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EwlCRIMENTAL STUDY OF FLOW FAST TUXBINE BLADES 

By E. Eckert and K. v. Vietinghoff-Scheel 
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V I .  SUMMARY AND OUTLOOK 

I. INTRODUCTION 

The requirements on gas turbines for a i r c r a f t  power un i t s ,  namely, 
adequate eff ic iency,  operation a t  high gas temperatures, low weight, and 
s m a l l  dimensions, must be taken in to  consideration during the design of 
the blading. To secure good eff ic iency,  it i s  necessary t h a t  the gas 
flow pas t  the blades as smoothly as possible without separation. This 
i s  r e l a t ive ly  e a s i l y  obtainable i n  the accelerated flow of turbine 
blzding, i f  the blade spacing i s  chosen sma l l  enough. A small blade 
spacing, however, i s  detrimental t o  the other  requirements out l ined above. 
Operation a t  high gas temperatures usually c a l l s  f o r  blade cooling. This 
cooling i s  associated with a power input t h a t  lowers t h e  turbine e f f i -  
ciency. Since the  amount of  heat t h a t  must be ca r r i ed  off fo r  c o d i n g  a 
blade can be influenced ra ther  l i t t l e ,  the  gross power input ror  a tu r -  
bine stage can be reduced by keeping the number of blades t o  a minimum, 
t h a t  is, with blades of high spacing r a t i o .  But here a l so  a l i m i t  i s  
imposed, the exceeding of which i s  followed by separation of flow. Hence 
the  requirement of f ind ing  blade forms on which the flow separates a t  
r a the r  high '  spacing r a t i o s .  

Small dimensions of the turbine a re  e s sen t i a l ly  obtained by keeping 
the outside diameter of the blading as small as possible.  This is  made 
possible by choosing a high t i p  speed and making the width of the annular 
space of the turbine stage avai lable  f o r  the passage of the gas great ,  
t h a t  is, the ins ide  diameter as small as possible.  But on such long 
blades the flow a t  the inside diameter i s  appreciably d i f f e ren t  .Tmm t h a t  
a t  the outside diameter. The f l o w  s t r i k e s  the r o t o r  blades inside a t  a 

~~~ 

*"Versuche Gber d ie  Strsmung durch Turbinenschaufelgit tsr  . " 
Vorabdrucke aus Jalvbuch 1942 der deutschen Luftfalrtforschung, 
6 .  Lieferung, pp. 2-10. 
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much f la t te r  angle than outside.  
a flow free from separation throughout the  whole availabLe range of flow 
angles. 

The turbine blades must therefore  ensum 

Since the  v isua l iza t ion  of the  separation phenomena on a running 
turbine involves considerable d i f f i c u l t i e s ,  it i s  appropriate t o  study 
the flow f i rs t  on blade gr ids  a t  rest. 
f indings t o  the guide vanes of a turbine i s  probably possible.  Greater 
care i s  advised in appl icat ion t o  ro to r  blades. On these the  boundary 
layer ,  which forma a t  the surface of the blades, i s  under the influence 
of the cent r i fuga l  force .  
on ax ia l  turbines  very much, where the cent r i fuga l  force i s  perpendicular 
t o  the d i rec t ion  of motion. A grea ter  e f f e c t  i s  t o  be expected on r a d i a l  
turbines , where the cent r i fuga l  fo rce  a c t s  aga ins t  the separation when 
the gaa flows through the turbine from the ins ide  toward the outside.  I n  
the reversed flow d i rec t ion  the centrifugal-force effects favor  separation 
of flow. 

Direct  appl icat ion of such 

This should not  a f f e c t  the  separation phenomena 

The use of the  interference method f o r  the study of flow pas t  the 
blade gr ids  (references 1 and 2)  has the advantage t h a t  the tests can be 
m a t  Reynolds and Mach numbers encountered on actual  turbines.  O n  top 
of that ,  in terference photographs not  only a f fo rd  a qual i ta t ive  picture  
of the flow process, but  a l s o  can be in te rpre ted  quant i ta t ively,  such as 
tha determination of the pressure d i s t r ibu t ion  over the blades and with 
it the torque exerted on the ro tor ,  f o r  instance. 

11. ESTIMATION OF PRESSITRF: DISTRIBUTION OVER TURBINE BLADES 

To the torque exertad by the flowing gas on the ro to r  there corre- 
sponds a force on each blade i n  circumferential  direct ion.  
is  introduced by low pressure a t  the back of the blade and by high pres- 
sure a t  the face of the blade, i n  the same manner as the l i f t  on an air- 
f o i l .  
by the  flow of a f r i c t i o n l e s s  f l u i d  f o r  several blade forms, one of which 
i s  represented i n  f igura  1, by the pressure d i s t r ibu t ion  curve f o r  a 

This force 

Weinig (reference 3 )  computed the pressure d i s t r ibu t ion  caused 

a 
t 

blade gr id  with spacing r a t i o  - = 0.96 and flow direct ion wl. The 

v iscos i ty  of the flowing gas causes a boundary l aye r  along the blade 
surface, and it is  t h i s ,  as is  lmown, t h a t  e f f e c t s  the separation a t  
the blade as soon as the pressure rise i n  flow d i rec t ion  along the blade 
surface exceeds a ce r t a in  value. To be feared most of a l l  i s  a sepa- 
r a t ion  a t  the back i n  the area between A and By althou& it can occur 
equally on the face  a t  C.  The mount of pressure rise which a boundary 
layer  can overcome without separation depends upon whether the layer  i s  
laminar or turbulsnt .  It i s  therefore t o  be expected tha t  the separaticn 
phenomena discussed here inaf te r  are af fec ted  by the Reynolds number. 

