d v a n ta g e s  
in  c o m p a c tn e s s  and  e f f i c i e n c y  b u t  f i x e d - b l a d e  
r o t o r s  o f t e n  l a c k  t h e  s t a l l - f r e e  o p e r a t in g  ra n g e  
t o  make them  s u f f i c i e n t l y  v e r s a t i l e  f o r  c h a n g in g  
o p e r a t i o n a l  r e q u ir e m e n t s .  R e s e a r c h  i s  b e i n g  
d e v o t e d  t o  s t a l l  a l l e v i a t i o n  and i n c r e a s e  in  th e  
o p e r a t in g  ra n g e  o f  a x i a l -  and  m ix e d - f l o w  f a n s .

A lth o u g h  o n e  b y - p r o d u c t  o f  s t a l l  i s  n o i s e ,  
a c o u s t i c  p r o b le m s  a r e  n o t  c o n f i n e d  t o  s t a l l e d  
o p e r a t i o n .  A fa n  i s  g e n e r a l l y  l e a s t  n o i s y  when 
o p e r a t in g  u n d e r  p e a k  e f f i c i e n c y  c o n d i t i o n s ;  m eas­
u r e s  w h ich  im p r o v e  a e r o d y n a m ic  p e r fo r m a n c e  a l s o  
t e n d  t o  r e d u c e  n o i s e .  F o r  a  g iv e n  d u t y  a x i a l s  
g e n e r a t e  h ig h e r  sou n d  p o w e r  l e v e l s  th a n  c e n t r i ­
f u g a l s  b u t  t h e i r  n o i s e  i s  m ore e a s i l y  s u p p r e s s e d .
An a x i a l  fa n  h a s  m ore r o t o r  b l a d e s  and  r o t a t e s  a t  
h ig h e r  s p e e d ; t h e  c h a r a c t e r i s t i c  f r e q u e n c i e s  a r e  
h ig h e r  and a b s o r p t i v e  s i l e n c e r s  ca n  b e  q u i t e  
c o m p a c t .  Fan n o i s e  p r o b le m s  c o u ld  b e com e  a r e a l  
c o n s t r a i n t  t o  im p le m e n t a t io n  o f  new l a r g e  p l a n t .  
S o p h i s t i c a t e d  A u s t r a l i a n  r e s e a r c h  f a c i l i t i e s  and 
c a r e f u l  d e s ig n  p r o c e d u r e s  a r e  n e e d e d  t o  s o l v e  
t h e s e  p r o b le m s .

E r o s i o n  o f  a x i a l  fa n  b l a d i n g  i s  a  p r o b le m  in  
b o i l e r  in d u c e d  d r a f t  and  m in e - s h a f t  v e n t i l a t i o n  
s e r v i c e .  F ly  a s h  and  m in e d u s t  v a r y  in  c o m p o s i t ­
i o n ,  a b r a s iv e n e s s  and p a r t i c l e  s i z e .  Q u i c k - f i x  
s o l u t i o n s  a r e  t o  h a ve  a b u n d a n t  s p a r e  b l a d e s  and  t o  
a p p ly  e r o s i o n - r e s i s t a n t  c o a t i n g s  t o  b l a d i n g .
C arbon  and  s t a i n l e s s  s t e e l s  p r o v i d e  a g o o d  b a s e  f o r  
w e l d a b le ,  p la s m a -s p r a y  o r  ch rom iu m  h a rd  s u r f a c e s .  
New t i t a n iu m  a l l o y s  a p p e a r  p r o m i s i n g .  S uch  
s o l u t i o n s  a r e  e x p e n s iv e  b u t  t h e  c o s t  o f  an e n t i r e  
fa n  i s  l e s s  th a n  t h a t  o f  tw o  d a y s  f o r c e d  o u t a g e .  
W a l l i s  (1 9 7 7 a ) h a s  c o n d u c t e d  c a r e f u l  s u r v e y s  o f  
a v a i l a b l e  d a ta  f o r  p a r t i c l e  w e a r . H is  g e n e r a l  
c o n c l u s i o n  i s  t h a t  e r o s i o n  c o n t r o l  i s  t h e  r e s p o n s ­

i b i l i t y  o f  t h e  a e r o d y n a m ic i s t  and  t h a t  e r o s i o n  
c o n t r o l  n e e d  c e r t a i n l y  e n t a i l  no  p e r fo r m a n c e  
p e n a l t y .

2 .5  G e n e r a l  T u rb o m a ch in e ry

The ra n g e  o f  f l u i d  m a c h in e s  u s e d  e x t e n s i v e l y  
i n  A u s t r a l i a  b u t  n o t  d i s c u s s e d  in  t h i s  p a p e r  i s  
c o n s i d e r a b l e .  E xam ples i n c l u d e  a x i a l  f l o w  com ­
p r e s s o r s  f o r  b l a s t  fu r n a c e s  and  t h e  c h e m ic a l  
i n d u s t r y ,  f l u i d  c o u p l i n g s  and t u r b o c h a r g e r s .  The 
p r o s p e c t s  f o r  O cean  T h erm al E l e c t r i c  C o n v e r s io n ,  
t i d a l  an d  o c e a n  c u r r e n t  p o w e r  g e n e r a t i o n  and 
c o m p r e s s o r s  f o r  u ran iu m  e n r ic h m e n t  b y  g a s e o u s  
d i f f u s i o n  a r e  p a r t i c u l a r l y  i n t r i g u i n g .

2 . 5 . 1  H yd ro  p ow er  and w a te r  t u r b i n e s

O v e r  70% o f  A u s t r a l i a 's  e c o n o m i c a l l y  a v a i l a b l e  
h y d ro  p o w e r  r e s o u r c e  i s  now c o m m it t e d . A p r i n c i p a l  
c o n s t r a i n t  i s  e c o l o g i c a l .  In  T a sm a n ia , f o r  exam ple  
t h e  p o l i t i c a l  d e c i s i o n s  e n t a i l  s t r i k i n g  a  b a la n c e  
b e tw e e n  t h e  o b v io u s  t h r e a t s  t o  t h e  b e a u t y  o f  th e  
e n v ir o n m e n t  and  th e  e q u a l l y  r e a l  t h r e a t s  t o  d e v e l ­
opm ent and  em p loym en t o p p o r t u n i t y .

The Snowy M ou n ta in s  Schem e h a s  31 F r a n c is  
t u r b i n e s  w i t h  r a t e d  o u t p u t s  b e tw e e n  30 and  250 MW. 
A lt h o u g h  t h e  m a jo r i t y  o f  t h e s e  u n i t s  w e re  p a r t l y  
m a n u fa c tu r e d  in  A u s t r a l i a  t h e y  a r e  a l l  o f  o v e r s e a s  
d e s ig n  and t h e  t u r b in e  r u n n e r s  w e re  a l l  made o v e r ­
s e a s  .

A l t e r n a t i v e  l i f e s t y l e s  and  d e v e lo p m e n t a l  n e e d s  
h a ve  spaw ned t h e  m ic r o -h y d r o  p r o j e c t .  A c c o r d in g  t o  
th e  a v a i l a b l e  h ea d  and f l o w  r a t e  a  s m a l l  P e l t o n  
w h e e l o r  F r a n c is  t u r b in e  i s  i n s t a l l e d  f o r  l o c a l  
g e n e r a t i o n  o f  up t o  6 .4  kW e l e c t r i c a l  l o a d .  The 
c o n c e p t  i s  n o t  new b u t  i t  d o e s  l e n d  i t s e l f  t o  
A u s t r a l ia n  c o m m e r c ia l  d e v e lo p m e n t .

2 . 5 .2  W ind p ow er

A u s t r a l i a 's  f i r s t  m e c h a n ic a l  e n g in e e r s  e r e c t e d  
l a r g e  w in d m i l ls  on  r i d g e s  o v e r l o o k i n g  S y d n e y . 
S u b se q u e n t  d e v e lo p m e n t  h a s  r e s u l t e d  in  t h e  tw o 
c o m m e r c ia l ly  v i a b l e  p r o d u c t  r a n g e s  o f  A u s t r a l i a n  
d e s ig n  and m a n u fa c tu re  a v a i l a b l e  t o d a y .

The w in d  i s  an i n d i s p e n s a b le  s o u r c e  o f  pum ping 
p ow er f o r  i r r i g a t i o n  and w a t e r  s u p p ly  o v e r  much o f  
th e  c o u n t r y .  R e l i a b l e  m u l t i - b l a d e  w in d m i l ls  a r e  
a v a i l a b l e  f o r  t h i s  p u r p o s e  h a v in g  r o t o r  d ia m e t e r s  
b e tw een  1 .8  and 7 .5  m e t r e s .

The a e r o d y n a m ic a l ly - d e s ig n e d  tw o o r  t h r e e -  
b la d e d  w in d  t u r b in e  i s  b e t t e r  s u i t e d  t o  t h e  r e m o te  
s t a t i o n  g e n e r a t i o n  o f  e l e c t r i c a l  p o w e r . The w in d  
t u r b in e  ru n s  a t  a t i p /w i n d  s p e e d  r a t i o  o f  a b o u t
4 .5  and h a s  a  p ow er  c o e f f i c i e n t  ( c o n v e r s i o n  
e f f i c i e n c y )  o f  a ro u n d  0 . 4 .  The m u l t i - b l a d e  w in d m ill 
t y p i c a l l y  ru n s  a t  a t i p  s p e e d  r a t i o  a ro u n d  u n i t y  
and i t s  co m p a ra b le  p o w e r  c o e f f i c i e n t  i s  a ro u n d  
0 .2 5 .  The a v a i l a b l e  o u t p u t  ra n g e  i s  b e tw e e n  5 W 
( f o r  t r i c k l e - c h a r g i n g )  and  5 kW. The l a r g e r  u n i t s  
have a 3 -b la d e d  r o t o r  o f  up t o  5 .5  m d ia m e t e r  and 
a r e  o f  A u s t r a l ia n  d e s i g n .  NASA h a s  ju d g e d  t h e s e
t o  b e  w o r ld  l e a d e r s  in  f e a t h e r i n g  c a p a b i l i t y  and 
r e l i a b i l i t y  and  a c c o r d i n g l y  e x p o r t s  o f  t h i s  ra n g e  
a r e  h ig h .

A m erican  d e v e lo p m e n t  i s  o r i e n t e d  to w a rd s  w in d  
t u r b in e s  o f  up t o  2 .5  MW r a t i n g  h a v in g  r o t o r  
d ia m e te rs  up t o  90 m and u t i l i s i n g  a e r o s p a c e  t e c h ­
n o lo g y  in  m a t e r i a l s  and  a e r o d y n a m ic s .  T h e re  i s  
s e e n  zo  b e  a p l a c e  in  A u s t r a l i a  f o r  l a r g e  w in d  
t u r b in e s  (T h r e a d g o ld , 198 0 ) w h ic h  w o u ld  b e  g r i d -  
s y n c h r o n is e d .  The m o st  s u i t a b l e  l o c a t i o n s  a r e  th e
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c o a s t  o f  T a sm a n ia  and  t h e  s o u t h  c o a s t  o f  
^g: e rn  A u s t r a l i a .

2 . 5 . 3  V ap ou r p ow er  t u r b i n e s

A new e n e r g y - s a v i n g  p r o d u c t  ra n g e  w h ic h  c o u ld  
k,e o f  e c o n o m ic  s i g n i f i c a n c e  i s  t h a t  o f  s m a ll  
g a n k in e - c y c le  t u r b i n e s  u s in g  w o r k in g  f l u i d s  c a r e ­
fully c h o s e n  t o  o p t im i s e  p o w e r  g e n e r a t i o n  f o r  t h e  
a v a i l a b l e  g r a d e  o f  h e a t .  One I s r a e l i  ra n g e  u s e s  
m o n o ch lo r o b e n z e n e  o r  a  s i m i l a r  w o r k in g  f l u i d  
a p p r o p r ia t e  t o  n a t u r a l  g a s - f i r e d  b o i l e r s .  An 
i n t e r e s t i n g  a p p l i c a t i o n  w i l l  b e  t o  v a p o u r  
c o m p r e s s io n  a i r  c o n d i t i o n i n g  fr o m  s o l a r  e n e r g y .  
C o n s id e r a b le  p e r fo r m a n c e  a d v a n t a g e s  o v e r  p r e s e n t l y  
a v a i l a b l e  a b s o r p t i o n  u n i t s  a r e  l i k e l y .  S m a ll 
h e r m e t i c a l l y - s e a l e d  h ig h  s p e e d  v a p o u r  p o w e r  t u r ­
b in e s  a r e  u n d e r  a c t i v e  d e v e lo p m e n t  o v e r s e a s  and 
c o u ld  a l s o  b e  d e v e lo p e d  and  p r o d u c e d  i n  A u s t r a l i a .  
If n o t  t h e y  w i l l  b e  im p o r te d  -  e x p e n s i v e l y .

3 . TURBOMACHINERY RESEARCH IN AUSTRALIA AND
OVERSEAS

C o n s id e r a t i o n  o f  t u r b o m a c h in e r y  f l o w  u s u a l ly  
p r o c e e d s  from  t h a t  o f  t h e  f l o w  a ro u n d  b l a d e s  in  
th e  c a s c a d e  p la n e  t o  i n c o r p o r a t i o n  o f  t h e  i n f o r ­
m a tio n  th u s  g e n e r a t e d  i n t o  t h e  d e s i g n  o r  a n a l y s i s  
o f  b la d e  row s and  c o m p le t e  m a c h in e s . T h is  s e c t i o n  
f o l l o w s  t h a t  s e q u e n c e .  R e v ie w s  o f  A u s t r a l i a n  
r e s e a r c h  on  a x i a l  f l o w  m a ch in e s  and  t h e i r  d e s ig n  
have b e e n  g iv e n  b y  F r i t h  and  W a lk e r  (1 9 7 2 )  and 
O l iv e r  (1 9 6 8 ) .

3 .1  R e s e a rch  on  C a s ca d e s

3 .1 .1  Low s p e e d  f l o w  c a l c u l a t i o n s

F r i t h  (1 9 7 3 a ) h a s  p r o d u c e d  a  p o t e n t i a l  th e o r y  
w n ich  g e n e r a t e s  b la d e  s e c t i o n s  h a v in g  a  d e s ig n  
v a lu e  o f  t u r n in g  f o r  g iv e n  minimum v a lu e s  o f  o v e r ­
a l l  and t r a i l i n g  e d g e  t h i c k n e s s  and  a  l e a d i n g  e d g e  
s i z e  a p p r o p r ia t e  t o  t h e  d e s i r e d  o p e r a t in g  r a n g e .
An e x t e n s io n  o f  t h e  t h e o r y  e n a b le s  d is p la c e m e n t  
t h i c k n e s s e s  t o  b e  a c c o u n t e d  f o r .

The K u tta -J o u k o w s k y  c o n d i t i o n  d o e s  n o t  a p p ly  
t o  c a s c a d e s  o f  b l a d e s  h a v in g  a ro u n d e d  t r a i l i n g  
e d ge  (G o s t e lo w , 1 9 7 5 ) .  I n  r e a l  f l o w s  t h e  c i r c u l ­
a t i o n  and  o u t l e t  a n g le  a r e  d e t e r m in e d  b y  th e  
e f f e c t  o f  v i s c o s i t y .  V is c o u s  e f f e c t s  m ust t h e r e ­
f o r e  b e  in c o r p o r a t e d  i n t o  f l o w f i e l d  c a l c u l a t i o n s .

O l i v e r  h a s  show n t h a t  i f  b o t h  d is p la c e m e n t  
and momentum t h i c k n e s s  a r e  t o  b e  r e p r e s e n t e d  i t  i s  
n e c e s s a r y  t o  u s e  tw o  v o r t e x  s h e e t s  on  e a c h  s u r f a c e .  
O l i v e r  (1 9 7 7 ) g o e s  on  t o  d e m o n s t r a t e  t h a t ,  
a l th o u g h  t h i s  t w o - v o r t e x - s h e e t  m o d e l i s  v a l i d  f o r  
b o u n d a ry  l a y e r s  and  f a r  w a k e , t h e r e  r e m a in s  s e v e r e  
p ro b le m s  o f  f l o w  d e s c r i p t i o n  i n  t h e  s e p a r a t i o n  and 
n e a r -w a k e  r e g i o n s .  P h y s i c a l  u n d e r s t a n d in g  o f  th e  
f l o w  in  t h e s e  r e g i o n s  i s  s t i l l  e m b r y o n ic .  O l i v e r 's  
'n e x t  a p p r o x im a t io n ' g i v e s  t h e  p o s s i b i l i t y  o f  
m o d e l l in g  su ch  f l o w s  s h o r t  o f  f u l l  N a v ie r - S t o k e s  
e q u a t io n  s o l u t i o n s .

3 .1 .2  B ou n d a ry  l a y e r s  and  t r a n s i t i o n

C a l c u l a t i o n  o f  a t t a c h e d  t w o -d im e n s io n a l  
la m in a r  and t u r b u l e n t  b o u n d a ry  l a y e r s  p r e s e n t s  few  
d i f f i c u l t i e s  f o r  c o n d i t i o n s  u s u a l l y  e n c o u n t e r e d  on 
tu rb o m a c h in e  b l a d e s .  R e c e n t  e x p e r im e n t a l  w ork  on 
w akes h a s  e s t a b l i s h e d  th e  v a l i d i t y  o f  s i m i l a r i t y  
h y p o th e s e s  and h a s  g iv e n  t h e  d e s i g n e r  c o n f id e n c e  
t o  i n c o r p o r a t e  r e l i a b l e  fa r -w a k e  m o d e ls .  D i f f i ­
c u l t i e s  a r i s e  in  a c c o u n t in g  f o r  t h r e e -  
d i m e n s i o n a l i t y  and u n s t e a d in e s s  e f f e c t s .  One 
m a jo r  u n r e s o lv e d  p r o b le m  f o r  t u r b o m a c h in e r y

b la d in g  i s  th e  p r e d i c t i o n  o f  b o u n d a ry  la y e r - 
t r a n s i t i o n .

U s e fu l  t r a n s i t i o n  in f o r m a t i o n  i s  e x p e r im e n t a l  
in  o r i g i n .  In  tu rb o m a c n in e s  t h e  t u r b u l e n c e  l e v e l  
t e n d s  t o  be  a ro u n d  4% o r  h ig h e r  and  i s  an  im p o r ta n t  
p a r a m e te r . Two com m only u s e d  c o r r e l a t i o n s  (S e y b , 
1967 and H a l l ,  196 8 ) show m arked  d i s p a r i t i e s  f o r  
n o n -z e r o  p r e s s u r e  g r a d i e n t s .  M e a su rem en ts  b y  t h e  
a u t h o r 's  own s t u d e n t s  r e l a t e  t o  a d v e r s e  p r e s s u r e  
g r a d ie n t s  and a g r e e  m ore c l o s e l y  w i t h  t h o s e  o f  
H a l l .  A t h ig h  t u r b u le n c e  l e v e l s  a p r o p e n s i t y  t o  
e a r l y  t r a n s i t i o n  i n c e p t i o n  i s  p r e d i c t e d .

W alk er (1 9 7 5 ) has show n t h a t  t r a n s i t i o n  
b e h a v io u r  on  c o m p r e s s o r  b l a d i n g  i s  s e n s i t i v e  t o  
s u c t i o n  p eak  l o c a t i o n .  I f  i t s  l o c a t i o n  c h a n g e s  
m a rk ed ly  w ith  i n c i d e n c e  th e n  t r a n s i t i o n  w i l l  b e  
a f f e c t e d  even  m ore s t r o n g l y .  O b s e r v e r s  o v e r s e a s  
c o n f ir m  t h i s  and  s t r e s s  t h e  im p o r ta n c e  o f  b o u n d a ry  
la y e r  h i s t o r y  in  th e  t r a n s i t i o n  p r o c e s s .  W a lk e r  
had p r e v io u s l y  shown t h a t  s t r o n g  p e r i o d i c  d i s t u r b ­
a n ce s  can  a l s o  h a ve  a s t r o n g  i n f l u e n c e  on  t r a n s i t ­
i o n .  O b s e r v a t io n s  o f  l o n g  la m in a r  s e p a r a t i o n  
b u b b le s  a p p e a r  t o  c o n f l i c t  w i t h  t h e  a u t h o r 's  
m easu rem en ts . A v a i la b l e  d a ta  f o r  n o n - z e r o  
p r e s s u r e  g r a d ie n t s  a r e  in a d e q u a te  f o r  ju d g e m e n ts  
t o  b e  m ade. T h is  c o n f u s i o n  r e f l e c t s  t h e  s t a t e  o f  
t r a n s i t i o n  w ork  a s  a w h o le .

3 .1 .3  H igh s p e e d  f l o w s

The b la d in g  o f  ga s  and s te a m  t u r b i n e s  o p e r a t e s  
u n d er h ig h  s u b s o n ic  and t r a n s o n i c  f l o w  c o n d i t i o n s .  
P rogram s f o r  c o m p u tin g  h ig h  s p e e d  c a s c a d e  f l o w s  
a r e  r e q u i r e d  f o r  th e  d e s ig n  and s e l e c t i o n  o f  s u ch  
b l a d i n g .

The a u t h o r 's  r e v ie w  (1 9 7 3 ) o f  a v a i l a b l e  
m eth od s c o n c lu d e s  t h a t  t h i s  p r o b le m  i s  e s s e n t i a l l y  
s o lv e d  f o r  s u b s o n ic  b l a d i n g .  F r i t h  (1 9 7 3 b ) h a s  
made a u s e f u l  c o n t r i b u t i o n  b y  e l i m i n a t i n g  a m b ig -  
u t i e s  in  th e  r e l a t i o n  b e tw e e n  d e n s i t y  and  s tr e a m  
f u n c t i o n .  H is  m apping o f  t h e  b la d e  o n t o  a u n i t  
c i r c l e  a l s o  a s s i s t s  b la d e  e d g e  d e f i n i t i o n .

M e r r in g to n  (1 9 7 5 ) has d e v e lo p e d  a t im e  
m a rch in g  p rogram  f o r  s h o ck e d  f l o w s  a ro u n d  n o n ­
l i f t i n g  b l a d e s .  S uch  p ro g ra m s  a r e  in  r o u t i n e  u se  
o v e r s e a s  f o r  g e n e r a l  b la d e  s h a p e  e v a l u a t i o n  p u r ­
p o s e s  b u t  n o t  a lw a y s  s u c c e s s f u l l y .  The p r o b le m  o f  
p r e d i c t i n g  s h o ck  s t r e n g t h  and  l o c a t i o n  in  c o m p r e s s ­
o r  and t u r b in e  b la d e s  i s  n o t  y e t  s o l v e d .  S h ock  
l o c a t i o n  in  t u r b in e  b la d in g  r e q u i r e s  r e a l i s t i c  
p r e d i c t i o n s  o f  b a s e  p r e s s u r e ;  u n f o r t u n a t e ly  a 
r e l i a b l e  b od y  o f  e x p e r im e n t a l  d a ta  d o e s  n o t  y e t  
e x i s t .

3 .1 .4  E x p e r im e n ta l w ork

Low s p e e d  c a s c a d e  t e s t i n g  h a s  b e e n  p e r fo r m e d  
a t  ARL and UNSW b u t  i s  no l o n g e r  in  p r o g r e s s .

An i n t e r m i t t e n t  t r a n s o n i c  c a s c a d e  t u n n e l  h a s  
b e e n  b u i l t  a t  NSWIT and i s  in  u se  f o r  p o s t g r a d u a t e  
r e s e a r c h  b y  R e v e l  ( f i g .  4 ) .  The t u n n e l  h a s  a run  
tim e  o f  up t o  20  s e c s ,  and a w o r k in g  s e c t i o n  o f  
o n ly  1 1 .5  mm x 55 mm. The t u n n e l  was b u i l t  a s  a 
p o r t a b l e  u n d e rg ra d u a te  e x p e r im e n t  and  s e r v e s  t h a t  
p u r p o s e  a d m ir a b ly  g i v in g  u s e f u l  v i s u a l i s a t i o n  o f  
s h o ck s  and e x p a n s io n s  w h i l s t  p e r m i t t i n g  p r e s s u r e  
d i s t r i b u t i o n  m ea su re m e n ts . A s e c o n d a r y  o b j e c t i v e  
i s  th e  p i l o t  s tu d y  o f  a s c a le d - u p  v e r s i o n  w h ich  
w o u ld  b e  s u i t a b l e  f o r  r e s e a r c h  and b la d e  d e v e l o p ­
m ent.

Traverses downstream of a turbine nozzle 
cascade indicate that few adverse secondary flow
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e f f e c t s  a r e  p r e s e n t  w it h  an a s p e c t  r a t i o  a s  lo w  a s  
0 . 5 .  H ow ever b e c a u s e  t h e r e  a r e  o n l y  t h r e e  
p a s s a g e s  p e r i o d i c i t y  o f  w akes i s  v e r y  p o o r .  A 
l a r g e r  v e r s i o n  w o u ld  r e t a i n  t h e  d o u b l e - p a s s  
s c h l i e r e n  a r ra n g e m e n t  and lo w  a s p e c t  r a t i o  b u t  
w o u ld  h a v e  m ore b la d e  p a s s a g e s .

F ig u r e  4 T r a n s o n ic  t u r b i n e  c a s c a d e  t u n n e l

3 .2  R e s e a r c h  on  M a ch in e s

3 . 2 . 1  T h r e e -d im e n s io n a l  f l o w s

M ost tu r b o m a c h in e  d e s ig n  p r o c e d u r e s  a r e  
s t r u c t u r e d  a ro u n d  co m p u te r  s o l u t i o n s  o f  t h e  r a d i a l  
e q u i l i b r i u m  e q u a t i o n .  A lt h o u g h  a s i m p l i f i e d  
e q u a t i o n  ca n  b e  u s e d ,  and h a s  o f t e n  fo rm e d  th e  
b a s i s  o f  f r e e - v o r t e x  fa n  and  pump d e s i g n s ,  s o l u t i o n  
o f  th e  f u l l  e q u a t i o n  i s  d e s i r a b l e  f o r  optim um  
p e r fo r m a n c e .  The d e f i n i t i v e  w ork  i s  t h a t  o f  S m ith  
(1 9 6 6 ) and  m ost s o l u t i o n s  u s e  a p p r o a c h e s  i n v o l v i n g  
i t e r a t i o n  on  s t r e a m l in e  c u r v a t u r e .  G le n n y  (1 9 7 5 ) 
h a s  d e s c r i b e d  th e  a p p l i c a t i o n  o f  a s t r e a m l in e  
c u r v a t u r e  p ro g ra m  t o  th e  p e r fo r m a n c e  e v a l u a t i o n  o f  
a m u l t i - s t a g e  a x i a l  c o m p r e s s o r .

In  h i s  p a p e r  F r i t h  w i l l  i n d i c a t e  f a i l i n g s  in  
c u r r e n t  m o d e ls  o f  m e r i d io n a l  f l o w  in  w h ich  t h e  l o s s  
a l lo w a n c e  i s  in c o m p a t i b l e  w i t h  t h e  c o r r e s p o n d i n g  
m e c h a n ic a l  e n e r g y  in c r e m e n t .

The m ost  s e v e r e  d e f i c i e n c i e s  o f  n u m e r ic a l  
m o d e l l in g  a r i s e  a t  o f f - d e s i g n  c o n d i t i o n s  w h ere  
v i s c o u s  e f f e c t s  a r e  p a r t i c u l a r l y  s t r o n g .  As 
e x p l a i n e d  b y  O l i v e r  (1 9 6 8 ) r a d i a l  l o s s  m ig r a t io n s  
o c c u r  in  t h e  b o u n d a ry  l a y e r s  and  w akes o f  an a x i a l  
m a c h in e . S t a l l  and s u r g e  in  a  c o m p r e s s o r  ca n  b e  
c a u s e d  b y  s e p a r a t i o n  o f  t h e  hub b o u n d a ry  l a y e r  o r  
m ore u s u a l l y  t h a t  o f  th e  c a s i n g .

S e c o n d a r y  f l o w s  in  a x i a l  c o m p r e s s o r  b l a d e  
row s h a v e  a s i g n i f i c a n t  e f f e c t  on  p e r f o r m a n c e . In  
a p a p e r  on  t h e i r  e x p e r im e n t a l  w ork  L a i ,  J i a o  and  
Su w i l l  g i v e  c o r r e l a t i o n s  f o r  t h e  v a r i a t i o n  o f  
s e c o n d a r y  f l o w  i n t e n s i t y  w i t h  v a r i o u s  p a r a m e t e r s .
In  a  f u r t h e r  p a p e r  th e  sam e a u t h o r s  w i l l  p r e s e n t  
f i n i t e  d i f f e r e n c e  c o m p u t a t io n s  o f  th e  t h r e e -  
d im e n s io n a l  v i s c o u s  f l o w  th r o u g h  b la d e  p a s s a g e s  
and c o m p a r is o n s  w i t h  t h e  e x p e r im e n t a l  r e s u l t s .

One p o s s i b l e  means o f  r e d u c in g  s e c o n d a r y  
f l o w s  i s  th e  u s e  o f  b o u n d a ry  l a y e r  f e n c e s .

P e la n is w a m i, G o p a la k r is h n a n  and P r i t h v i  Raj h a ve  
e x p lo r e d  t h i s  p o s s i b i l i t y  f o r  a c e n t r i f u g a l  
i m p e l l e r  and h a ve  i d e n t i f i e d  some im p ro v e m e n ts .

In  p i o n e e r i n g  e f f o r t s  D odge (1 9 7 7 ) and M oore 
and M oore (1 9 8 0 ) a re  s o l v i n g  t h e  v i s c o u s  t h r e e -  
d im e n s io n a l  f l o w  e q u a t io n s  f o r  c e n t r i f u g a l  
i m p e l l e r  p a s s a g e s  and o t h e r  c o n f i g u r a t i o n s .

3 .2 .2  I n t e r a c t i o n  e f f e c t s

As th e  s p a c in g  b e tw e e n  b la d e  ro w s  i s  v a r i e d  
p ro n o u n ce d  p e r fo r m a n c e  v a r i a t i o n s  a r e  o b s e r v e d .
The v a r i a t i o n s  may i n c l u d e  ch a n g e s  in  e f f i c i e n c y ,  
s t a l l  m a r g in , sound  p r o p a g a t io n  and v i b r a t i o n  
e x c i t a t i o n .  T h ese  p o t e n t i a l l y  d e s t r u c t i v e  e f f e c t s  
a r e  u n s te a d y  and v i s c i d  in  n a t u r e  and  d i f f i c u l t  t o  
m easu re  c o r r e c t l y .

In  t h e  s im p le s t  c a s e  o f  i n t e r a c t i o n  b e tw e e n  a 
r o t o r  and s t a t o r  t h e r e  a r e  tw o p r e d o m in a n t  e f f e c t s .  
T h ese  a r e  th e  e f f e c t s  o f  p o t e n t i a l  i n t e r a c t i o n  and 
o f  wake i n t e r a c t i o n ;  t h e y  a r e  d i f f i c u l t  t o  s e p a r a t e  
b u t  t h e  em p h a sis  o f  w ork  b y  W alk er  and  O l i v e r  (1972) 
h as  b e e n  t o  e l u c i d a t e  t h e  e f f e c t s  on  dow n strea m  
b la d e s  o f  w akes from  u p s tre a m  b l a d e s .  I t  was 
c o n c lu d e d  t h a t  p r o p e r  c h o i c e  o f  a x i a l  and  c ir c u m ­
f e r e n t i a l  p o s i t i o n  o f  a l t e r n a t e  s t a t o r  row s 
c o n s i d e r a b ly  r e d u c e d  th e  n o i s e  p r o d u c e d  a t  r o t o r  
b la d e  p a s s in g  f r e q u e n c y .

In  h i s  p a p e r  on  th e  e f f e c t  o f  w akes from  
u p s tre a m  s t a t o r  b la d e s  on  t h e  r o t o r  o f  an a x i a l  
f l o w  c o m p r e s s o r  O l i v e r  h a s  p r o v id e d  a m ost h e l p f u l  
a n a l y t i c a l  fra m e w o rk . T h is  a u t h o r  s h a r e s  th e  
c o n c l u s i o n  t h a t  th e  g r e a t e s t  im p e d im e n t t o  f u r t h e r  
p r o g r e s s  i s  t h e  la c k  o f  a v i s c o u s  t r a i l i n g  e d g e  
c o n d i t i o n .  An a p p r o p r ia t e  c i r c u l a t i o n  c o n d i t i o n ,  
when fo u n d , w i l l  p r o b a b ly  i n c o r p o r a t e  fu n d a m e n ta l 
new w ork  on  u n s te a d y  s e p a r a t i o n  an d  w i l l  a c c o r d i n g ­
l y  b e  f r e q u e n c y  p a ra m e te r  d e p e n d e n t .

3 .2 .3  I n s t r u m e n t a t io n

Many t u r b o m a c n in e r y  p e r fo r m a n c e  m easu rem en ts  
a r e  s t i l l  ta k e n  w it h  c o n v e n t i o n a l  s t a t i c  i n s t r u ­
m e n t a t io n . A lth o u g h  t h e s e  w i l l  a l s o  b e  u se d  f o r  
r e s e a r c h  w ork  th e  c o m p le x i t y  o f  f l o w  c o n d i t i o n s  
c a l l s  f o r  s u p p le m e n ta t io n  w it h  in s t r u m e n t a t io n  
h a v in g  g o o d  d yn am ic  r e s p o n s e .  C o m p u te r is e d  d a ta  
a c q u i s i t i o n  i s  i n c r e a s i n g l y  u s e d  and a p p r o p r ia t e  
s i g n a l s ,  u s u a l ly  d . c  v o l t a g e s ,  a r e  r e q u i r e d .

H ot w ir e  p r o b e  and m in ia t u r e  p r e s s u r e  t r a n s ­
d u c e r s  a r e  w e l l  s u i t e d  t o  u s e  w i t h  p h a se  l o c k  o r  
en se m b le  a v e r a g in g  t e c h n iq u e s  ( G o s t e lo w , 1977 ) 
(W a lk e r , 1977) . Work in  p r o g r e s s  a t  NSWIT and 
th e  U n iv e r s i t y  o f  T asm ania  u s e s  t h e s e  p o w e r fu l  
d i g i t a l  d a ta  a c q u i s i t i o n  t e c h n iq u e s .

L a s e r  anem om etry i s  s u r e  t o  h a v e  a s i g n i f i c a n t  
r o l e  in  f u t u r e  t u r b o m a c h in e r y  m e a su re m e n ts . The 
d u a l f o c u s  o r  t r a n s i t  a n em om eter a p p e a r s  b e s t  
s u i t e d  t o  u s e  n e a r  b l a d i n g  o r  w a l l s .  L a s e r  
anem om etry i s  now s u f f i c i e n t l y  r e l i a b l e  and 
e c o n o m ic a l  t o  j u s t i f y  l o c a l  u s e .

3 .3  S p e c i f i c  A p p l i c a t i o n s

3 . 3 .1  Fans

The r o t o r  b la d in g  o f  a x i a l  fa n s  t e n d s  t o  h ave 
la r g e  s p a c in g  and s t a g g e r  a n g le  a t  t h e  t i p  and 
lo w e r  v a lu e s  a t  th e  h u b . I s o l a t e d  a e r o f o i l  
p r a c t i c e  i s  a p p r o p r ia t e  t o  th e  fo r m e r  s i t u a t i o n  
and a x i a l  c o m p r e s s o r  p r a c t i c e  t o  t h e  l a t t e r .  The 
d i f f i c u l t y  f o r  d e s ig n e r s  h a s  b e e n  t o  m arry  t h e  two 
r e g io n s  i n t o  a s u c c e s s f u l l y  i n t e g r a t e d  b l a d e .
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e x t e n d in g  t h e  c a s c a d e  a p p r o a c h  t o  i n c l u d e  
s o l a t e d  a e r o f o i l s  W a l l i s  p r o d u c e d  a  r a t i o n a l i s e d  

p r o c e d u r e  w h ich  o v e r ca m e  t h e  b l e n d in g  d i f f i c u l t i e s  
W a l l i s  (1 9 7 7 b )h a s  f u r t h e r  recom m ended  a  p r e f e r r e d  
fa n  b la d e  s e r i e s ,  i n c l u d i n g  a d i s c u s s i o n  o f  n o s e -  
d r o o p  e f f e c t s .

H ay, M e t c a l f  and R e iz e s  (1 9 7 8 )  h a v e  p r o d u c e d  
a s im p le  c a r p e t  p l o t  a p p r o a c h  t o  fa n  b la d e  
s e l e c t i o n .  P e r r y  (1 9 7 4 ) h a s  made t r a v e r s e s  in  a 
s i n g l e  s t a g e  fa n  and  h a s  a p p l i e d  a u n i f i e d  
a n a l y s i s  t e c h n iq u e .  E ls e w h e r e  p r o g r e s s  i s  b e in g  
made in  t r e a t i n g  t h e  i n l e t  and  c a s in g  o f  f a n s  t o  
T^rovide i n c r e a s e d  s t a l l  m a r g in .

The p r o b le m s  o f  f l u t t e r  i n  t r a n s o n i c  fa n s  
h a ve  b e e n  a d d r e s s e d  b y  F o rd  (1 9 8 0 )  who p r o d u c e d  an 
a n a l y s i s  o f  tw in  v i b r a t i o n  m ode f l u t t e r  w h ic h  
a l l o w s  f o r  v a r i a b l e  a e r o d y n a m ic  p h a s e  l a g s .

3 . 3 .2  Pumps and  h y d ro p o w e r

F r i t h  (1 9 6 8 ) u s e d  c o n fo r m a l  m a p p in g  t o  
g e n e r a t e  b la d e  s e c t i o n s  a p p l i c a b l e  t o  a x i a l  f l o w  
pump i m p e l l e r s .  C o o l i n g  w a t e r  pum ps f o r  L i d d e l l  
P ow er S t a t i o n ,  h a v in g  im p r o v e d  c a v i t a t i o n  p e r fo r m ­
a n c e ,  w e re  p r o d u c e d  i n  t h i s  w ay .

A m eth od  f o r  p r e d i c t i n g  c h a r a c t e r i s t i c s  when 
pum ping a s l u r r y ,  fro m  t h e  c l e a r - w a t e r  p e r fo r m a n c e  
and  a  k n o w le d g e  o f  t h e  p h y s i c a l  c h a r a c t e r  o f  th e  
s l u r r y ,  h a s  b e e n  p r o d u c e d  b y  B u r g e s s  and  R e iz e s  
( 1 9 7 6 ) .

W ilk e  w i l l  o u t l i n e  t h e  a p p l i c a t i o n  o f  
o r i f i c e  s u r g e  ta n k s  t o  lo w -h e a d  pump r i s i n g  m ain s 
and  M on tes  w i l l  a n a ly s e  t h e  s t a b i l i t y  o f  o r i f i c e  
s u r g e  ta n k s  f o r  t u r b i n e  s y s te m s . B o th  a u t h o r s  
c i t e  c o m p a r is o n s  o f  t h e o r e t i c a l  an d  m e a su re d  
r e s u l t s .

3 . 3 . 3  W ind t u r b in e s

A new t y p e  o f  h o r i z o n t a l  a x i s  w in d  t u r b i n e  
f e a t u r i n g  b la d e s  o f  d e l t a  w in g  p la n fo r m  w i l l  b e  
d e s c r i b e d  b y  K e n t f i e l d .  T h is  t y p e  i s  s a i d  t o  com ­
p a r e  f a v o u r a b l y  w it h  t r a d i t i o n a l  m u l t i - b l a d e d  
w in d m i l ls  f o r  pum ping p u r p o s e s .

D i f f u s e r  a u g m e n ta t io n  ca n  i n c r e a s e  t h e  p ow er 
o u t p u t  o f  h o r i z o n t a l  a x i s  w in d  t u r b i n e s  b y  a 
f a c t o r  o f  up t o  t h r e e .  F l e t c h e r  w i l l  p r e s e n t  a 
p e r fo r m a n c e  a n a l y s i s  w h ic h  i n c l u d e s  t h e  e f f e c t  o f  
d i f f u s e r  and  w ake l o s s e s .

T h e re  h a ve  b e e n  many r e c e n t  d e v e lo p m e n t s  in  
t h e  f i e l d  o f  v e r t i c a l  a x i s  w in d  t u r b i n e s , f i r s t  
u s e d  i n  P e r s i a  in  644  AD. S a v o n iu s  r o t o r s  a r e  
p r o d u c e d  in  A u s t r a l i a ;  J o n e s  a t  t h e  U n i v e r s i t y  o f  
Q u e e n s la n d  h a s  i n v e s t i g a t e d  t h e i r  f l o w s  in  d e t a i l  
and  a t  t h i s  c o n f e r e n c e  B a ir d  and  P e n d e r  w i l l  
d e s c r i b e  w in d  t u n n e l  t e s t s  on  v a r i o u s  c o n f i g u r ­
a t i o n s  .

T . A . Thom pson (1 9 7 8 )  h a s  p r o d u c e d  an 
a n a l y s i s  f o r  th e  p r e d i c t i o n  o f  t h e  u n s t a l l e d  
p e r fo r m a n c e  o f  s t r a i g h t - b l a d e d  v e r t i c a l  a x i s  
w in d  t u r b i n e s .  S u b s e q u e n t  w ork  h a s  b e e n  d i r e c t e d  
t o  e x p e r im e n t a l  v e r i f i c a t i o n .