The order of magnitude of the pressure r ise t o  be overcome by the 
flow past  a turbine blade i s  readi ly  estimated when the entrance and e x i t  
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angle of flow for the  blading are known. Weinig's calculat ions (fig. 1) 
as w e l l  as the  t e s t  data on wings and cascades of a i r f o i l s  (references 4 
and 3 )  give the  pressure d i s t r ibu t ion  curve an approximately triangular 
form. Giving the  pressum d i s t r ibu t ion  projected on a s t r a i g h t  l i n e  
(width of g r id  b i n  f ig .  2) perpendicular t o  the g r i d  direct ion the 
shape of a triangle as represented i n  figure 3, the magnitude of the 
force pe r  u n i t  blade length exerted by the flow i n  g r id  d i rec t ion  is  U 

APmb u = -  
2 

where Apm 
blade, and b the width of the blade gr id .  On the other  hand, by the 
momentum theorem with the notat ion of f igure  2A t h i s  force TJ follows 
the equation 

i s  the maximum pressure difference between f r o n t  and back of 

the flow ve loc i t i e s  being assumed s o  s m a l l  t h a t  constant gas density p 
can be assumed. Since an estimate i s  involved, t h i s  i s  possible up t o  
the speed of about two th i rds  the veloci ty  of sound. T'is assumption 
s implif ies  the  calculation, which; of course, can be car r iad  out f o r  
variable density j u s t  as well. The veloci ty  components wu a r e  in t ro-  
duced vec tor ia l ly  i n  equation (2) ,  t h a t  i s ,  subtracted when i n  the same 
direct ion,  but  added when directed oppositely. Determining the maximum 
pressure difference from equations (1) and (e)  givgs 

The stage pressure drop Apst 

p1  and p2 upstream and downstream from the blade gr id  as 

i s  the difference of the s t a t i c  pressures 

The dynamic pressure of the flow veloc i ty  i s  

With these quant i t ies  the  pressure d i s t r ibu t ion  t r iangle  can be p lo t t ed  
t o  scale, as exemplified i n  f igure  3A, because the pressure a t  the blade 



4 NACA TM NO. 1209 

t r a i l i n g  edge, t h a t  is, a t  the t i p  of the t r iangle ,  is h rac t i ca l ly  
The amount of the pressure r ise at the back of the blade follows then as 
the difference between p2 and the  lowest pressure p as, 

p2. 

3 

Whether the boundary layer  i s  able t o  ovsrcome t h i s  pressure r ise without 
sepxration depends upon the magnitude of the k ine t i c  flow energy r e l a t i v e  
to t h i s  preasure rise. The veloci ty  increases f r o m  wl t o  w2 during 
the flow through the blade gr id .  For the present estimate,  therefore,  
it i s  bes t  and perhaps accurate enough as well  t o  refer the pressure 
rise p2 - p3 t o  the average k ine t i c  energy of f l o w  

With equation (6) we then get  

as measure f o r  the danger of separation. 

Thi: pressure d i s t r ibu t ion  t r i ang le  i n  figLLre 3A r e l a t e s  t o  a turbire  

= tan p 2  = 0.364) measured agains-t the circumferential  direct ion.  

Reversing the flow through the  blade gr id  involves a Dressure r i s e  
from p2 toward pl. The blades must then, of course, be shaped a 1itt.k 

di f fe ren t ly ,  the pointed t i p  of the blade being placed on the e x i t  s ide  
again, as exernplified i n  f igure  2 3 .  Equations ( 3 ) ,  ( k ) ,  and (7) remain 
v a l i d  f o r  t h i s  d i rec t ion  of flow. But the dynamic pressure of the flow 
veloci ty  i s  

atage with a x i a l  en t ry  (w,l = 0) and an e x i t  angle p2  of 20' 

P 2  q-2 = --w 2 2  (9)  
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Ths pressure d is t r ibu t ion  t r iangle  assumes the form represented i n  
f igu re  3B, and the re fer red  pressure rise a t  the blade back amounts t o  

The flow direct ions of f igure  3B are the same as i n  f igure 3A. A compari- 
son of these two t r iangles  indicates  t h a t  the pressure rise, re fer red  t o  
the  average k i n e t i c  energy of flow which t h e  boundary layer  has t o  over- 
come, i s  subs tan t ia l ly  higher fo r  t h e  blower blade than for t he  turbine 
blade. This i s  the reason such marked def lect ion a8 assumed i n  f igu re  3 
can apparently no t  be achieved a t  a l l  i n  a blower blading without sepa- 
ra t ion .  According t o  equations (8) and (10) the  danger of separation i s  
s o  much greater as the flow i s  more def lected and the length r a t i o  a/b 
i s  greater. The r e s u l t  i s  t h a t  a turbine stage can be operated with a 
grea te r  r a t i o  a/b, hence rdth a greater  spacing rat;-: a/t or with a 
greater def lect ion of flow, than a blower stage.  

The present estimate gives obviously only an approximate picture  of 
tha separation danger since the e f f e c t  of blade form1 and p ro f i l e  chord, 
for example, are  not  mentioned a t  a l l .  But evsn so  it serves as a guide 
for the evaluation of gr ids  of highly cambered blades, € o r  which there a re  
p rac t i ca l ly  no t e s t  data avai lable .  

Ths preparation of more accurate data on p ro f i l e  form i s  the purpose 
of the present repor t .  The maximum l i f t  coef f ic ien t  ca i s  not sui% 
able for evaluating the separation danger on highly curvad blades i n  
cascade arrangemnt,  because ex i s t ing  constant pressure turbinsa operate 
a t  l i f t  values2 up t o  6, while the flow over an airplane wing already 
separates a t  ca max N 1.5. 

On the airplane wing there ex is t s  a de f in i t e  relat.1 onship between 
l i f t  coef f ic ien t  ca and the parameter int1,duced here. On 

9 
-~ ~~ 

*Reviewer's note: This equation does not agree with Figure 3B. 
p1 - p3 I n  order t o  do so,  p2 - p3 should be changed t o  

9 9 
7 

That c losely spaced, highly curved blades, f o r  which the flow I 

i s  very considerably dependent upon the blade form, can r e s u l t  i n  a pres- 
sure d i s t r ibu t ion  other than triangular i s  shown i n  f igure 9. 

wu2 - wul 
'The r e l a t ion  for blade gr ids  i s  ca = 2- 2( w, ) where 

t 
w, i s  the value of the vec tor ia l  m e a n  of the two ve loc i t ies  wl and w2. 

I 
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subs t i tu t ing  a t r iangle  f o r  the pressure d is t r ibu t ion  p lo t ted  against 
the prof i le  chord t, the l i f t  A per u n i t  of span i s  A = Ap 
by def ini t ion,  A = ca tq .  Lastly: 

while, m.2' 

* 
p2 - p3 = Apm - q; hence 

p3 - 2 i s  therefore equivalent t o  the maxim p2 - 
The parameter 

4 
l i f t  coeff ic ient  of wings caw 1.5 . 

111. THE INTERFERENCE MGIIBOD 

The t e s t s  were made with a Mch-Zehnder interferometer (reference 6)  
manufactured by Zeiss, ( f ig .  4). It co.mists  e s sen t i a l ly  of four plime 
mirrors, two of them being "half-si lvered," and the other 
two (b and b2) with opaque s i l v e r  coating. Every beam of light from 
the l igkt  source c, i s  s p l i t  Fnto two pa r t s  a t  the half-s i lvered p l a t e  al, 
and reaches the screen e by di f fe ren t  paths. One pa r t  is  re f lec ted  a t  al, 

reaches mi r ro r  be, passes through mirror a2 and reaches screen e with 
a portion of i t s  intensi ty .  The beam going through mirror a1 ar r ives  
a f t e r  re f lec t ion  a t  the mirrors bl and a2 a t  the screen e. The two 
l i g h t  rus passing through t he  i n t e r f e r m e t e r  when superimposed produce 
interference fr inges a t  the point of intersect ion (reference 1). I f  the 
four  mirrors a re  perfect ly  p a r a l l e l  the two l i g h t  rays leaving p la te  a2 
in te rsec t  a t  in f in i ty .  Thus the interference f r inges  would occur a t  
in f in i ty .  Since the wav9 f ron t s  of the two l i g h t  rays are  pa ra l l e l  t o  each 
other,  however, the width of the interference bands i s  i n f i n i t e l y  great .  
Bands of f i n i t e  width a t  i n f i n i t y  are  obtained when the two mirrors 
and a2 are  turned through a small angle 5 and a2 out of t h e i r  
neut ra l  posit ion.  The plane i n  which the interference bands or iginate  can 
be sh i f ted  to .any posi t ion a t  i n f i n i t y  and the width i t s e l f  can be adjusted 
as desired by corresponding choice of angle % and a2. A t  the s e t t i n g  

of the mirrors shown in figure 4, the two l i g h t  rays mova i n  divergent 
directions from p la t e  a2. 

1 - 2, however, so i n  t h i s  plane a v i r t u a l  interference pat tern i s  produced. 
This picture  can be made v is ib le  on screen e by a convarging lens  d and 
photographed. In r e a l i t y ,  a more complicated opt ica l  device takes the 
place of the lens .  For the subsequent application of the interferometer 
the plane 1 - 2 must be placed i n  the posi t ion betwBen mirrors 

(.1 and a2) 

a1 

Their extension backward meets in the plane 

a2 and a1 

"Reviewsr's note: This equation i s  correct only i f  q i s  
changed t o  92. I f  t h a t  i s  done the l i f t  coeff ic ient  ca i s  bassd 
on qg which i s  unusual but not necessarily incorrect.  
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shown i n  f igure 4. If the axes of ro ta t ion  of mirrors al and a2 a re  

normal Lo the plane of the hawing, the interference frin-8 thrown on 
the screen are p a r a l l e l  t o  the axes of rotat ion.  

about a second axis which l i e s  i n  the mirror plane and is  normal t o  the 
first axis, the direct ion of the bands can be varied a t  w i l l .  
r e l a t ive  spacing is  varied by the adjustment of the angles % and a2. 
Monochromatic l i g h t  produces contrasting interference fr inges i n  a ' l a rger  
f i e l d .  For the present purpose a mercury vapor lamp with a monochromatic 
f i l t e r  which l e t s  through l i g h t  of the wavelength 
meter was employed. 