P a r t i c u l a r l y  e n c o u r a g in g  w ork  on  l a r g e  
D a r r ie u s  t u r b i n e s  h a s  b e e n  r e p o r t e d  fro m  C anada 
and New Z e a la n d  (C h a s t e a u , 1 9 7 7 ) .  A s u r p r i s i n g  
t e n d e n c y  was o b s e r v e d  in  b o t h  c a s e s  f o r  t h e  r o t o r  
t o  s e l f - s t a r t  and t h i s  i s  a t t r i b u t e d  t o  b la d e  
R e y n o ld s  Number e f f e c t s .  C h a s t e a u 's  t u r b i n e  
g e n e r a t e d  a  maximum m e a su re d  p o w e r  o f  23 kW i n  a 
22  m /s  w in d .

K .D . Thom pson p r o p o s e s  u n d e r w a t e r  D a r r ie u s  
t u r b in e s  t o  g e n e r a t e  an a v e r a g e  p o w e r  o f  o n e  t o  
t e n  GW from  th e  E a s t  A u s t r a l i a n  c u r r e n t .

4 RECOMMENDATIONS

A u s t r a l i a 's  t u r b o m a c h in e r y  i n d u s t r y  and  
tu r b o m a c h in e ry  r e s e a r c h e r s  a r e  d i f f e r e n t  co m m u n it­
i e s  o f  p r a c t i t i o n e r s  e a c h  h a v in g  g o o d  r e p u t a t i o n s  
i n t e r n a t i o n a l l y .  I t  was e a s y  t o  s u b d i v i d e  t h i s  
p a p e r  w it h  l i t t l e  c r o s s - r e f e r e n c i n g  b e tw e e n  t h e  
c a t e g o r i e s  and t h i s  i s  s y m p to m a t ic  o f  a  p r o b le m . 
I n d u s t r y  i s  c o n c e r n e d  w i t h  s u r v i v a l  and  p r o f i t ­
a b i l i t y  and s e e s  l i t t l e  a d v a n t a g e  in  s e e k in g  a d v i c e  
from  a ca d e m ics  and  c o n s u l t a n t s . The p r im e  f u n c t i o n  
o f  u n i v e r s i t i e s  and  i n s t i t u t e s  o f  t e c h n o l o g y  i s  
e d u c a t i o n .  R e s o u r c e s  and  i n c e n t i v e s  f o r  e n g a g in g  
in  a p p l i e d  r e s e a r c h  a r e  m in im a l .

T h ere  t e n d s  t o  b e  a  m ore  n a t u r a l  i n t e r c h a n g e  
o f  in fo r m a t io n  o v e r s e a s . I n d u s t r y  i s  m ore  c o n c e r n ­
ed  t o  h a rn e ss  a l l  a v a i l a b l e  h e l p .  U n i v e r s i t i e s  
r e c e i v e  a p le t h o r a  o f  a p p l i e d  r e s e a r c h  c o n t r a c t s .  
The r e s u l t  i s  m ore o f  a  c o n t in u u m  w it h  id e a s  
f l o w in g  n a t u r a l l y  fro m  b a s i c  r e s e a r c h  t h r o u g h  R&D 
t o  th e  f i n i s h e d  p r o d u c t .

ASTEC (1 97 9 ) has r e c o g n i s e d  t h e  l a c k  o f  a 
co n tin u u m  in  A u s t r a l i a  and  h e l p f u l l y  p r e s c r i b e s  
th e  fo r m a t io n  o f  r e s e a r c h  a s s o c i a t i o n s .  The 
a u t h o r  commends t h i s  c o n c e p t  t o  t h e  fa n  and  pump 
i n d u s t r i e s  and a l s o  th e  u s e  o f  w o r k s h o p - t y p e  
m e e t in g s  b r in g in g  t o g e t h e r  t h o s e  i n t e r e s t e d  in  
d e s i g n ,  f l e w  c o m p u t a t io n , b l a d e  e r o s i o n ,  a c o u s t i c s ,  
p e r fo r m a n c e  and c o n d i t i o n  m o n i t o r i n g  fr o m  t h e  d i f f ­
e r e n t  b ra n ch e s  o f  th e  i n d u s t r y .  F o r  e x a m p le  i d e n t ­
i c a l  co m p u te r  p rog ra m s c o u l d  b e  u s e d  f o r  t h e  d e s i g n  
o f  pum ps, f a n s ,  t u r b o c h a r g e r s  and  c h e m ic a l  p r o c e s s  
c o m p r e s s o r s .  The c o m p le x i t y  i s  s u c h  t h a t  a c a d e m ic  
and c o n s u l t a n t  in p u t  w o u ld  b e  r e q u i r e d .

I f  A u s t r a l i a  i s  t o  a v o i d  s e r v i t u d e  c e r t a i n  
s e c o n d a r y  i n d u s t r i e s  m ust p r o s p e r .  The a u t h o r  
c o n s i d e r s  t h a t  A u s t r a l i a 's  f u t u r e  w i t h i n  t h e s e  
i n d u s t r i e s  i s  a t  th e  h ig h  t e c h n o l o g y  e n d . T h is  
s h o u ld  e n s u re  c o n t i n u a t i o n  o f  a v i a b l e  e x p o r t  
b a s e  f o r  pumps and f a n s .  S m a l le r  i n d u s t r i e s  s u ch  
a s  w in d  e n e r g y  w o u ld  a l s o  b e  m ore  c o m p e t i t i v e  w i t h  
i n c r e a s e d  r e s e a r c h  b a c k in g .

The i m p o s s i b i l i t y  o f  l o c a l  p r o d u c t i o n  o f  
s team  and g a s  t u r b in e s  s h o u ld  b e  c o n t i n u a l l y  
q u e s t i o n e d .  Where u n i t  and m a r k e t  s i z e  o b v i a t e  
l o c a l  p r o d u c t io n  f u l l  s u p p o r t  s h o u ld  b e  d i r e c t e d  
t o  o p e r a t i o n a l  s t r e n g t h s .  C o m p e te n t  e x e c u t i o n  o f  
t h o s e  d u t i e s  b ecom es v i t a l  a s  f u e l  g e t s  m ore  
e x p e n s iv e .  T h is  s u p p o r t  s h o u ld  i n c l u d e  t h e  
e n cou ra g em en t o f  a p p r o p r i a t e  e d u c a t i o n  and 
r e s e a r c h .

The a u th o r  a c k n o w le d g e s  t h e  i n d i s p e n s i b l e  
r e s e a r c h  a s s i s t a n c e  o f  Bob L o o k e r  and  A le x  R e v e l  
and th e  h e l p f u l  s u g g e s t i o n s  o f  c o l l e a g u e s .
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SUMMARY S e r io u s  d is c r e p a n c ie s  e x i s t  betw een v a r io u s  p r e d ic t io n s  o f  t r a n s it i o n  in c e p t io n  un der c o n d i t io n s  o f  h igh  
tu rb u le n ce  l e v e l  and a d v e rse  p re s s u re  g r a d ie n t . A d e s c r ip t io n  i s  g iv e n  o f  th e  prob lem  and o f  a program  o f  work 
o r ie n t e d  t o  i t s  r e s o lu t io n .  The r e s u l t s  p re s e n te d  a re  l im ite d  t o  the ca se  o f  z e ro  p re s s u r e  g r a d ie n t  and show good  
agreem ent w ith  e s t a b l is h e d  data  f o r  th e  s t a r t  and end o f  t r a n s it io n  and the in te r m it te n c y  d i s t r i b u t i o n .

1 NOTATION

b d iam eter o f  b ar
c  b la d e  ch ord
L le n g th  o f  t r a n s it io n  
p s t a t i c  p re ssu re
rl t r a n s it io n  le n g th  R eynolds Number, LUw/v 
R^ le n g th  R eynolds Number, xU »/v  
Ra momentum th ick n e s s  R eynolds Number, 6U»/V 
Tu tu rb u le n ce  l e v e l
U v e l o c i t y  in  stream w ise d i r e c t i o n
U» f r e e  stream  v e l o c i t y
U* d im e n s io n le s s  v e l o c i t y ,  U /v*
u ' stream w ise com ponent o f  f lu c t u a t in g  v e l o c i t y
v* f r i c t i o n  v e l o c i t y ,  / t w/p
x stream w ise d is ta n c e  from  le a d in g  edge
y norm al d is ta n c e  from  w a ll
y*  d im e n s io n le s s  d is ta n c e  from  w a l l ,  y v * /v
a.l f lo w  i n l e t  a n g le
Y  in te rm itte n c y  f a c t o r
H n on -d im en s ion a l d is ta n c e  ( x - x s )/(x E- x s )
3 momentum th ick n e s s
Ag p re s s u re  g r a d ie n t  param eter
v k in e m a tic  v i s c o s i t y
p d e n s ity
Tr̂  w a ll shear s t r e s s

S u b scr ip ts

E end o f  t r a n s i t i o n ,  S , t  s t a r t  o f  t r a n s i t i o n

2 INTRODUCTION

The a x ia l  f lo w  com p ressor  d e s ig n e r  needs b la d e  s u r fa ce  
boundary la y e r  c a l c u la t io n s  in  o r d e r  t o  p r e d i c t  the loss 
and s t a l l  c h a r a c t e r i s t i c s .  A ccu ra te  c a l c u la t io n s  o f  
d isp la ce m e n t t h ick n e s s  a re  r e q u ir e d  in  the th ro a t  
r e g io n ,  f o r  s e t t in g  in c id e n c e  a n g le s ,  and a t  th e  t r a i l ­
in g  e d g e , b eca u se  the p re s s u re  d i s t r i b u t i o n  i s  
d eterm in ed  by v is c o u s  e f f e c t s  in  th a t  r e g io n .

For u su a l o p e r a t in g  c o n d i t io n s  th e  b eh a v io u r  o f  the 
s u c t io n  s u r fa ce  boundary la y e r  d e term in es  the above 
p a ra m eters . A good  attem pt t o  p r e d i c t  measured bound­
a ry  la y e r  c h a r a c t e r i s t i c s  on the  s u c t io n  s u r fa c e  o f  a 
com p ressor  b la d e  by Seyb (1965) has been  rep rod u ced  in  
F ig . 1 . Any s u p e r f i c i a l  im p re ss io n  o f  a s a t i s f a c t o r y  
com p a rison  i s  m is le a d in g ; q u a l i t a t iv e  d is c r e p a n c ie s  
are  p re s e n t  which w ould in v a l id a t e  the  p r e d ic t io n  
te ch n iq u e s  f o r  d e s ig n  p u rp o s e s . In the  o p e ra t in g  
range betw een z e ro  and 5° in c id e n c e  Seyb p r e d ic t e d  a 
lam inar s e p a ra t io n  b u ob le  m oving forw ard  from  the 50% 
ch ord  l o c a t io n  t o  a bou t 16% ch o rd . The measurements 
showed the su p p re ss io n  o f  t h i s  b u b b le  by n a tu ra l t ra n s ­
i t i o n  m oving forw ard  from  63% ch o rd  t o  the 10% ch ord  
l o c a t i o n .  T h is  im p orta n t q u a l i t a t iv e  d is p a r i t y  lea d s  
t o  a q u e s t io n in g  o f  the  c r i t e r i a  in  use f o r  t r a n s it io n  
and lam inar s e p a r a t io n .

a 1
F ig u re  1 Com parison b etw een  m easured boundary la y e r  

d evelop m en t and p r e d i c t i o n s  o r  S eyb .

The c r i t e r i a  in  use f o r  t r a n s i t i o n  and lam inar 
s e p a ra t io n  by Seyb a re  b ased  on the use o f  a p l o t  o f  
the  C ra btree  (1958) typ e  e x ten d ed  t o  a cco u n t  f o r  
v a r ia t io n s  in  fr e e -s tr e a m  tu rb u le n ce  l e v e l .  C ra b tree  
p rop osed  a c o r r e l a t i o n  o f  a v a i la b le  low tu rb u le n ce  
le v e l  data in  the  form  o f  Rat  a g a in s t  Ag d e f in e d  by

Ag = (3 2/ v ) ♦(d U /d x ) . . . .  (1)

Ag i s  p u re ly  l o c a l  c r i t e r i o n  making no r e fe r e n c e  to  the 
h is t o r y  o f  the flo w  o r  i t s  s t a b i l i t y .  W alker (1968) 
has argued th a t  Rgt  i s  dependent on th e  shape o f  the 
p re ssu re  d i s t r ib u t i o n  and Abu-Ghannam and Shaw (1980) 
have c o n s id e re d  th e s e  'h is t o r y *  e f f e c t s .

To use c o r r e la t i o n s  o f  t h i s  typ e  one p l o t s  the  lo c u s  o f  
the  d e v e lo p in g  lam inar la y e r  in  the  form  o f  Ra a s  a 
fu n c t io n  o f  A@. Laminar s e p a ra t io n  w ou ld  be in d ic a te d  
by Ag r e a c h in g -0 .082  (T hw aites) o r  -0 .0 9  (C u rie  and 
Skan) . Assuming t h i s  l im i t  i s  n o t  e n co u n te re d  f i r s t  
then t r a n s it io n  i s  p r e d ic t e d  where the  lo c u s  c r o s s e s  
the C rabtree  c u r v e . The approach  works w e l l  f o r  low 
tu rb u le n ce  l e v e l s ;  the d i f f i c u l t i e s  o c c u r  in  e x te n d in g  
i t  t o  the h igh  tu rb u le n ce  l e v e l s  e n co u n te re d  in  t u r b o -  
m achines. T u rbu len ce  l e v e l s  vary  betw een 2% and 14% in  
com p ressors , thus c o n s t i t u t in g  an im p orta n t ind ep en d en t 
v a r ia b le .  C ascade t e s t s  o b ta in e d  in  lo w -tu rb u le n c e  
wind tu n n els  o r  w ith  u n sta ted  tu rb u le n ce  l e v e l s  shou ld  
be view ed w ith  c ir c u m s p e c t io n .

F igu re  2 p r e s e n t s , in  an Rg -  Ag p l o t ,  th e  a v a i la b le  
p r o je c t io n s  f o r  tu rb u le n ce  e f f e c t s  on th e  s t a r t  o f  
t r a n s i t i o n ;  th e  d is c r e p a n c ie s  a re  a la rm in g .

C on fid en ce  in  m ost r e s u l t s  a t  z e ro  p r e s s u r e  g r a d ie n t  i s  
h igh  because o f  the  c o n s id e r a b le  r e s e a r ch  on f l a t  p la t e s . 
F urther su p p o rt in g  e v id e n ce  f o r  zero  p re s s u r e  g r a d ie n ts  
w i l l  be p re s e n te d  in  t h is  p a p er. In th e  c o n t e x t  o f  
the p re s e n t  in v e s t ig a t io n  the z e ro  p re s s u re  g r a d ie n t  
s it u a t io n  i s  seen  as  an e s s e n t ia l  v e h ic le  f o r  the  
developm ent o f  te ch n iq u e s  and as a ch eck  on th e  q u a l i t y  
o f  the m easurem ents.

D is cre p a n c ie s  e x i s t  in  the  fa v o u r a b le  p r e s s u r e  g r a d ie n t
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r e g io n . These are  o f  con cern  t o  tu rb in e  d e s ig n e r s .
The t e n t a t iv e  e x t r a p o la t io n  o f  H a ll (1968) i s  now co n ­
s id e r e d  t o  have t o o  s te e p  a s lo p e .  The m easurements o f  
B ia ir  (1982) and Abu-Ghannam and Shaw (1980) appear to  
be most r e l i a b l e  and are in  re a so n a b le  a c c o r d  w ith  c a l ­
c u la t io n s  o f  Van D r ie s t  and Blumer (1 9 6 3 ) . The data  o f  
Abu-Ghannam and Shaw are  the most com prehen sive and 
f i t t e d  cu rv e s  f o r  these  are  p re se n te d  in  F ig . 2 .
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F ig u re  2 T ra n s itio n  in c e p t io n  R eyn old s Number as a 
fu n c t io n  o f  tu rb u len c e  l e v e l  and p r e s s u r e  
g r a d ien t  p a ra m eter .

The e v e n tu a l aim o f  the p r e s e n t  in v e s t ig a t io n  i s  the 
r e s o lu t io n  o f  the s e r io u s  d is c r e p a n c ie s  in  the  a d verse  
p r e s s u r e  g r a d ie n t  r e g io n . An im p ortan t f a c e t  o f  the 
Sevb c o r r e l a t i o n  i s  the p r o j e c t io n  o f  t r a n s i t i o n  in ce p t ­
io n  cu rv e s  o f  co n s ta n t  Ra f o r  a range o f  tu rb u le n ce  
l e v e l s  under a d verse  p re s su re  g r a d ie n t  c o n d i t io n s .  This 
p r o j e c t i o n  was based  on n o z z le  t e s t  data  and the 
h e u r i s t i c  argument th a t  a t  h igh  tu rb u le n ce  l e v e l s  t r a n s ­
i t i o n  i s  more dependent on the  i n a b i l i t y  o f  damping 
mechanisms t o  cope w ith  in tro d u c e d  d is tu r b a n c e s  than 
upon the a m p l i f i c a t io n  o f  sm all p e r t u r b a t io n s . High 
tu rb u le n ce  l e v e l s  would b r in g  about t r a n s i t i o n  re g a rd ­
l e s s  o f  the va lu e  o f  a d verse  p re s su re  g r a d ie n t . H all 
used th e  P re ts ch  s t a b i l i t y  l i m i t  as a b a s is  f o r  h is  
p r o j e c t i o n s .  His cu rv e s  were re a s o n a b ly  com p a tib le  
w ith  a v a i la b le  t e s t  data  up t o  tu rb u le n ce  l e v e l s  o f  
1 .2% . A lthou gh  t h e ir  data  were com prehen sive  a t  lower 
tu rb u le n ce  l e v e l s  Abu-Ghannam and Shaw have g iv e n  l i t t l e  
u s e fu l  in fo rm a tio n  on tu rb u le n ce  l e v e l s  above 2% under 
a d verse  p re s su re  g r a d ie n t s . For th ese  c o n d it io n s  th ere  
a re  s t i l l  m ajor u n c e r t a in t ie s  w hich  r e q u ir e  c l a r i f i c a t i o n .

3 A CRITICAL TURBULENCE LEVEL

The c r u c i a l  q u e s t io n  i s  w hether th e re  i s  a c r i t i c a l  
tu rb u le n c e  l e v e l  under a d verse  p re s su re  g r a d ie n t  
c o n d i t i o n s .  F igu re  3 , taken from  S c h l ic h t in g  and Das 
(1 9 7 0 ) , in d ic a t e s  th a t  such a c r i t i c a l  l e v e l  e x i s t s .
The s ta t e  o f  the s u c t io n  s u r fa ce  boundary la y e r  o f  a 
NACA 65 s e r i e s  com p ressor b la d e  i s  p l o t t e d  as a fu n c t io n

o f  tu rb u len ce  l e v e l .  These ca sca d e  t e s t s  by K iocx  
in d ica te  the e x is te n c e  o f  a lam inar s e p a ra t io n  bu bb le  
a t  low tu rb u le n ce  l e v e l s .  As tne tu rb u le n ce  l e v e l  i s  
r a is e d  above a c r i t i c a l  l e v e l  o f  2.5% th e  bu bb le  is  
suppressed  and t r a n s it io n  moves im m ediately  t o  the 
le a d in c  edcre.

F igu re 3 S ta te  o f  s u c t io n  s u r fa c e  boundary la y e r  as  
a fu n c t io n  o f  tu rb u len c e  l e v e l .

The co n ce p t  o f  a c r i t i c a l  tu rb u le n ce  l e v e l  would 
p ro v id e  the o a s is  f o r  an e x p la n a t io n  o f  th e  f a i l u r e  o f  
S e y b 's  th e o ry  t o  p r e d i c t  the  e xp er im en ta l r e s u l t s  o f  
F ig . 1 in  the  in c id e n ce  range from  z e ro  t o  5 ° .  The 
tu rb u len ce  l e v e l  f o r  F ig . 1 was 2.6% making th e  ca se  a 
s e n s it iv e  on e .

U npublished work perform ed  a t  Cambridge U n iv e r s ity  i s  
f u l l y  c o n s is t e n t  w ith  tne co n ce p t  o f  a c r i t i c a l  tu r b ­
u len ce  l e v e l .  The tu rb u le n ce  l e v e l  was v a r ie d  up t o  
4.5% and e x te n s iv e  measurements were made under adverse 
p re ssu re  g r a d ie n t  c o n d i t io n s .  The r e s u l t s  began to  
d iv e rg e  from  the Sevb p r o je c t io n s  a t  a tu rb u le n ce  l e v e l  
o f  2.4% . 3v 3.2% the r e s u l t s  were ten d in g  more 
towards the p r o je c t io n s  o f  H a ll and a t  4 .5%  t h i s  b e ­
hav iou r was f ir m ly  e s t a b l is h e d .  The te ch n iq u e s  used 
were r e l a t i v e l y  p r im it iv e ;  no attem pt was made t o  
measure in t e r n i t te n cy  nor t o  r ig o r o u s ly  e s t a b l i s h  the 
v a l i d i t y  o f  the r e s u l t s  under z e ro  p re s su re  g ra d ie n t  
c o n d it io n s . For t h is  rea son  th e  r e s u l t s  were n ot 
p u b lish e d  but regarded  as u s e fu l  p re lim in a r y  in d ic a tiens 
o f  the e x is te n c e  o f  a c r i t i c a l  tu rb u le n ce  l e v e l .

The Cambridge r e s u l t s  e s ta b l is h e d  th a t  th e  momentum 
tr a n s fe r  was s e n s ib ly  independent o f  p re s su re  g r a d ie n t  
a t low tu rb u le n ce  le v e ls  bu t d e crea sed  w ith  p re ssu re  
g ra d ie n t  under h igh  tu rb u le n c e . The r e la t io n s h ip  
between Xa and dp /dx was found t o  depend s t r o n g ly  on 
tu rb u len ce  l e v e l .  At h igh  tu rb u le n ce  l e v e l s  a 
v a r ia t io n  in  d p /d x  r e s u lt e d  in  v i r t u a l l y  no co r re sp o n d ­
in g  v a r ia t io n  in  aq .

4 THE CURRENT PROGRAM

F o llo w in g  the u s e fu l  p re lim in a r y  work a program  was 
e s ta b lis h e d  a t  NSWIT t o  p ro v id e  in fo rm a tio n  on t r a n s ­
i t i o n  under c o n d it io n s  o f  h igh  tu rb u le n ce  l e v e l  and 
adverse p re ssu re  g r a d ie n t . The p la n  i s  t o  o b ta in  date 
•for the s t a r t  o f  t r a n s it io n  a t  v a r io u s  tu rb u le n ce  
le v e ls  betw een 1% and 6 %. In t h i s  way i t  i s  hoped to  
r e s o lv e  the d is c r e p a n c ie s  betw een the d i f f e r e n t  p r o ­
j e c t io n s  in  F ig . 2 . As p a r t  o f  t h is  i t  i s  c o n s id e re d  
im portant t o  in v e s t ig a te  the v a l i d i t y  o f  th e  c r i t i c a l  
tu rb u len ce  l e v e l  h y p o th e s is  and t o  o b ta in  d e t a i le d  
in fo rm a tio n  on the t r a n s fe r  m echanisms. W h ilst the 
main phase o f  the work w i l l  in v o lv e  the sy s te m a tic  
im p o s it io n  o f  adverse  p re ssu re  g r a d ie n ts  f o r  d i f f e r i n g  
tu rb u len ce  l e v e l s  i n i t i a l  t e s t in g  has c o n ce n tra te d  on 
the zero  p re ssu re  g ra d ie n t  s i t u a t i o n .  The o b je c t i v e  o f  
t h is  f i r s t  phase i s  to  ch eck  the v a l i d i t y  o f  the t e c h ­
n iques and t o  o b ta in  a d d it io n a l  in fo rm a tio n  on the 
s ta r t  and end o f  t r a n s it io n  and on t r a n s i t i o n a l  
boundary ia y e rs  under va ry in g  tu rb u le n ce  l e v e l s .  The 
fo l lo w in g  paragraphs d e s c r ib e  work a lr e a d y  p erform ed  
w ith  zero  p re ssu re  g r a d ie n ts .

The experim ents were con du cted  in  the 608mm x 608mm 
o cta g o n a l s e c t io n  open c i r c u i t  tunn ei shown in  F ig . 4 . 
A ir e n te rs  through a b e lim ou th  t o  the o c ta g o n a l  s e c t io n  
s e t t in g  chamber which c o n ta in s  a honeycomb f o r  
r e d u c tio n  o f  s w ir l  and a s e t  o f  s cre e n s  f o r  tu ro u ie n ce
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re d u c t io n . A smooth c o n t r a c t io n  o f  a rea  r a t i o  3 .88  
o re ce d e s  the  t e s t  s e c t io n  w hich  has a maximum v e l o c i t y  
o f  40 m /s e c . The f r e e  stream  tu rb u le n c e  l e v e l  i s  
u su a lly  0 .4% .

probe a lon g  the p l a t e .  The v a r ia t io n  o f  in te rm itte : 
in  the t r a n s it io n  r e g io n  was m easured a t  d i f f e r e n t  
tu rb u len ce  l e v e l s  and th ese  r e s u l t s  a re  com pared w it! 
o th e r  o b s e r v a t io n s  in  F ig . 5 .

H igher tu rb u le n ce  l e v e l s  r e q u ir e d  f o r  t h i s  s tu dy  were 
g en era ted  by in s e r t in g  squ are  a rra y  b i -p la n a r  g r id s ,  
c o n s t r u c te d  from  c i r c u l a r  s t e e l  b a r s , a t  th e  en tra n ce  
t o  the t e s t  s e c t io n .  Four g r id s  were d e s ig n e d , u s in g  
F r e n k ie l 's  (1948) r e l a t i o n ,  u '/U -3 = 112 (x /b )  ' , t o
p rod u ce  homogeneous tu rb u le n c e  l e v e l s  in  th e  t e s t  
s e c t io n  ra n g in g  from  a p p ro x im a te ly  1 % t o  6 %.

The boundary la y e r  s tu d ie s  w ere made on th e  to p  s u r fa ce  
o f  a f l a t  alum inium  p l a t e  o f  1500 x 608 x 25mm mounted 
in  the t e s t  s e c t io n .  P a r t i c u la r  a t t e n t io n  was p a id  t o  
s u r fa ce  f i n i s h  g iv in g  e x c e l l e n t  f l a t n e s s  and sm oothn ess. 
The le a d in g  edge was g iv e n  an e l l i p t i c a l  a r c  form  (Davis, 
1979) to  a v o id  le a d in g  edge s e p a r a t io n  and was lo c a te d  
1200mm from  th e  t e s t  s e c t io n  e n t r a n c e . S t a t i c  p re s su re s  
were measured u s in g  c e n t r e - l i n e  ta p p in g s  o f  0.5mm 
d iam eter a t  75mm i n t e r v a l s .  I t  was foun d  n e c e ss a r y  to  
im part a n e g a t iv e  in c id e n c e  o f  i °  t o  the  p la t e  to  a v o id  
lam inar se p a ra t io n  b u b b le s ; t h i s  had an im p e r ce p t ib le  
e f f e c t  on the p re s su re  d i s t r i b u t i o n .

A t ra v e rs e  was d e s ig n e d  t o  c a r r y  the p rob e  lo n g it u d in ­
a l l y  o v e r  one m etre from  th e  le a d in g  edge and a le a d -  
screw  system  was mounted on th e  c a r r ia g e  f o r  v e r t i c a l  
t r a v e r s e . A d i a i  gauge h a v in g  a l e a s t  co u n t  o f  0.01mm 
was used f o r  c l o s e - i n t e r v a l  m easurem ents o f  v e r t i c a l  
movement. High in t e n s i t y  l i g h t  was fo c u s e d  on the 
probe  t i p ,  the r e f l e c t i o n  o f  w h ich  on the  p o l is h e d  
aluminium p la t e  was used f o r  a c cu ra te  p o s i t i o n i n g  c l o s e  
t o  the  w a i l .

The r e fe r e n c e  v e l o c i t y  was s e t  u s in g  a p i t o t  tu b e . 
Boundary la y e r  t r a v e r s e s  were p erform ed  u s in g  a 1 .2  x
0.72mm f l a t  end p i t o t  tube in  c o n ju n c t io n  w ith  p la t e  
s t a t i c  p r e s s u r e s . T r a n s it io n  m easurem ents were 
p erform ed  u s in g  a DISA h o t  w ire  p rob e  ha v in g  a 1.2mm 
p la t in u m -co a te d  w ire  o f  5 m icron  d ia m e te r  and a DISA 
55M10 C .T .A . system . The p r e fe r r e d  method o f  i n t e r -  
m itte n cy  d e te rm in a t io n  has been  the v is u a l  in s p e c t io n  
o f  ou tp u t s ig n a ls  re c o rd e d  f o r  th e  p r e s c r ib e d  sam pling 
tim e on u -v  t r a c e s  ha v in g  a maximum p aper sp eed  o f  
300 mm/sec.

5 RESULTS AND DISCUSSION

The t r a n s it io n  r e g io n s  were i d e n t i f i e d  u s in g  h o t -w ire  
m easurem ents. The p rob e  was lo c a t e d  a bou t cr.e momentum 
th ick n e s s  from  the p la t e  where th e  d i f f e r e n c e  betw een 
lam inar and tu rb u le n t  p r o f i l e  i s  la rg e  and n e a r ly  
c o n s ta n t . T u rb u len t b u r s t s  w ere sen sed  and the o u tp u t 
s ig n a l  re co rd e d  on th e  u -v  c h a r t .  A sam p lin g  tim e o f  
a p p rox im a te ly  2 .4  s e c s ,  was used e x c e p t  f o r  g r i d - I I I  
where the s ig n a l  was r e c o rd e d  f o r  o n ly  1 .5  s e c s .  The 
in te r im tte n c y  f a c t o r  y was d e term in ed  by m anually 
m easuring the p r o p o r t io n  o f  tim e f o r  w hich  the  boundary 
la y e r  was t u r b u le n t . The t r a n s i t i o n  le n g th  was 
determ ined  w ith  an a ccu ra cy  o f  ± 15mm by t r a v e r s in g  the

F igu re  5 V a r ia tio n  o f  i n t e r m i t t e n c y  f a c t o r  in  
t r a n s i t i o n  r e g io n .

The p re s e n t  r e s u l t s  a re  seen  t o  be in  g ood  g e n e ra l 
agreem ent w ith  o t h e r s .  The s c a t t e r  o f  r e s u i t s  fo r  
g r i d - I I I  can  be a t t r ib u t e d  t o  the  r e l a t i v e l y  sh o r t  
sam pling tim e em ployed- Abu-Ghannam and Shaw r e p o r t  
th a t  the d i f f e r e n c e  betw een t h e i r  in t e r m it t e n c y  cu rve  
and p re v io u s  o b s e r v a t io n s  i s  due t o  th e  s h o r t  sam pling 
tim e em ployed by o th e r  a u th o rs . However a ccu ra cy  
depends n o t  o n ly  on the  sam plin g  tim e b u t a l s o  on the  
a ccu ra cy  o f  e s t im a t io n  o f  t r a n s i t i o n  le n g th . One may 
e a s i l y  m isjudge the end o f  t r a n s i t i o n ,  due t o  the 
p re se n ce  o f  very  sm all lam inar r e g io n s  even  in  f u l l y  
d e ve lop ed  tu rb u le n t  la y e r s .  U n ce r ta in ty  in  l o c a t in g  
the end o f  t r a n s it io n  i s  in d ic a t e d  by th e  s c a t t e r e d  
r e s u l t  o f  Abu-Ghannam and Shaw (F ig . 7 ) .

Boundary la y e r  in t e g r a l  p aram eters  were d eterm in ed  from  
mean v e l o c i t y  t r a v e r s e s  a t  f i v e  l o c a t i o n s  c o r re s p o n d in g  
to  y = 0 , 0 .2 5 ,  0 .5 ,  0 .7 5  and 1 .0 ,  f o r  e a ch  g r id  
tu rb u len ce  l e v e l .  These r e s u l t s  were p l o t t e d  on a semi­
lo g  graph to  compare w ith  the e s t a b l is h e d  " la w - o f - t h e -  
w a l l "

U+ = 2 .4 4  In y++ 5 .0  . . .  (2)

A sample r e s u l t  g iv e n  in  F ig . 6 shows th a t  a t  y = 0 , 
the boundary la y e r  i s  f u l l y  lam inar w ith  U4- = y* f o r  
y+ £ 27. The v e l o c i t y  p r o f i l e  ch an ges  from  lam inar 
t o  a f u l l y  tu rb u le n t  shape as the in t e r m it t e n c y  fa c t o r  
in c r e a s e s . With an in te r m it te n c y  f a c t o r  c l o s e  to  
o n e , the v e l o c i t y  p r o f i l e  e x h ib i t s  a n e a r ly  tu rb u le n t  
shape fo l lo w in g  the l a w - o f - t h e - w a l l . F or y  = 0-.9Q the 
data  have n ot q u ite  rea ch ed  th e  l a w - o f - t h e - w a l l  l in e  
in d ic a t in g  th a t  t h is  l o c a t i o n  c o r r e s p o n d s  t o  the  un­
c e r t a in  r e g io n  a t  the end o f  t r a n s i t i o n .

R eynolds Numbers b ased  on le n g th  and momentum th ick n e s s  
f o r  the y v a lu e s  p l o t t e d  in  F ig . 6 w ere c a l c u la t e d  and 
p lo t t e d  a g a in s t  tu rb u le n ce  l e v e l  in  F ig . 7 . This 
f ig u r e  a ls o  in c lu d e s  the r e s u l t s  from  some o th e r  
s o u r c e s . These data  show the fo rw a rd  movement o f  tra n s ­
i t i o n  w ith  in c r e a s in g  tu rb u le n c e  l e v e l .  The p re s e n t  
measurements f o r  the b e g in n in g  o f  t r a n s i t i o n  are in  
good  agreem ent w ith  the t h e o r e t i c a l  p r e d i c t i o n s  o f  Van 
D r ie s t  and Blumer ana e x p e r im e n ts , o b s e r v a t io n s  o f  Abu- 
Ghannam and Shaw, e x c e p t  a t  v ery  lew  tu rb u le n c e  l e v e i .  
ihe d e v ia t io n  a t low tu rb u le n ce  l e v e l  mav be due t o  the
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e f f e c t  o f  le a d in g  edge cu rv a tu re  and s u r fa c e  ro u g h n e ss . 
B la ir  a ls o  o b ta in e d  good  agreem ent w ith  the  p r e d ic t io n s  
o f  Van D r ie s t  and Blumer f o r  o n s e t  o f  t r a n s i t i o n  under 
z e ro  and fa v o u r a b le  p re s s u re  g r a d ie n t s .  B la ir  n oted  
th a t  h is  r e s u l t s  were in  marked d isa greem en t w ith  the 
p r o je c t io n s  o f  H a ll and G ubbings (1 9 7 2 ) . Only spa rse  
da ta  a re  a v a i la b le  f o r  th e  end o f  t r a n s i t i o n  e s p e c i a l l y  
a t  h igh  tu rb u le n c e  l e v e l s .  The p r e s e n t  r e s u l t s  a re  
com pared w ith  the  s c a t t e r e d  d a ta  o f  Abu-Ghannam and 
Shaw and the p r e s e n t  r e s u l t  m atches the low er band o f  
the  s c a t t e r .

Dunham (1972) drew on th e  r e s u l t s  o f  Dhawan and 
■iarasimha to  show t h a t  th e  t r a n s i t i o n  le n g th  Rry f o r  
).2 5 <  y < 0.75  i s  o n ly  30% o f  th e  t o t a l  t r a n s i t i o n  
Length. I t  i s  o f  i n t e r e s t  t o  a s s e s s  the v a l i d i t y  o f  
:h is  p r o p o r t io n  f o r  h ig h e r  tu rb u le n c e  l e v e l s .  Dhawan 
ind Narasimha have d e f in e d  R^y as a fu n c t io n  o f
tevn old s  Number RXs a t  the  s t a r t  o f  t r a n s i t i o n ,  

o.s»  5R^S . F or t o t a l  t r a n s i t i o n  le n g th  RL »  3 .3 6 R ry .

i^'ure 7 E f f e c t  o f  tu r b u le n c e  on R ey n o ld s  Number a t
s t a r t  and end o f  t r a n s i t i o n  f o r  z e r o  p r e s s u r e  
g r a d i e n t s .

The measured va lu es  o f  R,y  were 4% above th o s e  o f  
Dhawan and Narasimha fo r  G rid  I ,  21% above f o r  g r id - it 
and in  agreement f o r  g r i d s - I I I  and IV. T h is  i s  
another co n firm a tio n  o f  the adequacy o f  the above 
r e la t io n s  f o r  h igh tu rb u len ce  c o n d it io n s  a t  z e ro  
p re ssu re  g r a d ie n t .

I t  i s  co n s id e re d  th a t  the r e s u l t s  o b ta in e d  p la c e  the 
measurement tech n iq u es  on a re a so n a b le  f o o t in g  under 
c o n d it io n s  o f  z e ro  p re ssu re  g r a d ie n t . In th e  n ex t 
phase o f  the work the d is c r e p a n c ie s  e x i s t i n g  in  p r e ­
d ic t io n s  fo r  adverse p ressu re  g r a d ie n ts  w i l l  be 
d i r e c t l y  a d d ressed .

6 CONCLUSIONS

D iscre p a n cie s  e x i s t  betw een p r e d ic t io n s  f o r  l o c a t in g  
the in ce p t io n  o f  t r a n s it io n  a t  h igh  tu rb u le n ce  le v e l s  
in  the adverse p ressu re  g ra d ie n t  r e g io n .  The 
in v e s t ig a t io n s  re p o r te d  in  t h is  paper are p a r t  o f  a 
program aimed a t  r e s o lv in g  th ese  d is c r e p a n c ie s .  From 
the measurements made a t  z e ro  p re s su re  g r a d ie n t  the 
fo l lo w in g  c o n c lu s io n s  are  drawn:

1. The a ccu ra te  d eterm in ation  o f  in te r m it te n c y  d i s ­
t r ib u t io n  in  the  t r a n s it io n  r e g io n  depends on th e  data 
sam pling tim e and the a ccu ra cy  o f  measurement o f  
t r a n s it io n  le n g th .

2. Comparison o f  the p re se n t da ta  w ith  th e  t h e o r e t i c a l  
p r e d ic t io n  o f  Van D r ie s t  and Blumer and ex p e r im e n ta l 
o b se rv a tio n s  o f  Abu-Ghannam and Shaw f o r  l o c a t in g  the 
o n se t  o f  t r a n s it io n  con firm s  the c o r r e l a t i o n s  o f  those  
a u th o rs .

3. The p re se n t r e s u l t  a ls o  co n firm s  the adequacy o f  
the c o r r e la t io n s  by Dhawan and Narasimha and Abu- 
Ghannam and Shaw f o r  p r e d ic t io n  o f  t r a n s i t i o n  len g th  
and end o f  t r a n s it io n  r e s p e c t iv e ly .

7 REFERENCES

ABU-GHANNAM, 3 . J . and SHAW, R. (1 9 8 0 ). N atu ra l 
t r a n s it io n  o f  boundary la y e rs  -  the  e f f e c t s  o f  
tu rb u le n ce , p re ssu re  g r a d ie n t  and flo w  h i s t o r y .  J.M ech. 
E n g .S c i. 22, 5 , 213.

BLAIR, M.F. (1982) . In flu e n ce  o f  f r e e -s tr e a m  
tu rbu len ce  on boundary la y e r  t r a n s it io n  in  fa v o r a b le  
p ressu re  g r a d ie n ts . ASME Paper No. 82 -G T -4 .

CRABTREE, L .E . (1953) . P r e d ic t io n  o f  t r a n s i t i o n  in 
the boundary la y e r  on an a e r o f o i l .  J . Roy. A ero . Soc. 
62 , 525.

DAVIS, M.R. (1979) . Design o f  f l a t  p la t e  le a d in g  edge 
t o  a v o id  flo w  s e p a ra t io n . AIAA J o u r . ,  _18, 598.

DHAWAN. S. and NAFASLMHA, R. (1 9 5 8 ). Some p r o p e r t ie s  o f 
boundary la y e r  flo w  durin g  the  t r a n s it io n  from  laminar 
t o  tu rb u le n t m otion . J . F lu id  Mech. 3 , 418.

DUNHAM, J . (1 9 7 2 ). P re d ic t io n s  o f  boundary la y e r  
t r a n s it io n  in  turbcm achinery b la d e s . AGARDograpn 164.

FRENKIEL, F.N . (1 94 8 ). The decay  o f  i s o t r o p i c  
tu rb u le n ce . Trans ASME 22.' 311.
HALL, D .J. (1 9 6 8 ). Boundary la y e r  t r a n s i t i o n .  Ph.D. 
t h e s is ,  L iv e rp o o l U n iv e r s ity .

HALL, D .J . and GI3EINGS, J .C . (1 9 7 2 ) . In f lu e n c e  o f  
stream  tubu lence  and p re ssu re  g r a d ie n t  upon boundary 
la y e r  t r a n s it io n .  J . M e c h .E n g .S c i ., 1£ , 134.

SEY3, N .J . (1 9 6 5 ). D eterm ination  o f  ca s ca d e  perform ­
ance w ith  p a r t ic u la r  r e fe re n ce  t o  the  p r e d i c t i o n  o f  t-® 
boundary la y e r  param eters . A .R .C . R ept. 27, 214.

SCHLICHTING, H. and DAS, A. (1 9 7 0 ). On th e  in flu en ce^  
o f  turbuier.ee l e v e l  on the aerodynam ic lo s s e s  o f  axid* 
turbom achines, in "Flow R esearch on B la d in g " ,
L .S . Dzung, (e d .)  E ls e v ie r .