By swinging mirror a2 

Their 

')la = 0.5641 X m i l l i -  

Placing a chamber f closed by two f l a t  pa ra l l e l  windows g and 

p ' ,  the interference pat tern shows a 
f i l l e d  with a gas i n  the path of the rays and varying the density p of 
the gas i n  the chamber by a value 
s h i f t  of the bands. The density var ia t ion i n  the chamber Ap = p '  - p 
can be computed from the observed band s h i f t  by the formula (reference 1) 

PAo€ 
Ap = 

L(n - 1) 

Xo i s  the wavelength of the l i g h t  i n  vacuum, E the band s h i f t  measured 

i n  widths (one width equals the distance of the center l i nes  of two suc- 
cessive light and dark bands), n the index of refract ion of the gas of 
density, p and L the path-length of the l i g h t  rays in  the nedium of 

density p ' .  The expression - has a constant value f o r  every gas. 

For a i r  - = 0.002265 - The path length L f o r  the setup used 

i s  given by the inside distance between the two windows g. It amounts 
t o  199.8 m i ~ i m e t e r a .  These values entered i n  equation (11) give 

n - 1  
P 

4 n - 1  m 
P kg s2' 

kg s2 
T AP = 0.0012466 

Given the type of change of s t a t e  by which the density var ia t ion 
p '  - p of the gas i n  the chamber f was obtained, a l l  the other conditions 

1 
of s t a t e  can be computed from .the fr inge displacement. For the isentropic  
change of s t a t e  of an idea l  gas it i s  p ' /p  = ( p ' / p ) K  and T ' /T  = ( ~ ' / p ) ~ -  
f o r  example. Through the density p '  computed by equation (ll) the 

, 
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pressure p '  and the  temperature T '  are defined. Likewise, f o r  an 
i sobar ic  change of state the gas equation 2 = FEP gives the  

h 

temperature T '  = ~(5). 
I n  place of chamber f the tes t  sect ion of a flow channel closed 

a t  both s ides  by p a r a l l e l  windows g i s  placed i n  the path of the rays. 
The blades t o  be s tudied are f i t t e d  i n t o  t h i s  channel i n  such a way t h a t  
the l i g h t  rays pass p a r a l l e l  t o  the generating axis of the blades. 
Through the a i r  f l o w  a density f i e l d  i s  formed around the blades. Now 
the density has a d i f f e ren t  value f o r  the path of each l i g h t  ray through 
the channel. The r e s u l t  i s  a d i s to r t ion  of the interference fr inges.  

The blade gr id ,  i t se l f ,  together with the interference f r inges  
or iginat ing i n  the plane 1 - 2, i s  r e f l ec t ed  on the screen e. Therefore, 
the density f i e l d  around the blades can be determined by measuring the 
def lect ions of the interference f r inges  a t  each point  of the screen. As 
i s  seen from the subsequent photographs the density f i e l d  of the flowing 
a i r  made thus v i s i b l e  brings out the extent  of the boundary l aye r  as well  
as i t s  separation. 

IV. EXPERIMENTAL LAYOUT 

The flow channel i n to  which the blade g r i d  was mounted i s  shown i n  
two sections i n  figure 5 ,  and i n  photograph figure 6. 
by a blower through the rectangular i n l e t  cone a and flows past  the 
blading b. The a i r  j e t  leaving the screen i s  intercepted by the e x i t  
cone c and returned t o  the blawsr by way of the d i f fuser  d and a 
pipe l i n e  connected by a f l ex ib l e  lea ther  co l l a r .  The blowsr i s  driven 
by a direct-current  motor so t h a t  i t s  speed can be control led within wide 
l i m i t s .  It produces a maximum pressure difference of 260 millimeters of 
water. Since the flow through the blades was t o  be explored a t  d i f f e ren t  
flow angles, the f r o n t  - and back w a l l  f of the air  channel before the 
blading are pivotable abo7At the two ro t a t iona l  axes g. The blade gr id  
could be investigated f o r  3ix flow direct ions.  Every s e t t i n g  ca l led  f o r  
a d i f f e ren t  entrance cone a. The two p a r a l l e l  windows i were mounted 
i n  the heavy s ide walls h of the channel. The f r o n t  - and back w a l l  f 
w a 3  sealed from the s ides  h by rubber co l l a r s  and p las t ic ine .  The 
blades b a re  suspended from two tension wires k of 2 millimeter gage 
and sealed fro= the glass windows by glued on rubber washers 2 .  To 
prevent the ex i t  d i rec t ion  of the air flow from the blading from being 
influenced by the posi t ion of the e x i t  cone c, the dead a i r  regions m 
and n ex is t ing  a t  e i t h e r  s ide of the j e t  were joined by two s t rong pipe 
l i nes ,  by which a pressure balance i s  maintained between the dead a i r  
regions. I n  s p i t e  of t h i s  the -miformity of the sir j e t  behind the blade 
g r id  is  s o  far  s t i l l  not  quite sa t i s fac tory ,  and i s  t o  be improved on the 
newly designed set-up by l a rge r  dead a i r  regions m and n.  The blades 

The air  i s  induced 
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were impre-ted beech wood. Great care was taken t o  ensure the best  
possible two-dimensional blade form, (f lat ,  p a r a l l e l  generating l i n e )  , 
because the l i g h t  rays must pass pa ra l l a l  t o  the blade as exactly as 
possible over i t s  e n t i r e  length if an observation of the flow processes 
i n  the th in  boundary layer  of the blade surface i s  to be possible. Appm- 
p r i a t e  gages ensure exact p a r a l l e l  s e t t i ng  of the blades during assembly 
on the tension wires. The grid spacing w a s  var ied by changing the number 
of blades. The surfaces were f inished with she l lac  t o  ensure amoothness. 
I n  f igure 7 two blades together with the tension wires are reproduced. 
I n  the maJority of the t e s t s  described hereinaf ter  the middle blade of th 
screen w a s  heated. To t h i s  end the blade w a s  provided with two holes o 
in to  which a chromium-nickel heating c o i l  on a ceramic tube w a s  inserted.  
Owing t o  the low thermal conductivity of the wood it was, of course, not  
t o  be expected tha t  the blade surface would reach a constant temperature, 
which, however, did not  matter i n  the present t e s t s .  The exact alinement 
i n  the l i g h t  rays of the interferometer was obtained by means of three 
s e t  screws p. From the 146 millimeter d iameter  c i r c l e  presented by the 
window for inspection, the interferometer covers a rectangular f i e l d  of 
view of 8 x 10 centimeters. The posit ion of the f i e l d  can be changed by 
sh i f t i ng  the t e s t  section. 

The flow valoci ty  wo of the blades i s  computed from the negative 
pressure Ap measured at  the o r i f i ce  r r e l a t ive  t o  the t e s t  room, by 
the equation 

)L = density of air. The upper w a l l  f of the channel contains fu r the r  
three o r i f i ce s  s closed by threaded plugs, i n to  which a small p i t o t  tubs 
can be inserted,  f o r  checking the uniformity of a i r  flow i n  f ron t  of the 
blades. Up t o  a th in  boundary layer  a t  the side walls the velocity over 
the cross section was prac t ica l ly  constant and agreed with the f igure 
obtained by equation (13) t o  a few tenths of one percent. A check of the 
flow behind the blades by p i t o t  tube i s  afforded by a flange, shown i n  
f igure 5 ,  replacing one of the two glass windows. The flange consists 
of a r ing  t and a concentric disk u which can be turned by means of 
a handle v. I ts  s e t t i n g  i s  read from a 8 C a 1 3  w. This disk car r ies  a 
hole x f o r  i n s e r t i n g , a  p i t o t  tube. By moving the p i t o t  tube i n  t h i s  
o r i f i ce  and t m i n g  the disk u the flow i n  the section behind the blades 
can be measured. This i s  important, i n  order t o  ascer ta in  whether the 
flow separates from the side walls h. This phenomenon w a s  repeatedly 
observed on blower blade gr ids  (references 5 and 7 ) .  It i s  a l so  intended 
t o  use t h i s  method t o  aeasure the wake defect behind t l e  blades, and thus 
t o  e s t ab l i sh ' t he  blade drag and the energy loss  of the a i r  a t  passage 
throi@i the grid. 
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A sect ion of flow photographs f o r  d i f f e ren t  spacing r a t i o s  and flow 
The shape of the  blades angles is  represented i n  figures 8 and 10 t o  30. 

t e s t ed , ' v i s ib l s  from the  p ic tures ,  was suggested f r o m  other  t e s t s .  
blade ex i t  angle, measured between the  b i sec t r ix  of the  blade t r a i l i n g  
edge and the cascade direct ion,  i s  15' f o r  these blades. Aside from the 
two end pieces, which a t  the s i b  fac ing  the inside of the channel, were 
shaped t o  conform t o  the blade p ro f i l e ,  figure 5 ,  two t o  four  blades were 
mounted i n  the working section.. This made spacing r a t i o s  a / t ,  ( f ig .  2 ) ,  
of 0.687, 0.859, and 1.141 possible.  
58.2 mill imeters.  It w a s  measured, as f o r  a wing, as project ion of the blade 
prof i le  on a s t r a i g h t  l i n e  touching the lower surface of the blade, f igure  1. 
W o u g h  the d i f f e ren t  s e t t i ngs  of the channel walls 
entrance cones flow angles of 20, 34, 48, 62, 76, and 90' were obtained. 

Figure 8 shows an interference photograph a t  0.687 spacing and 34' 

The 

The chord of the  blade p r o f i l e  i s  

f and the r e l a t ed  

flow angle. The def lect ion of the interference f r inges  caused by the 
density f i e l d  i n  the  flowing air  i s  p la in ly  v i s ib l e .  Direct ly  a t  the 
blade surface the interference l i n e s  have a bend, t h a t  i s ,  an espec ia l ly  
grea t  density gradient  e x i s t s  a t  the surface3, which is  due t o  the f a c t  
t h a t  the bounihry l aye r  of the flow i s  heated as a r e s u l t  of the heat  
(heat of d i ss ipa t ion)  l i be ra t ed  by internal f r i c t i o n .  
makes i t  possible,  as already indicated by Th. Zobel, t o  render the bound- 
a ry  layer  v i s ib l e  by interference photographs. Even the dead air  region 
behind the blade t r a i l i n g  edge, which i s  formed by the wrmer a i r  i n  the 
boundary layer ,  i s  c l ea r ly  shown. Outside of the boundary l aye r  and the 
dead-air region the a i r  flow is, of course, f r e e  from loss ,  the change of 
s t a t e  of the a i r  i n  t h i s  a rea  i s  therefore isentropic ,  hence the pressure' 
f i e l d  within the flow can be computed from the density f i e l d  deyined by 
the interference photographs by means of the previously c i t ed  r e l a t ions .  