VAN DRIEST, E.R. and BLUMER, C .3 . (1963) . Boundary
la y e r  t r a n s it io n :  fre e  stream  tu rb u le n ce  and p ressu re  
g ra d ie n t  e f f e c t s .  AIAA J o u r n ., 1 , 1303.
WALKER, G .J. (1 9 6 a ). The p r e d ic t io n  o f  boundary la yer  
leve lcem en t o f  a x ia l - f l o w  turbom achine b la d e s . ? r o c .
3rd A u stra la s ia n  C on f. on Hyd. and F lu id  M ech ., Sydney•

12C.4



23. Gostelow, J.P . The d ire c t measurement o f pump im pelle r
pressure d is tr ib u tio n s .
Proceedings o f A ustra lian  Pump 
Manufacturers Conference,
Canberra (Sept. 1984)
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A B S T R A C T  T h e  u s e  o f  m i n i a t u r e  p r e s s u r e  t r a n s d u c e r s  t o  m e a s u r e  d i s t r i b u t i o n s  
o f  s t a t i c  p r e s s u r e  t h r o u g h  a  r o t a t i n g  p u m p  i m p e l l e r  a n d  o f  f l o w  a t  i m p e l l e r  
d i s c h a r g e  i s  d e s c r i b e d .  S i g n a l s  a r e  o f t e n  d o m i n a t e d  b y  e x t r a n e o u s  n o i s e  a n d  
a  t e c h n i q u e  i s  n e e d e d  t o  e l u c i d a t e  t h e  p e r i o d i c  s i g n a l .  T h e  u s e  o f  p h a s e  l o c k  
a v e r a g i n g  o n  a  d i g i t a l  c o m p u t e r  i s  d e s c r i b e d  a n d  i s  i l l u s t r a t e d  b y  e x a m p l e s  o f  
m e a s u r e m e n t s  i n  p u m p s .  W i t h  o n e  e a s i l y - c a l i b r a t e d  t r a n s d u c e r  t h e  f l o w  f i e l d  
o f  u n s h r o u d e d  c e n t r i f u g a l  p u m p  i m p e l l e r s  w a s  s u r v e y e d .  P r e s s u r e  c o n t o u r s  
d e r i v e d  i n  t h i s  w a y  a s s i s t e d  t h e  i d e n t i f i c a t i o n  o f  s e p a r a t i o n  a n d  t h e  i m p r o v e m e n t  
o f  p e r f o r m a n c e .  M e a s u r e m e n t s  a t  t h e  i m p e l l e r  d i s c h a r g e  r e s u l t e d  i n  f l o w  
d i s t r i b u t i o n s  a n d  e n a b l e d  t h e  s l i p  f a c t o r  t o  b e  d e d u c e d  d i r e c t l y .  T h e  m e a s u r e d  
s l i p  f a c t o r  w a s  i n  g o o d  a g r e e m e n t  w i t h  d e s i g n  c o r r e l a t i o n s .  M e a s u r e m e n t s  i n  t h e  
t i p  r e g i o n  o f  a n  a x i a l  f l o w  c o m p r e s s o r  c o n f i r m e d  t h e  v a l i d i t y  o f  t h e  t e c h n i q u e  
f o r  m o s t  a x i a l  m a c h i n e s .  T h i s  w o r k  i s  c o n t i n u i n g  o n  a n  a x i a l  f l o w  p u m p  f a c i l i t y .
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H e a d ,  S c h o o l  o f  M e c h a n i c a l  E n g i n e e r i n g  
T h e  N e w  S o u t h  W a l e s  I n s t i t u t e  o f  T e c h n o l o g y

S U M M A R Y  T h e  u s e  o f  m i n i a t u r e  p r e s s u r e  t r a n s d u c e r s  t o  m e a s u r e  d i s t r i b u t i o n s  
o f  s t a t i c  p r e s s u r e  t h r o u g h  a  r o t a t i n g  p u m p  i m p e l l e r  a n d  o f  f l o w  a t  i m p e l l e r  
d i s c h a r g e  i s  d e s c r i b e d .  S i g n a l s  a r e  o f t e n  d o m i n a t e d  b y  e x t r a n e o u s  n o i s e  a n d  
a  t e c h n i q u e  i s  n e e d e d  t o  e l u c i d a t e  t h e  p e r i o d i c  s i g n a l .  T h e  u s e  o f  p h a s e  l o c k  
a v e r a g i n g  o n  a  d i g i t a l  c o m p u t e r  i s  d e s c r i b e d  a n d  i s  i l l u s t r a t e d  b y  e x a m p l e s  o f  
m e a s u r e m e n t s  i n  p u m p s .  W i t h  o n e  e a s i l y - c a l i b r a t e d  t r a n s d u c e r  t h e  f l o w  f i e l d  o f  
u n s h r o u d e d  c e n t r i f u g a l  p u m p  i m p e l l e r s  w a s  s u r v e y e d .  P r e s s u r e  c o n t o u r s  d e r i v e d  
i n  t h i s  w a y  a s s i s t e d  t h e  i d e n t i f i c a t i o n  o f  s e p a r a t i o n  a n d  t h e  i m p r o v e m e n t  o f  
p e r f o r m a n c e .  M e a s u r e m e n t s  a t  t h e  i m p e l l e r  d i s c h a r g e  r e s u l t e d  i n  f l o w  d i s t r i b u t i o n s  
a n d  e n a b l e d  t h e  s l i p  f a c t o r  t o  b e  d e d u c e d  d i r e c t l y .  T h e  m e a s u r e d  s l i p  f a c t o r  w a s  
i n  g o o d  a g r e e m e n t  w i t h  d e s i g n  c o r r e l a t i o n s .  M e a s u r e m e n t s  i n  t h e  t i p  r e g i o n  o f  a n  
a x i a l  f l o w  c o m p r e s s o r  c o n f i r m e d  t h e  v a l i d i t y  o f  t h e  t e c h n i q u e  f o r  m o s t  a x i a l  
m a c h i n e s .  T h i s  w o r k  i s  c o n t i n u i n g  o n  a n  a x i a l  f l o w  p u m p  f a c i l i t y .

1 .  I N T R O D U C T I O N

I t  h a s  p r e v i o u s l y  b e e n  v i r t u a l l y  
i m p o s s i b l e  t o  m e a s u r e  d i s t r i b u t i o n s  o f  
s t a t i c  p r e s s u r e  t h r o u g h  a  r o t a t i n g  p u m p  
i m p e l l e r  a n d  o f  f l o w  a t  i m p e l l e r  d i s ­
c h a r g e  . P r e s s u r e  d i s t r i b u t i o n s  t h r o u g h  
t h e  i m p e l l e r  a r e  r e q u i r e d  i n  d e s i g n  a n d  
o p e r a t i o n a l  s t u d i e s  f o r  a v o i d a n c e  o f  
f l o w  s e p a r a t i o n  a n d  m a x i m i s a t i o n  o f  
c a v i t a t i o n - f r e e  o p e r a t i n g  r a n g e .  F l o w  
d i s t r i b u t i o n s  a t  i m p e l l e r  d i s c h a r g e  a r e  
r e q u i r e d  i f  a c c u r a t e  d i r e c t  m e a s u r e m e n t s  
o f  i m p e l l e r  s l i p  f a c t o r  a r e  t o  b e  m a d e  
a n d  i n f o r m a t i o n  o b t a i n e d  o n  a n y  r e g i o n s  
o f  h i g h  p r e s s u r e  l o s s .

R e c e n t  d e v e l o p m e n t s  i n  m i n i a t u r e  
p r e s s u r e  t r a n s d u c e r s  o f f e r  t h e  p o s s i b ­
i l i t y  o f  h i g h  f r e q u e n c y  d y n a m i c  
m e a s u r e m e n t s  c l o s e  t o  r o t a t i n g  b l a d e s ; 
h o w e v e r ,  r a n d o m  e f f e c t s ,  s u c h  a s  
t u r b u l e n c e ,  h a v e  o f t e n  c a u s e d  t h e  
s i g n a l  t o  b e  s w a m p e d  b y  n o i s e .

T h i s  p a p e r  d e s c r i b e s  a  s i m p l e  t e c h n i q u e  
d e v e l o p e d  b y  t h e  a u t h o r  o v e r  a  p e r i o d  
o f  t w e l v e  y e a r s  k n o w n  a s  ' p h a s e  l o c k  
a v e r a g i n g ' .  U s i n g  t h i s  t e c h n i q u e  a 
s i n g l e  p r e s s u r e  t r a n s d u c e r  m a y  b e  u s e d  
t o  s c a n  t h e  p r e s s u r e  d i s t r i b u t i o n  o v e r  
a n  o p e n - s h r o u d e d  i m p e l l e r  a n d  a t  
i m p e l l e r  d i s c h a r g e .  T h e  p e r i o d i c  
p a s s i n g  o f  a  b l a d e  i s  u s e d  a s  a  s y n ­
c h r o n i s i n g  t i m e  r e f e r e n c e  a n d  t h e  s i g n a l  
i s  p r o c e s s e d  b y  d i g i t a l  c o m p u t e r .



A l t h o u g h  s o m e  o f  t h e  b a s i c  i n s t r u m e n t ­
a t i o n  t e c h n i q u e s  d e s c r i b e d  b e l o w  c o u l d  
b e  u s e d  w i t h o u t  a  c o m p u t e r  t h i s  i s  n o t  
r e c o m m e n d e d .  T h e i r  s u c c e s s f u l  a n d  
s p e e d y  i m p l e m e n t a t i o n  i s  m o s t l y  d u e  
t o  t h e  u s e  o f  d i g i t a l  s i g n a l  a v e r a g i n g  
a n d  t h i s  a d v a n t a g e  s h o u l d  b e  e x p l o i t e d  
w h e r e v e r  p o s s i b l e .

T h e  t e c h n i q u e  g i v e s  e x c e l l e n t  a c c u r a c y  
b u t  i s  t i m e - c o n s u m i n g  t o  a p p l y  a n d  i s  
m o r e  s u i t e d  t o  r e s e a r c h  a n d  d e v e l o p m e n t  
t h a n  o p e r a t i o n a l  t e s t i n g .  N e v e r t h e l e s s  
t h e  t e c h n i q u e  c o u l d  b e  u s e d  i n  f i e l d  
t e s t s  ; t h e  r e s u l t s  w o u l d  b e  r e c o r d e d  i n  
a n a l o g u e  f o r m  f o r  s u b s e q u e n t  c o m p u t e r  
a n a l y s i s .

T h e  t h e o r e t i c a l  b a s i s  o f  t h e  a p p r o a c h  
i s  q u i t e  s i m p l e  a n d  t h i s  i s  d e s c r i b e d  
f i r s t .  T h e  p r a c t i c a l  u t i l i s a t i o n  o f  t h e  
t e c h n i q u e  i s  t h e n  d i s c u s s e d .
A p p l i c a t i o n s  t o  d a t e  h a v e  i n c l u d e d  t h e  
m a p p i n g  o f  p r e s s u r e  f i e l d s  t h r o u g h  
o p e n  s h r o u d e d  i m p e l l e r s ,  m e a s u r e m e n t  
o f  f l o w  d i s t r i b u t i o n s  a t  t h e  d i s c h a r g e  
o f  a  c e n t r i f u g a l  i m p e l l e r ,  a n d  m e a s u r e ­
m e n t s  i n  p r o g r e s s  o v e r  t h e  r o t o r  t i p  
s e c t i o n  o f  a n  a x i a l  f l o w  p u m p .

2 .  N O M E N C L A T U R E

C p  S t a t i c  p r e s s u r e  c o e f f i c i e n t  

K  N u m b e r  o f  t r a c e s  ( s a m p l e  s i z e )

T  P e r i o d  o f  s i g n a l

c  M e r i d i o n a l  v e l o c i t y

c x  A x i a l  v e l o c i t y

f  S i g n a l  l e v e l

k  N u m b e r  o f  t r a c e s  e l a p s e d

p  S t a t i c  p r e s s u r e

r  R a d i u s

t  T i m e  e l a p s e d

U m M e a n  r o t a t i o n a l  v e l o c i t y

p D e n s i t y

x  T i m e  d i s p l a c e m e n t

a) R o t a t i o n a l  s p e e d  ( r a d i a n s / s e c )  

S u b s c r i p t s

p  P e r i o d i c a l l y  f l u c t u a t i n g  c o m p o n e n t

r  R a n d o m  c o m p o n e n t

s S t e a d y  s t a t e  c o m p o n e n t

S u p e r s c r i p t s  

— T i m e  a v e r a g e

a/ E n s e m b l e  a v e r a g e

3 .  T H E  T H E O R E T I C A L  B A S I S

I f  a  n u m b e r ,  o r  e n s e m b l e ,  o f  d a t a  
t r a c e s  b e  t a k e n ,  e a c h  o f  a  d u r a t i o n  
g r e a t e r  t h a n  t h e  c h a r a c t e r i s t i c  p e r i o d ­
i c i t y ,  t h e  d i g i t a l  v a l u e s  m a y  b e  s u m m e d  
o v e r  a l l  t r a c e s ,  w i t h  r e f e r e n c e  t o  a n  
a p p r o p r i a t e  p h a s e ,  t o  g i v e  a n  a v e r a g e  
v a l u e  f o r  t h e  e n s e m b l e .  " E n s e m b l e  
A v e r a g i n g ”  i s  a g e n e r a l  d e s c r i p t i o n  
c o v e r i n g  t h e  t r e a t m e n t  o f  b o t h  p e r i o d i c  
a n d  n o n - p e r i o d i c  p h e n o m e n a .

T h e  o u t p u t  s i g n a l  f r o m  a  p r e s s u r e  
t r a n s d u c e r  m o u n t e d  i n  a  t u r b o - m a c h i n e  
i s  a n  a m p l i t u d e - m o d u l a t e d  s t a t i o n a r y  
r a n d o m  f u n c t i o n .  M a n y  t u r b o m a c h i n e r y  
a p p l i c a t i o n s  e x h i b i t  t h i s  ' s t a t i o n a r y  '
( i n  t h e  s e n s e  u s e d  b y  B e n d a t  a n d  
P i e r  s o l  ( 1 9 7 1 ) )  p e r i o d i c i t y .

T h e  s i g n a l  t e n d s  t o  b e  s t r o n g l y  
p e r i o d i c  b u t  c o n t a i n s  r a n d o m  c o m p o n e n t s  
d u e  t o  t u r b u l e n c e  a n d  n o i s e  w h i c h  

o b s c u r e  t h e  t r u e  d a t a .  T h e  e x i s t e n c e  
o f  s t r o n g  p e r i o d i c i t y  g r e a t l y  f a c i l i t a t e s  
t h e  r e c o v e r y  o f  a  s i g n a l  f r o m  t h e  
b a c k g r o u n d  n o i s e .

I t  i s  g e n e r a l l y  p o s s i b l e  t o  o b t a i n  a  
r e f e r e n c e  s i g n a l ,  s u c h  a s  a n  e l e c t r o -  

j m a g n e t i c  p u l s e  g e n e r a t e d  b y  t h e  p a s s i n g  
o f  e a c h  b l a d e . I n  o r d e r  t o  i m p r o v e  t h e  
s i g n a l  t o  n o i s e  r a t i o  t h e  t e c h n i q u e  o f  
" P h a s e  L o c k  A v e r a g i n g "  i s  a p p l i e d .



N u m e r o u s  d a t a  t r a c e s  -  a n  e n s e m b l e  o f  
t r a c e s  -  a r e  s u m m e d  u s i n g  t h e  s y n c h r o n ­
i s i n g  p u l s e  a s  a  p h a s e  r e f e r e n c e .

I n  p r a c t i c e  t h e  s u m m a t i o n  m u s t  t a k e  
p l a c e  o v e r  a  s u f f i c i e n t  n u m b e r ,  K ,  o f  
e n s e m b l e s .  T h e  v a l u e  o f  K  d e p e n d s  
o n  t h e  s i g n a l - t o - n o i s e  r a t i o  o f  t h e  r a w  
d a t a  t r a c e .  F o r  t h e  w o r k  d e s c r i b e d  K  
d i d  n o t  e x c e e d  o n e  h u n d r e d  d a t a  t r a c e s .

A l l  t r a n s d u c e r s  u s e d  f o r  t h e  p r e s e n t  
w o r k  r e s u l t e d  i n  a n  o u t p u t  o f  a m p l i t u d e -  
m o d u l a t e d  d . c .  v o l t a g e  f o r m .  T h e  r a w  
v o l t a g e  t r a c e  c o r r e s p o n d i n g  t o  t h e  
s i g n a l  a t  a  f i x e d  p o i n t  f ( t )  c o n s i s t s  o f  
t h r e e  c o m p o n e n t s :

1 .  A  ' s t e a d y - s t a t e '  a v e r a g e ,  f  .

2 .  A  p e r i o d i c a l l y  f l u c t u a t i n g  

c o m p o n e n t  f  ( t ) ,  h a v i n g  a  m e a n  

l e v e l  o f  z e r o  a n d  p e r i o d  T .

3 .  A  r a n d o m  n o i s e  f  ( t ) ,  w h i c h  

d e c l i n e s  o n  a v e r a g i n g .

C o m b i n i n g  t h e  t h r e e :

f i t )  =  f s  +  f r ( t )  +  f p ( t ) .

I f  h i g h - p a s s  a n a l o g u e  f i l t e r i n g  i s  u s e d  
a n d  t h e  s t e a d y - s t a t e  a v e r a g e  i s  
m e a s u r e d  i n d e p e n d e n t l y  t h e n  f  m a y  b e  
s e t  t o  z e r o .

A  s t a t i o n a r y  r a n d o m  f u n c t i o n
i s  o n e  f o r  w h i c h  t h e  e n s e m b l e  a v e r a g e s
a r e  e q u a l  a t  a l l  t i m e s ,

f i t )  =  f i t  +  T ) .

g i v e s K

f i t )  = lim i  f ( t  + k T >

K

=  f s +  U r a  K  E  { f p ( t + k T ) + f r ( t + k T )  }_
K->- k=l

H a v i n g  e x t r a c t e d  t h e  c o m p o n e n t s  d u e  t o  
i n d e p e n d e n t l y  d e t e r m i n e d  s t e a d y - s t a t e  
s i g n a l  v a r i a t i o n s  f  a n d  t o  r a n d o m  
t u r b u l e n c e  ( f  ( t )  S b e c o m e s  z e r o  o n  
a v e r a g i n g )  ,  t h e r e  r e m a i n s  t h e  
p e r i o d i c  c o m p o n e n t .

K

f i t )  =  f p ( t )  l i m  A  

K k = l

f  ( t + k T ) .

T h i s  i s  t h e  d e s i r e d  P h a s e  L o c k  A v e r a g e  
s i g n a l  -  a  c l e a n  n o i s e - f r e e  p r e s s u r e  
t r a c e  o b t a i n e d  f r o m  t h e  v i c i n i t y  o f  t h e  
p u m p  i m p e l l e r  o r  o t h e r  r o t a t i n g  
c o m p o n e n t .

4 .  T H E  T E C H N I Q U E  I N  P R A C T I C E

P h a s e  L o c k  A v e r a g i n g  m a y  b e  a p p l i e d  
t o  a n y  a m p l i t u d e - m o d u l a t e d  a n a l o g u e  
s i g n a l  p r o v i d e d  a  p h a s e  r e f e r e n c e  
s i g n a l  i s  a l s o  a v a i l a b l e .  T h e  a n a l o g u e  
s i g n a l  w i l l  g e n e r a l l y  b e  p r e s e n t e d  t o  t h e  
c o m p u t e r  a s  a  d . c .  v o l t a g e  f l u c t u a t i o n .  
P r e s s u r e  t r a n s d u c e r s  a r e  u s u a l l y  t h e  
m o s t  c o n v e n i e n t  i n s t r u m e n t a t i o n  f o r  
o b t a i n i n g  s i g n a l s  f r o m  p u m p  t e s t s .

A  t i m e  a v e r a g e  o f  t h e  k t h  t r a c e  f  ( t )  
i s  o b t a i n e d  b y  a v e r a g i n g  t h e  t r a c e  o v e r  
a  s i g n i f i c a n t  t i m e  p e r i o d .  A  f u n c t i o n  
i s  t e r m e d  e r g o d i c  i f ,  f o r  e v e r y  t r a c e  k ,  
t h e  e n s e m b l e  a v e r a g e  i s  i d e n t i c a l  t o  t h e  
t i m e  a v e r a g e .  F o r  a  s t a t i o n a r y  a n d  
e r g o d i c  r a n d o m  f u n c t i o n

'V.

f ( t )  = f ( t ) f o r  a l l  k .

F o r  t h e  p u r p o s e s  o f  r e c o v e r i n g  a n  
u n c o n t a m i n a t e d  p e r i o d i c  s i g n a l  t h e  
a p p l i c a t i o n  o f  P h a s e  L o c k  A v e r a g i n g

T h e  p r e s s u r e  t r a n s d u c e r s  u s e d  t o  d a t e  
i n  t h e s e  i n v e s t i g a t i o n s  h a v e  b e e n  
' G a e l t e c '  m i n i a t u r e  h a l f - b r i d g e  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e  t r a n s d u c e r s .  
P r e s s u r e  r a n g e s  u s e d  a r e  a s  l o w  a s  
±  20 mm w a t e r  a n d  a  t y p i c a l  f u l l  s c a l e  
o u t p u t  w o u l d  b e  30 m V .  A l l  t r a n s ­
d u c e r s  u s e d  h a v e  b e e n  o f  t h e  
d i f f e r e n t i a l  t y p e  w i t h  a  s u i t a b l e  s t e a d y  
r e f e r e n c e  p r e s s u r e  a p p l i e d  t o  t h e  r e a r  
f a c e  o f  t h e  d i a p h r a g m .  T h i s  c o u l d  b e  
t h e  t i m e  a v e r a g e d  s t e a d y  s t a t e  p r e s s u r e , 
P s ( f ) .



C a l i b r a t i o n  o f  p r e s s u r e  t r a n s d u c e r s  h a s  
b e e n  p e r f o r m e d  b o t h  s t a t i c a l l y  a n d  
d y n a m i c a l l y . I n  t h e  s t a t i c  c a l i b r a t i o n  
l i n e a r i t y ,  h y s t e r e s i s  a n d  t e m p e r a t u r e  
d r i f t  w e r e  c h e c k e d .  D y n a m i c  c a l i b r a t i o n  
a t  f r e q u e n c i e s  u p  t o  1 0  k h z  w a s  
p e r f o r m e d  i n  a  s m a l l  s h a k e r - d r i v e n  
p i s t o n - i n - c y l i n d e r  d e v i c e ,  t h e  
s e n s i t i v i t y  o f  t h e  t r a n s d u c e r s  b e i n g  
m e a s u r e d  o v e r  t h e  f r e q u e n c y  s p e c t r u m .  
I m p r o v e m e n t s  h a v e  r a i s e d  t h e  f r e q u e n c y  
a t  w h i c h  a n y  s i g n i f i c a n t  d e p a r t u r e  f r o m  
c o n s t a n t  r e s p o n s e  i s  o b s e r v e d  t o  w e l l  
a b o v e  10 k h z .  S h o c k  t u b e  s t u d i e s  o n  
t i t a n i u m - d i a p h r a g m  t r a n s d u c e r s  
i n d i c a t e d  a  f i r s t  r e s o n a n c e  i n  t h e  r e g i o n  
o f  85 k h z .

T h e  i n s t r u m e n t a t i o n  a r r a n g e m e n t  f o r  
a c q u i s i t i o n  o f  t h e  p r e s s u r e  t r a n s d u c e r  
s i g n a l s  i s  s h o w n  i n  f i g u r e  1 .
A m p l i f i c a t i o n  i s  r e q u i r e d  t o  r a i s e  t h e  
m i l l i v o l t  t r a n s d u c e r  o u t p u t  o f  t h e  
t r a n s d u c e r  t o  t h e  l e v e l  r e q u i r e d  b y  t h e  
a n a l o g u e  t o  d i g i t a l  c o n v e r t e r ,  u s u a l l y  
o f  t h e  o r d e r  o f  1  v o l t . A m p l i f i c a t i o n  
m a y  o r  m a y  n o t  b e  r e q u i r e d  f o r  t h e  t i m e  
r e f e r e n c e  p u l s e .  P u l s e  s h a p i n g  a n d  
S c h m i t t  t r i g g e r  c i r c u i t s  m a y  a l s o  b e  
u s e d  t o  g i v e  i m p r o v e d  p h a s e  r e s o l u t i o n .  
H i g h  p a s s  a n d  c o n v e n t i o n a l  a n a l o g u e  
f i l t e r s  m a y  a l s o  b e  u s e d  o n  t h e  a n a l o g u e  
s i g n a l  i f  e s s e n t i a l  t o  r e m o v e  a n y  k n o w n  
d r i f t  o r  s p u r i o u s  h i g h  f r e q u e n c y  s i g n a l s .

I n  s o m e  a p p l i c a t i o n s  w h e r e  a n  o n - l i n e  
c o m p u t e r  i s  a v a i l a b l e  w i t h  a  f a s t  
a n a l o g u e  t o  d i g i t a l  c o n v e r t e r  t h e  
s i g n a l s  m a y  b e  t a k e n  o n - l i n e  t o  t h e  
c o m p u t e r  f o r  r e a l  t i m e  a n a l y s i s .  S u c h  

e q u i p m e n t  i s  o f t e n  n o t  a v a i l a b l e  f o r  
f i e l d  t e s t i n g  a n d  a  g o o d  p o r t a b l e  f . m .  
i n s t r u m e n t a t i o n  t a p e  r e c o r d e r  m a y  b e  
u s e d  f o r  i n i t i a l  d a t a  a c q u i s i t i o n .

P r o v i d e d  c a r e  i s  t a k e n  t o  e n s u r e  f a i t h ­
f u l  r e p r o d u c t i o n  o f  t h e  o r i g i n a l  
s i g n a l  t h i s  m a y  b e  s l o w e d  d o w n  o n  
p l a y b a c k  t o  e x t e n d  t h e  e f f e c t i v e  
f r e q u e n c y  r a n g e  o f  t h e  a n a l o g u e  t o  
d i g i t a l  c o n v e r t o r .  A l t h o u g h  t h e  
C a m b r i d g e  m e a s u r e m e n t s  o f  s e c t i o n s
5 . 1  a n d  7  w e r e  t a k e n  d i r e c t l y  o n - l i n e  
t o  a  P D P - 1 2  c o m p u t e r ,  t h e  N S W I T  a n d
K . L .  W o r t h i n g t o n  r e s u l t s  o f  s e c t i o n s
5 . 2  a n d  6 w e r e  r e c o r d e d  o n  a  B  a n d  K  
i n s t r u m e n t a t i o n  r e c o r d e r  p r i o r  t o  p l a y ­
b a c k  t o  a  N O V A  c o m p u t e r .  I n  a l l  o f  
t h i s  w o r k  t h e  u s e  o f  a  g o o d  c r y s t a l  
c l o c k  c a n  b e  i n v a l u a b l e  f o r  i n i t i a t i n g  
d a t a  a c q u i s i t i o n  a n d  a s  a  s u p p l e m e n t a r y  
p h a s e  r e f e r e n c e .

D a t a  a c q u i s i t i o n  h a v i n g  b e e n  i n i t i a t e d  
b y  t h e  s y n c h r o n i s i n g  p u l s e ,  5 1 2  p o i n t s  
a r e  s a m p l e d  i n  e a c h  ' c o m p u t e r  c y c l e ' ,  
s t o r e d  o n  t a p e  a n d  d i s p l a y e d  o n  t h e  
c o m p u t e r ' s  d i s p l a y .  I n  g e n e r a l  t h e  
5 1 2  r e a d i n g s  w o u l d  c o v e r  a b o u t  t h r e e  
b l a d e  p a s s a g e s .  A c q u i s i t i o n  i s  t h e n  
r e p e a t e d  f o r  a  s u f f i c i e n t  n u m b e r  o f  
t r a c e s ,  e a c h  t a k e n  w i t h  t h e  c o r r e c t  
p h a s e  r e f e r e n c e ,  a n d  t h e  d i g i t a l  v a l u e s  
a r e  s u m m e d  i n  t h e  p h a s e  l o c k  
a v e r a g i n g  p r o g r a m .  T h e  a v e r a g e d  
t r a c e  c a n  t h e n  b e  c o m p a r e d  o n  t h e  
s c r e e n  w i t h  a  n o i s y  r a w  d a t a  t r a c e  f o r  
e x a m i n a t i o n  o f  t h e  d e g r e e  o f  i m p r o v e ­
m e n t .  F i g u r e  2 g i v e s  t h e  r e s u l t  o f  
s u c h  a c o m p a r i s o n  i n  t h e  v e r y  t u r b u l e n t  
t r a i l i n g  e d g e  r e g i o n  o f  a n  a e r o f o i l .  
C l e a r l y  n o  m e a n i n g f u l  a n a l y s i s  c o u l d  
h a v e  b e e n  p e r f o r m e d  o n  t h e  r a w  s i g n a l  
i n  t h i s  r e g i o n .

F i g u r e  1 .  I n s t r u m e n t a t i o n  f o r  u n s t e a d y  p r e s s u r e  m e a s u r e m e n t s .
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F i g u r e  2 .  T y p i c a l  r a w  a n d  p h a s e  l o c k  
a v e r a g e d  s i g n a l s .

5 .  A P P L I C A T I O N  T O  U N S H R O U D E D  
P U M P  I M P E L L E R S

B e c a u s e  o f  t h e  s t r o n g l y  a d v e r s e  r a d i a l  
p r e s s u r e  g r a d i e n t s  i n  m o s t  c e n t r i f u g a l  
p u m p  i m p e l l e r s  t h e  f l o w  w i l l  a l m o s t  
a l w a y s  s e p a r a t e  i n  s o m e  r e g i o n  o f  t h e  
i m p e l l e r  p a s s a g e .  T h i s  s e p a r a t e d  
r e g i o n  i s  t h e  m o s t  c o m m o n  s o u r c e  o f  
l o w  e f f i c i e n c y  a n d  i n s t a b i l i t y .

I n f o r m a t i o n  o n  l o c a l  p r e s s u r e s  i s  a l s o  
r e q u i r e d  i f  c a v i t a t i o n  f r e e  o p e r a t i n g  
r a n g e  i s  t o  b e  i m p r o v e d .  I f  l o c a l  
s u c t i o n  s u r f a c e  p r e s s u r e s  c o u l d  b e  
d e t e r m i n e d  t h e r e  w o u l d  b e  a n  

o p p o r t u n i t y  t o  m a i n t a i n  a n  o p t i m u m  
p r e s s u r e  d i s t r i b u t i o n ,  d e l a y i n g  t h e  
o n s e t  o f  c a v i t a t i o n .

I f  p e r f o r m a n c e  i s  t o  b e  i m p r o v e d  b y ,  
f o r  i n s t a n c e ,  u s e  o f  t a n d e m  v a n e s  
( G o s t e l o w  a n d  W a t s o n ,  1 9 7 2 ) ,  i t  b e c o m e s  
n e c e s s a r y  t o  d e t e r m i n e  t h e  p r e c i s e  
l o c a t i o n  a n d  e x t e n t  o f  a n y  f l o w  
s e p a r a t i o n .  I d e a l l y  t h i s  s h o u l d  b e  
a c h i e v e d  i n  d e s i g n  c o m p u t a t i o n s ;  
h o w e v e r  c a l c u l a t i o n  o f  f l o w  t h r o u g h  
r a d i a l  a n d  m i x e d  i m p e l l e r s , w h e t h e r  
f u l l y  v i s c o u s  o r  i n v o l v i n g  a  c o u p l i n g  
b e t w e e n  p o t e n t i a l  a n d  s e p a r a t e d  f l o w  
r e g i o n s , a r e  n o t  w e l l  a d v a n c e d .

F o r  o p e n - f a c e d  i m p e l l e r s  h a v i n g  n o  
s h r o u d  a t  t h e  c a s i n g  t h e  p h a s e  l o c k  
a v e r a g i n g  t e c h n i q u e  m a y  b e  u s e d  t o  
g i v e  a  p r e s s u r e  d i s t r i b u t i o n  t h r o u g h  
t h e  i m p e l l e r .  T h e  a u t h o r  a n d  c o -  
w o r k e r s  h a v e  s u c c e s s f u l l y  i n v e s t i g a t e d  
t w o  u n s h r o u d e d  i m p e l l e r s  i n  t h i s  w a y .

5 . 1  M e a s u r e m e n t s  a t  C a m b r i d g e  
U n i v e r s i t y

T h e  p u m p  g e o m e t r y  w a s  s u c h  t h a t  t h e  
i m p e l l e r ,  h a v i n g  a  v e r t i c a l  a x i s ,  r o t a t e d  
b e n e a t h  a  s t a t i o n a r y  s h r o u d .  A  s i n g l e  
t r a n s d u c e r  w a s  f l u s h - m o u n t e d  i n  a n  
’ O ’ r i n g  s e a l e d  d i s c  i n c o r p o r a t e d  i n t o  

t h e  s h r o u d  ( f i g u r e  3 ) .  T h e  d i s c  c o u l d  
b e  p a r t i a l l y  r o t a t e d  d u r i n g  r u n n i n g  
e n a b l i n g  t h e  t r a n s d u c e r  t o  b e  
p o s i t i o n e d  a t  v a r y i n g  i m p e l l e r  r a d i i .

F i g u r e  3 .  M o u n t i n g  o f  p r e s s u r e  
t r a n s d u c e r  o v e r  i m p e l l e r .

W i t h  t h e  t r a n s d u c e r  f i x e d  a t  a  g i v e n  
l o c a t i o n  a  c i r c u m f e r e n t i a l  a r c  o f  t h e  
r o t a t i n g  i m p e l l e r  i s  s w e p t  b y  t h e  . 
t r a n s d u c e r .  I f  t h e  i m p e l l e r  i s  r o t a t i n g  
a t  c o n s t a n t  s p e e d  t h e n  t h e  p - t  t r a c e  
g e n e r a t e d  b y  t h e  t r a n s d u c e r  i s  
e q u i v a l e n t  t o  a p - 0  t r a c e  r e l a t i v e  t o  
t h e  i m p e l l e r .  B y  t a k i n g  t r a c e s  a t  a  
n u m b e r  o f  r a d i i  a  c o n t o u r  m a p  o f  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n  t h r o u g h  
t h e  i m p e l l e r  i s  p r o d u c e d .

I n  g e n e r a l  t h e  s t a t i c  p r e s s u r e  w i l l  v a r y  
w i t h  p a s s a g e  h e i g h t  ( o r  a x i a l  d i s t a n c e ) .  
H o w e v e r  i n  v i e w  o f  t h e  l o w  h e i g h t s  o f  
m o s t  p u m p  i m p e l l e r s  a n d  t h e  s m a l l  
a m o u n t  o f  s t r e a m l i n e  c u r v a t u r e  i n  a n  
a x i a l  p l a n e  i t  i s  r e a s o n a b l e  t o  s u p p o s e



t h a t  a  p r e s s u r e  d i s t r i b u t i o n  m e a s u r e d  
i n  t h i s  w a y  w i l l  b e  r e p r e s e n t a t i v e  o f  
t h a t  p r e s e n t  o n  t h e  r e g i o n s  o f  t h e  v a n e  
n e a r e s t  t h e  s h r o u d .

T h e  v e h i c l e  c h o s e n  f o r  t h e  i n v e s t i g a t i o n  
o f  i m p e l l e r  f l o w s  w a s  a  T e c q u i p m e n t  
r a d i a l  f l o w  w a t e r  p u m p  t e s t  r i g .  T h e  
i m p e l l e r  w a s  a  p u r e - r a d i a l  w h e e l  h a v i n g  
e i g h t  c i r c u l a r - a r c  b a c k w a r d - l e a n i n g  
v a n e s .  A  p r e s s u r e  t a p p i n g  w a s  
l o c a t e d  a t  t h e  s a m e  r a d i u s  a s  t h e  c e n t r e  
o f  t h e  d i s c ,  f a c i l i t a t i n g  s t a t i c  c a l i b r a t i o n  
o f  t h e  t r a n s d u c e r .  T h e  p u m p  w a s  r u n  
a t  1 1 0 0  r . p . m .  a n d  a n  o p e r a t i n g  p o i n t  
o n  t h e  s t a b l e  p o r t i o n  o f  t h e  c h a r a c t e r ­
i s t i c  w a s  c h o s e n .  W i t h  o p e r a t i n g  
c o n d i t i o n s  m a i n t a i n e d  c o n s t a n t  t h e  
t r a n s d u c e r  w a s  t r a v e r s e d  t o  2 4  r a d i a l  
l o c a t i o n s .

F i g u r e  4 g i v e s  p h a s e  l o c k  a v e r a g e d  
p r e s s u r e  t r a c e s  f o r  t h r e e  d i f f e r e n t  
r a d i i .  S t a r t i n g  w i t h  t h e  p r e s s u r e  p e a k ,  
i n  f i g u r e  4 ( a )  t h e  p r e s s u r e  d e c r e a s e s  
r a p i d l y  a s  t h e  v a n e  i s  t r a v e r s e d .  T h e  
m i n i m u m  p r e s s u r e  o c c u r s  o n  t h e  c o n c a v e

F i g u r e  4 .  P r e s s u r e  t r a c e s  
f o r  t h r e e  p u m p  r a d i i .

v a n e  s u r f a c e  a n d  i s  t h e n  f o l l o w e d  b y  a 
c o n s t a n t  p r e s s u r e  r e g i o n  f o r  a  p o r t i o n  
o f  t h e  c i r c u m f e r e n c e .  T h e  p r e s s u r e  
t h e n  r i s e s  s t e a d i l y  t o w a r d s  t h e  c o n v e x  
s u r f a c e .  F u r t h e r  d o w n s t r e a m  t h i s  
p a t t e r n  i s  n o t  s u s t a i n e d .  I n  f i g u r e  4 
( c )  t w o  p e a k s  o f  s u c t i o n  a n d  p o s i t i v e  
p r e s s u r e  a r e  o b s e r v e d  f o r  e a c h  p a s s a g e .  
T h e  i n d i c a t i o n  f r o m  t h i s  t r a c e , o n l y  
3 . 5  m m  f r o m  t h e  e x i t  p l a n e ,  i s  t h a t  
a l t h o u g h  t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  o f  
s t a t i c  p r e s s u r e  i n  t h e  e x i t  p l a n e  i s  n o t  
g r e a t  i t  i s  s i g n i f i c a n t  a n d  h a s  a n  
u n u s u a l  d i s t r i b u t i o n .

I n  o r d e r  t o  p r e s e n t  t h e  r e s u l t s  i n  a  
m o r e  m e a n i n g f u l  f o r m  a  d i g i t a l  o u t p u t  
c o r r e s p o n d i n g  t o  t h e  2 4  p r e s s u r e  
t r a c e s  w a s  a n a l y s e d .  T h e  r o t a t i o n a l  
t e r m  A p  =  ( p w 2r 2 ) / 2 g  h a s  b e e n  s u b ­
t r a c t e d  i n  o r d e r  t o  g i v e  a  m o r e  
s e n s i t i v e  i n d i c a t i o n  o f  p r e s s u r e  c h a n g e s .  
T h e  r e s u l t s  a r e  p r e s e n t e d  a s  c o n t o u r s  
o f  p r e s s u r e  c o e f f i c i e n t  i n  f i g u r e  5 .  I t

F i g u r e  5 .  D i s t r i b u t i o n  o f  p r e s s u r e  
c o e f f i c i e n t  t h r o u g h  i m p e l l e r  p a s s a g e .



a p p e a r s  t h a t  u p s t r e a m  o f  t h e  C p  =  0 . 3 0  
c o n t o u r  l o a d i n g -  i s  s u s t a i n e d  a c r o s s  t h e  
p a s s a g e ,  w h e r e a s  d o w n s t r e a m  o f  t h a t  
c o n t o u r  t h i s  i s  n o t  t h e  c a s e .  T h e  
r e g i o n  u p s t r e a m  o f  t i l l s  c o n t o u r  i s  
t h o u g h t  t o  b e  f r e e  f r o m  a n y  m a j o r  
s e p a r a t i o n .  T h e  w a v i n e s s  a t  t h e  i n n e r  
r a d i i  i s  p r o b a b l y  c a u s e d  b y  a  s m a l l  
s t e p  f r o m  t h e  s h r o u d  t o  t h e  m e a s u r e ­
m e n t  d i s c .  T h e  f l o w f i e l d  d o w n s t r e a m  
o f  t h e  d i v i d i n g  C p  =  0 . 3 0  c o n t o u r  i s  
d o m i n a t e d  b y  s e p a r a t i o n .  T h e  i m p e l l e r  
i s  a  s m a l l ,  c r u d e l y - d e s i g n e d  o n e  o f  l o w  
e f f i c i e n c y  a n d  i t  i s  n o t  r e a l l y  
s u r p r i s i n g  t h a t  i n  t h i s  c a s e  t h e  
s e p a r a t e d  r e g i o n  s h o u l d  c o v e r  m o s t  o f  
t h e  f l o w  p a s s a g e .

5 . 2  M e a s u r e m e n t s  a t  N S W I T

T h e  t e c h n i q u e s  o f  t h e  p r e v i o u s  s e c t i o n  
h a v e  b e e n  f u r t h e r  r e f i n e d  b y  P o p k i s s  
a t  N S W I T  ( 1 9 8 0 ) .  A n  e n t i r e l y  
t r a n s p a r e n t  s m a l l  p u m p  w a s  d e s i g n e d  
a n d  f a b r i c a t e d  t h u s  f a c i l i t a t i n g  v i s u a l  
o b s e r v a t i o n s  o f  f l o w  a n d  c a v i t a t i o n .
T h e  s t a t i o n a r y  s h r o u d  a d j a c e n t  t o  t h e  

o p e n - f a c e d  i m p e l l e r  w a s  25 m m  t h i c k  
a n d  d i m e n s i o n a l l y  s t a b l e .  A  1 0  m m  
h o l e  b o r e d  o f f  c e n t r e  w i t h  r e s p e c t  t o  
t h e  i m p e l l e r  a x i s  p r o v i d e d  a c c e s s  f o r  
t h e  p r o b e  c o n t a i n i n g  a  m i n i a t u r e

p r e s s u r e  t r a n s d u c e r .  T a p p i n g  h o l e s  
w e r e  b o r e d  t h r o u g h  t h e  f a c e  o f  t h e  
s t a t i o n a r y  s h r o u d  a t  v a r y i n g  r a d i i  
t o  i n t e r c e p t  t h e  p r o b e  a x i s .