This method a l s o  y ie lds  the pressure d is t r ibu t ion  along the blade surface 
from the fr inge displacements a t  the border of the boundary layer ,  as 
exenplified by the pressure area,  f igure  9 ,  where the pressure d is t r ibu t ion  
i s  p lo t ted  against  the g r id  width b ( f ig .  2),  hence against  the blade 
project ion on a normal t o  the g r id  direct ion.  The area  of the pressure 
surface indicates  the  tangent ia l  force ac t ing  on the blade. 
f igure  8, w a s  made a t  21.7 m e t e r s  per  second a i r  speed. 
veloci ty  a t  the end of the blade channel computed from the continutty 
equation was 89.5 mters  pe r  second. 
from the interference record i s  91.6 meters per second. 
a t  i t s  m a x i m  speed. The f r inge  movements ( f ig .  8) are not ye t  very great 
a t  thsse veloci t ie3,  and the accuracy with which the tangent ia l  force on 
the blade can be determined from the interference photographs is, as a 
reaul t ,  not quite sa t i s fac tory .  This drawback i s  e a s i l y  removed by 
addition of a stronger blower. The boundary layers  a t  the blade i n l e t  s ide 
where the ve loc i t i e s  are comparatively low, are not  c l ea r ly  v i s ib l e  i n  
f igura 8. 

This phenomenon 

The photograph, 
The mean e x i t  

The mean veloci ty  a t  the same point  
The blower operated 

3Unfortunately, many d e t a i l s  on the photographs a re  not as c l ea r  
as on the or ig ina ls .  
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Since for the  s tudy  i n  question, however, it i s  important t o  
obaerve the separation of the boundary layer ,  even a t  the  low ve loc i t ies ,  
the temperature of the boimdary l aye r  w a s  r a i sed  a r t i f i c i a l l y  by heating 
the blade. Accordlng t o  the Navier-Stokes differential equations for 
f r i c t i o n a l  f l u i d  flow the f i e l d  of flow i s  no t  a f fec ted  by temperature 
differences i f  the f l u i d  propert ies  (density, v i scos i ty)  are not  dependent 
upon the  kmperature and the l i f t i n g  forces  i n  the flow introduced by the 
temperature differences disappeyr with respect  t o  the I n e r t i a  forces .  And 
t h i s  i s  cer ta in ly  the case a t  the speeds and low increases of temperature 
of 25' a t  the most produced within the boundary layer by the heatin&. 
F ig i r e s  10 t o  30 represent i n t e e e r e n c e  photographs with such blade heating. 
The two heavy p a r a l l e l  l i n e s  are the shadows of the current  supply wires, 
car r ied  i n  t h i n  insu la t ing  tub1ng.along the upright  s ide 'wal l s  of the 
entrance cone, f igure  6. 
diroct ion of these wires. 

The flow d i rec t ion  i s  near ly  the same a8 the 

r a t i o  
t o  27 
t o  15 
down 

Figures 10  t o  15 show the flow a t  the smallest spacing 

a t  the grea tes t  spacing r a t i o  a / t  = 1.141. 
i t  i s  seen tha t  f o r  t h i s  smallest  flow angle the f l o w  already breaks 

f igure  10  the interference f r inges  a t  a ce r t a in  distance f r o m  .the b lade ' s  
surface disappear completely after a bend. 
the dead a i r  behind a separation zone i s  p l a in ly  seen i n  f igure  27. The 
bend of the interference f r inges  a t  the back of the blade somewhat down- 
stream from the support wire breaks away from the surface of the blade. 
This indicates  the surface of discont inui ty  which always emanates from an 
area of separation of flow. Such a surface of discont inui ty  dissolves 
i n  vort ices .  T h i o  is  manifested i n  the washed out f r inges  as soon as the 
vortex frequency i s  su f f i c i en t ly  great .  This i s  pa r t i cu la r ly  p la in  f r o m  
the separation a t  the face of the blade of figure 27. Larger vor t ices  of 
correspondingly lower frequency are n o  longer seen i n  the photograph; but  
they can be observed on the ground-glass p l a t e  by osc i l l a t ion  of the in te r -  
ference f r inges  i n  the dead-air regions. The disappearance of the in t e r -  
ference l i n e s  inside a narrow s t r i p  along the face of the blade i n  
figure 10 i s  probably due t o  the 'def lected interference f r inges  being 
extremely t h i n  a t  t h i s  point  and not reproduced on the photograph. The 

a/ t  = 0.687, f igures  16 t o  21  a t  a/ t  = 0.859, and f igu res  22 
Reverting t o  f i gu res  10 

near the s t a p a t i o n  point on the back of the blade. According t o  

That the area ac tua l ly  ind ica tes  

+Figures 10 t o  30 indicate  tha t  the interference f r inges  i n  the 
boundary l aye r  have a maximum def lect ion of e igh t  interference fr inge 
widths. Thus the maximum density difference i n  the boundary l aye r  between 

blade w a l l  and f r e e  flow is ,  by equation (12), Ap = 0.00997- kg s2. The 

sir density i n  the t e s t s  was about p = 0.12-. Since the change of 

state i n  the boundary layer  can be regarded as isobaric ,  we ge t  - - 
as it follows i m e d i a t e l y  from the  equation of s t a t e  f o r  a s m a l l  change of 
state. Therefore the maximum temperature difference inside the boundary 
layer  i s  AT = 24'. 
only i n  very i so l a t ed  cases. On the  average it, and hence the temperature 
differences inside the bumdary layer ,  are subs tan t ia l ly  l e s s .  

m 4 
kg s2 

4 m 
A T - - *  

P '  T 

The displacement by e igh t  widths, however, occurs 
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dead-air zone a t  the  back of the blade dlsaspears again downstream. It is 
readi ly  seen how, start ing from the  suspension w i & ,  a new boundary layer  
i s  formed in  the  accelerated flow. 
f igure 11, however, the  separation a t  the back of the blade has already 
disappeared. 
f l o w  breaks down a t  the  f r o n t  s ide  i n  the  v i c i n i t y  of the stagnation 
point.  
breakaway i s  probably under way. 

A t  the  next greater flow angle, 

B u t  a t  the  great angles of se t t ing ,  figures 14  m d  15, the  

The f l o w  adheres again f a r t h e r  downstream. I n  f igure  13 a s l i g h t  

The same phenomena recur  f o r  grea te r  spacing r a t i o s .  A t  a / t  = 0.859, 
f igures  16 t o  21, a second region of separation i s  observed, a t  the back 
of the blade downstream from the end of the blade passage. I n  f igure  16 
t h i s  second breakdown i s  not  qui te  s o  conspicuous. A var ia t ion  of the 
interference f r inge  r i g h t  next t o  the blade surface i s  noticed a t  the 
same place as i n  the subsequent photographs. 
remains separated. The result i s  an expansion of the wake behind the 
blade t r a i l i n g  edge. The ex i t i ng  veloci ty  direct ion,  as shown by the  
direct ion of the wake, i s  no longer exact ly  the same as the direct ion of 
the blade t r a i l i n g  edge. The blade g r id  is, a t  t h i s  spacing, no longer 
capable of completely def lec t ing  the flow as far as the blade e x i t  angls. 

Behind t h i s  region the flow 

The separation phenomena a t  a/ t  = 1.141, fi.gures 22 t o  27, a r e  
very pzonounced. 
from the d i rec t ion  of the discont inui ty  surfaces a r i s i n g  from the regions 
of separation, and the  d i rec t ion  of the outgoing flow i s  far from the 
blade e x i t  angle. 
extrenely la rge  spacing r a t i o .  

The wake behind the blades i s  very wide, as evidenced 

The blading i s  impractical  f o r  a turbine a t  t h i s  

According t o  the photographs the blading can be used up t o  a/ t  = 0.859 
m d  a t  flow angles ranging between 34 and 62'. 
the back of the bl9.d.e a t  
ment of the s f f ic iency ,  s ince the width r a t i o  of the wake given by the 
rounding of the blade t r a i l i n g  edge t o  the width of the undisturbed a i r  
stream a t  the blade e x i t  decreases with increasing spacing r a t i o .  A 
sharp e x i t  edge would reduce the width of the wake, s o  t h a t  the f l o w  condi- 
t ions would ce r t a in ly  be improved throw@ the gr id .  

The s l i g h t  separation on 
a/t  = 0.859 should not cause perceptible impair- 

Since there  i s  a p o s s i b i l i t y  t ha t  the  separation phenomena a t  the 
blades a re  affected by the Reynolds number, the blading was invest igated 
with a/t = 0.859 a t  various flow ve loc i t ies .  Three photographs from t h i s  
t e s t  s e r i e s  a re  represented i n  f igures  28 t o  30. 
separation is diminished a t  the higher speeds. If the Reynolds number i s  
calculated using the axial coqonent,  'wm, of the flow ve loc i ty  and the 
blade chord t, 
22300 m d  f o r  f igu re  30, 35400. The a x i a l  component was used f o r  calcu- 
l a t i n g  the Reynolds number because it can be prec ise ly  calculated on the 
ac tua l  turbine from the  discharge volume and the f l o w  cross sections.  G a s  
or steam tidrbines operate with blades of f r o m 1  t o  3 centimeters chord and 
f l o x  ve loc i t ies  i n  a x i a l  d i rec t ion  wm 

It i s  seen t h a t  the 

i t s  magnitude f o r  f igure  28 i s  11800, f o r  f igure  29, 

of from 100 t o  300 meters per  second 
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The gas - or vapor - temperatures range between 1000 and 200 degrees and the  
pressures between 10 and 1 atmosphere, except f r maxim 
This gives a Reynolds number ranging between los and lor kt consequence 
the present t e s t  range l$es  approximately midway i n  the p rac t i ca l  range. 
One condition f o r  the appl icabi l i ty  of these data is, of cowse, t h a t  the 
Mach number does not  exceed the value 0.6 t o  0.7, which usually i s  the 
case on gas turbines.  

pressure turbines. 

VI. SUMMclRY AND OUTLOOK 

To provide basic  data f o r  the desi@ of turbine blading the f l o w  

The density of the air passing through the gr id  was 
through a blade g r id  of highly curved p ro f i l e s  was analyzed by the in t e r -  
ference method. 
determined from the records and the pressure d is t r ibu t ion  pas t  the blades 
and the force produced by the pressures on the blade w e r e  obtained. 
the boundary layer  of the flow a t  the blade surface i s  p la in ly  v i s i b l s  on 
the interference records, any separation of flow is  readi ly  recognized. 