A  s c h e m a t i c  p r o b e  a r r a n g e m e n t  i s  g i v e n  
i n  f i g u r e  6 .  I n  o p e r a t i o n  t h e  p r o b e  i s  
t r a v e r s e d  i n w a r d s  t o w a r d s  t h e  e y e  o f  t h e  
i m p e l l e r ;  t h e  ' O '  r i n g s  e n s u r e  t h a t  o n l y  
o n e  t a p p i n g  c o m m u n i c a t e s  w i t h  t h e  
t r a n s d u c e r  a t  a n y  t i m e .  T h e  s m a l l  v e n t  
t u b e  a l l o w s  b a c k i n g  o f f  o f  t h e  d i f f e r e n t ­
i a l  p r e s s u r e  t r a n s d u c e r  b y  a  s u i t a b l e  
p r e s s u r e , e i t h e r  a t m o s p h e r i c  o r  a  
s t e a d y  p u m p  r e f e r e n c e  p r e s s u r e .  T h e  
d r a i n  t u b e  w a s  f o u n d  q u i t e  e s s e n t i a l  
t o  p u r g e  t h e  t r a n s d u c e r  c a v i t y  o f  a i r  
b u b b l e s .  C a v i t y  p r e s s u r e s  w e r e  
g e n e r a l l y  a b o v e  a t m o s p h e r i c  a n d  i t  w a s  
s u f f i c i e n t  t o  b l e e d  t o  a t m o s p h e r e  
r e m o v i n g  a n y  t r a p p e d  a i r  b e f o r e  
r e a d i n g s  w e r e  t a k e n .

A  n e w  s t r a t e g y  w a s  a d o p t e d  f o r  d a t a  
a c q u i s i t i o n .  I n  t h e  C a m b r i d g e  w o r k  
t h e  s i g n a l  a v e r a g i n g  p r o g r a m  h a d  b e e n  
w r i t t e n  i n  a s s e m b l y  l a n g u a g e  a n d  d a t a  
w e r e  i n p u t  i n  r e a l  t i m e  a t  r a t e s  u p  t o  
20 k h z  t h r o u g h  a  f a s t  a n a l o g u e  t o  
d i g i t a l  c o n v e r t e r .  I n  t h e  N S W I T  w o r k  
e m p h a s i s  w a s  p l a c e d  o n  m a k i n g  t h e  
p r o c e d u r e s  m o r e  a c c e s s i b l e  t o  i n d u s t r y .

F i g u r e  6 .  I n s t a l l a t i o n  i n  e x p e r i m e n t s  b y  P o p k i s s .



E m p h a s i s  w a s  p l a c e d  o n  u s e  o f  a  
p o r t a b l e  i n s t r u m e n t a t i o n  r e c o r d e r  t o  
f a c i l i t a t e  f i e l d  m e a s u r e m e n t s  a n d  a l s o  
a l l o w i n g  d a t a  t o  b e  i n p u t  t o  t h e  
c o m p u t e r  a t  r e d u c e d  d a t a  r a t e s .  T h i s  
i n  t u r n  e n a b l e d  t h e  a v e r a g i n g  p r o g r a m  
t o  b e  w r i t t e n  i n  B A S I C  l a n g u a g e ,  a g a i n  
m a k i n g  t h e  t e c h n i q u e  m o r e  s t r a i g h t ­
f o r w a r d  t o  i m p l e m e n t .

T h r e e  i m p e l l e r  c o n f i g u r a t i o n s  w e r e  
t e s t e d  w i t h  t h e  o b j e c t i v e  o f  e v a l u a t i n g  
e f f e c t s  o f  l e a d i n g  e d g e  b l u n t n e s s  a n d  
s h r o u d  c u r v a t u r e  i n  t h e  e y e  r e g i o n .

C o n t r a r y  t o  e x p e c t a t i o n  a n  i m p e l l e r  
h a v i n g  s h a r p e n e d  v a n e  l e a d i n g  e d g e s  
h a d  s i g n i f i c a n t l y  p o o r e r  c h a r a c t e r i s t i c s  
w i t h  3 . 2 %  l o w e r  e f f i c i e n c y  t h a n  a  b e n c h ­
m a r k  i m p e l l e r  h a v i n g  r o u n d e d  l e a d i n g  
e d g e s .

B o t h  c o n f i g u r a t i o n s  h a d  a  v e r y  l o w  
s h r o u d  r a d i u s  o f  c u r v a t u r e  i n  t h e  e y e  
r e g i o n .  A  c o n f i g u r a t i o n  w a s  d e s i g n e d  
a n d  t e s t e d  h a v i n g  a  m o r e  g e n e r o u s  
r a d i u s  o f  c u r v a t u r e  a l l o w i n g  t h e  f l o w  
a n  e a s i e r  p a s s a g e  f r o m  t h e  a x i a l  i n l e t  
p i p e  t o  t h e  r a d i a l  i m p e l l e r .  T h e  
r e s u l t  w a s  a  s u p e r i o r  p r e s s u r e  r i s e  
c h a r a c t e r i s t i c  a n d  a n  i m p r o v e m e n t  o f  
4 . 2 %  i n  p e a k  e f f i c i e n c y .

T h e  i m p e l l e r  w a s  a  v e r y  s m a l l  o n e  w i t h  
l i t t l e  d e s i g n  s o p h i s t i c a t i o n  a n d  t h e  
r e s u l t s  o b t a i n e d  h a v e  l i t t l e  c o m p a r a t i v e  
v a l u e ;  t h e  o b j e c t i v e  w a s  r a t h e r  a n  
i l l u s t r a t i o n  o f  t h e  v a l u e  o f  t h e  
t e c h n i q u e s  u s e d  f o r  d a t a  a c q u i s i t i o n  
a n d  a n a l y s i s .

I t  h a d  b e e n  c l e a r  f r o m  f l o w  v i s u a l ­
i s a t i o n  t h a t  s e r i o u s  f l o w  s e p a r a t i o n s  
a n d  c o m p l e x  v o r t e x  i n t e r a c t i o n s  w e r e  
p r e s e n t  i n  t h e  r e g i o n  d o w n s t r e a m  o f  
t h e  e y e .  T h e  P h a s e  L o c k  A v e r a g i n g  
t e c h n i q u e  w a s  u s e d  t o  p r o d u c e  t h e  
d i s t r i b u t i o n  o f  p r e s s u r e  t h r o u g h  t h e  
i m p e l l e r  p a s s a g e  s h o w n  i n  f i g u r e  7  a n d  
f a c i l i t a t e  t h e  p r o d u c t i o n  o f  i n t e r p r e t i v e  
d i a g r a m s  f o r  t h e  f l o w  f i e l d .  T h e s e  
w e r e  t h e n  u s e d  t o  g u i d e  m o d i f i c a t i o n s  
t o  t h e  i m p e l l e r  a n d  s h r o u d  g e o m e t r i e s .

A d d i t i o n a l  r e f i n e m e n t  i s  o b t a i n e d  i f  t h e  
r a n d o m  s i g n a l  c o m p o n e n t  i s  n o t  s i m p l y  
d i s c a r d e d  b u t  r a t h e r  s t o r e d  s e p a r a t e l y

f o r  d e t e r m i n a t i o n  o f  i n d i c a t o r s  o f  
u n s t e a d i n e s s  s u c h  a s  r o o t - m e a n  s q u a r e  
t u r b u l e n c e  l e v e l .  I n  t h e  i n v e s t i g a t ­
i o n s  o n  a  s m a l l  i m p e l l e r  i t  h a d  b e e n  
e x p e c t e d  t h a t  t h e  t u r b u l e n c e  l e v e l  w o u l d  
r i s e  t o w a r d s  t h e  i m p e l l e r  e x i t  r e g i o n .  
T h e  m e a s u r e m e n t s  s h o w e d  t h a t  t h e  
t u r b u l e n c e  l e v e l  w a s  v e r y  h i g h  j u s t  
d o w n s t r e a m  o f  t h e  e y e  a n d  f e l l  a s  t h e  
e x i t  p l a n e  w a s  a p p r o a c h e d .  T h i s  w a s  
t a k e n  a s  f u r t h e r  e v i d e n c e  o f  s e v e r e  
s e p a r a t i o n s  a s s o c i a t e d  w i t h  f l o w s  
e m e r g i n g  f r o m  t h e  i m p e l l e r  e n t r a n c e  
r e g i o n .  T h e  v a l u e  o f  t h e  t e c h n i q u e  
i s  t h e r e f o r e  s e e n  t o  b e  a s  a  t o o l  f o r  
d i a g n o s i s  o f  f l o w  p r o b l e m s . T h e  
l o c a t i o n  o f  t h e s e  c a n  b e  d e t e r m i n e d  
p r e c i s e l y  a n d  t h e  d e s i g n  m o d i f i e d  t o  
g i v e  i m p r o v e d  p e r f o r m a n c e .

F i g u r e  7 .  P r e s s u r e  c o e f f i c i e n t  
c o n t o u r s  f o r  P o p k i s s  i m p e l l e r .



6 .  A P P L I C A T I O N  T O  I M P E L L E R  
D I S C H A R G E  F L O W S

T h e  P h a s e  L o c k  A v e r a g i n g  t e c h n i q u e  
h a s  b e e n  e x t e n d e d  t o  i n v e s t i g a t e  t h e  
f l o w  f i e l d  a t  t h e  d i s c h a r g e  o f  a n  
i n d u s t r i a l  c e n t r i f u g a l  p u m p  i m p e l l e r .  
T h e  w o r k  w a s  p e r f o r m e d  b y  M c G u i r e  
( 1 9 8 0 )  o n  t h e  t e s t  b e d  a t  K .  L .  
W o r t h i n g t o n  P u m p s ,  P e n r i t h ,  N . S . W .  
T h e  s t a n d a r d  e n d  s u c t i o n  p u m p  w a s  
r a t e d  1 0 7 . 5  l . p . s .  , 2 5 . 8  m , 1 4 7 5  r . p . m .  , 
33 k w  a t  b e s t  e f f i c i e n c y  p o i n t .  T h e  
i m p e l l e r  h a d  7  v a n e s  a n d  a  t i p  
d i a m e t e r  o f  3 0 1 .  6 m m .

t o  r e s t r i c t  t h e  p r o b e  d i a m e t e r  t o  5 m m  
w i t h i n  t h e  s e n s i n g  r e g i o n .  T h e  
G a e l t e c  p r e s s u r e  t r a n s d u c e r  s e l e c t e d  
h a d  a  d i a m e t e r  o f  3 m m  a n d  a  l e n g t h  
o f  1 1  m m .  I t  w a s  a l s o  n e c e s s a r y  t o  
a r r a n g e  a d e q u a t e  v e n t i n g  f o r  e n t r a p p e d  
a i r  a n d  t h i s  w a s  a c h i e v e d  u s i n g  a  
s l o t t e d  s l e e v e  l e a d i n g  t o  a n  a n n u l a r  
c a v i t y  w i t h  a  v a l v e d  c o n n e c t i o n .

S i n c e  o n l y  o n e  t r a n s d u c e r  c o u l d  b e  
i n c l u d e d  a  n o v e l  t e c h n i q u e  w a s  e m p l o y e d  
w h i c h ,  b y  c a l i b r a t i o n ,  e n a b l e d  t o t a l  a n d  
s t a t i c  p r e s s u r e s  a n d  f l o w  a n g l e  t o  b e  
d e t e r m i n e d .

T h e  i n s t a l l a t i o n  i s  s h o w n  i n  f i g u r e  8 
w i t h  a  d i s c h a r g e  p r o b e  h a v i n g  i t s  a x i s  
8 m m  o u t w a r d s  f r o m  t h e  i m p e l l e r  t i p .  
T h e  p r o b e  c o u l d  b e  r o t a t e d  t o  s e n s e  
y a w  v a r i a t i o n s  a n d  t r a v e r s e d  a x i a l l y  
t o  g i v e  a x i a l  f l o w  v a r i a t i o n s . T h e  
p r o b e  w a s  a  c y l i n d r i c a l  p r o b e  h a v i n g  
o n l y  o n e  t a p p i n g  o n  a  s i d e w a l l .  T h i s  
c o n f i g u r a t i o n  i s  v e r y  s e n s i t i v e  t o  y a w  
a n g l e  v a r i a t i o n s .

T h e  i n d i c a t e d  p r e s s u r e  w a s  m e a s u r e d  
a t  1 0 °  p r o b e  a n g l e  i n t e r v a l s  f o r  a t  
l e a s t  ±  5 0 °  o f  t h e  n o m i n a l  f l o w  d i r e c t i o n .  
T h i s  i n d i c a t e d  p r e s s u r e  w a s  p l o t t e d  a s  
a  f u n c t i o n  o f  p r o b e  a n g l e .  T o t a l  
p r e s s u r e  a n d  f l o w  a n g l e  w e r e  g i v e n  b y  
t h e  p e a k  o f  t h e  c u r v e .  S t a t i c  
p r e s s u r e  w a s  g i v e n  b y  t h e  
i n t e r c e p t  o f  t h e  c u r v e  a t  a n  a p p r o p r i a t e  
a n g l e  ( b y  c a l i b r a t i o n )  f r o m  t h e  p e a k .

I n  o r d e r  t o  m i n i m i s e  o b s t r u c t i o n  t o  t h e  
i m p e l l e r  d i s c h a r g e  f l o w  i t  w a s  d e c i d e d

F i g u r e  8 .  I n s t a l l a t i o n  i n  e x p e r i m e n t s  
b y  M c G u i r e .

T w o  t y p e s  o f  r e a d i n g s  w e r e  t a k e n .  
S t e a d y  s t a t e  o r  t i m e  a v e r a g e  r e a d i n g s  

w e r e  o b t a i n e d  u s i n g  a  g a u g e  i n  t h e  
v e n t  l i n e .  D y n a m i c  r e a d i n g s  w e r e  
o b t a i n e d  f r o m  t h e  t r a n s d u c e r  a n d  w e r e  
f e d  t h r o u g h  a p p r o p r i a t e  c o n d i t i o n i n g -  
e q u i p m e n t  t o  t h e  i n s t r u m e n t a t i o n  
t a p e  r e c o r d e r ,  a s  i n  t h e  p r e v i o u s  
s e c t i o n ,  f o r  s u b s e q u e n t  c o m p u t e r -  
b a s e d  p h a s e  l o c k  a v e r a g i n g .

R e s u l t s  i n c l u d e d  o u t l e t  d i s t r i b u t i o n s  o f  
m e r i d i o n a l  a n d  p e r i p h e r a l  v e l o c i t y  
c o m p o n e n t  a n d  f l o w  a n g l e s .  O n l y  o n e  
r e p r e s e n t a t i v e  s e t  o f  r e s u l t s ,  a  
d i s t r i b u t i o n  o f  m e r i d i o n a l  v e l o c i t y  
c o m p o n e n t ,  i s  p r e s e n t e d  i n  f i g u r e  9 .  
T h i s  r e a d i n g  w a s  a t  a  f l o w  o f  1 0 5  l . p . s .  
I n t e r e s t i n g  f e a t u r e s  o f  t h e  d i s t r i b u t i o n  
a r e  t h e  a b s e n c e  o f  a n y  s i g n i f i c a n t  w a k e  
f r o m  t h e  v a n e s  a n d  t h e  i n d i c a t i o n s  o f  
r e v e r s e  f l o w  i n  t h e  h u b  r e g i o n .  A n  
a c c u r a t e  m e a s u r e d  s l i p  f a c t o r  m a y  b e  
o b t a i n e d  b y  i n t e g r a t i o n  o f  r e s u l t s  s u c h  
a s  t h e s e .  I n  t h i s  c a s e  t h e  m e a s u r e d  
s l i p  f a c t o r  w a s  o n l y  1 . 5 %  h i g h e r  t h a n  
t h a t  p r e d i c t e d  f r o m  t h e  W i e s n e r  ( 1 9 6 6 )  
c o r r e l a t i o n .
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F i g u r e  9 .  V a r i a t i o n  o f  m e r i d i o n a l  v e l o c i t y  c o m p o n e n t  a t  d i s c h a r g e .

7 .  A P P L I C A T I O N  T O  A X I A L  F L O W  
M A C H I N E S

M e a s u r e m e n t s  o n  a x i a l  f l o w  m a c h i n e s  a t  
C a m b r i d g e  U n i v e r s i t y  w e r e  t a k e n  o n  a n  
a x i a l  f l o w  c o m p r e s s o r  r a t h e r  t h a n  a 
p u m p .  T h e  u s e  o f  a c a s i n g - m o u n t e d  
p r e s s u r e  t r a n s d u c e r  t o  o b t a i n  t i p  
s e c t i o n  p r e s s u r e  d i s t r i b u t i o n  o r i g i n a t e s  
f r o m  a  t e c h n i q u e  p i o n e e r e d  i n  t h e  
d e v e l o p m e n t  o f  a x i a l  f l o w  c o m p r e s s o r s .

T h e  p r i n c i p a l  o b j e c t i v e  o f  t h e  C a m b r i d g e  
m e a s u r e m e n t s  w a s  t o  e s t a b l i s h  w h e t h e r  
t h e  c a s i n g  t r a n s d u c e r  t e c h n i q u e  g a v e  
r e s u l t s  w h i c h  a c c u r a t e l y  r e p r e s e n t e d  
t h e  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  t h e  
t i p  o f  t h e  r o t o r  b l a d e .  I t  m i g h t  
r e a s o n a b l y  b e  e x p e c t e d  t h a t  i f  t h i s  i s  
t r u e  o f  a n  a x i a l  f l o w  c o m p r e s s o r  t h e n  i t  
w o u l d  a l s o  b e  t r u e  o f  a n  a x i a l  f l o w  p u m p  
w i t h  c o m p a r a b l e  t i p  c l e a r a n c e .

T h e  1 5 0 0  m m  d i a m e t e r  l o w  s p e e d  
c o m p r e s s o r  a t  C a m b r i d g e  U n i v e r s i t y  
w a s  u t i l i s e d  t o  a s s e s s  t h e  v a l i d i t y  o f  
t h e  t e c h n i q u e .  I n  a d d i t i o n  t o  c a s i n g -

m o u n t e d  t r a n s d u c e r  t h e  r o t o r  b l a d e s  
h a v e  a r o w  o f  p r e s s u r e  t a p p i n g s  6 mm 
f r o m  t h e  t i p  w h i c h  c o m m u n i c a t e  w i t h  a 

s t a t i o n a r y  e x t e r n a l  m a n o m e t e r  v i a  a 
m u l t i - c h a n n e l  s e a l e d  b e a r i n g  p r e s s u r e  
t r a n s f e r  d e v i c e .  T h e s e  t a p p i n g s  w e r e  
u s e d  t o  o b t a i n  a p r e s s u r e  d i s t r i b u t i o n  
w h i c h  w o u l d  b e  c o m p a r e d  w i t h  t h a t  
o b t a i n e d  f r o m  a  p r e s s u r e  t r a n s d u c e r  
c o m m u n i c a t i n g  w i t h  c a s i n g  t a p p i n g s  a t  
n i n e  a x i a l  l o c a t i o n s  ( f i g m i r e  1 0 ) .

W h e n  t h e  r o t o r  p a s s e s  u n d e r  a t r a n s ­
d u c e r  p o r t  w i t h  c o n s t a n t  r o t a t i o n a l  
s p e e d  t h e  p r e s s u r e - t i m e  t r a c e  r e c o r d e d  
b y  t h e  t r a n s d u c e r  i s  e q u i v a l e n t  t o  a 
r e c o r d  o f  p r e s s u r e  a s  a  f u n c t i o n  o f  
c i r c u m f e r e n t i a l  d i s t a n c e  r e l a t i v e  t o  t h e  
r o t o r .  T h e  m i n i m u m  p r e s s u r e  l e v e l  
c o r r e s p o n d s  t o  t h e  s u c t i o n  s u r f a c e  
p r e s s u r e  a n d ,  s i n c e  t h e  t h i c k n e s s  o f  t h e  
b l a d e  i s  k n o w n  t h e  p h a s e  l o c k  a v e r a g e d  
t r a c e  m a y  b e  i n t e r c e p t e d  t o  d e t e r m i n e  
t h e  p r e s s u r e  s u r f a c e  v a l u e s  o f  p r e s s u r e  
c o e f f i c i e n t .  T h e  t r a n s d u c e r  i s  m o v e d  
t o  e a c h  p o r t  s e q u e n t i a l l y  a n d  h e n c e  t h e  
p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  r o t o r  
t i p  o b t a i n e d .



F i g u r e  1 0 .  T r a n s d u c e r  m o u n t i n g  
i n  a x i a l  f l o w  c o m p r e s s o r .

F i g u r e  1 1  g i v e s  t h e  c o m p a r i s o n  b e t w e e n  
t h e  p r e s s u r e  d i s t r i b u t i o n ,  a t  a  l o c a t i o n  
6 m m  f r o m  t h e  r o t o r  t i p ,  b y  r o t o r  
p r e s s u r e  t a p p i n g s  a n d  t h a t  o b t a i n e d  b y  
t h e  t r a n s d u c e r - p h a s e  l o c k  a v e r a g i n g  
t e c h n i q u e .  P r e s s u r e  d i s t r i b u t i o n s  a r e  
p r e s e n t e d  f o r  t w o  t y p i c a l  f l o w  c o ­
e f f i c i e n t s .  T h e  a g r e e m e n t  i s  s e e n  t o  
b e  q u i t e  g o o d  a n d  i t  i s  c o n s i d e r e d  
u n l i k e l y  t h a t  t h i s  r e s u l t s  f r o m  
c o n f l i c t i n g  e r r o r s .

I t  s e e m s  r e a s o n a b l e  t o  c o n c l u d e  t h a t  i n  
t h i s  c a s e  t h e  s t a t i c  p r e s s u r e s  h a v e  
r e m a i n e d  c o n s t a n t  t h r o u g h  t h e  2 m m  t i p  
c l e a r a n c e  r e g i o n  a n d  a  s i g n i f i c a n t  
p o r t i o n  o f  t h e  w a l l  b o u n d a r y  l a y e r .
T h e  t i p  t r a n s d u c e r  t e c h n i q u e  i s  t h e r e ­
f o r e  s e e n  t o  b e  a  v a l i d  m e t h o d  f o r  
m e a s u r i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  
o v e r  t h e  r o t o r  t i p  s e c t i o n  o f  a n  a x i a l  
f l o w  m a c h i n e .

T h e  t e c h n i q u e  i s  s e e n  t o  b e  
p a r t i c u l a r l y  r e l e v a n t  t o  t h e  i n v e s t i g ­
a t i o n  o f  a x i a l  f l o w  p u m p s  b e c a u s e  t h e  
r o t o r  t i p  s e c t i o n  t e n d s  t o  s u f f e r  f r o m  
t h e  g r e a t e s t  c a v i t a t i o n  p r o b l e m s  i n  
m a n y  d e s i g n s .  A n  i n v e s t i g a t i o n  i s  i n  
p r o g r e s s  a t  N S v V I T  o n  a  t w o  s t a g e  
4 0 0  m m  O r n e l  p u m p  -  d o n a t e d  b y  
W a r r n a n  I n t e r n a t i o n a l .  T h e  i n t e n t i o n  
i s  t o  o b t a i n  v a l i d  p r e s s u r e  d i s t r i b u t i o n s  
a n d  f l o w  v i s u a l i s a t i o n  i n f o r m a t i o n  a t  
c a v i t a t i o n  i n c e p t i o n .  T h i s  s h o u l d  b e  
o f  a s s i s t a n c e  i n  s u b s e q u e n t  r e - d e s i g n  
f o r  i m p r o v e d  c a v i t a t i o n - f r e e  o p e r a t i n g  
r a n g e .
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F i g u r e  1 1 .  P r e s s u r e  d i s t r i b u t i o n  a t  
r o t o r  t i p  o b t a i n e d  b y  t w o  

i n d e p e n d e n t  m e t h o d s .

3 .  C O N C L U S I O N S

A l t h o u g h  m i n i a t u r e  p r e s s u r e  t r a n s d u c e r s  
h a v e  b e c o m e  m o r e  s e n s i t i v e  a n d  c o m p a c t  , 
s i g n a l s  o b t a i n e d  f r o m  t h e  v i c i n i t y  o f  
p u m p  i m p e l l e r s  a r e  o f t e n  d o m i n a t e d  b y  
e x t r a n e o u s  n o i s e .

F o r  e l u c i d a t i o n  o f  s i g n a l  c h a r a c t e r i s t i c s  
a n d  e l i m i n a t i o n  o f  n o i s e  t h e  c a p a b i l i t i e s



o f  d i g i t a l  c o m p u t e r s  a r e  m o s t  u s e f u l .
I n  t u r b o m a c h i n e r y  d e v e l o p m e n t  f u l l  
a d v a n t a g e  s h o u l d  b e  t a k e n  o f  t h e  
p e r i o d i c  p a s s i n g  o f  b l a d e s ,  w h i c h  
p r o v i d e s  a  p h a s e  r e f e r e n c e  t o  w h i c h  
t r a n s d u c e r  s i g n a l s  m a y  b e  r e a d i l y  
r e l a t e d  . H i t h e r t o  i n a c c e s s i b l e  d a t a  
t h u s  b e c o m e  a v a i l a b l e  a n d  t h e  q u a l i t y  o f  
u n s t e a d y  d a t a  i s ^ g r e a t l y  i m p r o v e d  b y  
t h e  i m p l e m e n t a t i o n  o f  d i g i t a l  p h a s e  
l o c k  a v e r a g i n g .  T h i s  t e c h n i q u e  a n d  
i t s  s i m p l e  t h e o r e t i c a l  b a s i s  h a v e  b e e n  
d e s c r i b e d .

W i t h  o n e  e a s i l y - c a l i b r a t e d  t r a n s d u c e r  
t h e  f l o w  f i e l d  o f  u n s h r o u d e d  c e n t r i f u g a l  
p u m p  i m p e l l e r s  w a s  s u r v e y e d .  P r e s s u r e  
c o n t o u r s  d e r i v e d  i n  t h i s  w a y  a s s i s t e d  
t h e  i d e n t i f i c a t i o n  o f  r e g i o n s  o f  s e v e r e  
a d v e r s e  p r e s s u r e  g r a d i e n t  a n d  t h e  
e x t e n t  o f  f l o w  s e p a r a t i o n .  R e s u l t i n g  
c o n f i g u r a t i o n  c h a n g e s  g a v e  i m p r o v e d  
p e r f o r m a n c e .  T h e  t e c h n i q u e s  h a v e  
b e e n  u s e d  i n  t h e  d i s c h a r g e  o f  a  c o m ­
m e r c i a l  i m p e l l e r .  T h e s e  m e a s u r e m e n t s  
p r o d u c e d  d i s t r i b u t i o n s  o f  f l o w  a n g l e  
a n d  v e l o c i t y  e n a b l i n g  t h e  s l i p  f a c t o r  
t o  b e  d e d u c e d  d i r e c t l y .  T h e  
m e a s u r e d  s l i p  f a c t o r  w a s  i n  g o o d  
a g r e e m e n t  w i t h  a c c e p t e d  d e s i g n  
c o r r e l a t i o n s .

M e a s u r e m e n t s  i n  t h e  t i p  r e g i o n  o f  a n  
a x i a l  f l o w  c o m p r e s s o r  c o n f i r m e d  t h e  
v a l i d i t y  o f  t h e  t e c h n i q u e s  f o r  m o s t  
a x i a l  m a c h i n e s .  T h i s  w o r k  i s  c o n t i n u i n g  
o n  a n  a x i a l  f l o w  p u m p  f a c i l i t y .

9 .  A C K N O W L E D G E M E N T S

T h e  a s s i s t a n c e  o f  f o r m e r  c o l l e a g u e s  a t  
C a m b r i d g e  U n i v e r s i t y  i n  d e v e l o p i n g  t h e  
t e c h n i q u e  a n d  t a k i n g  s o m e  o f  t h e  
m e a s u r e m e n t s  i s  a c k n o w l e d g e d .  T h e  
r e s u l t s  o f  T . J .  P o p k i s s  a n d  J . T .  M c G u i r e  
h a v e  b e e n  q u o t e d  f o r  c e n t r i f u g a l  p u m p s  
a n d  t h e i r  a s s i s t a n c e  i n  f u r t h e r  
d e v e l o p i n g  t h e  t e c h n i q u e s  i s  p a r t i c u l a r l y  
a p p r e c i a t e d .
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FLOW FIELD DETERMINATION AT AXIAL PUMP IMPELLER TIP SECTION

K.K. Wong and J.P. Gostelow
School of Mechanical Engineering
The New South Wales Institute of Technology
Sydney AUSTRALIA

INTRODUCTION
In most applications the principal limitation on the performance of 
an axial-flow pump is its cavitation-free operating range, 
characterized by the nett positive suction head (NPSH). The adverse 
effects of cavitation are not restricted to impaired performance; 
noise and vibration levels tend to increase and mechanical integrity 
of components can be jeopardised, sometimes severely. Cavitation 
may occur in the inlet region or, in some instances, in the stator 
blades; however the most usual source of cavitation occurrence is 
the impeller blading, specifically the tip section.
There would, in principle, appear to be scope for an approach to the 
re-design of impeller blading having the objective of delaying the 
onset of cavitation or at least localizing and controlling its 
effects. Cavitation occurs when the local pressure falls below the 
vapor pressure and the approach would be to design the blading in 
such a way as to ensure that severe suction peaks were avoided and 
that local static pressures would remain as high as possible when 
operating in conditions susceptible to cavitation.
If three-dimensional effects are ignored the problem is analogous to 
that of wing and blade design in compressible flow where it may be 
desired to achieve the highest possible inlet Mach Number without 
provoking the inception of shock waves. It might therefore be 
considered that an extension of modern purpose-designed airfoil 
theory to the hydrodynamic environment should result in significant 
improvements. This approach has, of course, been used in 
applications as diverse as hydrofoils and propellors and has 
achieved success in the delay of cavitation inception. Despite 
these successes it is not clear that this approach will necessarily 
succeed in the complex flow environment of the axial flow pump. The 
flow over the blading of an axial pump is neither steady nor 
two-dimensional and certainly not inviscid. It might be ineffective 
to design a pump impeller having a blade section purposely-designed 
to delay cavitation onset if the mechanism of cavitation were other 
than inception at the suction peak of a two-dimensional blade.
There was therefore seen to be scope for a research investigation 
aimed at clarifying the mechanisms of cavitation in the impeller of 
an axial-flow pump in order to provide a rational basis for 
re-design of the blading. A program of work was initiated using the



axial-flow pump facility at the New South Wales Institute of 
Technology. It was considered necessary to be able not only to make 
measurements of the flow field over the blading but also to have the 
capability to optically view the flow field. The approach adopted 
was for the existing pump rig to be provided with a transparent 
casing bowl for observation and photography. Mounted on this bowl 
were to be one or more blocks permitting a tube-mounted pressure 
transducer to sequentially communicate with casing pressure taps.

THE POMP RIG
The rig is composed of 400 mm flanged pipework in a horizontal 
rectangular closed loop (Fig. 1). A flow straightener situated 
upstream of the pump and cascade vanes at the corners were used for 
reducing head loss and turbulence. Variation of system NPSH was 
achieved using a vent valve to control system pressure. Discharge 
butterfly valves were used for varying the system resistance.

FIGURE 1. The axial flow pump rig.

An axial-flow pump stage of 300 mm nominal diameter was mounted in 
the pump bowl section. The pump was driven by a 75 kW electric 
motor at about 1470 rpm. A transparent bowl was centrifugally cast 
from Epirez-135 epoxy to replace the existing cast-iron bowl. The 
five-bladed impeller was a standard industrial unit and dimensional 
tolerances were therefore not of research quality. The geometry of 
the impeller is as shown in Table 1 and Figure 2.

TABLE 1 Geometry of Pump Impeller
Tip Hub

Chord Length, mm 155 140
Pitch, mm 192 107
Pitch-Chord Ratio 1.239 0
Stagger Angle, degrees 72 45
Blade Thickness, mm 10 10
Diameter, mm 304 168
Nominal Tip Clearance, mm 0.76



FIGURE 2. The test impeller.

Two perspex blocks (Fig. 3) were machined and attached with epoxy to 
the outside surface of the bowl. Pressure taps of 1 mm diameter 
were drilled through the block and the transparent bowl. A total of 
twelve taps were spaced between the leading and trailing edges.

FIGURE 3. Mounting block for pressure transducer tube.

CASING PRESSURE DISTRIBUTIONS
In order to obtain information on the blade loading and flow field 
at the rotor tip the technique of using an indexable tube-mounted 
pressure transducer was used. The technique will firstly be 
described and then some preliminary measurements of rotor tip pressure distribution.
The pressure transducer used was a strain gage type made by Gaeltec. 
The probe (Fig. 4) consisted of a stainless-steel cylindrical



housing with a bleed tube allowing excess water to escape. Two 
'O'-rings were situated on either side of the sensing-hole for 
isolating pressure signals from nearby pressure taps. Similar 
pressure transducers had previously been calibrated dynamically 
The response had been observed to be uniform over the frequency 
range of interest. Static calibration only was used for these 
investigations using a dead-weight tester.

30 40 5 0  60 70 ‘  80 90 IOC
FIGURE 4. Pressure transducer probe tube.

Using the tube-mounted transducer it was possible for the transducer 
to communicate with any one of twelve pressure taps over the rotor 
tip. In any axial location the signal thus produced constituted the 
circumferential variation of static pressure. A typical trace is 
presented in Figure 5 and reveals the strongest suction pressure on 
the blade suction surface, followed by a rise in static pressure 
across the passage; the highest pressure levels may, or may not, 
coincide with the pressure surface but there is then a sudden drop 
in pressure corresponding to the passage of the blade. Once a 
complete set of traces had been obtained for each condition these 
were then intercepted at the deduced blade surface locations and a 
pressure distribution around the blade was generated.
It was not found necessary to apply filtering techniques to the 
signals. In particular although the technique of digital phase lock 
averaging [1] was available these signals were found to be 
relatively repeatable, even in the trailing edge region; the 
technique was therefore not applied.
Data on casing pressure distributions have, thus far, only been 
obtained under conditions having a positive suction head, 
well-removed from incipient cavitation. This is because of the high 
pressure levels generated when cavitation bubbles collapse, which 
could instantaneously damage the transducer diaphragm. The results 
do not therefore provide information on blade behavior in cavitation 
but rather indicate loadings, pressure gradients and regions of 
maximum suction pressure during normal operation.
A pressure distribution obtained at moderate loading is presented in 
Figure 6. The distribution presents no problems of interpretation 
and shows a fairly strong suction peak in the leading edge region.



FIGURE 5. Typical trace for pressure variation across passage.

FIGURE 6. Measured pressure distribution at 93.8% flow.



CAVITATION OBSERVATIONS
The principal objective of the work was observation of cavitation 
and this was achieved stroboscopically by eye and by camera. Still 
photography was used with stroboscopic lighting. The camera was a 
Nikon F3 with a 55mm micro-lens and a minimum focusing distance of 
250 mm. A Nikon MD-4 six frame/sec motor-drive was synchronized 
with the stroboscopic light.
For synchronization, magnets were attached to the shaft coupling.
One magnet activated the motor-drive and the other a strobotac. 
Positioning of the "frozen" blade image through the transparent bowl 
was adjusted by varying the location of the magnet on the shaft 
coupling. The time required for the impeller to make one full 
revolution was just over l/30th of a second. Hence, the shutter 
speed of the camera was set at that interval allowing the maximum 
time delay before the next triggering. The magnet triggering the 
motor-drive was located at 180 degrees opposite to that triggering 
the strobotac. This arrangement allowed more than l/60th of a 
second for the triggering of the camera shutter, prior to the 
triggering of the strobotac.
Photographs of the rotor tip cavitation behavior were obtained under 
a wide range of flow conditions. The two independent variables were 
blade loading and absolute pressure level, obtained by discharge 
throttling and by vent valve control of system pressure 
respectively. Results presented were taken firstly, with 
atmospheric inlet pressure and a full range of discharge throttling 
to cover the characteristic between maximum flow and stall 
conditions, and secondly, with a wide open discharge throttle for a 
range of values of inlet pressure.
Cavitation photographs are firstly presented for the experiments 
with atmospheric inlet pressure (constant NPSH of 10.2 m) but a wide 
range of discharge throttle settings. Starting with the discharge 
throttle wide open four photographs are presented in Figure 7 for 
loadings up to stall. The rotor tip cavitation bubbles show up 
clearly against the dark background and in a sense, at atmospheric 
inlet pressure, the cavitation bubbles act mainly as a means of flow 
visualization of the complex three dimensional flow conditions at 
the rotor tip. However on closer inspection it is clear that 
genuine local cavitation effects are being observed. An implication 
of the presence of such marked regions of cavitating flow under 
these conditions is that the levels of static pressure in the region 
of the rotor tip suction surface are significantly lower than those 
elsewhere on the blade. The principal area of cavitation appears to 
be a region of the suction surface mainly in the forward portion of 
the blade and a subsequent downstream region which tends to become 
detached from the blade surface. This is the main vortex associated 
with the tip clearance region (the scraping vortex) and is the 
principal region of very low pressures in the blade row.
The main change in the configuration of the tip leakage vortex as 
the pump is throttled up the characteristic is that the region of 
bubbles appears to separate earlier from the surface and at a 
steeper angle. At the higher loading conditions the region is
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FIGURE 7. Effect of throttle variation, from wide open to maximum 
loading condition.
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terminated by the frothy white zone of bubble collapse. Visual 
observations and other photographs have shown this zone of bubble 
collapse to be very abrupt; further inboard its termination of 
ribbons of cavitation has the appearance of a shock wave. This also 
appears to be the extent of the attached cavitation zone and 
downstream of this region there only remains a detached vortex core. 
Another feature deserving of attention is the helical nature of the 
bubble paths in the cavitation zone. This is also associated with 
the leakage vortex and bubbles have been observed streaming from the 
actual blade tip into the helix.
Figure 8 presents the variation of flow conditions when the 
discharge throttle remains wide open (100% flow condition) and the 
inlet pressure is varied. As inlet pressure is reduced the 
cavitation region extends in the downstream direction. The edge of 
the zone, which was well defined in the sheet cavitation of Figure 
7, becomes ragged and unsteady. Although the photographs give an 
appearance of stability of location in practice the zone oscillated 
[2] with slugs of cavitating fluid moving rapidly downstream.
The increasing tendency for cavitation to occur over the blade tip 
at the leading edge is also noteworthy. For low inlet pressures 
cavitation also occurs on the pressure surface and at the lowest 
inlet pressure it becomes clear that the clearance vortex is 
established over the tip, from pressure surface to suction surface, 
in the leading edge region. Whereas evidence of this leading edge 
region tip vortex was present under most conditions tested it was 
particularly acute for low inlet pressures.

FIGURE 9. Periodicity in flow over leading edge.

An interesting feature is the apparent periodicity in flow through 
the tip clearance region, as evidenced in Figure 9. This persistent 
behavior appeared to be more than simply the streaming of bubbles 
from nucleation sites and some observations suggest that the waves 
are connected with the helical structure of the cavitation sheet 
downstream. Related behavior is present in the work of Rains [3] 
where it was demonstrated that the sharp pressure surface blade edge 
was the cause of cavitation in the clearance region. The 
observations also relate to the identification by Majka [4] of 
"rope-like" separation vortices in the clearance region.
Figure 10 presents photographs taken in stalled operation of the 
pump at a high inlet head. It is clear that under these conditions 
the suction surface leading edge region experiences an intense 
suction spike, sufficient to cause local cavitation. This spike 
also appears to cause separation from the leading edge, probably of 
the short bubble type, and the cavitation trace gives an indication



of the severe separation present, at least at the blade tip. The 
first photograph shows the bursting process and the second the 
ensuing backflow.

FIGURE 10. Leading edge separation under stalled conditions.

CONCLUSIONS
Studies of the flow field in the rotor tip region of an axial flow 
pump have been conducted. Measurements of rotor tip pressure 
distribution have revealed a conventional pressure distribution with 
the peak suction pressure occurring at the leading edge.
Visual and photographic observations of cavitation tend to confirm 
previous observations, especially with regard to the strength of the 
tip vortex and its predominant role in the cavitation behavior of 
the blading. Bubble collapse tended to occur in a thin and clearly 
defined shock-like region. Inception of the tip vortex appeared to 
occur predominantly over the rotor tip and there was evidence of 
strong cavitation tendencies, periodicity and vortex formation over 
the tip at the leading edge. Observations in stalled operation 
revealed leading edge separation behavior with a tendency to 
backflow around the leading edge.
The assistance of Warman International Ltd. in donating the pump and 
test rig is gratefully acknowledged.
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TRODUCTION

the s u c t i o n  head o f  an a x i a l - f l o w  pump i s  
duced i t s  per formance  i s  degraded by 
v i t a t i o n  phenomena. C a v i t a t i o n  may o ccu r  in 
e i n l e t  re g io n  o r ,  in  some in s t a n c e s ,  in the 
a t o r  b l ad es ;  however the most usual  source  

the im p e l l e r  b l a d i n g ,  s p e c i f i c a l l y  the t i p  
c t i o n .

i c t i c a l  d i f f i c u l t i e s  in  c a v i t a t i o n  t e s t i n g  
i  in o b t a in in g  data from the v i c i n i t y  o f  a 
t a t i n g  i m p e l l e r  have reduced the a v a i l a b i l i t y  

c o n s i s t e n t  in f o rm a t io n  on c a v i t a t i o n
f e c t s .  The s t a t e  o f  knowledge i s  such that  
Lte fundamental  e f f e c t s  may s t i l l  be
s r l o ok ed .  Furthermore,  even i f  the su c t i o n  
id i s  not  reduced,  c a v i t a t i o n  r e s u l t i n g  from 
t reas ed  b l ade  l o a d i n g  may j e o p a r d i z e
r formance.  As the  pump i s  t h r o t t l e d  up i t s  
i r a c t e r i s t i c  the pr e s s u r e s  in the  su c t i o n
ik r e g io n  may drop below the vapor  pressure  
su i t in g  in  s t ro n g  l o c a l  c a v i t a t i o n .

i s  usual  in the t e s t i n g  o f  a x i a l  pumps to  
s cr iminate  between the e f f e c t s  o f  i n l e t  and 
¡ charge  t h r o t t l i n g  by p l o t t i n g  performance 
i r a c t e r i s t i c s  as a f u n c t i o n  o f  both o f  these  
• iables .

s purpose  o f  the p re sen t  i n v e s t i g a t i o n  i s  not 
i sy s t em a t i c  study o f  th ese  v a r i a b l e s  over  
i who le  range but r a th e r  the d e t a i l e d  
■tographic  i n v e s t i g a t i o n  o f  c a v i t a t i o n
te r n s  in  o r d e r  t o  e l u c i d a t e  p h ys i c a l  
■nomena not  p r e v i o u s l y  obs erved  or  
e r s t o o d .