These separation phenomena were studied f i r s t .  It i s  expedient t o  use 
comparatively large model blades i n  the t e s t s .  
numbers t o  values usual f o r  turbine operation, therefore, gives propor- 
t i ona l ly  low airspeeds. One of the blades was s l i g h t l y  heated i n  order 
t o  make the boundary layer  v i s ib l e  a t  them speeds also.  

Since 

Limiting the Reynolds 

Ths flow through a turbine blade gr id  with good (advantageous) 
blade p ro f i l e s  w a s  examined a t  d i f fe ren t  spacing r a t io s  and flow and-es. 
The interference photographs of the flow through t h i s  g r id  as  represented 
i n  f igures  10 t o  27 indicate tha t  a t  the smallest flow angle (20°) the 
f l o w  has already separated from the back surface of the blade j u s t  behind 
the i n l e t  s ta@at ion  point.  The flow separates likewise on the face of 
the blade a t  great  flow angles (60' t o  90'). In  both cases, however, the 
flow follows the blade closely again when the spacing r a t i o  i s  small, A t  
greater  r a t i o  (say from a/ t  = 0.859 on), separation occurs again a t  the 
back of the blade near the t r a i l i n g  edge. Behind t h i s  region of sepa- 
ra t ion,  however, the flow no longer follows the blade surface. Thus the 
separation leads t o  expansion of the wake behind the blade and so  cer ta in ly  
t o  a subs tan t ia l  impairment i n  efficiency. The described separation 
phenomena are  affected by the Reynolus numbsr, as w a s  determined in  a 
s p e c i d  t e s t  se r ies  ( f igs .  28 t o  30). 

The t e s t s  a re  a t  present being extended t o  other blade forms, with 
the a h  of devdoping sui table  blade forms tha t  ensure separation-free 
flow within a wide range of flow angles and spacing r a t io s .  T'ne tests are  

. a l s o  t o  be extended t o  include blower blades. The flaw l osses  can be 
determined by momentum measurements i n  the wakes bshind the blades and the 
efficiency of the blading definsd numerically. Since the temperature 
conditions i n  the boundary layer  on the blade surface can be determined 
from the interference photographs, t h i s  method i s  par t icu lar ly  sui table  
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for the study of the efficiency of the different  methods f o r  blade cooling. 
The e f fec t  of the Mach number on the flow is  to be investigated also.  

Translation by J. Vanier, 
National Advisory Committee 
f o r  Aeronautics. 
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Figure 1. - Pressure distribution around a turbine blade (Weinig). 
t = blade chord, a = spacing, w1 = flow velocity. 



Figure  2.- Blade grid.  

A turbine blades w velocity 
B blower blades w m  axial component of 
t blade chord the velocity 
a gr id  spacing wu c i rcumferent ia l  component 
b grid width of the  velocity 
a - spacing r a t io  
t 
p s t a t i c  p r e s s u r e  

B ent rance  and exit flow 
angle  
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Figure 3.- Approximate pressure distribution past a turbine blade A 
and a blower blade B. 

b width of grid 
p static pressure 
q dynamic pressure 

Apm maximum pressure difference 

Apst pressure change of the stage 
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Figure 4. - Plan of the Mach-Zehnder interferometer. 

a half -silvered mir rors  e screen 
b full -silvered mir ror  f chamber 
c light source g parallel glass windows 
d lens a angle of inclination 



Section C -D v Section A-B 

FiFure 5. - Experimental setup. 

a entrance cone 
b blade grid 
c exit cone 
d diffuser 
e nipple for pressure equalizing 

f front and back wall of entrance 
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rotational axes of walls f r pressure taps 
side walls s orifices for pitot tube insertion 
parallel glass window t rinF 
tension wires u plate 
rubber washers v handle 
dead-air regions w scale 
holes x orifice for inserting pitot tube 
set screws 
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Figure 6. - Interferometer with test setup. Figure 7. - Blades with tension wires . 

Fig-ure 8 . - Interference photograph for predicting the pressure distribution 
around a turbine blade. 
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Figure 9.- Pressure distribution around a turbine blade according to 
figure 8. 

b width of blade grid 
Ap difference between local pressure and static pressure of flow 
q1 dynamic pressure of flow 





Figure 12, 18, 24: p = 48' 

Figures 10-27.- Interference photographs of flow around a turbine blade 
grid with different spacing ratios (a/t) and flow angles (PI). 





. Figure 13, 19, 25: = 62 0 

Figure 14, 20, 26: p = 76’ 

The flow direction is about the same as that of the two dark parallel 
shadows. The Reynolds number for  figures 10, 16, 17 lies between 
16,000 and 20,000, for  the others between 42,000 and 54,000. 





wmt 
= 22,300 Figure 30: Re = 7 = 35,400 Figure 28: Re = 7 = 11,800 Figure 29: .Re = 7 wmt wmt 

Figure 28-30.- Interference photographs of flow through a turbine blade 
grid at different Reynolds numbers (R). 

wm, axial component of the velocity; t ,  blade chord; v , kinematic viscosity; 
2 = 0.859, spacing ratio; B1 = 34O, flow angle. 
t 