'rogram o f  work was t h e r e f o r e  i n i t i a t e d  using 
a x i a l - f l o w  pump f a c i l i t y  at  the New South 

es I n s t i t u t e  o f  Techno logy .  I t  was 
s i d e r e d  n e ces sar y  to  have the c a p a b i l i t y  to 
i c a l l y  view the f low  f i e l d .  The e x i s t i n g  
p r i g  was pr ov i ded  with  a t ransp are nt  cas ing  

o b s e r v a t i o n  and photography .

o f  Technology

EQUIPMENT

The pump r i g  compr i ses  400 mm f la nge d  pipework 
in a h o r i z o n t a l  r e c t a n g u la r  c l o s e d  l o o p .  A 
f low s t r a ig h t e n e r  s i t u a t e d  upstream o f  the pump 
and cascade vanes at  the c o r n e r s  were used f o r  
reduc ing head l o s s  and tu r bu le nc e .  V a r i a t i o n  
o f  system NPSH was ac h i eve d  using a vent  va lv e  
t o  c o n t r o l  system p r e ss ur e .  A d i s c h a r g e  
b u t t e r f l y  va lv e  was used f o r  vary ing  the system 
r e s i s t a n c e .

An a x i a l - f l o w  pump s t a g e ,  o f  300 mm nominal 
diameter,  was dr ive n  by a 75 kW e l e c t r i c  motor 
at  about 1470 rpm. A t ran sp ar ent  c a s i n g  was 
c e n t r i f u g a l l y  c a s t  from Epi rez -1 35  epoxy to  
r ep la c e  the e x i s t i n g  c a s t - i r o n  c a s i n g .  The 
f i v e - b l a d e d  im p e l l e r  was a standard Warman 
i n d u s t r i a l  u n i t  having a 155 mm t i p  ch o rd .  The 
pump c h a r a c t e r i s t i c  f o r  two s u c t i o n  head 
c o n d i t i o n s  i s  presented  in Figure  1.

CAVITATION OBSERVATIONS

The p r i n c i p a l  o b j e c t i v e  o f  the work was 
obs erv at i on  o f  c a v i t a t i o n  and t h i s  was ach iev ed  
s t r o b o s c o p i c a l l y  by eye and using  a Nikon F3 
camera with a 55 mm m i c r o - l e n s .  Photographs  o f  
the ro to r  t i p  c a v i t a t i o n  behav ior  were o b t a in e d  
under a wide range o f  f l o w  c o n d i t i o n s .  R e s u l t s  
presented are l i m i t e d  to  a tmospher i c  i n l e t  
pressure  and a f u l l  range o f  d i s c h a r g e  
t h r o t t l i n g  to  c ove r  the c h a r a c t e r i s t i c  between 
maximum f low and s t a l l  c o n d i t i o n s .

A sequence o f  c a v i t a t i o n  photographs  i s  f i r s t l y  
presented f o r  the exper iments  with  a tmos phe r i c  
i n l e t  pressure  but a wide range o f  d i s c h a r g e  
t h r o t t l e  s e t t i n g s .  S t a r t i n g  with the d i s c h a r g e  
t h r o t t l e  wide open s i x  photographs  are
presented in F igure  2 f o r  l o a d in g s  up t o  s t a l l .  
Test  po in ts  c orr esp on d i n g  to  d e s i g n a t i o n s  a -  
f  are i n d i c a t e d  in F igure  1. The r o t o r  t i p  
c a v i t a t i o n  bubb les  show up c l e a r l y  a g a i n s t  the 
dark background and in a sense ,  at  a tmos phe r i c
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i n l e t  pre ss ure ,  the c a v i t a t i o n  bubb les  ac t  
mainly as a means o f  f l ow  v i s u a l i z a t i o n  o f  the 
complex three  d imens ional  f l ow  c o n d i t i o n s  at  
the  r o t o r  t i p .  However on c l o s e r  i n s p e c t i o n  i t  
i s  c l e a r  that  genuine l o c a l  c a v i t a t i o n  e f f e c t s  
are  being obse rve d .  An i m p l i c a t i o n  o f  the 
pr ese nce  o f  such marked r e g i o n s  o f  c a v i t a t i n g  
f l o w  under these  c o n d i t i o n s  i s  that  the l e v e l s  
o f  s t a t i c  pr essure  in the re g io n  o f  the r o t o r  
t i p  s u c t i o n  s u r f a c e  are  s i g n i f i c a n t l y  lower 
than those  e l sewhere on the b l a d e .  The 
p r i n c i p a l  area o f  c a v i t a t i o n  appears  t o  be a 
r e g io n  o f  the s u c t i o n  s u r f a c e  mainly in the 
f orward po r t i o n  o f  the b l ade  and a subsequent 
downstream r e g i on  which tends t o  become 
detached from the b l ade  s u r f a c e .  Th is  i s  the 
main vor t ex  a s s o c i a t e d  wi th  the  t i p  c l e a r a n c e  
re g io n  ( the  s c r ap in g  v o r t e x )  and i s  the 
p r i n c i p a l  re g i on  o f  very  low p r e s s u r e s  in the 
b l ade  row.

The main change in the c o n f i g u r a t i o n  o f  the t i p  
l eakage vor t ex  as the pump i s  t h r o t t l e d  up the 
c h a r a c t e r i s t i c  i s  that  the r e g io n  o f  bubb les  
appears  t o  sepa rat e  e a r l i e r  from the s u r f a c e  
and at  a s t e ep er  an g l e .  At the  h ig h er  l oad in g  
c o n d i t i o n s  the r e g i on  i s  t e rminated  by the 
f r o t h y  whi te  zone o f  bubb le  c o l l a p s e .  F igure  3 
shows that  t h i s  zone  o f  bubb le  c o l l a p s e  can be 
very  abrupt .  Another f e a t u r e  o f  F igure  3 i s  
that  in  p r a c t i c e  the c a v i t a t i o n  zone in  that  
c o n d i t i o n  o s c i l l a t e d  [1]  w i th  s l u g s  o f  
c a v i t a t i n g  f l u i d  moving r a p i d l y  downstream.

a

b

c

The s t r u c t u r e  o f  the c o l l a p s e  zone i s  complex 
and th r e e - d im e n s i o n a l ,  as e v ide nce d  by Figure  
4,  which shows the o u te r  t w o - t h i r d s  o f  the 
s u c t i o n  su r f ac e  f o r  the f o rward p o r t i o n  o f  the 
b l a d e .  Ribbons o f  c a v i t a t i o n  bubb les  
appa re nt ly  stream a x i a l l y  from n u c l é a t i o n  s i t e s  
at  the l ead ing  edge.  These are  t e rminated in 
what appears t o  be a s e p a r a t i o n  v or t e x  
commencing at  the l ea d in g  edge c l o s e  t o  the  hub 
and cur v ing  outwards to  about the  50«  chord

Fig .  2 E f f e c t  o f  d i s c h a r g e  t h r o t t l e  
v a r i a t i o n ,  from wide open to  
maximum loa d in g .
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l o c a t i o n  at  the t i p .  The abrupt  b l ac k  l i n e  i s  
a shadow c a s t  by the c a v i t a t i o n  termi nat ion  
v o r t e x .
An i n t e r e s t i n g  f e a t u r e  i s  the apparent 
p e r i o d i c i t y  in f low  through the t i p  c l e a r a n c e  
re g io n  ( F ig .  5 ) .  Obs erv at i ons  sugges ted  the 
pr ese nce  o f  waves which were connec ted  with the 
h e l i c a l  s t r u c t u r e  o f  the c a v i t a t i o n  sheet  
downstream. Re la ted  behav ior  i s  prese nt  in the 
work o f  Rains [2]  where i t  was demonstrated 
tha t  the sharp pr ess ure  s u r f a c e  b lade  edge was 
the cause  o f  c a v i t a t i o n  in the c l e a r a n c e  
r e g i o n .  The o b s e r v a t i o n s  a l s o  r e l a t e  t o  the 
i d e n t i f i c a t i o n  by Majka [3]  o f  " r o p e - l i k e "  
s e p a r a t i o n  v o r t i c e s  in the c l e a r a n c e  reg i on .

F igure  6 pr es e n ts  photographs  taken in s t a l l e d  
o p e r a t i o n  at  a high i n l e t  head ( F ig .  1 - g ) .  
Under these  c o n d i t i o n s  the s u c t i o n  s u r f a c e  
l ea d in g  edge re g io n  e x p e r i e n c e s  an in ten se  
s u c t i o n  sp ik e ,  s u f f i c i e n t  t o  cause l o c a l  
c a v i t a t i o n .  Th is  sp i ke  a l s o  appears t o  cause  
l ea d i n g  edge se p a r a t i o n ,  pr obab ly  o f  the shor t  
bubb le  type .  F igure  6 g i v e s  an i n d i c a t i o n  o f  
the  seve re  se p a r a t i o n  p r e se n t ,  at  l e a s t  at  the 
b l ade  t i p .  The f i r s t  photograph shows the 
bu r s t i n g  p r o c e s s ,  the second shows a tendency 
f o r  a t i p  leakage f l ow  to  move v i g o r o u s l y  from 
the pr ess ure  s u r f a c e  in t o  the se p a r a t i o n  zone 
and the th i r d  the ensuing ba ck f l ow .

F i g .  3 E f f e c t  o f  s l i g h t  i n l e t  t h r o t t l i n g  from 
c o n d i t i o n  ( a )  showing abruptness  
o f  c o l l a p s e  zone.

F i g .  4 Three -d imens iona l  view o f  s u c t i o n  
s u r f a c e  at  c o n d i t i o n  ( e ) .

F ig .  5 P e r i o d i c i t y  in l ea d in g  edge f l ow .

F i g .  6 Leading edge se p a r a t i o n  in s t a l l  ( g )  
f o r  thre e  d i f f e r e n t  phases.

CONCLUSIONS
Vis ua l  and photog ra phi c  o b s e r v a t i o n s  o f  
c a v i t a t i o n  tend to  conf i rm pr ev i ou s  
o b s e r v a t i o n s ,  e s p e c i a l l y  with regard to  the 
s t re n g th  o f  the t i p  v or t e x  and i t s  predominant 
r o l e  in  the c a v i t a t i o n  be hav ior  o f  the b l ad in g .  
Bubble c o l l a p s e  tended t o  o c cu r  in a th i n  and 
c l e a r l y  de f in e d  termi nat ion  v or t e x .  In ce p t i o n  
o f  the t i p  vo r t e x  appeared to  o c cu r  
predominant ly  over  the r o t o r  t i p  and ther e  was 
ev id en ce  o f  s t rong  c a v i t a t i o n  te n d e n c i e s ,  
p e r i o d i c i t y  and vo r t e x  f o rmat ion over  the  t i p  
at  the l ead ing  edge .  Obse rva t i ons  in s t a l l e d  
o p e r a t i o n  r eve a l ed  l ead in g  edge se p a r a t i on  
behav ior  with a tendency to  back f l ow  around the 
l ead ing  edge.
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A b s t r a c t I n t r o d u c t i o n

The v a r i o u s  c o r r e l a t i o n s  f o r  p r e d i c t i n g  
b o u n d a r y - l a y e r  t r a n s i t i o n  under high f r e e  
st ream t u r b u le n c e  e x h i b i t  s e r i o u s  
d i s c r e p a n c i e s .  The problem i s  d e s c r i b e d  
and a program o f  work o r i e n t e d  to  i t s  
r e s o l u t i o n  i s  d i s c u s s e d .  The r e s u l t s  
pr e s e n te d  are  l i m i t e d  to  the z e r o  pr e s s u r e  
g r a d i e n t  c a se  and show good f i r s t  o r d e r  
agreement  with  e s t a b l i s h e d  data f o r  
t r a n s i t i o n  i n c e p t i o n  and c o m pl e t i o n  and 
f o r  i n t e r m i t t e n c y  d i s t r i b u t i o n .  The 
r e s u l t s  n e v e r t h e l e s s  r a i s e  the q u e s t i o n  o f  
r e p r e s e n t a t i o n  o f  the i n t e r m i t t e n c y  
d i s t r i b u t i o n  by a u n i v e r s a l  d i s t r i b u t i o n .  
D i f f i c u l t i e s  remain with the ques t  f o r  
s i m i l a r i t y  which r e l a t e  t o  measurement and 
a n a l y s i s  t e c h n iq u e s  used to  determine 
sampl ing  time and t r a n s i t i o n  i n c e p t i o n .

Nomenclature

b d iameter  o f  bar
L l en gt h  o f  t r a n s i t i o n
RL t r a n s i t i o n  l ength  Reyno lds  Number
Rx l e n gt h  Reynolds  Number
R 9 momentum t h i c k n e s s  Reyno lds  Number
Tu t u r b u l e n c e  l e v e l
U v e l o c i t y  in st reamwise d i r e c t i o n
UŒ f r e e  stream v e l o c i t y
U+ d im e n s io n le s s  v e l o c i t y ,  U/v*
u '  st reamwise  v e l o c i t y  f l u c t u a t i o n
v* f r i c t i o n  v e l o c i t y  N;tw/p
x st reamwise  d i s t a n c e  from L.E.
y normal d i s t a n c e  from w al l
y+ d i m e n s io n le s s  d i s t a n c e

from w a l l ,  y v * /  v 
y i n t e r m i t t e n c y  f a c t o r
n d i m e n s io n le s s  d i s t a n c e ,

( x  -  X g ) / ( x ^ -  X g )
9 momentum t h i c k n e s s
A0 p r e s s u r e  g r a d ie n t  parameter
v k in e m a t i c  v i s c o s i t y
t, d im e n s i o n l e s s  d i s t a n c e ,

( x -  x t ) /  ( x0.75 -  Xq.25 )
Tw wall shear stress

S u b s c r i p t s

E end o f  t r a n s i t i o n
S , t  s t a r t  o f  t r a n s i t i o n

* A c t i n g  Dean, Facu l ty  o f  Eng ineer ing
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Compressor  and t u r b i n e  d e s i g n e r s  need 
in f o r m a t i o n  on the i n c e p t i o n  o f  boundary 
l a y e r  t r a n s i t i o n  f o r  a w ide  range  o f  
pr e s s u r e  g r a d i e n t s  and under  the 
c o n d i t i o n s  o f  high f r e e - s t r e a m  t u r b u l e n c e  
e n co u nt er ed  in  tu rbo ma ch in ery .  A ccu ra te  
c a l c u l a t i o n s  o f  d i s p la c e m e n t  t h i c k n e s s  are 
r e q u i r e d  in  the t h r o a t  r e g i o n ,  f o r  s e t t i n g  
f l o w - p a s s i n g  c a p a c i t y ,  and at  th e  t r a i l i n g  
edge,  t o  enab le  the p r e s s u r e  d i s t r i b u t i o n  
t o  be c a l c u l a t e d .  In t h i s  paper  the 
autho r  f i r s t l y  p r e s e n t s  a b r i e f  r ev i ew  o f  
p r e v i o u s  work in t h i s  f i e l d ,  i n d i c a t i n g  
s e r i o u s  c o n f l i c t s  between e x i s t i n g  data 
and r e g i o n s  o f  e x p e r i m e n ta l  data  c o v er a g e  
s t i l l  u n a v a i l a b l e  t o  the  d e s i g n e r .

C r i t e r i a  in use f o r  t r a n s i t i o n  and laminar 
s e p a r a t i o n  are  based on the use  o f  a p l o t  
o f  the C ra bt re e  type  ex ten ded  t o  account  
f o r  v a r i a t i o n s  in f r e e - s t r e a m  t u r b u l e n c e  
l e v e l .  C ra bt re e  pr o po se d  a c o r r e l a t i o n  o f  
a v a i l a b l e  low t u r b u l e n c e  l e v e l  data  in the 
form o f  Rgt a g a i n s t  X gd e f i ne d  by

X 0 = ( e 2 /v )■ ( d u / d x ) . ( 1 )

To use c o r r e l a t i o n s  o f  the  C r a b t r e e  type 
one p l o t s  the l o c u s  o f  the  d e v e l o p i n g  
laminar boundary l a y e r  ( e i t h e r  measured or 
c a l c u l a t e d )  in the  form o f  R-g as a 
f u n c t i o n  o f  X0 . Laminar s e p a r a t i c n  would 
be i n d i c a t e d  by Xg r e a c h i n g  - 0 . 0 8 2  
(Thwa i te s )  o r  - 0 . 0 9  ( C u r i e  and Skan) .  
Assuming t h i s  l i m i t  i s  not  en co u nt er e d  
f i r s t  then t r a n s i t i o n  i s  p r e d i c t e d  where 
the  l o c u s  c r o s s e s  the  C r a b tr e e  c u r v e .  The 
approach  works w e l l  f o r  low t u r b u le n c e  
l e v e l s ;  the  d i f f i c u l t i e s  o c c u r  in 
e x te n d i n g  i t  t o  the h igh t u r b u l e n c e  l e v e l s  
en co u nt e re d  in  tur bom ac h i ne s .  Turbu lence  
l e v e l s  vary between 2% and 14% in  a x i a l  
f l o w  co m pr e ss o rs  and can be even h ig h e r  in 
t u r b i n e s ,  thus c o n s t i t u t i n g  an important  
independent  v a r i a b l e .

F ig ure  1, which p r e s e n t s  the  a v a i l a b l e  
p r o j e c t i o n s  f o r  t u r b u l e n c e  e f f e c t s  on the 
s t a r t  o f  t r a n s i t i o n ,  r e v e a l s  s e r i o u s  
d i s c r e p a n c i e s .  S e p a r a te  p l o t s  o f  Rq , as a 
f u n c t i o n  o f  Ay f o r  t h r e e  d i f f e r e n t  
t u r b u l e n c e  l e v e l s  ar e  g iv en  in  F i g ur e  1- 
The c o n s i d e r a b l e  d i v e r g e n c e  between  the 
t r a n s i t i o n  p r e d i c t i o n s  o f  Ha l l  ( 1 ) ,  Seyb 
( 2 ) ,  and Abu-Ghannam and Shaw ( 3 )  i s  
o b v io u s .
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c o n d i t i o n s .  Rather than the a b s o l u t e  
i n c e p t i o n  o f  t r a n s i t i o n  the Seyb data 
r e p re s e n t  a more deve loped  s t a g e  in the
t r a n s i t i o n  pr o ce s s .  The Seyb p r o j e c t i o n  
was based on n o zz le  t e s t  data and the 
h e u r i s t i c  argument that  at  high t u r b u le n c e  
l e v e l s  t r a n s i t i o n  i s  more dependent on the 
i n a b i l i t y  o f  damping mechanisms to  cope  
with  in t rod uce d  d i s tu rb a n ce s  than upon the 
a m p l i f i c a t i o n  o f  small  p e r t u r b a t i o n s .  
High turb u l enc e  l e v e l s  would b r in g  about  
t r a n s i t i o n  r e g a r d l e s s  o f  the va lue  o f  
adverse  pressure  g r a d ie n t .  Hal l  used the 
Pr e ts ch  s t a b i l i t y  l i m i t  as a b a s i s  f o r  h i s  
p r o j e c t i o n s .  His c urv es  were r e a s o n a b ly  
c om pa t ib le  with a v a i l a b l e  t e s t  data  up to  
tu rb u len ce  l e v e l s  o f  1.2%. Al though t h e i r  
data were comprehensive at  l ower  
tu rb u len ce  l e v e l s  Abu-Ghannam and Shaw 
have g iven  l i t t l e  u s e f u l  i n f o r m a t io n  on 
tu r bu le nc e  l e v e l s  above 2% under a d ver se  
pr ess ure  g r a d ie n ts .  For these  c o n d i t i o n s  
there  are s t i l l  major u n c e r t a i n t i e s  which 
re q u i r e  c l a r i f i c a t i o n .

The c ons tan t  R„t pr o po sa l  has not  been 
co n f i rmed  f o r  high tu rb u len ce  l e v e l s .  The 
r e s u l t s  o f  S c h l i c h t i n g  and Das (6 )  and 
unpubl i shed measurements by the  author  
and co -w or ke rs  sugges t  that  f o r  t u r b u l e n c e  
l e v e l s  above a c r i t i c a l  l e v e l ,  o f  about  
2.5%, the f r e e - s t r e a m  tu r bu le nc e  cau ses  
n o n - l i n e a r  by -pass  e f f e c t s  r e s u l t i n g  in 
t r a n s i t i o n  independent o f  the l i n e a r  
a m p l i f i c a t i o n  o f  T o l l m e i n - S c h l i c h t i n g  
waves.

F ig .  1. D i s c r e p a n c i e s  f o r  t r a n s i t i o n  
i n c e p t i o n  R ey n o l ds  Number.

C o n f id e n c e  in most r e s u l t s  a t  z e r o  
p r e s s u r e  g r a d i e n t  i s  h igh  bec au se  o f  the 
c o n s i d e r a b l e  r e s e a r c h  on f l a t  p l a t e s .  
Fu r t he r  s u p p o r t i n g  e v i d e n c e  f o r  ze r o  
p r e s s u r e  g r a d i e n t s  w i l l  be p r e s e n t e d  in 
t h i s  paper .  In the c o n t e x t  o f  the p re sen t  
i n v e s t i g a t i o n  the z e r o  p r e s s u r e  g r a d i e n t  
s i t u a t i o n  i s  seen as  an e s s e n t i a l  v e h i c l e  
f o r  the deve lopment  o f  t e c h n i q u e s  and as a 
check  on the q u a l i t y  o f  the measurements.

D i s c r e p a n c i e s  e x i s t  in  the  f a v o u r a b l e  
p r e s s u r e  g r a d i e n t  r e g i o n .  These  are  o f  
c o n c e rn  t o  t u r b i n e  d e s i g n e r s .  The 
t e n t a t i v e  e x t r a p o l a t i o n  o f  H a l l  ( 1 )  i s  now 
c o n s i d e r e d  to  have t o o  s t e e p  a s l o p e .  The 
measurements o f  B l a i r  ( 4 )  and Abu-Ghannam 
and Shaw ( 3 )  appear  t o  be r e l i a b l e  and are  
in  r e a s o n a b l e  a c c o r d  w i t h  c a l c u l a t i o n s  o f  
Van D r i e s t  and Blumer ( 5 ) .  The data o f  
Abu-Ghannam and Shaw ar e  the  most 
compre hen s ive  and f i t t e d  c u r v e s  f o r  these  
a r e  p r e s e n t e d  in F ig u r e  1.

Fo l l owi ng  u se f u l  pr e l i m in a ry  work at  
Cambridge Un iv er s i ty  a program was 
e s t a b l i s h e d  at  The New South Wales 
I n s t i t u t e  o f  Technology  to  p r o v i d e  
in fo rm at io n  on t r a n s i t i o n  under c o n d i t i o n s  
o f  high turbu lence  l e v e l  and ad ve rse  
pr e ss ur e  g ra d i e n t .  I n i t i a l  ex per im en ts  
have been c o n f in e d  to  z e r o  p r e s s u r e  
g ra d i e n t  c o n d i t i o n s  with the o b j e c t i v e  o f  
v a l i d a t i n g  the measurement t e c h n iq u e s  f o r  
t r a n s i t i o n  i n c e p t i o n  and development  and 
o b t a i n i n g  in format ion  on the d e f i n i t i o n  o f  
t r a n s i t i o n  l ength.

Apparatus

The i n v e s t i g a t i o n s  were condu ct ed  in  the 
608 mm x 608 mm o c ta g o n a l  s e c t i o n  open 
c i r c u i t  tunnel  shown in F igure  2.  A i r  
e n t e r s  through a bel lmouth to  the s e t t l i n g  
chamber which c o n t a in s  a honeycomb f o r  
r e d u c t i o n  o f  s w ir l  and a se t  o f  s c r e e n s  
f o r  tu rbu lence  r e d u c t i o n .  A c o n t r a c t i o n  
o f  area ra x io  3 .8 8  pr e ce de s  the t e s t  
s e c t i o n  which has a maximum v e l o c i t y  o f  40 
m/se c .  The f r e e  stream t u r b u le n c e  l e v e l  
i s  around 0.4%

The e v e n t u a l  aim o f  the  p re sen t  
i n v e s t i g a t i o n  i s  the r e s o l u t i o n  o f  the 
s e r i o u s  d i s c r e p a n c i e s  in  the  ad ve rse  
p r e s s u r e  g r a d i e n t  r e g i o n .  An important  
f a c e t  o f  the Seyb (21 c o r r e l a t i o n  i s  the 
p r o j e c t i o n  o f  t r a n s i t i o n  c u r v e s  o f  
c o n s t a n t  R0t f o r  a range  o f  t u r b u le n c e  
l e v e l s  under  a d v e r s e  p r e s s u r e  g r a d i e n t

Higher turbu lence  l e v e l s  r eq u i r e d  f o r  t h i s  
study were generated by i n s e r t i n g  square  
array  b i - p l a n a r  g r i d s ,  c o n s t r u c t e d  from 
c i r c u l a r  s t e e l  bars ,  at  the e n tr a n c e  to  
the t e s t  s e c t i o n .  Four g r i d s  were 
des i gne d ,  using F r e n k i e i ' s  ( 7 )  r e l a t i o n ,  
u ' / U ,  = 1 1 2 ( x / b f ~ /7 , t o  produce  
homogeneous turbu lence  l e v e l s  in the t e s t
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F i g .  2. Low speed wind tu n ne l  showing 
f l a t  p l a t e  in  work ing  s e c t i o n .

s e c t i o n  rang in g  from a p p r o x i m a t e l y  1% to
6 %.

Boundary l a y e r  measurements were  made on 
th e  top s u r f a c e  o f  a f l a t  aluminium p l a t e  
o f  1500 x 608 x 25 mm mounted in  the  t e s t  
s e c t i o n .  P a r t i c u l a r  a t t e n t i o n  was pa id  t o  
s u r f a c e  f i n i s h  g i v i n g  e x c e l l e n t  f l a t n e s s  
and smoothness .  The l e a d i n g  edg e  had an 
e l l i p t i c a l  ar c  form t o  a v o i d  l e a d i n g  edge 
s e p a r a t i o n  and was l o c a t e d  1200 mm from 
the  t e s t  s e c t i o n  e n t r a n c e .  S t a t i c  
p r e s s u r e s  were measured us in g  c e n t r e - l i n e  
t a p p in g s  o f  0 . 5  mm d i a m e t er  a t  75 mm 
i n t e r v a l s .  I t  was f ound n e c e s s a r y  to  
impart a n e g a t i v e  i n c i d e n c e  o f  1 /4  deg .  t o  
the  p l a t e  to  a v o i d  laminar  s e p a r a t i o n  
b u b b le s ;  t h i s  had an i m p e r c e p t i b l e  e f f e c t  
on the p r e s s u r e  d i s t r i b u t i o n .

A t r a v e r s e  c a r r i e d  the  probe  
l o n g i t u d i n a l l y  o v e r  one metre  from the 
l e a d in g  edge and a l e a d - s c r e w  system was 
mounted on the  c a r r i a g e  f o r  v e r t i c a l  
t r a v e r s e .  A d i a l  gauge hav ing  a l e a s t  
co unt  o f  0 . 0 1  mm was used f o r  
c l o s e - i n t e r v a l  measurements o f  v e r t i c a l  
movement.  High i n t e n s i t y  l i g h t  was 
f o c u s e d  on the  pr o be  t i p ,  the  r e f l e c t i o n  
o f  which on the  p o l i s h e d  aluminium p l a t e  
was used f o r  a c c u r a t e  p o s i t i o n i n g  c l o s e  to  
the  w a l l .

The r e f e r e n c e  v e l o c i t y  was s e t  us ing  a 
p i t o t  tube .  Boundary l a y e r  t r a v e r s e s  were 
per formed us in g  a 1 . 2  x 0 . 7 2  mm f l a t  end 
p i t o t  tube in  c o n j u n c t i o n  w i t h  p l a t e  
s t a t i c  p r e s s u r e s .  T r a n s i t i o n  measurements 
were per formed  u s i n g  a DISA hot w i r e  probe  
hav ing a 1 .2  mm p la t in u m—c o a t e d  w ir e  o f  5 
micron d iame te r  and a DISA 55M10 
anemometer .

R e s u l t s  and D i s c u s s i o n

The t r a n s i t i o n  r e g i o n s  were i d e n t i f i e d  
u s i n g  h o t - w i r e  measurements.  The probe  
was l o c a t e d  abo ut  one momentum t h i c k n e s s  
from the p l a t e  where the  d i f f e r e n c e  
between laminar and t u r b u l e n t  p r o f i l e  i s

la rg e  and ne ar l y  c o n s t a n t .  Tu rb u l en t  
b u r s t s  were sensed and the o u tp u t  s i g n a l  
r e c o r d e d  on the u l t r a  v i o l e t  c h a r t .  A 
sampl ing t ime o f  ap pro x i ma te l y  2 . 4  s e c s ,  
was used e x c e p t  f o r  g r i d - I I I  where the 
s i g n a l  was r eco rd ed  f o r  only  1 .5  s e c s .

The i n t e r m i t t e n c y  f a c t o r  was de t ermined  
f o r  a l l  r e ad in g s  by v i s u a l  i n s p e c t i o n  o f  
the  t r a c e s  o f  h o t - w i r e  s i g n a l s .  The 
v a r i a t i o n  o f  i n t e r m i t t e n c y  in the  
t r a n s i t i o n  re g io n  was measured at  
d i f f e r e n t  tu r bu le nc e  l e v e l s  and th ese  
r e s u l t s  are  compared with the o b s e r v a t i o n s  
o f  o th e r  auth or s  in F igur e  3. The r e s u l t s  
demonstrate  r e a s o n a b le  g e ne r a l  agreement 
wi th  those  o f  o th e r  au th or s .

In a t te m pt in g  to  r e s o l v e  the  d i s c r e p a n c i e s  
remaining  in F igure  3 c o n s i d e r a t i o n  has 
been g i ven  to  t h e i r  r e p r e s e n t a t i o n  by 
d i f f e r i n g  e x p r e s s i o n s  o f  a s i gmoid  f orm.

Abu-Ghannam and Shaw employed a c u b i c  
r e p r e s e n t a t i o n

r = 1 -  exp ( - 5t l3 ) • • • ( 2 )

and the  f u l l  l i n e s  in F igure  3 c o r r e s p o n d  
to  the  above e x p r e s s i o n .  The e x p r e s s i o n  
r e p r e s e n t e d  w e l l  th o se  data o f  Gos t e l ow  
and Ramachandran ( 8 )  f o r  which an adequate  
sampl ing t ime was used.

Narasimha ( 9 )  has su g ge s te d  th a t  the 
p r i n c i p a l  so u rce  o f  r emaining 
d i s c r e p a n c i e s  i s  not  sampl ing  t ime but 
r a th e r  lack o f  ac c ura cy  in d e t e r m i n a t i o n  
o f  t r a n s i t i o n  i n c e p t i o n .  He p r o p o s e s  that  
t r a n s i t i o n  i n c e p t i o n  shou ld  be de termined

Fi g .  3. V a r i a t i o n  o f  i n t e r m i t t e n c y  
f a c t o r  in t r a n s i t i o n  r e g i o n .
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w ith  more c e r t a i n t y  by e x t r a p o l a t i o n  o f  
the  t r a n s i t i o n  deve lopment  c u r v e  to  z e r o  
i n t e r m i t t e n c y . In r e f .  ( 1 0 )  Narasimha 
demonstrated that  as  a r e s u l t  o f  t h i s  
p r o c e s s  the a v a i l a b l e  data  ar e  c o n s i s t e n t  
w i t h  a s i m i l a r i t y  r e p r e s e n t a t i o n

Y = 1 -  exp ( - 0 . 0 4 1 2  S2) . . .  ( 3 )

where

£ =  ( x  “  x t ) / ( X 0-75 “  x 0-25 )  ■

In p a r t i c u l a r  i t  was f ound t h a t ,  i f  
t r a n s i t i o n  i n c e p t i o n  ( t h e  e f f e c t i v e  
o r i g i n )  was de termined  by e x t r a p o l a t i o n  to  
z e r o  i n t e r m i t t e n c y  o f  the F( Y) p l o t ,  the 
d i f f e r e n c e s  d i s a p p e a r e d  and th e  data  o f  
r e f e r e n c e  ( 3 )  were  matched w e l l  by 
e q u a t io n  ( 3 ) .

An at tempt i s  made t o  compare the  Go ste lo w 
and Ramachanaran dat a  w i t h  the  u n i v e r s a l  
i n t e r m i t t e n c y  d i s t r i b u t i o n  o f  e q u a t i o n  ( 3 )  
i n  F igure  4.  A l though  t r a n s i t i o n  
i n c e p t i o n  f o r  the  e x p e r i m e n t a l  data 
p l o t t e d  was de t ermined  by i n s p e c t i o n  o f  
the  t r a c e s  a t tem pts  were a l s o  made to  
de te rmine  i n c e p t i o n  by e x t r a p o l a t i o n  as 
su g g es te d  by Narasimha.  In t h i s  c a s e  the  
compari son was not  s i g n i f i c a n t l y  improved 
by use o f  the e x t r a p o l a t i o n  te c h n i q u e .  
Equat ion  ( 3 )  d id  no t  r e p r e s e n t  t h e s e  data 
w e l l  and t h e r e f o r e  the  u n i v e r s a l i t y  o f  the 
s i m i l a r i t y  r e p r e s e n t a t i o n  must be 
q u e s t i o n e d ,  even f o r  the  z e r o  p r e s s u r e  
g r a d i e n t  c a s e .  In any ev ent  Narasimha e t  
a l  ( 11 )  have r e c e n t l y  demons trate d  that  
the  pr es e n ce  o f  q u i t e  mi ld  s t reamwise  
p r e s s u r e  g r a d i e n t s  c a u s e s  s i g n i f i c a n t  
d e p a r t u r e s  from the  s i m i l a r i t y  form.

F i g .  4. I n t e r m i t t e n c y  dat a  ( r e f .  8)  
c ompared w i th  s i m i l a r i t y  
d i s t r i b u t i o n  ( e qn .  3 ) .

Boundary layer  i n t e g r a l  parameters  were 
determined from mean v e l o c i t y  t r a v e r s e s  at  
f i v e  l o c a t i o n s  c o rr e sp o n d in g  t o  y = ° -
0 . 2 5 ,  0 . 5 ,  0 .7 5  and 1 .0  f o r  each  g r i d
tu r bu le nc e  l e v e l .  These r e s u l t s  were 
p l o t t e d  on a s e m i - l o g  graph to  compare 
with  the e s t a b l i s h e d  " l a w - o f - t h e - w a l l "

U+ = 2 . 4 4  In y+ + 5 .0  . . .  ( 4 )

A sample r e s u l t  g iven  in F ig ure  5 shows 
that  at  ze r o  i n t e r r a i t t e n c y , the boundary

Fi g .  5. V a r i a t i o n  o f  s e m i - l o g  p l o t  
w ith  i n t e r m i t t e n c y .

la y e r  i s  f u l l y  laminar wi th  U1’ = y"’’  f o r  
y+ < 2 7 .  The v e l o c i t y  p r o f i l e  changes  from 
laminar to  a f u l l y  tu r b u le n t  shape as  the  
i n t e r m i t t e n c y  f a c t o r  i n c r e a s e s .  With an 
in te r m i t te n c y  f a c t o r  c l o s e  t o  on e ,  the 
v e l o c i t y  p r o f i l e  e x h i b i t s  a n e ar ly  
tu rbu len t  shape f o l l o w i n g  the  
l a w - o f - t h e - w a l l .  For an i n t e r m i t t e n c y  
f a c t o r  o f  0 .98  the data have not  q u i t e  
reached the l a w - o f - t h e - w a l l  l i n e  
i n d i c a t i n g  that  t h i s  l o c a t i o n  c o r r e s p o n d s  
to  the u nc er t a in  re g io n  at  the end o f  
t r a n s i t i o n .

The va lues  o f  Reynolds  Number at  th e  s t a r t  
and end o f  t r a n s i t i o n  are p r e s e n t e d  in  
F igure  6. I n c e p t i o n  Reynolds  Numbers 
o b t a i n e d  by Abu-Ghannam and Shaw, Van 
D r i e s t  and Blumer,  and G os te lo w  and 
Ramachanaran are c om pa t i b le  at  t u r b u l e n c e  
l e v e l s  o f  1.8% and h igh er .

T r a n s i t i o n  i n c e p t i o n  i s  not p a r t i c u l a r l y  
d i f f i c u l t  t o  obs erv e  and when p l o t t e d  on 
the  c o nv en t io n a l  s e m i - l o g  p l o t  in the  form 
o f  U+ ag a i ns t  y~  the l o c a t i o n s  a t  which 
the in te r m i t te n c y  de p a r t s  from z e r o  and a t  
which in te r m i t te n c y  becomes u n i t y  are  
q u i t e  s e n s i t i v e l y  i n d i c a t e d .  As F ig u r e  4 
i n d i c a t e s ,  Abu-Ghannam and Shaw 
e x pe r i e nc e d  c o n s i d e r a b l e  u n c e r t a i n t y  in 
de termining  the end o f  t r a n s i t i o n  and 
hence t r a n s i t i o n  l en gt h .  The a u t h o r ' s  
r e s u l t s  were co n f i rmed  by s e m i - l o g  p l o t s  
and did not e x h i b i t  such a range  o f  
s c a t t e r  o r  u n c e r t a i n t y .
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Fi g .  6. Re y n o ld s  Number f o r  s t a r t  and
end o f  t r a n s i t i o n  as  a f u n c t i o n  
o f  t u r b u l e n c e  l e v e l .

The e a r l i e r  r e s u l t s  o f  Dhawan and
Narasimha ( 1 2 )  were used by Dunham (13 )  to 
show that
0 . 2 5 < Y  <0.75  i s  o n l y  30% o f  
t r a n s i t i o n  l e n g t h .  I t  i s  o f  i n t e r e s t  to  
a s s e s s  the v a l i d i t y  o f  t h i s  p r o p o r t i o n  f o r  
h ig h e r  t u r b u l e n c e  l e v e l s .  Dhawan and

the t r a n s i t i o n  l e n g t h  f o r
the  t o t a l

Narasimha have d e f i n e d  R
o f  Reyno lds  Number RXS

LYat
•LY -  j n XS t r a n s i t i o n  l e n g t h  RL = 3 . 3 6 R , y .

as  a f u n c t i o n  
th e  s t a r t  o f  

For t o t a l

The measured v a l u e s  o f  RLy were  4% above  
t h o s e  o f  Dhawan and Narasimha f o r  Gr id  I,  
21% above  f o r  g r i d - I I  and in  agreement  f o r  
g r i d s - I I I  and IV.  Th is  i s  anoth er  
c o n f i r m a t i o n  o f  the adequacy o f  the above 
r e l a t i o n s  f o r  h igh  t u r b u l e n c e  c o n d i t i o n s  
a t  z e r o  p r e s s u r e  g r a d i e n t .

C o n c l u s i o n s

S e r i o u s  d i s c r e p a n c i e s  e x i s t  between the 
v a r i o u s  c o r r e l a t i o n s  used t o  p r e d i c t  the 
i n c e p t i o n  o f  t r a n s i t i o n  a t  h igh t u r b u le n c e  
l e v e l s  in the  a d v e r s e  p r e s s u r e  g r a d i e n t  
r e g i o n .  The i n v e s t i g a t i o n s  r e p o r t e d  in 
t h i s  paper  a r e  p a r t  o f  a program aimed at  
r e s o l v i n g  t h e s e  d i s c r e p a n c i e s .

The r e s u l t s  o b t a i n e d  under  c o n d i t i o n s  o f  
z e r o  p r e s s u r e  g r a d i e n t  ar e  c o n s i d e r e d  to  
p l a c e  the  measurement t e c h n i q u e s  on a 
r e a s o n a b l e  f o o t i n g .  N e v e r t h e l e s s  th e re  
are  s t i l l  some u n r e s o l v e d  prob l em s  even 
under th ese  c o n d i t i o n s .

The a c c u r a t e  d e t e r m i n a t i o n
i n t e r m i t t e n c y  d i s t r i b u t i o n  in  the 
t r a n s i t i o n  re g i o n  depends on th e  data 
sampl ing  time and the a c c u r a c y  o f  
measurement o f  i n c e p t i o n  and c o m p l e t i o n  o f  
the t r a n s i t i o n  p r o c e s s .

The u n i v e r s a l i t y  o f  i n t e r m i t t e n c y  
r e p r e s e n t a t i o n s  i s  s t i l l  not  f i r m l y  
e s t a b l i s h e d .  Most s e t s  o f  dat a  are  
r e p r e s e n t e d  by the o r i g i n a l  d i s t r i b u t i o n  
o f  Dhawan and Narasimha which,  however,  
does  not  r e p re s e n t  the a u t h o r ' s  dat a .  The 
a u t h o r ' s  data  are w e l l  r e p r e s e n t e d  by the 
d i s t r i b u t i o n  o f  Abu-Ghannam and Shaw. The 
data o f  Abu-Ghannam and Shaw appear  t o  be 
c o m p a t i b l e  w ith  e i t h e r  d i s t r i b u t i o n  
dependent  on the t e c h n i q ue  a p p l i e d  f o r  
d e t e r m i n a t i o n  o f  t r a n s i t i o n  i n c e p t i o n .

The q u e s t i o n  o f  sampl ing t ime i s  a 
c o n t r o v e r s i a l  one.  Abu-Ghannam and Shaw 
c l a im  th at  sampl ing time i s  im por tant  and 
the  o b s e r v a t i o n s  o f  Gos t e l ow  and 
Ramachandran are c o n s i s t e n t  w i th  such a 
c la im .  Narasimha, however,  w h i l s t
a g r e e in g  that  sampl ing time must be 
adequate ,  c o n s i d e r s  o t h e r  v a r i a b l e s  t o  be 
o f  g r e a t e r  importance  in 
range .  Th is  po in t
e l u c i d a t i o n  and c a l l s  
measurements and a p p l i c a t i o n  o f  s i g n a l  
a n a l y s i s  the or y .  With r eg a rd  to

the  o b s e r v a t i o n  
needs c a r e f u l  

f o r  a c c u r a t e

p r e d i c t i o n s  o f  the s t a r t  and end o f  
t r a n s i t i o n  the impor tance  o f  p r e c i s e  
measurements and data a n a l y s i s  in  the 
e a r l y  s t a g e s  o f  the t r a n s i t i o n  p r o c e s s  i s  
emphasi sed.  The e s t a b l i s h m e n t  o f  
d e t e c t i o n  t h r e s h o l d s  can be an important  
v a r i a b l e  f a c t o r .  D e t e c t i o n  o f  the  end o f  
the  t r a n s i t i o n  p r o c e s s  i s  b e s t  
ac c o m pl i s h e d  by p l o t t i n g  v e l o c i t y  p r o f i l e s  
on a sera i - l og  b a s i s .

Comparison o f  the p r e s e n t  data  wi th  the  
t h e o r e t i c a l  p r e d i c t i o n s  o f  Van D r i e s t  and 
Blumer and the  expe r ime nta l  o b s e r v a t i o n s  
o f  Abu-Ghannam and Shaw f o r  l o c a t i n g  the 
o n se t  o f  t r a n s i t i o n  c o n f i r m s  the 
c o r r e l a t i o n s  o f  th ose  a u t h o r s .  The 
pr e se n t  r e s u l t s  a l s o  c on f i r m  the adequacy 
o f  c o r r e l a t i o n s  by Dhawan and Narasimha 
and by Abu-Ghannam and Shaw f o r  p r e d i c t i o n  
o f  t r a n s i t i o n  l ength  and end o f  t r a n s i t i o n  
r e s p e c t i v e l y .

Having e s t a b l i s h e d  the te c h n i q u e s  f o r  the  
z e r o  p r e s s u r e  g ra d ie n t  c ase  the next  s t a g e  
in  the i n v e s t i g a t i o n s  i s  t o  s y s t e m a t i c a l l y  
impose var y in g  adverse  pr e s s u r e  g r a d i e n t s  
f o r  var y in g  tu r b u le n c e  l e v e l s .  Such 
measurements shou ld  r e s o l v e  some o f  the 
q u e s t i o n s  c o nc e rn in g  the e x i s t e n c e  o f  a 
c r i t i c a l  tu r bu le nc e  l e v e l  and o f  
d i s c r e p a n c i e s  between the e x i s t i n g  
c o r r e l a t i o n s .

The author  wishes  t o  
c o n s t r u c t i v e  s u g g e s t i o n s  
Narasimha.  The a s s i s t a n  
Ramachandran in o b t a i n i n g  
data i s  a p p r e c i a t e d .

acknowledge  the 
o f  P r o f .  R. 

ce o f  Dr. R.M. 
the e x p e r i m e n ta l
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P R O P O S E D  C O N T R O L  O F  C O M P R E S S O R  S T A L L  
B Y  P R E S S U R E  P E R T U R B A T I O N  A N D  B L A D E  D E S I G N

I C A S - 8 6 - 3 . 6 . 2

B . S .  T h o r n t o n ,  L . C .  B o t t e n  a n d  J . P .  G o s t e l o w  
T h e  N e w  S o u t h  W a l e s  I n s t i t u t e  o f  T e c h n o l o g y  

B r o a d w a y ,  S y d n e y ,  A u s t r a l i a

A b s t r a c t

A m e t h o d  i s  p r o p o s e d  f o r  s u p p r e s s i n g  s t a l l  a nd 
s t a l l  f l u t t e r  i n  a n  a x i a l  f l o w  c o m p r e s s o r  b y 
i n j e c t i n g  u p s t r e a m  p e r t u r b a t i o n s .  E v i d e n c e  f r o m  
a n o t h e r  f i e l d  sh o w s  t h a t  t h e  a d d i t i o n  o f  p a r t i c u l a r  
n o i s e  p e r t u r b a t i o n s  t o  a b i f u r c a t i n g  s y s t e m  c a n  
g r e a t l y  r e d u c e  t h e  e n t r o p y  i n c r e a s e  a nd y i e l d  p o w e r  
s p e c t r a  w i t h  s e v e r a l  p r o n o u n c e d  f r e q u e n c y  p e a k s .  
We c o n s i d e r  p r o b l e m s  i n  a c h i e v i n g  d o w n s t r e a m  
p e r t u b a t i o n s  h a v i n g  a s p e c t r u m  c o n s i s t e n t  w i t h  
s t a b i l i t y  r e q u i r e m e n t s  u n d e r  p e r t u r b a t i o n s  f o r  t h e  
n o n - l i n e a r  b l a d e  d y n a m i c s .  T h e  r e q u i r e m e n t s  may be 
m o d i f i e d  b y  b l a d e  d e s i g n  p a r a m e t e r s .  T h e  
c o n t r o l l e d  i n j e c t i o n  o f  t u r b u l e n c e  i n t o  t h e  
u p s t r e a m  f l o w  h a s  b e e n  s ho w n  t o  h a v e  t h e  d e s i r e d  
e f f e c t  o f  s u p p r e s s i n g  l a m i n a r  s e p a r a t i o n .  S t a l l  
s u p p r e s s i o n  d e v i c e s  f o r  f a n s  b a s e d  o n  t h e  
r e c i r c u l a t i o n  o f  t u r b u l e n t  t i p  r e g i o n  f l u i d  a r e  
s u c c e s s f u l  b u t  a r e  n o t  w e l l  u n d e r s t o o d .  T h e  
s u g g e s t i o n s  o f  t h i s  p a p e r  s h o u l d  p r o v i d e  a 
h y p o t h e t i c a l  b a s i s  f o r  t h e  d e s i g n  o f  t h e s e  d e v i c e s  
a n d  p r o v i s i o n  o f  a m o d i f i e d  e n d o g e n o u s  
r e c i r c u l a t i o n  p r o c e d u r e .

1 .  I n t r o d u c t i o n

T h e  c h a o t i c  n a t u r e  o f  t u r b u l e n c e  t e n d s  t o  s e p a r a t e  
a n y  t w o  f l u i d  e l e m e n t s  w h i c h  a r e  i n i t i a l l y  c l o s e .  
A s  a r e s u l t  t h e r e  i s  a t e n d e n c y  t o  s t r e t c h  i n i t i a l  
v o r t i c i t y  d i s t r i b u t i o n s  i n t o  l o n g e r  a nd l o n g e r  a n d  
t h i n n e r  v o r t e x  r i b b o n s ,  u n t i l  v i s c o s i t y  s t o p s  t h e  
t h i n n i n g .  As t h e  c r o s s  s e c t i o n  d e c r e a s e s  t h e  f l u i d  
i n  t h e  r i b b o n  m u s t  s p i n  h a r d e r  ( K e l v i n ' s  
c i r c u l a t i o n  t h e o r e m )  a n d  t h e  c o m b i n a t i o n  o f  
i n c r e a s i n g  s p i n  a nd t h i n n i n g  means an i n c r e a s e  i n  
e n s t r o p h y  ( 3 )  a n d  a t r a n s f e r  o f  e n e r g y  f r o m  l o w e r  
t o  h i g h e r  w a v e n u m b e r s  i n  i t s  F o u r i e r  
r e p r e s e n t a t i o n ,  E l k ) ,  o f  t h e  t u r b u l e n c e .  T h e  
i n t e r a c t i o n s  b e t w e e n  w a v e n u m b e r s ,  k ,  d i f f e r i n g  b y  
a s  much as  t w o  o c t a v e s  c a n  c o n t r i b u t e  s t r o n g l y  t o  
t h e  i n e r t i a l - r a n g e  e n e r g y  t r a n s f e r .  T h e  f o r e g o i n g  
l e a d s  t o  t h e  i d e a  o f  t h e  e n e r g y  c a s c a d e  b e i n g  
c o n s i d e r e d  as  a t y p e  o f  d i f f u s i o n  p r o c e s s  i n  
w a v e n u m b e r  ( k )  s p a c e .  K o l m o g o r o v ' s  o r i g i n a l  
h y p o t h e s i s  ( 4 )  i m p l i e d  t h a t  i n  t h i s  p r o c e s s  a l l  
d e t a i l e d  s t a t i s t i c a l  i n f o r m a t i o n  a b o u t  t h e  s o u r c e  
o f  e n e r g y  i n  t h e  l a r g e  s p a t i a l  s c a l e s  i s  l o s t  a n d  
t h e  o n l y  m a c r o s c o p i c  p a r a m e t e r  c o n t r o l l i n g  t h e  
c a s c a d i n g  p r o c e s s  i s  t h e  c a s c a d e  r a t e  e  
( d i s s i p a t i o n  r a t e  p e r  u n i t - m a s s )  w h i c h  s a t i s f i e s

c / v
Zf•/ o

k 2 E ( k ) d k , ( 1 )

T h e  p r o b l e m s  o f  p r e d i c t i n g  s t a l l  a n d  s t a l l  f l u t t e r  
i n  a x i a l  f l o w  c o m p r e s s o r s  ( 1 , 2 )  a r e  s t i l l  n o t  
s a t i s f a c t o r i l y  s o l v e d  f o r  p r a c t i c a l  s i t u a t i o n s .  
T h e  m o s t  u s u a l  a p p r o a c h  t o  t h e  p r o b l e m s  i n v o l v e s  
c o n s i d e r a t i o n  o f  t h e  p h y s i c s  o f  t h e  s e p a r a t i o n  
p r o c e s s .  I n  t h i s  p a p e r  an a l t e r n a t i v e  p r o c e d u r e  i s  
p r o p o s e d  w h i c h  i n v o l v e s  o n e  o f  t h e  b a s i c  pheno me na  
w h i c h  c a n  t r i g g e r  s t a l l  a n d  e x c i t e  s t a l l  f l u t t e r  -  
t h e  p e r t u r b a t i o n s  f r o m  u p s t r e a m  w a k e s .  S t a l l  i s  t o  
b e s u p p r e s s e d  t h r o u g h  a r e s c a l i n g  o f  r e - i n j e c t e d  
v o r t e x  s t r u c t u r e s  b y d i g i t a l  c o m p u t e r  c o n t r o l  o f  a 
p h y s i c a l  f e e d b a c k  c h a n n e l .  Some o f  t h e  p r i n c i p l e s  
d e v e l o p e d  may e x p l a i n  t h e  e x t r a o r d i n a r i l y  s t a b l e  
o p e r a t i n g  r a n g e  o b s e r v e d  i n  c e r t a i n  a x i a l  f l o w  f a n s  
a n d  o f f e r  a m ea ns o f  e x t e n d i n g  t h a t  f e a t u r e  t o  
a x i a l  f l o w  c o m p r e s s o r s .

2 .  L a r g e  R a n g e  o f  S c a l e s  o f  L e n g t h  a n d  T i m e  i n  a 
C o m p r e s s o r  -  T h e  R e n o r m a l  i s a t . i o n  P r o b l i m

A p r i m e  s o u r c e  o f  d i f f i c u l t y  i n  o v e r c o m i n g  
t u r b u l e n c e  i s  t h e  l a r g e  r a n g e  o f  s c a l e s  i n v o l v e d  i n  
l e n g t h ,  e n e r g y  a n d  t i m e .  I t  i s  o n e  o f  a g r o u p  o f  
p r o b l e m s  i n  p h y s i c s  i n  w h i c h  a l l  t h e s e  s c a l e s  a r e  
e q u a l l y  i m p o r t a n t .  T h e  d i f f i c u l t  p r o b l e m s  i n
t u r b u l e n c e  t h e o r y  a r e  t o  do w i t h  e s s e n t i a l
n o n - l i n e a r i t y ,  w i t h  s t r o n g  d e p a r t u r e  f r o m  a b s o l u t e  
s t a t i s t i c a l  e q u i l i b r i u m  p l u s  t h e  e x c i t e d  d e g r e e s  o f  
f r e e d o m  w i t h  t h e s e  w i d e  r a n g e s  o f  l e n g t h  a n d  t i m e  
s c a l e s  a t  h i g h  R e y n o l d s '  N u m b e r s .
Copyright 1986 by ICAS and AIAA. All rights reserved.

v  b e i n g  t h e  v i s c o s i t y .  I n  1 9 6 2  when d a t a  on 
s m a l l - s c a l e  i n t e r m i  t t e n c y  became a v a i l a b l e ,  
K o l m o g o r o v  ( 5 )  a n d  O b o u k h o v  ( 6 )  m o d i f i e d  t h e  
o r i g i n a l  ( 1 9 4 1 )  t h e o r y ,  w h i c h  i n v o l v e d  o n l y  e and 
v  ,  t o  i n c l u d e  L Q ,  t h e  l e n g t h  s c a l e  o f  t h e  l a r g e s t  
e d d i e s  i n  t h e  f l o w  an d  p r o p o s e d  t h a t  t h e  c a s c a d i n g  
o f  e x c i t a t i o n s  f r o m  l a r g e  t o  s m a l l  s c a l e s  t a k e s  
p l a c e  i n  f i n i t e  l o g a r i t h m i c  s t e p s  t o  w a v e n u m b e r  o r  
s c a l e  s i z e .  T h e  n u m b er  o f  s t e p s  f r o m  s c a l e  L  t o  a 
d o m a i n  o f  s i z e  r  i s  m e a s u r e d  b y l n ( L  / r ) :  An 
i m p l i c a t i o n  i s  t h a t  a s y s t e m a t i c  i n c r e a s e  o f  
i n t e r m i t t e n c y  i n  t h e  c a s c a d i n g  c h a i n  means t h a t  t h e  
v o r t i c i t y  be co m es  c o n c e n t r a t e d  i n  an i n c r e a s i n g l y  
s p a r s e  c o l l e c t i o n  o f  i n t e n s i v e  r i b b o n s ,  a s  s t a t e d  
e a r l i e r .

T h e r e  i s  a p e c u l i a r  e x p e r i m e n t a l l y  o b s e r v e d  
d e p e n d e n c e  o f  t h e  k i n e t i c  e n e r g y  d i s s i p a t i o n  r a t e  
i n t o  h e a t  t h r o u g h  v i s c o s i t y .  As v i s c o s i t y  -> 0 ,  
e a p p e a r s  t o  a p p r o a c h  a n o n - z e r o  l i m i t  w h i c h  i s  
i n d e p e n d e n t  o f  v i s c o s i t y .  T h i s  b e h a v i o u r  seems t o  
b e a s s o c i a t e d  w i t h  t h e  t h i n n i n g  and i n t e n s i f i c a t i o n  
o f  t h e  v o r t e x  r i b b o n s  w h i c h ,  on a v e r a g e ,  
c o m p e n s a t e s  t h e  l e s s e n e d  d i s s i p a t i o n  t h a t  w o u l d  
o t h e r w i s e  a c c o m p a n y  t h e  r e d u c t i o n  i n  v i s c o s i t y .  A 
f o r m a l  p r o c e d u r e  w h i c h  h a s  bee n s u c c e s s f u l  i n  
h e l p i n g  t h e  u n d e r s t a n d i n g  o f  su c h  ph eno m ena  
a s s o c i a t e d  w i t h  n o n - e q u i l i b r i u m  N a v i e r - S t o k e s  
s y s t e m s  i s  t h e  o f t e n  p o w e r f u l  m e t h o d  o f  
" r e n o r m a l i s a t i o n " .  T h i s  i n v o l v e s  t h e  u s e  o f  
r e n o r m a l i s e d  p e r t u r b a t i o n  s e r i e s  w h i c h  g e n e r a l i s e
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t h o s e  u s e d  i n  q u a n t u m  f i e l d  t h e o r y .  A l t h o u g h  t h i s  
h a s  s e r i o u s  d e f i c i e n c i e s  i t  d o e s  h a v e  t h e  a d v a n t a g e  
o f  d e s c r i b i n g  i n  a n a t u r a l  w a y  t h e  p h y s i c a l  
p h e n o m e n a  d e s c r i b e d  e a r l i e r :  t h a t  s m a l l  s c a l e s  o f  
t u r b u l e n c e  r e a c t  on  l a r g e  s c a l e s ,  l i k e  a d y n a m i c a l  
o r  e d d y  v i s c o s i t y  w h i c h  a u g m e n t s  t h e  m o l e c u l a r  
v i s c o s i t y  v .  T h e r e f o r e  we a r e  p r o m p t e d  t o  
i n t r o d u c e  ( i n j e c t )  s m a l l  s c a l e s  o f  t u r b u l e n c e  
u p s t r e a m  i n  a n  a x i a l  f l o w  c o m p r e s s o r  t o  i n c r e a s e  
t h e  e f f e c t i v e  l o c a l  v i s c o s i t y  o v e r  v i b r a t i n g  b l a d e s  
d o w n s t r e a m  -  i n  a n e c e s s a r i l y  c a r e f u l l y  
c o n t r o l l a b l e  m a n n e r .

T h e  c o n t r o l  m u s t  be o n  a t i m e  s c a l e  i n  h a r m o n y  w i t h  
t h e  t h e o r y  o n  w h i c h  t h e  m e t h o d  i s  b a s e d .  I t  m u s t  
a l s o  p r o v i d e  w a k e s  h a v i n g  a k - s p e c t r u m  c o n s i s t e n t  
w i t h  t h e  s t a b l e  o p e r a t i n g  r a n g e ,  f o r  t h e  n o n - l i n e a r  
d y n a m i c s  o f  b l a d e  m o t i o n ,  a s  w i l l  be p r e s e n t e d  i n  
S e c t i o n  3 .

K r a i c h n a n  ( 7 )  h a s  sh ow n t h a t ,  i f  t h e  c o n t r i b u t i o n  
o f  l o c a l  i n t e r a c t i o n s  i n  w a v e n u m b e r  i s  e m p h a s i z e d ,  
t h e  e f f e c t i v e  s t e p  s i z e  o f  t h e  c a s c a d i n g  p r o c e s s  i s  
r e d u c e d .  T h e r e f o r e  i f  t h e  b u i l d - u p  o f  
i n t e r m i t t e n c y  d e p e n d s  on  t h e  e f f e c t i v e  n u m b e r  o f  
l o g a r i t h m i c  s t e p s  t h e n  i t  i s  a f f e c t e d  a n d  
c o n t r o l l a b l e  ( s e e  F i g .  1 )  a s  i s  t h e  p o s i t i v e  
e x p o n e n t  v i n  t h e  e x p r e s s i o n  ( 8 , 9 )  a r i s i n g  f r o m  t h e  
m o d i f i e d  f o r m  o f  e ( k ) f o r  s u c h  s t e p s :

c ( k )  = C e 3/3k ' 5/3 ( k L J ' *  ,  v  > 0 .  ( 2 )

( I n t e r p r e t a t i o n  o f  v a s  g i v i n g  m o r e  d e t a i l e d  
f e a t u r e s  o f  n o n - l i n e a r  i n t e r a c t i o n s  c a n  b e f o u n d  i n  
R e f .  1 0  i n  r e l a t i o n s h i p  t o  i n t e r m i t t e n c y  i n  
d e v e l o p e d  t u r b u l e n c e . )  I n  t w o  d i m e n s i o n s  t h e  
e n s t r o p h y  i s  g i v e n  b y

$iow (vorticity)2 dk*
I f  we c o n s i d e r  t h e  F o u r i e r  r e p r e s e n t a t i o n  o f  

e n s t r o p h y  ( p e r  u n i t  v o l u m e )  X a k a y£  .  w h e r e  k a i s  
t h e  w a v e  v e c t o r  f o r  mode y a w h i c h  w e w i s h  t o  
c o n t r o l ,  t h e n  i f  we c h a n g e  t h e  e n s t r o p h y  b y  a d d i n g  
v o r t i c i t y  we c h a n g e  y „  a n d  kapy i n  t h e  
i n c o m p r e s s i b l e  M a v i e r - S t o k e s  e q u a t i o n  w r i t t e n  i n  
t h e  f o l l o w i n g  f o r m  ( 7 ) :

( g-t + v a ) y a  = I f l a  y 7 .  ( 3 )

Figure 1 .  D istrib u tion  o f  turbulent energy among 
d iffe r e n t  s c a le s . Energy supplied  a t sca les  o f  
order L from external source E. Transferred to 
sm aller sc a les  at mean ra te t per unit mass. I f  a 
change o f  sca lin g  i s  introduced the cascade ra te  
and the number o f  s te p s  are changed.

B u t  t h e  ha0y ,  . . . .  m u s t  s a t i s f y  t h e
c o r r e s p o n d i n g  e q u a t i o n  f o r  e n s t r o p h y  c o n s e r v a t i o n

k o A a /37  + k / j A ^ - y o  + k -y A 7 a 0  =  0 ( 4 )

( f o r  t w o  d i m e n s i o n s ) .  B e c a u s e  o f  t h e  c o n s e r v a t i o n  
r e l a t i o n  ( 4 )  t h e  t r a n s p o r t  o f  k i n e t i c  e n e r g y  i n  
t w o - d i m e n s i o n a l  t u r b u l e n c e  i s  t o w a r d  l o w e r ,  i n s t e a d  
o f  h i g h e r ,  w a v e  n u m b e r s  ( 3 ) .  A c h a n g e  i n  e n s t r o p h y  
f r o m  i n j e c t e d  o r  r e c i r c u l a t e d  u p s t r e a m  w a k e s  c a n  
c h a n g e  t h e  w a v e n u m b e r  d i s t r i b u t i o n  a n d ,  i n  v i e w  o f  
t h e  c h a n g e  i n  l o c a l  i n t e r a c t i o n  o f  w a v e n u m b e r  
c o n t r i b u t i o n s ,  o f f e r  a m e an s o f  a l t e r i n g  t h e  
d o w n s t r e a m  d e v e l o p m e n t  o f  t u r b u l e n c e ,  r e s u l t i n g  i n  
c o n c o m i t a n t  b e n e f i c i a l  b e h a v i o u r  s u c h  a s  t h e  
s u p p r e s s i o n  o f  s t a l  1 .

3 .  F r e q u e n c y  R a n g e  L i m i t s  f o r  
S t a b i l i t y  o f  t h e  B l a d e  D y n a m i c s

A  common t y p e  o f  m o t i o n  e x h i b i t e d  b y  f l u t t e r i n g  
c o m p r e s s o r  b l a d e s  i s  a b e n d i n g  v i b r a t i o n  a n d  t h e  
e q u a t i o n  o f  m o t i o n ,  a t  a r e p r e s e n t a t i v e  p o i n t  on  
t h e  b l a d e ,  c l o s e  t o  s t a l l  i s  o f  t h e  f o r m :

y ( t )  +u > «t y ( t )  +  w 2y ( t )  =  F [ y ( t  - r ) ]

7T

= 2 a b  f [ « ( t  -  r ) ] .  ( 5 )
m

I n  t h e  a b o v e ,  F  i s  t h e  d y n a m i c a l  f o r c e  c o e f f i c i e n t  
g i v e n  b y  t h e  s l o p e  o f  t h e  l i f t  c u r v e ,  a s  i n  F i g .  2 ,  
a n d  h a s  t h e  f o r m  f (  a  ) = - k a  + L a 2 -  M a 3,  w h e r e  u 
i s  t h e  n a t u r a l  b e n d i n g  mode f r e q u e n c y ,  ¿L t h e  l o g  
d e c r e m e n t  o f  t h e  b l a d e  i n  s t i l l  a i r ,  m t h e  b l a d e  
ma ss  p e r  u n i t  s p a n  a n d  b t h e  b l a d e  s e m i - c h o r d .  T h e  
e f f e c t i v e  a n g l e  o f  a t t a c k  a  f o r  a t a p e r e d ,  t w i s t e d  
b l a d e ,  i s

a  = a i  +  y / V  -  [  0 + no b 0 / V ]

w h e r e  n0 i s  a c o n s t a n t  ~ 1 . 5  a t  t h e  1 / 4  c h o r d  p o i n t  
a n d  0 ( t )  i s  t h e  s m a l l  t o r s i o n a l  m o t i o n  o f  t h e  
b l a d e  d u e  t o  i t s  t a p e r e d - t w i s t e d  f o r m  w h i c h  g i v e s  a 
s m a l l  o r t h o g o n a l  d i s p l a c e m e n t  t o  t h e  m a i n  b e n d i n g  
d i s p l a c e m e n t .  T h e  p h a s e  l a g  t  i s  t h e  l a g  o f  
a e r o d y n a m i c  f o r c e  b e h i n d  t h e  b l a d e  m o t i o n .  
E x p e r i m e n t a l  w o r k  on  b l a d i n g  ( r e f .  1 1 )  c o n f i r m s  
p r e v i o u s  i n d u s t r i a l  o b s e r v a t i o n s  a n d  sh o w s  t h a t  r  
i s  a f u n c t i o n  o f  t h e  r e d u c e d  f r e q u e n c y  k .  a n d  n o t  a 
s i m p l e  f u n c t i o n  o f  t h e  s l o p e  o f  t h e  s t a t i c  l i f t  
c u r v e .

O u r  p r e v i o u s  s t u d i e s  ( 1 2 )  i n c o r p o r a t e d  a l l  o f  t h e  
f o r e g o i n g  i n t o  a n  i n v e s t i g a t i o n  o f  t h e  s t a b i l i t y  o f  
b l a d e  o s c i l l a t i o n s  n e a r  t h e  s t a l l  i n  t h e  p r e s e n c e  
o f  u p s t r e a m  w a k e s .  T h i r d  a n d  h i g h e r - o r d e r  
n o n - l i n e a r  d i f f e r e n t i a l  s y s t e m s  c a n  e x h i b i t  c h a o t i c  
b e h a v i o u r  a n d ,  a s  s u c h ,  E q . ( 5 )  i s  
c h a r a c t e r i s t i c a l l y  s e n s i t i v e  t o  i n i t i a l  c o n d i t i o n s  
w i t h  a l l  t h e  p e c u l i a r i t i e s  o f  s t r a n g e  a t t r a c t o r s ,  
b i f u r c a t i o n s ,  a n d  f r e q u e n c y  d o u b l i n g  o n  t h e  p a t h  t o  
c h a o s .  T h e  s t a b i l i t y  a n a l y s i s  r e q u i r e d  a d i g i t a l  
s t u d y  i n  t h e  p r e s e n c e  o f  e x t e r n a l  p e r t u r b a t i o n s  
u s i n g  t h e  D u a l  I n p u t  D e s c r i b i n g  F u n c t i o n  M e t h o d  
( D I D F )  a p p l i e d  t o  a n o n - l i n e a r  f e e d b a c k  s y s t e m  t o  

w h i c h  t h e  d i f f e r e n c e - d i f f e r e n t i a l  e q u a t i o n  i s  
e q u i v a l e n t .  C o m p u t e r  g e n e r a t e d  s t a b i l i t y  d i a g r a m s  
w e r e  o b t a i n e d  u s i n g  a n  a n a l y s i s  f o r  t h e  
a m p l i t u d e - f r e q u e n c y  s p e c t r u m  o f  d o w n s t r e a m  p r e s s u r e  
f l u c t u a t i o n s ,  a r i s i n g  f r o m  t h e  w a k e s  o f  a r o w  o f
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Figure 2 . Dynamic l i f t  curve o f  blade with 
operation  in to  the s t a l l  region .

m o v i n g  u p s t r e a m  b l a d e s ,  a s  a f u n c t i o n  o f  t h e  p h a s e  
l a g  u r ( k .  ) .  R e v i s e d  c o m p u t a t i o n  o f  su c h  s t a b i l i t y  
d i a g r a m s  n a s  s i n c e  b e e n  p o s s i b l e  w i t h  f a r  b e t t e r  
c o m p u t i n g  f a c i l i t i e s  a n d  some i n a d e q u a c i e s  i n  
e a r l i e r  r e s u l t s  h a v e  b e e n  r e v e a l e d .  We a l s o  n o t e  
t h a t  p a r t i c u l a r  m a t h e m a t i c a l  t e c h n i q u e s  ( 1 3 )  f o r  
n o n - l i n e a r  s t a b i l i t y  a n a l y s i s  c a n  b e u s e d  t o  
p r e d i c t  t h e  o n s e t  o f  o s c i l l a t i o n s  b u t  t h e s e  m e t h o d s  
do n o t  a p p e a r  t o  be u s e f u l  f o r  p r e d i c t i n g  t h e  o n s e t  
o r  n a t u r e  o f  m o r e  c o m p l e x  t i m e - d e p e n d e n t  ph en om en a  
i n c l u d i n g  n o n - p e r i o d i c  m o t i o n .  T h e  D I D F  m e t h o d  
a p p e a r s  n e c e s s a r y  f o r  o u r  p u r p o s e s .

F i g u r e  3 sh o w s t h e  t y p e  o f  s t a b i l i t y  d i a g r a m  
p r o d u c e d  b y  t h i s  m e t h o d .  An i m p o r t a n t  
c h a r a c t e r i s t i c  o f  t h e s e  r e s u l t s  i s  t h a t  t h i s  
N y q u i s t  i n c r e m e n t a l  o p e n  l o o p  g a i n  l o c u s  r o t a t e s  
c l o c k w i s e  a s  t h e  p h a s e  l a g  a n g l e  w r ( k . )  i n c r e a s e s .  
T h e  r o t a t i o n  i s  a c c o m p a n i e d  b y  s m a l l  r a d i a l  
o s c i l l a t i o n s  b u t  t h e  a m o u n t  o f  r o t a t i o n  i s  c l e a r l y  
o b s e r v a b l e .  A s  t h e  r o t a t i o n  i n c r e a s e s  f o r  a s t a b l e  
s y s t e m  i t  e v e n t u a l l y  i n c l u d e s  t h e  N y q u i s t  s t a b i l i t y  
p o i n t  ( - 1 ,  j o )  o v e r  a r a n g e  o f  u r  b e f o r e  
r e v e r t i n g  t o  s t a b i l i t y  a s  u r  i n c r e a s e s  f u r t h e r .

Figure 3 . Typical incremental open loop  gain lo c i  
( s t a b i l i t y  diagrams) . Loop ro ta tes  as phase lag  r 
changes and i n s t a b i l i t y  r e su lts  i f  curve en closes  
the ( -1 ,  jo )  p o in t.

I n  t h i s  way s t a b l e  r a n g e s  o f  o p e r a t i o n  c a n  be 
d e t e r m i n e d  i n  t e r m s  o f  t h e  r e d u c e d  f r e q u e n c y  k . .  
A l s o ,  c h a n g e s  i n  t h e  l i f t  c u r v e  b r o u g h t  a b o u t  B y 
b l a d e  d e s i g n  t h r o u g h  t h e  p a r a m e t e r s  K ,  L  a n d  M, m 
a nd b i n  t h e  f u n c t i o n  F ,  c a n  c h a n g e  t h e  e n t r y  a n d  
e x i t  p o i n t s  ( a n d  t h e r e f o r e  t h e  k.  v a l u e s )  f o r  t h e  
r a n g e  o f  i n s t a b i l i t y  a s  t h e  “ s t a b i l i t y  d i a g r a m  
r o t a t e s ,  t h e r e b y  o f f e r i n g  an a v e n u e  f o r  m o d i f y i n g  
c o n t r o l  r e q u i r e m e n t s  v i a  b l a d e  d e s i g n .

I f  t h e  u p s t r e a m  p e r t u r b a t i o n s  c a n  be c o n t r o l l e d  i n  
su c h  a w a y  t h a t  t h e i r  a m p l i t u d e - f r e q u e n c y  e f f e c t s  
on  t h e  f l u t t e r i n g  b l a d e  d o w n s t r e a m  a r e  c o n s i s t e n t  
w i t h  t h e  s t a b i l i t y  d i a g r a m ,  m a i n t a i n i n g  t h e  
e x c l u s i o n  o f  t h e  ( - 1 ,  j o )  p o i n t ,  t h e n  s t a b l e  
o p e r a t i o n  s h o u l d  be m a i n t a i n e d .  C h a n g e s  o f  f l o w  
p a r a m e t e r s  a t  c o m p r e s s o r  i n l e t  b y a f r e q u e n c y  l o w e r  
t h a n  1 H z  c a n  be c o n s i d e r e d  s l o w  e n o u g h  t o  
p r e s e r v e  t h e  c h a r a c t e r i s t i c s .  A c h a n g e  o f  p r e s s u r e  
a nd o f  t h e  p h a s e  o f  i n l e t / o u t l e t  p r e s s u r e s  r e s u l t s  
f r o m  f a s t e r  a l t e r a t i o n s .

T h e  p r o b l e m ,  t h e r e f o r e ,  i s  how t h e  u p s t r e a m  
i n j e c t e d  o r  r e c i r c u l a t e d  v o r t i c e s  c a n  be i n t r o d u c e d  
i n  t h e  v i c i n i t y  o f  u p s t r e a m  b l a d e s  t o  g i v e  a n  
e n t r a i n m e n t  o f  t h e  r e s u l t i n g  w a k e s  w h i c h  w o r k s  i n  a 
b e n e f i c i a l  m a n n e r  d o w n s t r e a m .  T h e  
a m p l i t u d e - w a v e n u m b e r  s p e c t r u m  i s  t o  s a t i s f y  t h e  
c o n d i t i o n s  o f  m a i n t a i n i n g  e x c l u s i o n  o f  t h e  ( - 1 ,  j o )  
p o i n t  i n  t h e  s t a b i l i t y  d i a g r a m .  T h e  d o w n s t r e a m  
c o n t r o l  p a r a m e t e r s  a r e  K a n d  t h e  b l a d e  d e s i g n  
p a r a m e t e r s  k ,  L  a n d  M, m a n d  b .  T h e  u p s t r e a m  
p a r a m e t e r s  a r e  t h o s e  f o r  t h e  i n j e c t i o n  p r o c e s s  
w h i c h  we w i l l  now d i s c u s s .

We r e f e r  t o  r e c e n t  w o r k  ( 1 4 )  w h e r e  t h e  e n t r o p y  
i n c r e a s e  o f  a c h a o t i c  c h e m i c a l  s y s t e m  c a n  be 
r a p i d l y  r e d u c e d  b y  i n t r o d u c t i o n  o f  p e r t u r b a t i o n  
" n o i s e "  a n d  an e m p h a s i s  on  p a r t i c u l a r  w a v e n u m b e r s  
o b t a i n e d  i n  t h e  p o w e r  s p e c t r u m .  T h i s  s u g g e s t s  t h a t  
o u r  o b j e c t i v e  may be a c h i e v a b l e .  S c a l i n g  o f  
i n j e c t i o n s  w o u l d  be r e q u i r e d  i n  o u r  c a s e  as  
e x p l a i n e d  i n  S e c t i o n  1 a n d  c o n s i d e r a t i o n  g i v e n  t o  
t h e  e x p e r i m e n t a l  d a t a  a v a i l a b l e  on i n j e c t i o n  a n d  
m i x i n g  ( 1 5 )  i n  t u r b u l e n t  f l o w .

A p o s s i b l y  s i m p l e r  a p p l i c a t i o n  o f  t h e  t h e o r y  i s  
p r o p o s e d  i n  w h i c h  p a r t  o f  t h e  i n c i p i e n t  s e p a r a t i o n  
w ak e f l o w  s t r u c t u r e  i s  r e - c i r c u l a t e d  f r o m  
d o w n s t r e a m  i n t o  t h e  u p s t r e a m  f l o w  v i a  a r e s c a l i n g  
p r o c e s s .  T h e  p r o c e s s  i s  c o n t r o l l e d  b y t h e  p h y s i c a l  
d i m e n s i o n s  o f  t h e  f e e d b a c k  c h a n n e l  a n d  t h e  
h e l i c i t y ,  w h i c h  i s

<f>„ v o r t i c i  t y  • v e l o c i  t y  dk 
. / f l o w

i n  t h r e e  d i m e n s i o n s ,  a c h i e v a b l e  f r o m  s t a t o r  b l a d e s  
l o c a t e d  i n  t h e  r e t u r n  c h a n n e l ,  p r i o r  t o  
r e - i n j e c t i o n  a n d  m i x i n g .  T h e s e  m e t h o d s  w i l l  b e 
d i s c u s s e d  i n  S e c t i o n  6 a f t e r  e n t r a i n m e n t  i s  
c o n s i  d e r e d .

4 .  E n t r a i n m e n t  f r o m  I n t e r m i t t e n c y  
a s  a P o s s i b l e  C o n t r o l  F a c t o r

G o l l u b  and B e n s o n  ( 1 6 )  h a v e  f o u n d  e x p e r i m e n t a l l y  
t h a t  t w o o s c i l l a t i o n s  i n  m u l t i p l y - p e r i o d i c  f l o w  c a n  
become e n t r a i n e d  i n  s u c h  a w a y  t h a t  m c y c l e s  o f  o n e  
o s c i l l a t i o n  a n d  n c y c l e s  o f  t h e  o t h e r  r e q u i r e  t h e  
same t i m e  a n d  t h a t  t h e  o n s e t  o f  n o n - p e r i o d i c  m o t i o n  
i s  a s s o c i a t e d  w i t h  t h e  f a i l u r e  o f  e n t r a i n m e n t .  
T h e y  s u g g e s t  t h a t  n o n - p e r i o d i c  f l o w  c a n  be
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u n d e r s t o o d  i n  t e r m s  o f  t h e  i n t e r a c t i o n  o f  c o u p l e d  
o s c i l l a t o r s .  T h e  s u s c e p t i b i l i t y  o f  t h e  
p h a s e - l o c k e d  s t a t e  t o  e x t e r n a l  p e r t u r b a t i o n s  a nd 
i n t e r n a l  d y n a m i c  p e r t u r b a t i o n  i s ,  h o w e v e r ,  
s i g n i f i c a n t  a s  we c a n  now i l l u s t r a t e .

C o n s i d e r  t h e  s y s t e m  o f  F i g u r e  4 w h e r e  t h e  i n j e c t e d  
o r  r e c i r c u l a t e d  f l o w  i s  t h e  i n p u t  t o  t h e  u p s t r e a m  
o s c i l l a t i n g  b l a d e  s y s t e m .  T h e r e  a r e  t h r e e  t y p e s  o f  
e n t r a i n m e n t  p o s s i b l e  -  s t a b l e ,  u n s t a b l e  a n d  
m e t a s t a b l e .  T h e  d i f f e r e n c e  b e t w e e n  t h e  m e t a s t a b l e  
s t a t e  a n d  t h e  s t a b l e  s t a t e  i s  sh ow n i n  t h e  
s i m u l a t e d  e x a m p l e  o f  F i g .  5 u s i n g  t h e  t e c h n i q u e s  
d e v e l o p e d  i n  R e f . ( 1 7 )  c o r r e s p o n d i n g  t o  t w o  
i n t e r m i t t e n c y  p e r i o d s  o f  i n j e c t i o n  s u c h  a s  w o u l d  
a r i s e  ( 1 4 )  i n  h i g h  p a s s  f i l t e r i n g  o f  f e d - b a c k  
t u r b u l e n t  v e l o c i t y  s i g n a l s .  I n  t h e  u p s t r e a m  
n o n - l i n e a r  o s c i l l a t i n g  b l a d e  s y s t e m  t h e  " n a t u r a l  
f r e q u e n c y "  may h a v e  a r a n g e  s u c h  as  i n  F i g .  6 d u e ,  
f o r  e x a m p l e ,  t o  c h a n g e s  i n  t h e  a e r o d y n a m i c  l a g  
t  ( w h i c h  i s  s e n s i t i v e  t o  k ) .  I f  o u r  f u n d a m e n t a l  

i n j e c t e d  f r e q u e n c y  f  i s  f-, t h e  e n t r a i n m e n t  r e m a i n s  
i n  t h e  m e t a s t a b l e  s t a t e  r e p r e s e n t e d  b y t h e  r a n g e  o f  
t h e  s l o p i n g  c h a r a c t e r i s t i c  s h o w n .  H o w e v e r  i f  f  
mo ves t o  f 2 t h e  s y s t e m  m o v es  o u t  o f  e n t r a i n m e n t .  
T h e r e f o r e ,  d e p e n d i n g  on  t h e  i n s t a n t a n e o u s  v a l u e  o f  
f ,  t h e  s y s t e m  w i l l  move i n  a n d  o u t  o f  e n t r a i n m e n t  
i . e .  u n s t a b l e  e n t r a i n m e n t  r e s u l t s .  T h i s  o c c u r s  i n  
some b i o l o g i c a l  s y s t e m s  w h e r e  u s e f u l  t e c h n i q u e s  
h a v e  bee n d e v e l o p e d  t o  s t u d y  s u c h  b e h a v i o u r  ( 1 8 ) .

R e c e n t  e v i d e n c e  ( 1 9 )  f r o m  c h e m i c a l  d y n a m i c s  o f  t h e  
B e l o u s o v - Z h a b o t i n s k i i  r e a c t i o n  sho ws t h a t  t h e  
a d d i t i o n  o f  p a r t i c u l a r  n o i s e  p e r t u r b a t i o n  t o  a 
b i f u r c a t i n g  c h a o t i c  s y s t e m  c a n  g r e a t l y  r e d u c e  t h e  
e n t r o p y  i n c r e a s e  a n d  y i e l d  p o w e r  s p e c t r a  w i t h  
s e v e r a l  p r o n o u n c e d  f r e q u e n c y  p e a k s .  T h i s  new n o i s e  
e f f e c t  on c h a o s  i n  o n e - d i m e n s i o n a l  m a p p i n g s  
a c h i e v e s  t r a n s i t i o n  f r o m  c h a o t i c  t o  o r d e r e d  
b e h a v i o u r  i n d u c e d  b y  p a r t i c u l a r  e x t e r n a l  n o i s e ;  
t h i s  i s  i n  c o n t r a s t  t o  maps o f  t h e  l o g i s t i c  t y p e  
w h e r e  e x t e r n a l  n o i s e  i n d u c e s  c h a o t i c  b e h a v i o u r  f r o m  
p e r i o d i c  b e h a v i o u r .  I f  a s u i t a b l e  M a r k o v  m a p , 
e q u i v a l e n t  t o  t h e  B e l o u s o v - Z h a b o t i n s k i i  c h e m i c a l  
" n o i s e "  i n j e c t i o n  e x p e r i m e n t ,  c a n  b e f o u n d  f o r  t h e  
c o m p r e s s o r  p r o b l e m  t h e n  t h e  p r o p o s a l  w o u l d  b e w o r t h  
d e v e l o p i n g .  B e c a u s e  o f  t h e  d i f f i c u l t i e s  o f  
d e t e r m i n i n g  a n d  t h e n  c o n t r o l l i n g  s u c h  p h e n om en a  i n  
o u r  n o n - l i n e a r  s y s t e m ,  t h e  a l t e r n a t i v e  o f  u s i n g  
r e c i r c u l a t e d  a nd r e s c a l e d  d o w n s t r e a m  f l o w  i n  t h e  
b l a d e  t i p  r e g i o n ,  w h e r e  s e p a r a t i o n  s t a r t s ,  i s  now 
b e i n g  c o n s i d e r e d .  T h e  map m i g h t  b e c o n t r o l l a b l e  b y 
f i l t e r i n g  t o  a f f e c t  t h e  i n t e r m i t t e n c y  ( 1 4 ) .  T h e r e  
may w e l l  be some e l e m e n t s  o f  i n h e r e n t  v o r t i c i t y  a n d  
h e l i c i t y  w h i c h  c a n n o t  be e a s i l y  i n t r o d u c e d  i n t o  
c o m p u t e r  c o n t r o l  o f  an e x o g e n o u s  f l o w  y e t  may be 
i m p o r t a n t  i n  e s t a b l i s h i n g  m e t a s t a b l e  e n t r a i n m e n t  i f  
r e c i r c u l a t e d .  T h i s  p r o c e d u r e  d o e s  seem a p o s s i b l e  
c a n d i d a t e  f o r  e m u l a t i n g  t h e  B - Z  n o i s e  i n j e c t i o n  
e x p e r i m e n t .

INPUT OUTPUT

+ 0 i ) B cos(u2 t+4>2)

Figure 4 . Entrainment o f  wakes from id ea lised  
in sertion  o f  sinusoidal input to upstream 
non-linear o sc illa tin g  blade aeromechanical 
system . R esulting entrainment i s  s ta b le  i f  

= u>2 and ^  constant; m etastable i f  u> 1 

but B and ^  may vary; unstable i f  co1 # u>2 
necessari l y  and B, are u nstable.

Figure 5 . R elationship between stim ulus frequency  
from in term itten cy  and natural freq u en cy.

(aj

(b)

Figure 6 S ta ble (a) and m etastable (b) entrainment 
(based on F ig . 3 rep resen ta tio n  o f  upstream blades  
and wakes) fo r  sim ulated stim u lation  by 
c on tro lla b le  in term itten cy  at time p eriod s  S-, and 
S2 * In (b) both amplitude and phase vary with 
time, resu ltin g  in  sim ila r c h a ra c ter is tic s  in  th « 
wake progressing downstream.
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5 .  R e d u c i n g  E n t r o p y  I n c r e a s e  b y  A d d i n g  
F l u c t u a t i o n s  i n  a B i f u r c a t i n g  C h a o t i c  S y s t e m

T h e  r o l e  o f  f l u c t u a t i o n s ,  a l t h o u g h  s m a l l ,  a s s u m e s  a 
c r i t i c a l  r o l e  n e a r  p o i n t s  o f  b i f u r c a t i o n ,  as 
e x p l a i n e d  b y  P r i g o g i n e  ( 2 0 ) ,  b e c a u s e  t h e r e  t h e  
f l u c t u a t i o n s  d r i v e  t h e  a v e r a g e .  T h i s  i s  t h e  b a s i s  
o f  P r i g o g i n e ' s  o r i g i n a l  c o n c e p t  o f  " o r d e r  t h r o u g h  
f l u c t u a t i o n s " .  I t  i s  w o r t h  n o t i n g  i n  t h i s  r e g a r d  
t h a t  i n j e c t i o n  o f  n o i s e  i n t o  a b i f u r c a t i n g  s y s t e m  
h a s  b e e n  r e p o r t e d  a s  p r o d u c i n g  e a r l i e r  c h a o t i c  
b e h a v i o u r  ( 2 1 ) .  H o w e v e r ,  a d d e d  p e r t u r b a t i o n s  o f  a 
p a r t i c u l a r  s t o c h a s t i c  t y p e  t o  t h e  B - Z  c h e m i c a l  
r e a c t i o n  h a s  p r o d u c e d  i n c r e a s e d  o r d e r  w h e r e a s  t h e  
o p p o s i t e  o c c u r s  f o r  a l o g i s t i c  t y p e  d i s t u r b a n c e  
b a s e d  on  t h e  u s u a l  x  .  = A x  ( 1 - x  ) t y p e  maP 
w h i c h  p r o d u c e s  f r e q u e n c y  d o u b l i n g .

W o r k  r e p o r t e d  o n  n o i s e  ( 2 2 )  i s  c l a r i f y i n g  t h e  
c o n n e c t i o n  b e t w e e n  t h e  f r e q u e n c y  d o u b l i n g  r o u t e  t o  
c h a o s  a n d  t h e  r e n o r m a l i s a t i o n - g r o u p  a p p r o a c h  t o  
p h a s e  t r a n s i t i o n s  i n  s o l i d - s t a t e  p h y s i c s  a n d  t h e  
c o n n e c t i o n  may b e i n f o r m a t i v e  i n  t h e  f o l l o w i n g  
w a y s .  B e c a u s e  e x t e n d e d  s c a l i n g  l a w s  a p p l y  i n  t h e  
f r e q u e n c y  d o u b l i n g  s y s t e m ,  t h e  n o i s e  t h e r e  s e r v e s  a 
r o l e  s i m i l a r  t o  a n  e x t e r n a l  m a g n e t i c  f i e l d  i n  a 
m a g n e t i c  p h a s e  t r a n s i t i o n .  H u b e r m a n  e t  a l  ( 2 3 )  
h a v e  c o n s i d e r e d  t h e  m o t i o n  o f  a p a r t i c l e  i n  a 
s p a t i a l l y  p e r i o d i c  p o t e n t i a l  a n d  f o u n d  t h i s  s y s t e m  
t o  h a v e  c h a o t i c  s o l u t i o n s  w h i c h  r e a c h  c h a o s  b y  
f r e q u e n c y  d o u b l i n g s .  T h e y  b e l i e v e  t h a t  t h e  
s t r i k i n g  r i s e s  i n  n o i s e  o b s e r v e d  i n  J o s e p h s o n  -  
j u n c t i o n  o s c i l l a t o r s  may be d u e  t o  f r e q u e n c y  
d o u b l i n g  b e h a v i o u r .

T h i s  c a n  be r e l a t e d  i n  o u r  w o r k  t o  t h e  i m p o r t a n t  
c o n n e c t i o n  p o i n t e d  o u t  b y  K r a i c h n a n  ( 7 )  b e t w e e n  t h e  
f a i l u r e  o f  s t a n d a r d  r e n o r m a l i s e d  p e r t u r b a t i o n  
t h e o r y  t o  p r e s e r v e  G a l i l e a n  i n v a r i a n c e  ( i . e .  
i n a b i l i t y  t o  h a n d l e  p r o b l e m s  i n  w h i c h  a w i d e  r a n g e  
o f  s c a l e s  i s  e x c i t e d )  a n d  q u a n t u m  f i e l d  t h e o r y .  He 
i l l u s t r a t e s  t h i s  w i t h  t h e  c a s e  o f  a 
q u a n t u m - m e c h a n i c a l  p a r t i c l e  i n  a r a n d o m  p o t e n t i a l  
w h e r e  t h e  w a v e l e n g t h s  o f  t h e  w a v e f u n c t i o n s  become 
v a n i s h i n g l y  s m a l l  c o m p a r e d  w i t h  s p a t i a l  s c a l e s  o f
t h e  p o t e n t i a l  a n d  s c a t t e r i n g  c r o s s - s e c t i o n s  v a n i s h  
i n  e v e r y  o r d e r  o f  l i n e -  o r  v e r t e x - r e n o r m a l i s e d  
p e r t u r b a t i o n  e x p a n s i o n s .  I n  t u r b u l e n c e  t h e  r e l a t e d  
r e s u l t  i s  a n  i n c o r r e c t  i n e r t i a l  r a n g e  f o r  E ( k ) .  
K r a i c h n a n  p o i n t s  o u t  how a n  a c c e p t a b l e  WKBJ l i m i t  
c a n  b e r e c o v e r e d  b y  r e w o r k i n g  t h e  e x p a n s i o n s  t o  
t r a n s f o r m  a w a y  t h e  u n w a n t e d  p h a s e  s h i f t s ;  a 
g e n e r a l i s e d  S c h r o e d i n g e r  f i e l d  i s  u s e d  f o r  b o t h  
e q u a l  a n d  u n e q u a l  t i m e  a r g u m e n t s  i n  a n a l o g y  t o  h i s  
p r o c e d u r e  p r e s e n t e d  ( 2 4 )  f o r  t u r b u l e n c e  w h i c h  
u t i l i z e s  a g e n e r a l i s e d  v e l o c i t y  f i e l d .

F u r t h e r m o r e  a b a s i s  f o r  n u c l e a r  s c a t t e r i n g  
p o t e n t i a l s  o f  q u a n t u m  p a r t i c l e s  h a s  r e c e n t l y  b e e n  
t r a c e d  ( 2 5 )  t o  a f u n c t i o n a l  d i f f e r e n t i a l  e q u a t i o n ,  
t h e  s o l u t i o n  o f  w h i c h  i n d i c a t e s  t h a t  a l l  
c o n v e n t i o n a l l y  u s e d  p o t e n t i a l  s h a p e s  a r e  c o m p o s e d  
o f  s m a l l  d i s c r e t e  l e n g t h  e l e m e n t s  f o r m i n g  an 
e n v e l o p e  o f  a b a s i c  q u a s i - p e r i o d i c  d i s c r e t e  
p o t e n t i a l  4 > ( E * L ,  A l ) .  A s  a r e s u l t ,  t h e  s c a t t e r i n g  
a n d  a b s o r p t i o n  a p p e a r  t o  i n c l u d e  a f u n c t i o n a l  
d e p e n d e n c e  o n  a v e r y  s m a l l  l e n g t h  s c a l e  A 1 ( E ) .  
O n e  m i g h t  t h e r e f o r e  a s k ,  a f t e r  K r a i c h n a n ' s  
c o m m e n t s ,  i f  t h i s  c o n t a i n s  a n  a n a l o g y  f o r  b a s i c  
t u r b u l e n c e  p h y s i c s  w h e r e  t h e  i n e r t i a l  r a n g e  o f  t h e  
E ( k , t )  e n e r g y  s p e c t r u m  may b e r e l a t e d  n o t  o n l y  t o  
t h e  q u a n t u m  f i e l d  a n a l o g y  o f  a p a r t i c l e  i n  a r a n d o m  
p o t e n t i a l  b u t  m o r e  d e e p l y  t o  a q u a s i - p e r i o d i c

p o t e n t i a l  w i t h  d i s c r e t e  l e n g t h  ( o r  t i m e ) ,  < M E ,  t ,  
A t j i n  w h i c h  r a n d o m n e s s  a r i s e s  f r o m  A E .  A t  «  h 
( P l a n c k ' s  c o n s t a n t )  i n  a c c o r d a n c e  w i t h  t h e  
H e i s e n b e r g  U n c e r t a i n t y  P r i n c i p l e .

6 .  A p p l i c a t i o n  t o  C o m p r e s s o r  B l a d i n g

D i s c o n t i n u i t i e s ,  h y s t e r e s i s  p h e n o m e n a  a n d  
b i f u r c a t i o n s  i n  a e r o d y n a m i c  b e h a v i o u r  a r e  o f t e n  
a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  r a t e s  o f  s e p a r a t i o n  
o n s e t  a n d  r e - a t t a c h m e n t .  T h e  s e p a r a t e d  o r  
u n - s e p a r a t e d  s t a t e  t e n d s  t o  p e r s i s t ,  f o l l o w e d  b y  a n  
a b r u p t  c h a n g e ,  w h i c h  may i n v o l v e  o t h e r  a s s o c i a t e d  
f l o w  c h a n g e s  s u c h  a s  t r a n s i t i o n  f r o m  a l a m i n a r  
b o u n d a r y  l a y e r  t o  a t u r b u l e n t  l a y e r .  T h i s  
b e h a v i o u r  b ec o m e s e v i d e n t  f o r  a w i n g  o r  c o m p r e s s o r  
b l a d e  a s  t h e  a e r o d y n a m i c  l o a d i n g  i s  v a r i e d .  T h e  
n a t u r e  a n d  a m p l i t u d e  o f  t u r b u l e n c e  i n  a n  o n c o m i n g  
f l o w  c a n  a l s o  p r o d u c e  s t r o n g  n o n - l i n e a r i t i e s .

A n  e x a m p l e  o f  t h e  s y s t e m a t i c  v a r i a t i o n  i n  i n l e t  
f l o w  t u r b u l e n c e  l e v e l  o n t o  a c o m p r e s s o r  b l a d e  i s  
g i v e n  i n  F i g u r e  7 .  T h e s e  m e a s u r e m e n t s  g i v e n  b y  
S c h l i c h t i n g  a n d  D a s  ( 2 6 ) ,  f r o m  c a s c a d e  t e s t s  b y  
K i o c k ,  show t h e  l o c a l  b o u n d a r y  l a y e r  s t a t e  o v e r  t h e  
s u c t i o n  s u r f a c e  o f  a N A C A  65 s e r i e s  c o m p r e s s o r  
b l a d e  a s  t h e  i n l e t  t u r b u l e n c e  l e v e l  i s  i n c r e a s e d .  
F o r  c o n d i t i o n s  o f  l o w  i n l e t  t u r b u l e n c e  l e v e l ,  b e l o w  
1 % ,  t h e r e  e x i s t s  a l a m i n a r  b o u n d a r y  l a y e r  u p  t o  t h e  
v i c i n i t y  o f  60% c h o r d ,  f o l l o w e d  b y  a l o n g  l a m i n a r  
s e p a r a t i o n  b u b b l e .  T h e  b u b b l e  h a s  a l e n g t h  o f  
a b o u t  15% c h o r d  a n d  i s  t e r m i n a t e d  i n  t h e  u s u a l  w a y 
b y  t r a n s i t i o n  t o  t u r b u l e n c e  c a u s i n g  r e - a t t a c h m e n t  
a n d  t h e  s u b s e q u e n t  g r o w t h  o f  a t u r b u l e n t  b o u n d a r y  
l a y e r .

A s  t h e  t u r b u l e n c e  l e v e l  i s  i n c r e a s e d  t r a n s i t i o n  
o c c u r s  e a r l i e r  o v e r  t h e  b u b b l e ,  r e d u c i n g  i t s  
l e n g t h .  A t  a c r i t i c a l  t u r b u l e n c e  l e v e l ,  i n  t h i s  
c a s e  a b o u t  2 . 4 % ,  t h e  t u r b u l e n c e - i n d u c e d  t r a n s i t i o n  
o c c u r s  s u f f i c i e n t l y  e a r l y  t o  s u p p r e s s  t h e
s e p a r a t i o n  b u b b l e  c o m p l e t e l y .  I t  i s  i n t e r e s t i n g
t o  n o t e  t h a t  t h e  l a m i n a r  l a y e r  i s  n o t  s t a b l e  u n d e r  
t h e s e  c o n d i t i o n s  a n d  t r a n s i t i o n  m o v e s  a b r u p t l y  t o  
t h e  l e a d i n g  e d g e .  T h e  b o u n d a r y  l a y e r  i s  t u r b u l e n t  
o v e r  t h e  e n t i r e  b l a d e  s u r f a c e  f o r  a l l  i n l e t  
t u r b u l e n c e  l e v e l s  h i g h e r  t h a n  2 . 4 % .

T h i s  i s  a n  e x a m p l e  o f  an e x p e r i m e n t  w h i c h  i n d i c a t e s  
t h a t  t h e  i n j e c t i o n  o f  t u r b u l e n c e  i n t o  t h e  i n c o m i n g

Figure  7 . S ta te o f  su ction  surface boundary 
la yer on a com pressor blade, as a fu n ction  o f  
free-strea m  turbulence l e v e l .
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f l o w  f i e l d  o f  a b l a d e  ro w  c a u s e s  a d i f f e r e n c e  i n  
t h e  mode o f  s e p a r a t i o n ,  a n d  h e n c e  s t a l l .  I n  t h i s  
e x p e r i m e n t  t h e  t u r b u l e n c e  was p r o d u c e d  b y  an 
u p s t r e a m  g r i d  o f  b a r s .  An  a l t e r n a t i v e  t u r b u l e n c e  
s o u r c e  w o u l d  be t h e  r e i n j e c t e d  a n d  r e s c a l e d  
t u r b u l e n t  f l o w  d u c t e d  f r o m  t h e  d o w n s t r e a m  
f l o w - f i e l d .  T h e  c h o p p e d - u p  d o w n s t r e a m  f l o w  w h i c h  
i s  r e i n j e c t e d  w i l l ,  i n  g e n e r a l ,  h a v e  a s m a l l e r  
l e n g t h  s c a l e  t h a n  t h a t  p r e v i o u s l y  e x i s t i n g  i n  t h e  
l o w  t u r b u l e n c e  i n l e t  f i e l d .

I t  i s  t h e r e f o r e  p r o p o s e d  t h a t  t h e  u p s t r e a m  
i n j e c t i o n  o f  r e l a t i v e l y  f i n e - s c a l e  t u r b u l e n c e  
p r o v i d e s  a m e c h a n i s m  f o r  t h e  c o n t r o l  o f  s e p a r a t i o n  
b e h a v i o u r  o f  t h e  b l a d i n g .

One a p p l i c a t i o n  i n  w h i c h  t h e  a b o v e  m e c h a n i s m  may 
a l r e a d y  p l a y  a n  i m p o r t a n t  r o l e  i s  t h e  s u p p r e s s i o n  
o f  u n d e s i r a b l e  a b r u p t  s t a l l  b e h a v i o u r  i n  a x i a l  f l o w  
f a n s  a nd c o m p r e s s o r s  b y  t h e  i n c o r p o r a t i o n  o f  a f l o w  
s e p a r a t o r .  S u c h  d e v i c e s  o f  v a r i o u s  c o n f i g u r a t i o n s  
h a v e  b ee n  u s e d  i n  a x i a l  f l o w  f a n s ,  i n i t i a l l y  i n  t h e  
S o v i e t  U n i o n  ( 2 7 ) ,  f o r  some y e a r s .  A  r e l a t e d  
c o n c e p t  i s  t h e  u s e  o f  c a s i n g  t r e a t m e n t  i n  some 
a i r c r a f t  e n g i n e  c o m p r e s s o r s .  T h e  a e r o d y n a m i c  
u n d e r s t a n d i n g ,  h o w e v e r ,  o f  t h e s e  d e v i c e s  ha s 
r e m a i n e d  o b s c u r e .  O n e  o b j e c t i v e  o f  t h i s  p a p e r  i s  
t o  p r o v i d e  a new h y p o t h e s i s  f o r  u n d e r s t a n d i n g  t h e  
b e h a v i o u r  o f  s t a l l  s u p p r e s s i n g  d e v i c e s .

An  e x a m p l e  o f  t h e  f l o w  c h a r a c t e r i s t i c  o f  a 
s i n g l e - s t a g e  a x i a l  c o m p r e s s o r  ( r e f .  2 8 ) ,  b o t h  w i t h  
a n d  w i t h o u t  a s e p a r a t o r ,  i s  g i v e n  i n  F i g u r e  8 .  A 
c o m p r e s s o r  c h a r a c t e r i s t i c  i s  o f t e n  d o u b l e - v a l u e d  
w i t h  p r o n o u n c e d  h y s t e r e s i s  u n d e r  h i g h - l o a d i n g  
c o n d i t i o n s ;  i n  a m u l t i - s t a g e  c o m p r e s s o r  t h i s  
b e h a v i o u r  may r e s u l t  i n  a b i f u r c a t e d  p e r f o r m a n c e  
m a p . An e x a m p l e  o f  t h e  h y s t e r e s i s  p h e n o m e n o n  i s  
g i v e n  i n  t h e  d a s h e d  c u r v e  o f  F i g u r e  8 .

Figure 8 . Pressure r i s e  c o e ffic ie n t  41 -  flow
c o e ffic ie n t  <j> ch a ra cteristic  fo r  axial compressor 
r o to r . Dashed lin e  (with h y ste r e s is  loo p } i s  
ch a ra cteristic  o f  conventional com pressor. Full 
l in e  in d ica tes improved ch a ra cteristic  with flow  
separator present in  the in le t  region .

I n c l u s i o n  o f  t h e  s e p a r a t o r  d e v i c e  u p s t r e a m  o f  t h e  
c o m p r e s s o r  r o t o r  r e s u l t s  i n  t h e  c h a r a c t e r i s t i c  
g i v e n  b y  t h e  f u l l  c u r v e .  T h e  a b r u p t  s t a l l  a n d  
h y s t e r e s i s  h a v e  b e e n  e l i m i n a t e d  a n d  t h e  
c h a r a c t e r i s t i c  h a s  a n e g a t i v e  s l o p e  f o r  a l m o s t  a l l  
t h r o t t l e  s e t t i n g s .  A x i a l  f a n s  o f  t h i s  t y p e  h a v e  a 
r e m a r k a b l e  r a n g e  o f  s t a b l e  o p e r a t i o n .  T h e  
s e p a r a t o r  d e v i c e ,  w h i c h  i n  some d e s i g n s  i s  a c t u a l l y  
o v e r  t h e  b l a d e  t i p  a n d  w i t h i n  t h e  c a s i n g ,  a c t s  a s  a 
p h y s i c a l  r e c i r c u l a t i o n  c h a n n e l  t o  d u c t  t h e  
t u r b u l e n t  w a k e  f l u i d  f r o m  t h e  t i p  r e g i o n  b a c k  i n t o  
t h e  i n l e t  f l o w .  T h e  f u n c t i o n s  o f  c o n t r o l  o v e r  
h e l i c i t y  a n d  l e n g t h  s c a l e  a r e  b u i l t  i n  u s i n g  a n  
a d d i t i o n a l  r o w  o f  s t a t o r  v a n e s .

T h e r e  i s  s e e n  t o  be s c o p e  f o r  d i g i t a l  c o n t r o l  o f  
f l o w  w i t h i n  a r e c i r c u l a t i o n  c h a n n e l  t o  e f f e c t  a 
d e s i r a b l e  r e s c a l i n g  o f  t u r b u l e n c e .  T h i s  p r e s u m e s  
t h e  t h o r e t i c a l  d e t e r m i n a t i o n  o f  c o n t r o l  f u n c t i o n s .  
I t  seems t h a t  no p r a c t i c a l  c a l c u l a t i o n s  c a n  y e t  be 
d o n e  w h i c h  w i l l  a c c u r a t e l y  e n u m e r a t e  r e l e v a n t  
s t a t i s t i c a l  f u n c t i o n s  a t  h i g h  R e y n o l d s '  N u m b e r s .  
H o w e v e r ,  t h e  t i m e  t o  r e a c h  t h e  v i s c o u s  c u t - o f f  
w a v e n u m b e r  k 0 a p p r o a c h e s  a f i n i t e  l i m i t  a s  k 0—>-00 
( v — > 0 ) ,  so i f  we c a n  i n c r e a s e  v  we w i l l  i n c r e a s e  
t h e  t i m e  r e q u i r e d ;  t h e r e b y  a l s o  a l l o w i n g  a n y  
e n t r a i n m e n t  f r o m  u p s t r e a m  t o  d e v e l o p  a n d  p r o v i d e  a n  
a c c e p t a b l e  p e r t u r b a t i o n  s p e c t r u m  f o r  m a i n t e n a n c e  o f  
b l a d e  s t a b i l i t y  d o w n s t r e a m .  T h e  c h a r a c t e r i s t i c  
f r e q u e n c y  d o u b l i n g  t i m e  f o r  b r e a k d o w n  o f  v o r t e x  
s t r u c t u r e s  o f  w a v e n u m b e r  k i n t o  s t r u c t u r e s  o f  
w a v e n u m b e r  2 k  i s  0 (  c k 2 ) " 1 / 3  so we h a v e  t w o  
p a r a m e t e r s ,  t  a n d  k ,  a t  o u r  d i s p o s a l  f o r  c o n t r o l .  
C o n t r o l  o f  e i s  p o s s i b l e  v i a  t h e  e n e r g y  s p e c t r u m  
E ( k )  = C c ^ k " 5 7 3  f o r  t h r e e  d i m e n s i o n a l  t u r b u l e n c e  
b e c a u s e ,  b y  a d d i n g  r e c i r c u l a t e d  v o r t i c e s ,  we a r e  
u t i l i z i n g  t h e  s m a l l  s c a l e  s t a t i s t i c a l  d e p e n d e n c e  o f  
i n t e r m i t t e n c y  o n  L 0 ,  c a n d  r .  T h e  n u m b e r  o f  s t e p s  
r e q u i r e d  f o r  e x c i t a t i o n  t o  c a s c a d e  f r o m  d i m e n s i o n L 0 
t o  r  i s  a  l n ( L 0 / r ) .  T h e r e f o r e  we c a n  c o n t r o l  t h e  
n u m b e r  o f  s t e p s  v i a  c o n t r o l  o f  L 0 / r  i n  F i g .  1 .  I f  
t h e  r e c i r c u l a t i o n  o f  s e p a r a t e d  t i p - e n d  f l o w  i s  
p a s s e d  t h r o u g h  a c h a n n e l  o f  c o n t r o l l a b l e  c r o s s  
s e c t i o n  ( t o  g o v e r n  r )  a n d  t h e  f l o w  p a s s e d  t h r o u g h  a 
c a s c a d e  o f  s t a t o r  b l a d e s  ( t o  r e s c a l e  t h e  d i m e n s i o n  
o f  t h e  v o r t e x  s t r u c t u r e s  r e g a r d i n g  L 0 ) ,  t h e n  t h e  
f o r e g o i n g  o b j e c t i v e s  w o u l d  seem a c h i e v a b l e .

7 .  D i s c u s s i o n

A  d i g i t a l  d y n a m i c  c o n t r o l  o p e r a t i n g  o n  a d j u s t a b l e  
v a n e s  i n  t h e  r e c i r c u l a t i o n  c h a n n e l  i s  p r o p o s e d .  
A d j u s t m e n t  o f  s t a t o r  b l a d e s  f o r  i m p r o v e d  s t a l l  
m a r g i n  i s  i n  u s e  on  ma ny p r o d u c t i o n  e n g i n e s .  I t  
w o u l d  seem p o s s i b l e  t o  i n t e g r a t e  t h e  c o n t r o l  
p r o c e d u r e  w i t h  a n  e x i s t i n g  d i g i t a l  e n g i n e  c o n t r o l  
s y s t e m  s u c h  a s  H I D E C .  A t  h i g h  a n g l e s  o f  a t t a c k  a t  
h i g h  a l t i t u d e ,  l o w  s p e e d  c o n d i t i o n s  r e q u i r e  l a r g e  
f a n  c o m p r e s s o r  s t a l l  m a r g i n s  b e c a u s e  d i s t o r t e d  
i n f l o w  a t  s u c h  c o n d i t i o n s  c a n  r e s u l t  i n  t h e  s t a l l  
o f  h i g h l y  l o a d e d  b l a d i n g .  P r e s e t  m a r g i n s  t o  a v o i d  
t h i s  p r o b l e m  s a c r i f i c e  e n g i n e  p e r f o r m a n c e  a t  t h e  
m o r e  common f l i g h t  c o n d i t i o n s  b u t  H I D E C  u t i l i s e s  
s e n s e d  f l i g h t  p a r a m e t e r s  t o  o v e r c o m e  t h i s  s i t u a t i o n  
a n d  a l l o w s  a n  u p - t r i m  f r o m  t h e  o p e r a t i n g  l i n e  o f  
E P R  v e r s u s  a i r f l o w  c l o s e r  t o  t h e  s t a l l  l i n e  w i t h o u t  
e n c r o a c h m e n t ,  t h e r e b y  d e l i v e r i n g  e x t r a  t h r u s t .  
D a t a  f r o m  s u c h  a s y s t e m  c o u l d  b e  i n c o r p o r a t e d  ( 2 9 )  
i n t o  t h e  m u l t i - t a s k  s o f t w a r e  f o r  d i g i t a l  c o n t r o l  o f  
t h e  r e c i r c u l a t i o n  c h a n n e l  d e s c r i b e d  h e r e i n  i f  t h e  
e n g i n e  s t a l l  c h a r a c t e r i s t i c s  u n d e r  d i f f e r e n t  f l i g h t  
c o n d i t i o n s  w e r e  k n o w n .  T h e  u s e  o f  a d v a n c e d  e n g i n e  
t e s t  c o m p u t e r  m o n i t o r i n g  w i t h  a r r a y  p r o c e s s o r s  ( 3 0 )
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c a n  p r o v i d e  t h i s  d a t a  b a s e .  New t y p e s  o f  
o p t i m i s a t i o n  s o f t w a r e  may b e r e q u i r e d  w h i c h  a r e  n o t  
c u r r e n t l y  a v a i l a b l e  i n c l u d i n g  a n  e f f i c i e n t  model 
u p d a t i n g  a p r o c e d u r e  f o r  u s e  w i t h  b i a s s e d  s e n s o r  
r e a d i n g s  a n d  s p l i n e  p r o g r a m s  i n  w h i c h  b o t h  t h e  
c o n t r o l  p a r a m e t e r s  a n d  s t a t e  p a r a m e t e r s  a p p e a r .  
S i m i l a r  n e e d s  h a v e  b e e n  e x p r e s s e d  ( 3 1 )  i n  
o p t i m i s a t i o n  o n - l i n e  o f  e n g i n e  f u e l  c o n s u m p t i o n .
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THE THEORETICAL BASIS OF

T U R B O M A C H I N E R Y  D E S I G N  F O R  P O W E R  P L A N T

J - P -  GOSTELOW

THE NEW SOUTH WALES INSTITUTE OF TECHNOLOGY

S U M M A R Y . T h e  c o m p l e x i t y  o f  t h e  f l u i d  m e c h a n i c s  o f  t u r b o m a c h i n e r y  
d e s i g n  i s  d i s c u s s e d  a n d  t h e  p r e s e n t  a p p r o a c h  o f  s p l i t t i n g  t h e  f l o w  i n t o  
t h e  m e r i d i o n a l  a n d  c a s c a d e  p l a n e s ,  as u s e d  b y  t h e  d e s i g n e r s  o f  s t e a m  
t u r b i n e s  i s  d e s c r i b e d .  C o n s i d e r a t i o n  o f  t h e  f u l l  t h r e e  d i m e n s i o n a l  
f l o w  i s  i m p o r t a n t ;  t h i s  may l e a d  t o  u n f a m i l i a r  s h a p i n g  o f  t h e  b l a d e s  
a n d  t o  i m p r o v e d  p e r f o r m a n c e .  Some r e s u l t s  o f  c a s c a d e  w i n d  t u n n e l  
t e s t i n g  o f  t h e  b l a d i n g  o f  p o w e r  g e n e r a t i o n  t u r b i n e s  a r e  p r e s e n t e d .  
V o r t e x  s h e d d i n g  h a s  b e e n  f o u n d  t o  make a m a j o r  c o n t r i b u t i o n  t o  t h e  l o s s  
o f  b l a d e s  h a v i n g  a t h i c k  t r a i l i n g  e d g e .  S h o c k - i n d u c e d  f l o w  
i n s t a b i l i t i e s  a t  p a r t  l o a d  a r e  c i t e d  as a n i n h i b i t i n g  f a c t o r  f o r  
e f f i c e n c y  o p t i m i s a t i o n  o f  m o d e r n  g e n e r a t i n g  p l a n t .

1. INTRODUCTION

I f  t h e r e  i s  a p r e d o m i n a n t  c h a r a c t e r i s t i c  o f  t u r b o m a c h i n e r y  i t  i s  
d i v e r s i t y  o f  s p e c i f i c a t i o n  a n d  u s a g e .  A u s t r a l i a  i s  a m a j o r  u s e r  o f  
c e r t a i n  t y p e s  o f  t u r b o m a c h i n e ,  s u c h  as s t e a m  t u r b i n e s  f o r  p o w e r  
g e n e r a t i o n ,  a n d  a v i a b l e  m a n u f a c t u r e r  o f  o t h e r s ,  s u c h  as t h e  a s s o c i a t e d  
pumps a n d  f a n s .

N e v e r t h e l e s s  a l l  t u r b o m a c h i n e s  h a v e  a common d e s i g n  f o u n d a t i o n  on a 
b a s i s  o f  t h e o r e t i c a l  f l u i d  m e c h a n i c s .  F o r  t h e  d e s i g n  o f  l a r g e  s t e a m  
a n d  g a s  t u r b i n e s  t h e  f u l l  s o p h i s t i c a t i o n  o f  t h e  t h e o r e t i c a l  b a s i s  i s  
r e q u i r e d ;  f o r  f a n s  a n d  pumps a much s i m p l e r  s u b s e t  o f  t h i s  i s  o f t e n  
a d e q u a t e .

P r i o r  t o  1 9 7 0  m o s t  o f  o u r  p o w e r  g e n e r a t i o n  t u r b i n e s  w e r e  p u r c h a s e d  f r o m  
E u r o p e  a n d  w e r e  b e l o w  1 0 0  MW i n  r a t i n g .  I n  t h e  1 9 8 0 s  m o s t  come f r o m
J a p a n  a n d  a r e  i n  t h e  50 0  -  6 60  MW r a n g e .  W h i l s t  t h e r e  i s  no
o p p o r t u n i t y  f o r  l o c a l  d e s i g n  o r  m a n u f a c t u r e  o f  t h e s e  u n i t s  t h i s  d o e s  
n o t  mean t h a t  we s h o u l d  t r e a t  t h e m  as b l a c k  b o x e s  -  t o  do so w o u l d  be 
t h e  p a t h  o f  t h e  c a r g o  c u l t  a n d  t e c h n o l o g i c a l  s u b s e r v i e n c e .

T h e  J a p a n e s e  m a n u f a c t u r e r s  c e r t a i n l y  do n o t  s e e  t h e s e  u n i t s  as b l a c k  
b o x e s .  W h i l s t  t h e  d e s i g n s  w e r e  o r i g i n a l l y  d e r i v a t i v e ,  m o s t l y  o f  
A m e r i c a n  d e s i g n s ,  t h o s e  d a y s  a r e  l o n g  g o n e .  T h e  J a p a n e s e  a r e  v e r y  
a c t i v e  i n  r e s e a r c h  a n d  d e v e l o p m e n t  i n  t h i s  f i e l d  a n d  t h e i r  s t e a m
t u r b i n e s  a r e  g o i n g  t h e  w a y  o f  t h e i r  c a r s  -  t o w a r d s  s u p e r i o r i t y  i n  t h e i r
own d e s i g n  a n d  m a n u f a c t u r e .



TURBOMACHINERY DESIGN

T o  u n d e r s t a n d  t h e  r e q u i r e m e n t s  o f  t h e  t u r b i n e  b l a d i n g  d e s i g n  p r o c e s s  i t  
i s  i n s t r u c t i v e  t o  p l a c e  o n e s e l f  i n  t h e  s i t u a t i o n  o f  t h e  u n f o r t u n a t e  
b l a d e  i n  t h e  l a t e r  s t a g e s  o f  a s t e a m  t u r b i n e .  I t  may be a n o z z l e  v a n e  
w h i c h  j u s t  s i t s  t h e r e  a n d  v i b r a t e s ,  b u t  i s  a l l  t h e  w h i l e  b e i n g  
b o m b a r d e d  b y  w a k e s  a n d  s h o c k  w a v e s ,  p r o b a b l y  a b o u t  1 0 , 0 0 0  t i m e s  p e r  
s e c o n d .  T h e  f l o w  e n v i r o n m e n t  i s  t h r e e  d i m e n s i o n a l ,  c o m p r e s s i b l e ,  
u n s t e a d y ,  d e c i d e d l y  v i s c o u s ,  h o t  b u t  c o n d e n s i n g  w i t h  v a r y i n g  
f ! u i d - t o - b l a d e  t e m p e r a t u r e  r a t i o s  a n d  t wo  f l u i d  p h a s e s  p r e s e n t .  When 
t h e  b l a d e  i s  r o t a t i n g  t h e r e  a r e  a d d i t i o n a l  c o n s i d e r a t i o n s ,  s u c h  as 
b l a d e  u n t w i s t  a n d  C o r i o l i s  f o r c e s ,  t o  c o n s i d e r .

T h e  p a c i n g  f a c t o r  o f  t u r b o m a c h i n e r y  i s  t h e  r e m a r k a b l e  p o t e n c y  o f  h i g h  
b l a d e  s p e e d s .  I n  g e n e r a t i n g  p l a n t  t h i s  o f  c o u r s e  me a ns  h i g h e r  
d i a m e t e r s .  T h e  p r e s s u r e  d r o p  t h r o u g h  a b l a d e  r o w  r i s e s  as t h e  s q u a r e  
o f  t h e  r e l a t i v e  v e l o c i t y  o f  t h e  f l u i d  a n d  a t  s u p e r s o n i c  s p e e d s  r i s e s  
v e r y  r a p i d l y .  T h e r e f o r e  v e r y  h i g h  o u t p u t s  a r e  a v a i l a b l e  f r o m  t h e  l a r g e  
l a s t  s t a g e s  o f  g e n e r a t i n g  p l a n t .  T h e  p o t e n t i a l  f o r  l o s s e s ,  h o w e v e r ,  i s  
c o r r e s p o n d i n g l y  g r e a t  a n d  a 1 °  b l a d e  s e t t i n g  e r r o r  c a n  c o s t  25 MW o f  
o u t p u t .  H i g h  s p e e d  m a c h i n e r y  i s  n o t  t o l e r a n t  o r  f o r g i v i n g  o f  d e s i g n  
e r r o r s .  T h e  a e r o d y n a m i c  d e s i g n  o f  t h e  b l a d i n g  has t o  be do n e  p r o p e r l y  
a n d  I  w o u l d  t h e r e f o r e  l i k e  t o  b r i e f l y  r e v i e w  t h e  c u r r e n t  a p p r o a c h  i n  
d e s i g n  o f f i c e s  a r o u n d  t h e  w o r l d .

A l l  t h e  c o m p l i c a t i o n s  l i s t e d  a b o v e ,  and ma n y  m o r e ,  a f f e c t  t h e  d e s i g n  
p r o c e s s  b u t  p r o g r a m s  w h i c h  c a n  f u l l y  a c c o u n t  f o r  t h em a r e  s t i l l  a l o n g  
w a y  o f f .  D e s i g n e r s  a n d  r e s e a r c h e r s  a r e  w o r k i n g  on f u l l y  t h r e e  
d i m e n s i o n a l  s o l u t i o n s  t o  t h e  g o v e r n i n g  N a v i e r  S t o k e s  e q u a t i o n s  a n d  i t  
a p p e a r s  t h a t  f o r  some s i m p l i f i e d  c a s e s  t h i s  may b e c o me  p o s s i b l e  w i t h i n  
t h e  n e x t  d e c a d e .  F o r  t h e  l a s t  f o r t y  y e a r s  d e s i g n e r s  h a v e  r e s o r t e d  t o  a 
s i m p l i f y i n g  d e v i c e  w h i c h  we w i l l  d i s c u s s .

I p l a n  t o  f i r s t l y  s u r v e y  d e v e l o p m e n t s  i n  d e s i g n  c a l c u l a t i o n s  a n d  t h e  
d e s i g n  p r o c e s s ,  t h e n  t o  mo v e  on t o  t h e  a s s o c i a t e d  f i e l d  o f  c a s c a d e  a n d  
r i g  t e s t i n g .  B e c a u s e  my own f i e l d  i s  t h e  f l u i d  m e c h a n i c s  a n d  
t h e r m o d y n a m i c s  o f  t u r b o m a c h i n e r y  I s h a l l  m a i n l y  c o n f i n e  my d i s c u s s i o n  
t o  t h e s e  a s p e c t s .  T h e r e  a r e  a l s o  i m p o r t a n t  c o n s i d e r a t i o n s  i n  
m a t e r i a l s ,  b e a r i n g s ,  m a i n t e n a n c e ,  s o u n d  a n d  v i b r a t i o n s ,  a n d  t h e y  s h o u l d  
r e a l l y  n o t  be n e g l e c t e d .  H o w e v e r ,  i n  t u r b o m a c h i n e r y ,  f l u i d  m e c h a n i c s  
i s  t h e  d r i v i n g  f o r c e  a n d  s e t s  t h e  m a i n  d i r e c t i o n s  o f  d e v e l o p m e n t .

2. DESIGN CALCULATIONS

T h e  f l o w  t h r o u g h  a t u r b o m a c h i n e r y  b l a d e  r o w  i s  t h r e e  d i m e n s i o n a l  a n d  i s  
c o n v e n i e n t l y  r e p r e s e n t e d  i n  r a d i a l ,  c i r c u m f e r e n t i a l  a n d  a x i a l  
c o o r d i n a t e s .  T h e  e s s e n c e  o f  t h e  c l a s s i c a l  a p p r o a c h  i s  t h e  s p l i t t i n g  o f  
t h e  t h r e e - d i m e n s i o n a l  p r o b l e m  i n t o  t w o  s e p a r a t e  s u b - p r o b l e m s  t h e  
s o l u t i o n s  o f  w h i c h  a r e  t h e n  o b t a i n e d  a n d  s u p e r p o s e d  i t e r a t i v e l y .  T h e  
s t a n d a r d  r e f e r e n c e  w o r k s  o n  t u r b o m a c h i n e r y  d e s i g n  d e s c r i b e  t h i s  
c l a s s i c a l  a p p r o a c h  w e l l  ( R e f s .  6 a n d  1 3 ) .
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2 . 1  T H E  M E R I D I O N A L  P L A N E

I f  t h e  m a c h i n e  i s  v i e w e d  i n  e l e v a t i o n ,  a p r o j e c t i o n  i n  t h e  r  -  z  o r  
m e r i d i o n a l  p l a n e  i s  o b t a i n e d .

T h e  m e r i d i o n a l  p r o j e c t i o n  p r o v i d e s  t h e  s t r u c t u r e  o f  t h e  d e s i g n  p r o c e s s .  
T h e  c o m p u t e r  p r o g r a m  w h i c h  s o l v e s  t h e  f l o w  e q u a t i o n s  i n  t h e  m e r i d i o n a l  
p l a n e  i s  a l s o  t h e  b a c k b o n e  o f  t h e  a d m i n i s t r a t i v e  s t r u c t u r e  o f  t h e  
d e s i g n  o f f i c e  w i t h  d e s i g n e r s  i n p u t t i n g  a n d  e x t r a c t i n g  d a t a  a n d  
c o n t r o l l i n g  i t s  f l o w  as a p p r o p r i a t e .

T h e  p r i n c i p a l  a s s u m p t i o n  i s  t h a t  t h e  f l o w  i s  a x i s y m m e t r i c ,  i . e .  t h a t  
v a r i a t i o n s  i n  t h e  f l o w  p r o p e r t i e s  i n  a c i r c u m f e r e n t i a l  d i r e c t i o n  a r e  
n e g l e c t e d .  T h e  r e s u l t i n g  ' s t r e a m l i n e  c u r v a t u r e '  m e t h o d ,  as g i v e n  by  
S m i t h  ( 2 0 ) ,  i s  b a s e d  o n  t h e  i t e r a t i v e  n u m e r i c a l  s o l u t i o n  o f  t h e  
e q u a t i o n s  o f  m o t i o n ,  c o n t i n u i t y ,  e n e r g y  and s t a t e  f o r  t h e  f l o w  t h r o u g h  
t h e  b l a d e  r o w s  h a v i n g  v a r y i n g  h u b  a n d  c a s i n g  r a d i i .  T h e  e q u a t i o n  f o r  
t h e  m e r i d i o n a l  v e l o c i t y  c o n t a i n s  t e r m s  i n v o l v i n g  b o t h  t h e  s l o p e  a n d  
c u r v a t u r e  o f  t h e  m e r i d i o n a l  s t r e a m l i n e s ,  w h i c h  a r e  e s t i m a t e d  u s i n g  a 
s p l i n e  o r  s i m i l a r  f i t  p a s s i n g  t h r o u g h  p o i n t s  o f  e q u a l  s t r e a m  f u n c t i o n  
i n  n e i g h b o u r i n g  c a l c u l a t i o n  p l a n e s .  T h e  s p l i n e  f i t  e s t a b l i s h e s  
p i e c e - w i s e  c u b i c s  w i t h  f i r s t  a n d  s e c o n d  d e r i v a t i v e s  c o n s t a n t  a c r o s s  t h e  
l o c a t i o n  p o i n t s  a n d  i s  a r e a s o n a b l e  a p p r o x i m a t i o n  t o  t h e  s h a p e  o f  t h e  
s t e a m l i n e .  T h e  p r o c e s s  i s  o n e  o f  m o v i n g  t h e  r e s u l t i n g  s t r e a m l i n e s  
a r o u n d  i t e r a t i v e l y  u n t i l  a c o n d i t i o n  o f  r a d i a l  e q u i l i b r i u m  i s  r e a c h e d  
as i n d i c a t e d  b y  c o n v e r g e n c e  o f  t h e  p r o c e d u r e .

T h e  m e t h o d  t r e a t s  t h e  b l a d e  r o w s  as d e v i c e s  w h i c h  p r o d u c e  a d e f i n e d  
c h a n g e  i n  f l o w  d i r e c t i o n  t o g e t h e r  w i t h  a l o s s  o f  r e l a t i v e  s t a g n a t i o n  
e n t h a l p y .  T h i s  r e p r e s e n t a t i o n  c a n  h a v e  a l l  t h e  k n o wn  c h a r a c t e r i s t i c s  
o f  t h e  b l a d e  r o w ,  w h i c h  a r e  o b t a i n e d  b y  c o n s i d e r a t i o n  o f  t h e  s e c o n d  
s u b - p r o b l e m  t o  be d e s c r i b e d  i n  s e c t i o n  2 . 2 .  T h e  d a t a  u s e d  may be 
m o d i f i e d  o r  u p d a t e d  b e t w e e n  i t e r a t i o n s  t o  p r o v i d e  a b e t t e r  mo de l  o f  t h e  
b l a d e  r o w  i n  s u b s e q u e n t  i t e r a t i o n s .  T h e  c a l c u l a t i o n  p r o c e d u r e  i s  
b a s i c a l l y  a r a d i a l  mo me n t u m b a l a n c e  a n d  t h e  e q u a t i o n  i s : -

F i g u r e  1 :  M e r i d i o n a l  p l a n e  v i e w  o f  a x i a l  t u r b i n e .
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w h e r e  

A  = w  1 c ) [ r  t a n  d\ +  5  t a n / 3  

1 r ò r  r 0 0 CpT
+ YMj ò p  +  1 d p

p a 2  r ò #  p a 2  o t

1 òwz 
Wz àt

O n l y  a f e w  d e s i g n  o f f i c e s  i n  t h e  w o r l d  a r e  s e t  u p  t o  s o l v e  t h i s  
e q u a t i o n ,  j u s t  as o n l y  a f e w  p l a n t s  h a v e  t h e  c a p a b i l i t y  t o  m a n u f a c t u r e  
t h e  l a r g e s t  t u r b i n e  g e n e r a t o r  s e t s .  T h e s e  c a p a b i l i t i e s  a r e  r e f l e c t i o n s  
o f  e c o n o m i e s  o f  s c a l e .

I f  t h e  Mach  N u m b e r s  a r e  l o w  a n d  t h e  f l o w p a t h  i s  r e a s o n a b l y  c y l i n d r i c a l  
t h e  e q u a t i o n  r e d u c e s  r e m a r k a b l y  t o  t h e  s i m p l e  r a d i a l  e q u i l i b r i u m  
e q u a t i o n : -

1 È £  =
p ò  r r

S i m p l e  r a d i a l  e q u i l i b r i u m  wa s u s e d  f o r  ma n y  e a r l y  d e s i g n s  w i t h  t h e  f l o w  
b e i n g  a n a l y s e d  on a h u b ,  me a n  a n d  c a s i n g  b a s i s .  F r e e  v o r t e x  d e s i g n s ,  
h a v i n g  r a d i a l l y  c o n s t a n t  a x i a l  v e l o c i t y  a n d  no r a d i a l  v e l o c i t y  
c o m p o n e n t  b e t w e e n  b l a d e  r o w s ,  a r e  c o n s i s t e n t  w i t h  s i m p l e  r a d i a l  
e q u i l i b r i u m  a n d  a r e  q u i t e  common f o r  t u r b i n e s .

M a n y  a x i a l  f l o w  f a n s  a n d  pumps a r e  d e s i g n e d  on a s i m p l e  r a d i a l  
e q u i l i b r i u m  b a s i s .  T h e  f r e e  v o r t e x  d e s i g n  g i v e s  h i g h  t i p  r e l a t i v e  
v e l o c i t i e s  w h i c h  m a y ,  f o r  p u m p s ,  r e s u l t  i n  p r e m a t u r e  c a v i t a t i o n .

W h e r e a s  c a l c u l a t i o n s  a n d  t r a v e r s e s  i n  t h e  m e r i d i o n a l  p l a n e  p r o v i d e  a n 
e s s e n t i a l  s t r u c t u r a l  f r a m e w o r k  f o r  d e s i g n  p r o c e s s  t h e y  do n o t  o f  
t h e m s e l v e s  p r o v i d e  t h e  i n p u t  o f  t h e  m o s t  i m p o r t a n t  p h y s i c a l  d a t a .  T h e  
e s s e n t i a l  q u a n t i t a t i v e  i n f o r m a t i o n  a n d  q u a l i t a t i v e  u n d e r s t a n d i n g s  o f  
t h e  f l o w  p h e n o m e n a  i n v o l v e d  a r e  o b t a i n e d  b y  t u r n i n g  a t t e n t i o n  t o  t h e  
c o m p l e m e n t a r y  ' b l a d e - t o - b l a d e '  o r  c a s c a d e  p l a n e .

2 . 2  T H E  C A S C A D E  P L A N E

T h e  c a s c a d e  p l a n e  i s  o b t a i n e d  b y  v i e w i n g  a l o n g  t h e  b l a d e  a x i s  a 
p r o j e c t i o n  h a v i n g  t h e  z ,  8 c o o r d i n a t e s  o f  F i g .  2 .  I f  t h e  r a d i a l  
e q u i l i b r i u m  a n a l y s i s  h a s  i n d i c a t e d  t h a t  i n  t h e  r e g i o n  o f  i n t e r e s t  t h e  
s t r e a m l i n e s  h a v e  a r a d i u s  w h i c h  v a r i e s  t h r o u g h  t h e  b l a d e - r o w  t h e n  t h e  
' c u t '  i s  made a l o n g  t h e  s t r e a m l i n e  a n d  t h e n  v i e w e d  i n  a d i r e c t i o n  
p a r a l l e l  t o  t h e  b l a d e  a x i s  o r  s t a c k i n g  l i n e  ( R e f .  2 1 ) .  I n  t h e  s i m p l e s t  
c a s e  o f  a m a c h i n e  h a v i n g  a c y l i n d r i c a l  h u b ,  c a s i n g  a n d  i n t e r m e d i a t e  
s t r e a m l i n e s  a n d  b l a d e s  s t a c k e d  r a d i a l l y  t h e  c y l i n d r i c a l  c u t  i s  
p r o j e c t e d  r a d i a l l y .  I n  t h e s e  c i r c u m s t a n c e s  t h e  b l a d e  r o w  t h u s  o b t a i n e d  
i s  u n r o l l e d  f r o m  c y l i n d r i c a l  b y  t h e  s i m p l e  t r a n s f o r m a t i o n : -  x  = z ,  

y  = r 8 .
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F i g u r e  2 :  T h e  c a s c a d e  p l a n e  f o r  an a x i a l  t u r b i n e  b l a d e  r o w .

F o r  a g i v e n  r o w  o f  t u r b i n e  b l a d e s  w i t h  a g i v e n  i n l e t  f l o w  a n g l e  t h e  
c a s c a d e  p r o b l e m  i s  t o  f i n d  t h e  d i s c h a r g e  f l o w  a n g l e  a n d  t h e  l o s s  i n  
s t a g n a t i o n  p r e s s u r e  o r  e n t h a l p y  a c r o s s  t h e  b l a d i n g .  T h e  d e s i g n e r  w i l l  
a l s o  w i s h  t o  k n o w  t h e  d i s t r i b u t i o n  o f  s t a t i c  p r e s s u r e  o r  Mach N u m b e r  
a r o u n d  t h e  b l a d i n g .

I n  a n a l t e r n a t i v e  ' i n v e r s e '  f o r m u l a t i o n  t h e  p r e s s u r e  d i s t r i b u t i o n  a n d  
d i s c h a r g e  a n g l e  a r e  p r o v i d e d  a n d  t h e  b l a d e  s h a p e  r e q u i r e d  t o  s a t i s f y  
t h o s e  c o n d i t i o n s  i s  d e t e r m i n e d .

F o r  i n c o m p r e s s i b l e  f l o w s ,  as e n c o u n t e r e d  i n  pumps a n d  some f a n s ,  t h e  
g o v e r n i n g  e q u a t i o n  i s  t h e  L a p l a c e  e q u a t i o n

¿ ±  + i t  -0.  . . . ( 3 )
B y 2

V a r i o u s  c o m p u t e r i s e d  t e c h n i q u e s  f o r  s o l v i n g  t h i s  e q u a t i o n  h a v e  b e e n  
e v o l v e d  b u t  e v e n  f o r  t h e s e  l o w  s p e e d  f l o w s  t h e  r o l e  o f  v i s c o s i t y  p o s e s  
p r o b l e m s  w h i c h  a r e  n o t  y e t  s o l v e d .  R e f .  ( 1 0 )  d e s c r i b e s  t h e  
c o m p u t a t i o n a l  t e c h n i q u e s  a n d  t h e  r e m a i n i n g  p r o b l e m s  m o r e  f u l l y .

F o r  c o m p r e s s i b l e  f l o w s ,  a n d  e s p e c i a l l y  t h e  t r a n s o n i c  a n d  s u p e r s o n i c  
f l o w s  o f  s t e a m  t u r b i n e  b l a d i n g ,  t h e  g o v e r n i n g  e q u a t i o n s  a r e  much mo r e  
c o m p l e x .  T h e  m a i n  d i f f i c u l t y  i s  t h a t  t h e  t y p e  o f  e q u a t i o n  c h a n g e s
a c c o r d i n g  t o  w h e t h e r  t h e  f l o w  i s  s u b s o n i c  o r  s u p e r s o n i c ,  b e i n g  e l l i p t i c  
a n d  h y p e r b o l i c  r e s p e c t i v e l y  i n  t h e  t wo  c a s e s .  T h i s  p r o b l e m  h a s  b e e n  
s o l v e d  i n  r e c e n t  y e a r s ,  u s i n g  t h e  p o w e r  o f  m o d e r n  c o m p u t e r s ,  b y  s o l v i n g  
i n  a l l  c a s e s  t h e  f u l l  u n s t e a d y  o r  t i m e - d e p e n d e n t  E u l e r  e q u a t i o n s .  
T h e s e  a r e  h y p e r b o l i c  i n  a l l  c a s e s  a n d ,  u s i n g  a ' t i m e - m a r c h i n g '  
t e c h n i q u e ,  c a l c u l a t i o n s  may t h e r e f o r e  p r o c e e d  t h r o u g h  t h e  s o n i c  r e g i o n  
w i t h  c h o k i n g  a n d  s h o c k  w a v e s  p r e d i c t e d  a c c u r a t e l y  ( R e f .  3 ) .  T h i s
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a u t h o r ' s  m a i n  c o n t r i b u t i o n  has b e e n  t o e s t a b l i s h  e x a c t  t e s t  c a s e s  w h i c h  
e n a b l e  t h e  a c c u r a c y  o f  t h e  c o m p u t e r  c o d e s  t o  be a s s e s s e d  a n d  t h e i r  
s o l u t i o n s  r e f i n e d  f o r  a l l  Mach N u m b e r s  o f  i n t e r e s t .  R e f .  ( 1 0 )  g i v e s  a 
n u m b e r  o f  t h e s e  c o m p a r i s o n s  b e t w e e n  d e s i g n  c o d e s  a n d  e x a c t  s o l u t i o n s .

F i g .  3 g i v e s  a c o m p a r i s o n  b e t w e e n  c a l c u l a t i o n s  a n d  m e a s u r e m e n t s  f o r  a 
W e s t i n g h o u s e  t u r b i n e  r o t o r  b l a d e  ( R e f .  1 5 ) .  P l o t t e d  i s  p r e s s u r e  r a t i o  
as a f u n c t i o n  o f  a x i a l  d i s t a n c e  a n d  t h e  f l o w  e x p a n d s  t o  a Mach N u m b e r  
o f  1 . 7  a t  t h e  t r a i l i n g  e d g e .  T h e  c a l c u l a t i o n  w o u l d  h a v e  t a k e n  up t o  an 
h o u r  o f  l a r g e  m a i n f r a m e  t i m e .  T h e  p e n a l t i e s  f o r  e r r o r  a r e  e n o r m o u s .  
T h e  l a s t  s t a g e  o f  a l a r g e  s t e a m  t u r b i n e  m i g h t  e x t r a c t  up t o  2 0 0  MW f r o m  
t h e  f l o w  ( R e f .  2 ) .  T h e  p r e s e n t  w o r t h  o f  a 1 % c h a n g e  i n  e f f i c i e n c y  o f  a 
1 0 0 0  MW m a c h i n e  i s  as h i g h  as $ 1 5  m i l l i o n .  T h i s  may n o t  be c o n s i d e r e d  
t o  be t r u e  h i g h  t e c h n o l o g y ,  h o w e v e r ,  b e c a u s e  i t  i s  n o t  s u p p l i e d  w i t h  a 
d i g i t a l  h e a d - u p  d i s p l a y  o r  a g r a p h i c  e q u a l i s e r .

F i g u r e  3 :  T h e o r e t i c a l  a n d  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n s  f o r  
W e s t i n g h o u s e  mean d i a m e t e r  s e c t i o n  b l a d e .
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3. THREE DIMENSIONAL FLOWS

A l l  f l o w s  a r e  t h r e e  d i m e n s i o n a l  t o  some e x t e n t  a n d  t h e  u s e  o f  c a s c a d e  
i n f o r m a t i o n  s h o u l d  n e v e r  be c o n s i d e r e d  t o  be m o r e  t h a n  t h e  e x p l o i t a t i o n  
o f  a u s e f u l  m o d e l .  I n  p a r t i c u l a r  t h r e e - d i m e n s i o n a l  e f f e c t s  p r e d o m i n a t e  
i n  t h e  h u b  a n d  c a s i n g  r e g i o n s  o f  t u r b o m a c h i n e s .

3 . 1  S E C O N D A R Y  F L O W S

S e c o n d a r y  f l o w s  a r e  p r o b a b l y  t h e  m o s t  i m p o r t a n t  o f  t h e s e  e f f e c t s .  A n  
u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  s e c o n d a r y  f l o w  i n  a c a s c a d e  may be 
d e r i v e d  f r o m  c o n s i d e r a t i o n  o f  a s t r e a m l i n e  w h i c h  e n t e r s  t h e  c a s c a d e  
f r o m  t h e  e n d  w a l l  b o u n d a r y  l a y e r .  A s s u m i n g  t h a t  t h i s  b o u n d a r y  l a y e r  i s  
t h i n  a n d  t h a t  no s e p a r a t i o n  i s  p r e s e n t ,  t h e  s t a t i c  p r e s s u r e  
d i s t r i b u t i o n s  o u t s i d e  t h e  e n d  w a l l  r e g i o n  w i l l  t e n d  t o  p r e v a i l  r i g h t  up 
t o  t h e  w a l l .  W h a t  ma y  h a v e  b e e n  an a c c e p t a b l e  d e g r e e  o f  l o a d i n g  i n  t h e  
m i d - s p a n  r e g i o n  o f  a b l a d e  s e c t i o n  s u b j e c t e d  t o  t h e  f u l l  f r e e  s t r e a m  
v e l o c i t y ,  w i l l  h a v e  t o  be b o r n e  a l s o  b y  t h e  s i d e  w a l l  r e g i o n s  u n d e r  a 
much r e d u c e d  i n c o m i n g  v e l o c i t y .  T h e  s t a t i c  p r e s s u r e  g r a d i e n t  n o r m a l  t o  
t h e  s t r e a m l i n e  i s  g i v e n  b y

d p / d n  p  U ^ / R .

S i n c e  t h i s  p r e s s u r e  g r a d i e n t  i s  t h e  same i n  t h e  s i d e  w a l l  r e g i o n  as i n  
t h e  m i d - s p a n ,  w h e r e a s  t h e  v e l o c i t y  U i s  l o w e r  i n  t h e  s i d e  w a l l  r e g i o n ,  
t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  s t r e a m l i n e  R i n  t h e  s i d e  w a l l  r e g i o n  
m u s t  a l s o  be  l o w e r ,  b y  a f a c t o r  o f  ( U / U  )2 ,  t o  p r e s e r v e  t h e  b a l a n c e .  
T h e  r e s u l t ,  as ma y  be s e e n  i n  F i g .  4 ,  i s  t h a t  w h e r e a s  t h e  s t r e a m l i n e  
m i g h t  h a v e  f o l l o w e d  t h e  b l a d e  s u r f a c e  c u r v a t u r e  i n  t h e  m i d - s p a n  r e g i o n ,  
t h e  p a t h  i t  t a k e s  i n  t h e  s i d e - w a l l  r e g i o n  h a s  a much h i g h e r  c u r v a t u r e .  
T h e r e  r e s u l t s  a v e l o c i t y  c o m p o n e n t  p e r p e n d i c u l a r  t o  t h a t  o f  t h e  f r e e  
s t r e a m  v e l o c i t i e s  d i r e c t e d  a c r o s s  t h e  c h a n n e l  f r o m  t h e  h i g h  p r e s s u r e  
s i d e .  S i n c e  t h e r e  c a n  be  no f l o w  t h r o u g h  t h e  b l a d e  a c i r c u l a t o r y  
m o t i o n ,  o f  t h e  t y p e  i n d i c a t e d  i n  F i g .  4 ,  i s  s e t  u p .

F i g u r e  4 :  V i s u a l i z a t i o n  o f  s e c o n d a r y  f l o w s  n e a r  t h e  e n d  w a l l  
i n  a t u r b i n e  b l a d e  c a s c a d e .  ( C o u r t e s y  o f  J .  F a b r i ) .
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" O v e r t u r n i n g "  r e s u l t s  n e a r  t h e  s i d e  w a l l  w h e r e a s  some d i s t a n c e  f r o m  t h e  
w a l l  t h e  f l o w  i s  " u n d e r t u r n e d " .  T h i s  i s  t h e  c l a s s i c a l  s e c o n d a r y  f l o w  
s i t u a t i o n  a n d  t h e  " p a s s a g e  v o r t e x "  w h i c h  i s  e s t a b l i s h e d  i s  o f t e n  q u i t e  
s t r o n g  a n d  c a u s e s  s e v e r e  p e r f o r m a n c e  d e t e r i o r a t i o n ,  e s p e c i a l l y  i n  
m u l t i s t a g e  m a c h i n e s .

T h e  a b o v e  i s  s i m p l i f i e d  d e s c r i p t i o n  o f  a c o m p l e x  p h e n o m e n o n .  L a n g s t o n  
e t  a l  ( R e f .  1 6 )  h a v e  s h o w n  t h a t  i n  a t u r b i n e  c a s c a d e  t h e  a p p r o a c h i n g  
w a l l  b o u n d a r y  l a y e r  t e n d s  t o  r o l l  up i n t o  a h o r s e s h o e  v o r t e x  a r o u n d  t h e  
l e a d i n g  e d g e .  W h e r e a s  o n e  b r a n c h  mo v e s  a l o n g  t h e  s u c t i o n  s u r f a c e  o f  
t h e  b l a d e  u n d e r  c o n s i d e r a t i o n  t h e  o t h e r  b r a n c h  c r o s s e s  t h e  p a s s a g e  
t o w a r d  t h e  s u c t i o n  s u r f a c e  o f  t h e  a d j a c e n t  b l a d e  as s h o w n  i n  F i g .  4 .  
A s  i t  d o e s  so i t  r o l l s  up m o s t  o f  t h e  w a l l  b o u n d a r y  l a y e r  w h i c h  i s  
d i s c h a r g e d  a s  a l o s s  c o r e  a d j a c e n t  t o  t h e  c o r n e r  b e t w e e n  t h e  s u c t i o n  
s u r f a c e  a n d  t h e  e n d  w a l l .

S u b s t a n t i a l  p a s s a g e  v o r t i c i t y  r e s u l t s ,  h o w e v e r ,  f r o m  t h e  i m p o s i t i o n  o f  
c a s c a d e  d e f l e c t i o n  u p o n  a n  e x i s t i n g  w a l l  b o u n d a r y  l a y e r  a n d  i s  n o t  
d e p e n d e n t  u p o n  t h e  p o s t u l a t i o n  o f  a n y  c o u p l i n g  m e c h a n i s m  b e t w e e n  t h e  
v o r t i c i t y  a n d  t h e  w a l l  b o u n d a r y  l a y e r  t h r o u g h  t h e  c a s c a d e .  A s  a r e s u l t  
some p r o g r e s s  h a s  b e e n  made i n  a n a l y s i n g  s e c o n d a r y  f l o w  p a t t e r n s  u s i n g  
i n v i s c i d  t h e o r y .

T h e  p r e s e n t  s i t u a t i o n  i n  a l l o w i n g  f o r  s e c o n d a r y  f l o w s  i n  d e s i g n  
c a l c u l a t i o n s  i s  t h a t  t h e  r a d i a l  d i s t r i b u t i o n  o f  d i s c h a r g e  f l o w  a n g l e s  
c a n  now be t r e a t e d  w i t h  r e a s o n a b l e  c o n f i d e n c e .  F i g .  5 ,  w h i c h  i s  b a s e d  
o n  R e f .  ( 1 1 ) ,  g i v e s  a n e x a m p l e  o f  t h e  l e v e l  o f  a g r e e m e n t  p o s s i b l e  
b e t w e e n  t h e o r y  a n d  m e a s u r e m e n t s  d o w n s t r e a m  o f  a t u r b i n e  n o z z l e  r o w .

F i g u r e  5 :  O u t l e t  a n g l e s  f r o m  n o z z l e  g u i d e  v a n e  as 
m e a s u r e d  b y  H u n t e r  a n d  p r e d i c t e d  b y  G r e g o r y - S m i t h .
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These theories are routinely incorporated into streamline curvature 
meridional plane calcu lations and w ill form part of the designer’ s 
in teractive CAD fa c i l i t ie s .

Since discharge flow angles in a secondary flow region can be
calculated i t  might be supposed that the losses in the same region
would also be predictable. Unfortunately when such predictions are 
compared for turbine blading widespread discrepancies are observed.

Secondary losses are a very s ign ifican t component of the overall losses 
in a machine. Before re liab le  predictions are possible improvements in 
the physical understanding of the flow phenomena, in cascade testing 
techniques and advances in three-dimensional boundary layer
calcu lations w ill be necessary.

3.2 SWEEP, LEAN AND END CONTOURING

In F ig . 5 the blade angle has also been included and is  a stra igh t
lin e . The blade is twisted but contains no bends. Conventional
practice in design has been to ignore secondary flows.

In contrast Soviet designers of steam turbines have for some years been 
experimenting with tw isting the blades in the end wall region to allow 
for secondary flows and also contouring the end walls to match. The 
resu lting 'sabre-shaped' blades, as shown in Fig. 6, have proved very 
e f f ic ie n t ,  giving overall loss improvements as high as 28% (Ref. 8).

Figure 6: Curv ilinear nozzle blades and the associated 
loss improvement.

This Soviet blading actually  has compound dihedral and is not an easy 
shape to ca lcu la te . Nevertheless sweep, lean and dihedral are quite 
common in turbomachinery and rigorous defin itions and ca lcu lation 
techniques, as given in Ref. (21), are quite essential.
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Blades are said to have sweep when the flow d irection is  not 
perpendicular to the spanwise direction and dihedral when the blade 
surface is not perpendicular to the end wall.

Fig. 7 based on Ref. (17) illu s tra te s  these defin itions, showing their 
re la tionsh ip  with the equivalent defin ition  for an a irc ra ft  wing and 
practica l application for Francis and axial turbines.

Aircraft sweep and dihedral Dihedral in turbomachines

Sweep in a Francis turbine Sweep in an axial turbine

Figure 7: Sweep and dihedral of l i f t in g  surfaces.

The entrance regions of axial compressors and nozzle diaphragms of 
steam turbines often have large slope with cone half angles up to 45. 
Thus sweep may be present even when the blade is i t s e l f  rad ia l. Since 
the blades are generally staggered, dihedral would also be present at 
the w a ll. In practice the dihedral defin ition  is  generalised to 
include as 'w a lls ' the axisymmetric stream surfaces of the meridional 
flow, thus enabling the term to be used in the free stream as well as 
at the wal1s.
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4. CASCADE TESTING

The above discussion has mostly concerned the mathematical basis of 
solutions to the turbomachinery design problem. The breakthroughs 
which led to the development of successful axial flow fans, pumps and 
compressors for gas turbines resulted from the generation of accurate 
experimental data on the setting of blades and the corresponding flow 
turning and losses. Furthermore the e ffective  development of large 
steam turbines has only been possible as a resu lt of increased 
information on high speed flows through turbine blading.

4.1 HIGH SPEED CASCADE TUNNELS

Axial flow steam turbines were developed in the la te nineteenth century 
without recourse to the cascade model and often with l i t t l e  
understanding of the f lu id  mechanics involved. In the early part of 
th is  century the f i r s t  prim itive cascade wind tunnels, ca lled  nozzle 
testers, were developed to consolidate the advances and provide data 
for machines of higher rating and increased e ffic ien cy . Such tests 
were conducted by most manufacturers but the most consistent e ffo r t was 
that of the B r it ish  Steam Nozzle Research Committee (Ref. 12). The 
design of today's steam turbines is c r i t ic a l ly  dependent upon advanced 
f lu id  mechanics and the cascade model is  an essential tool in
maximising e ffic iency  at high ratings.

About seventy high speed cascade wind tunnels are known to be in use in 
the western world and are lis te d  in Ref. (10). There are almost 
certa in ly  an equivalent number in Eastern Europe and the USSR. 
Information on Soviet bloc tunnels is less accessible but valuable 
sources of cascade data are available in such works as Re fs.(4) and 
(5).

Although for most a irc ra ft  and industria l gas turbines the discharge 
Mach Number of turbine blading rarely exceeds 1.2, in the la s t stages 
of large steam turbines levels as high as 1.8 may be attained (Ref. 2). 
The nozzles of small impulse turbines may be designed for substantia lly  
higher supersonic ve lo c itie s .

In le t re la tive  ve lo c itie s  to turbine blading w ill generally be 
subsonic. Exceptions to th is may include the rotor blading of impulse 
turbines and the t ip  sections of la s t stage steam turbine blading. 
These la tte r  cases, exh ib iting supersonic conditions at both in le t  and 
discharge, are pa rticu la r ly  d i f f ic u l t  ones. Both the complexities of 
supersonic in le t  flows and those of supersonic discharge flows w ill be 
present.

The d if f ic u lt y  of condensation shocks is  especia lly  acute with 
supercritica l turbine blading where the low discharge temperatures make 
condensation quite lik e ly .  I f  i t  is desired to elim inate condensation 
shocks the use of a c lo sed -c ircu it continuous running tunnel with 
adequate drying f a c i l i t ie s  is recommended. A lte rnative ly  cascades may 
be run 'hot' at such a temperature that condensation is not a problem.

In the la s t stages of steam turbines condensation phenomena, including
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droplet production from nucleation and condensation shocks w ithin the 
blading, appear to occur in operation and lead to decreased e ffic iency  
in addition to the other well-known problems such as blade erosion. 
Investigations on these problems have been reported in Ref. (14) and 
ca lcu lations of drop size have been performed by Moore (Ref. 18).

In experimental investigations of wet steam behaviour in cascades a wet 
steam tunnel is  a useful tool . The tunnel shown in F ig. 9 is  that of 
the B r it ish  Central E le c t r ic ity  Research Laboratories. Droplet size 
can be varied between 0.2 and 2.0 mm. and a wide range of supersonic 
Mach Numbers is  attainable at the cascade discharge. Most relevant 
dimensionless parameters can be modelled well in this tunnel, including 
the spec ific  heat ra t io . At high discharge Mach Numbers i t  may be 
desirable to rep lica te  the spec ific  heat ra tio  of various steam 
qua lit ie s  without the attendant moisture problems or the other 
inconveniences of working with steam. Forster, in Ref. (9), has 
described the advantages of testing in a Freon 12-air mixture.

SUPERHEATER CONTRACTION DARK ROOM

EST SECTION

WATER
TREATMENT
COLUMN

DRAINS COOLER

ADJUSTABLE DUCT

Figure 9: The C.E.R.L. wet-steam tunnel.

4.2 INSTRUMENTATION

The measurement of time-averaged pressures and flow angles in the 
v ic in ity  of subsonic cascades is  straightforward. However as the 
loading of compressor blading increases, or in the wake region of 
turbine blading, s ta tic  pressure variations become s ign ifican t. For 
th is reason i t  is desirable to incorporate a re liab le  s ta tic  pressure
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measuring device into the probe head. Workers in many countries have 
produced combination probes capable of measuring total pressure, s ta tic  
pressure and flow angle.

Probes for supersonic flow need careful evaluation. The problem is 
most acute in the discharge region of turbine blading where shocks, 
severe expansions and wakes are present. Under these conditions even a 
p ito t tube can be sensitive to incidence. Internally chamfering the 
tube in le t  reduces th is sen s it iv ity .

P ito t  tube measurements in supersonic flow are affected by the shock 
standing upstream of the probe. Correction for this shock presumes 
knowledge of the local s ta tic  pressure. More work is s t i l l  needed on 
suitable probes for measuring s ta tic  pressure in a transonic flow.

There are a number of techniques available permitting accurate pressure 
measurements to be made in wet steam (Ref. 19). These usually involve 
purging the probe with dry a ir  or ine rt gases before or during a 
readi ng.

The most readily  useful information for high speed cascades is obtained 
from flow observation by the schlieren method. The most common version 
is  single pass schlieren. The lig h t  source is  focused on to an 
adjustable s l i t .  This s l i t  is  at the focus of the f i r s t  parabolic 
m irror. A beam of para lle l lig h t  is thus produced which passes through 
the cascade working section. The working section contains the blades, 
simply supported between transparent sidewalls. A second parabolic 
mirror then focuses an image of the s l i t  onto a knife-edge cu t-o ff. 
The cu t-o ff is adjusted so that in the absence of a ir  flow about ha lf 
of the incident lig h t  is  masked, reducing the in tensity  of lig h t  
projected onto a viewing screen.

Density gradients in the working section cause the lig h t  rays to bend 
so that part of the image of the s l i t  is displaced either away from or
towards the knife-edge. This has the e ffect of producing darker or
lig h te r areas on the screen. The schlieren e ffect is only produced by 
density gradients in a direction perpendicular to the knife-edge.

Fig. 10 from Ref. (7) is  an example of a schlieren photograph from a 
transonic turbine cascade. A study of such a photograph reveals many 
in teresting flow features. Around the leading edge and moving from the 
concave surface forward portion over the blade passage to the convex 
surface is an ind ication of the type of horseshoe vortex described in 
section 3.1. Around the blade suction surface is a white band which is 
the boundary layer. This is thin and laminar in i t ia l ly .  I t  becomes 
turbulent over the back face of the blade. Multip le normal shock waves 
are present at the downstream end of the flow passage. The photograph
is  a high speed one and has frozen shock waves which o sc illa te  in
position over the back face of the blade. At the t ra il in g  edge 
sem i-circular acoustic waves propagate upstream. These are triggered 
by the periodic shedding of vortices into the wake, a phenomenon to be 
described in section 4.3.

Schlieren photographs are useful in quickly identify ing  the main 
features of the flow, such as shock wave structure and loca tion .
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Observation of the turbulent areas, the state of the boundary layer and 
wake and any associated unsteadiness provides physical information 
which should be accounted for in any design prediction procedure.

Colour schlieren, although not useful for reporting in published work, 
may aid discrim ination between shock and expansion waves. Colour 
schlieren is  most read ily  obtained by replacing the knife-edge by a 
tr i-co lo u r f i l t e r  having a narrow central s tr ip .

Shadowgraph v isua lisa tion  is s im ilar to schlieren but without the 
cu t-o ff. Only very strong density changes, such as those from shock 
waves, or very strong expansions are revealed.

Most schlieren surveys are s t r ic t ly  of a qua lita tive  nature.
Interferometry is  a technique which can give a quantitative resu lt.
The Mach-Zehnder interferometer operates on the p rin c ip le  of ray
amplitude d iv is ion . Para lle l lig h t  from the source is divided by a 
beam sp lit te r  so that ha lf of the amplitude of each ray passes through
the working section w h ilst the remainder passes through a reference
medium. Having traversed d iffe ren t optical paths, a phase d ifference 
exists between corresponding rays dependent on the f lu id  density in the 
working section. When the rays are recombined at the screen optica l 
interference occurs with alternate dark and l ig h t  bands re la ting  to 
f lu id  density contours. Some excellent results have been obtained from
turbine cascades (Ref. 22) but the device is expensive to insta l and
unduly sensitive to v ibrations.

4.3 FLOW INSTABILITIES

Performance losses in turbine blading are strongly dependent on the
tra il in g  edge thickness. Fig. 11 presents loss co e ff ic ie n t as a 
function of discharge Mach Number for d iffe ren t t r a il in g  edge 
thicknesses. There is  a large penalty associated with thick t ra il in g  
edges.
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This severe loss penalty is considerably larger than would resu lt from 
a backward facing step of sim ilar proportions. The magnitude of the 
e ffe c t was unexplained until very fast schlieren photography came into 
use in cascades.

When very fast schlierens are taken of c ircu la r cylinder wakes or those 
of b lu n t-tra ilin g  edged aero fo ils  a von Karman vortex street is 
observed, often with associated sound waves propagating upstream.

Figure 11: Some Soviet results for d iffe ren t t ra il in g
edge thickness (Ref. 5).

I t  turns out that when sim ilar observations are made for blunt t ra il in g  
edged turbine blades s im ila r phenomena are observed. F ig . 10 gave a 
schlieren photograph of a turbine cascade in which periodic vortex 
shedding into the wake was quite c lear. Vortex shedding is  almost 
always present, and for the whole Mach Number range up to about 1.3.

Vortex shedding is  of s ign ificance for several reasons:-

(i) Associated with a vortex street is a substantial loss penalty.

( i i)  Vortex shedding causes high frequency sound propagation.

( i i i )  Vortex shedding causes vibrational e ffects.

(iv ) Vortex shedding may cause lo ca lly  very high heat transfer to or 
from the blade.

(v) The existence of a vortex-street, often with close-coupled 
o s c il la t in g  shock waves, makes computation of a steady flow 
f ie ld  quite problematical.

Much more information is required on the physics of vortex shedding. 
I t  w ill u ltim ately be necessary either to incorporate such physical 
information into a design model or calculate the viscous flow through 
blading in such a way that the vortex shedding is  properly predicted.

Another kind of o s c il la t io n , at lower frequencies in the range 400 - 
800 hz, is  observed b y  manufacturers in the long and f le x ib le  la s t  
stage blades of mcaern steam turbines at part load. Under these 
conditions a strongl •' negative incidence may be present and separation 
may be caused by shock wave impingement.
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Figure 12: Part-load in s ta b ilit ie s  in turbine blading.

Araki et al (Ref. 1 ) have documented this problem on blades of an 
advanced tip  section design for Mach Numbers up to 1.8 or higher. 
F lu tte r was encountered at part-load conditions, coinciding with severe 
in s ta b ility  problems in the passage caused by periodic o s c illa t io n s  of 
the normal and reflected shocks. Fig. 12 shows the conditions under 
which the two in s ta b ilty  modes occurred; the unstable range 
corresponded to a cascade outlet Mach Number range of 0.8 to 1.33. 
Sim ilar in s ta b il it ie s  have been observed in high speed schlieren film s 
from other turbine manufacturers. Although the advanced 
converging-diverging sections have excellent e ffic iency  at fu ll load, 
the part-load in s ta b ility  is lim iting  the ir app lication. Designers 
are having to choose a more stable section having l i t t l e  divergence and 
optimised for reasonable e ffic iency  over a wider operating range. 
This is  one example of a situation in which flow in s ta b ilit ie s  are 
preventing the rea lisa tion  of high turbine e ffic iences.
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7. NOMENCLATURE

C absolute velocity 0 re la tive  swirl angle
M re la tive  Mach Number f enthalpy loss coe ffic ien t
P total pressure e circumferential coordinate
O' heat added per unit time X sweep angle
R radius of curvature M dihedral angle
T sta tic  temperature P density
U free stream velocity Te t ra il in g  edge thickness
W re la tive  ve locity <i> potential function
a speed of sound meridional angle

CP spec ific  heat, const, press.
n distance in normal dirn. Subscripts.
P sta tic  pressure m meridional component
r radial coordinate ms at mid-span
t time r radial component
X chordwise coordinate u circumferential component
y coordinate normal to chord z axial component
z axial coordinate 2 downstream


