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QUALIfIlATIVE S m Y  O F  FLCN CHARACTERISTICS THROUGH SINGLE-STAGE 

TURBINES AS W E  FROM ROTOR-EXIT SURVEYS 

By Robert Y. W c m g ,  James W. Miser, and Warner I,. Stewart 

SUMMARY 

In v i e w  of the  complex nature of t he  flow  through a single-stage 
turbine and i ts  ef fec ts  on rotor-exit  survey  results, a study of the 
survey results  obtained from two transonic  turbines was made i n  an e f fo r t  
to   ga in  an insight  into  the  physical  aspect of the  flow. Some of the  
major factors  that influence  the measured flow patterns were qualitative- 
ly i so l a t ed   i n  oyder to   f ac i l i t a t e   t he   ana lys i s .  The  two transonic tur- 
bines  used as examples differed pr imar i ly   in   tha t  one had a re la t ive ly  
high  diffusion 021 the  rotor  suction  surface,  while  the  other had a rela- 
t ive ly  high diffusion on the  rotor  pressure  surface. 
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The results indicate  that  the  flow  characteristics  through a single- 
stage  turbine can be deduced from rotor-exit  surveys.  Considerable  cir- 
cumferential  variation  existed i n  angular momentum at the   ro tor  inlet, 
which 3 s  a t t r i b u t a b l e   t o  momentum variations  in  the  regions of s t a t o r  
free-stream flow. Large radial variations in angular momentum and t o t a l -  
pressure loss were also fowld- at the rotor exi t .  

The  two turbines  afffered Markedly in t he  radial va r i a t ion   i n   ro to r  
total-pressure loss and rotor-outlet  angular momentum because of  two fac- 
tors :  (I) the  blade surface upon which the   h igbdi f fus ion  and therefore 
the  high loss occurred,  and (2) t he  subsequent  secondary-flow  path which 
the  low-velocity fluids followed  through  the  rotor. 

Premature  choking of the  turbine  rotor  with  high  suction-surface 
diffusion was  indicated  by  higher-than-deEign  rotor-outlet  angular momen- 
tum at design work output. A s l igh t  mismatch between s t a to r  and ro tor  
throat  areas of the  high-pressure-surface-diffusion  turbine was indicated 
by  lower-than-design rotor-outlet  angular momentum at design work output. 

INTRODUCTION 

The flow characteristics  through a single-stage turbomachine may be 
thought of as a three-dimensional  potential-flow  field upon which are 
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superimposed other  complicating  effects. These other effects  include 
viscous-flow losses due to   the   b lades  8nd w a l l  surfaces of the machines 
and secondary flows t h a t  occur  both  within and bwnstream of each 
blade row. This CoW1iCa;ted flow field results in   ce r t a in  flow patterns 
t h a t  may be measured by making detailed surveys  immediately downstream 
of t h e  machine. 

* 

-I 

In  order  to  analyze and interpret   the  survey  results  obtained at 
the  rotor  exit, it is  necessary to  sepwate  the  various  effects and eva l -  oi 
uate   their   individual   contr ibut ion  to   the  over-dl   p ic ture .  A quantita- 
t i v e  evaluation of this kind is made difficult by t h e  effects of mixing. 
A qualitative evaluation  of'these  rotor-exit  surveys may be accomplished 
through t h e  use of the  measured -flow conditions out of the   s ta tor  and 
from consideration of certain  l imitations  that  are inherent   in   the survey 
instrumentation. 

i?i 

The flow characterist ics through two single-stage  transonic  turbines 
are described  herefn.  This  description is  based on resu l t s  of rotor-exit 
surveys a t  approximately  design-point  operation  reported i n  references 
1 and 2. The distinguishing  difference.in"bhe design characterist ics is 
that   the   turbine  in   reference 1 w a s  designed  for a relatively  high diffu- 
sion on the   ro tor  blade suction  surface  while that of reference 2 w a 8  &e- 
signed  for a relatively  high  diffusion on the..rotor..blade  pressure  sur- 
face. The survey r e su l t s  of  the  two turbines  demonstrate  typical flow 
patterns  that  may be found  immediately downstream of  a alngle-stage tur- 
bine  rotor. Some of the  major factore that influence  the  indicated flow 
patterns are e l s o  discussed. 

TURBINE DESIGN CHARACTERISTICS 

The-turbines used in   th i s   inves t iga t ion  were designed for   ident ical  
rotor-inlet  velocity diagrams. Thus, the   des ign   ro tor   t ip  speed and de- 
sign weight flow were also identical .  The rotor-exit  velocity diagrams 
of  the two rotors  differed, resul t ing i n  s l ight ly   different   levels  of 
work output and a f f e r e n t  degrees-.of  reaction  across  the  rotor.. The dis- 
tinguishing  difference, however, is that the  turbine  rotor  of  reference 1 
was designed f o r  a relatively  high  diffhsion on the suction surface, while 
the  rotor  of reference 2 w a s  designed f d r  a relatively  high  diffusion on 
the  pressure  surface. The turbine  with  the  high  affusion on the   ro tor  
suction  surface i s  designated  herein as turbine I, and the turbine  with  the 
high  diffusion on the  rotor  pressure  surface._is  designated as turbine 2. 

. 
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The mean-radius rotor  blade  profiles and design  velocity  distribu- 
t ions  for  both  turbines -are shown In  figure 1. The b-s w e r e  designed 
f o r  a sharp  leading edge and then rounded o f f   t o  a minimum prac t ica l  
radius upon fabrication. The design  surface  velocity  distributions in- 
dicate   the amount of  diffusion  taken on each surface. Further, turbine 

w 
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1 has a much higher  diffusion on the  suction  surface  than  turbine 2. 

pated. On the  pressure  surface,  turbine 2 has a much higher  diffusion 
than  turbine 1, and much higher  losses are anticipated on the  pressure 
surface of turbine 2. The midchannel velocity  distribution shows tha t  
the  over-al l   rotor   react ion of turbine 2 i s  greater  than  that  of turbine 
1. 

- Thus, much 1arger. losses on the  suction  surface of turbine 1 are an t ic i -  
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The performance of  these  turbines  has  been  investigated experimen- 
tally (refs. 1 and 2 ) .  The design-point  efficiency is 0.813 and 0.869 
for  turbines 1 and 2, respectively. 

In  ... order  to  gain  an  insight  into  the  physical  aspects of t he  flow 
as i t -passes  through a single-stage  turbine, it is necessary to   separate  
qual i ta t ively  the major factors  that  influence  the  flow  patterns measured 
at the  rotor  exit. This can be accomplished  from consideration of the  
e f fec t  of time-response l imitat ions of the  survey  instrumentation on the  
indicated flow patterns and by  study  of  the  stator-exit  survey  results. 

Stator-exit   survey  results show that ,   in   the  regions of s t a t o r  free- 
stream flow  (region  between  the  blade wakes and end-wall regions),  the 
radial variat ion  in   total   pressure is small. If these  regions of  flow 
can be  ident i f fed downstream of the  rotor,  then any l w g e  radial va r i a -  
t ions   in   to ta l   p ressure  measured i n  these  regions can be   a t t r ibu ted  to 
effects   within  the  rotor .  Any radial variation of t o t a l   p r e s s u r e   i n  
these  regions, however, results from the  conibined effects of radial var- 
i a t ions   in   ro tor  work output and rotor-induced lasses. In   o rder   to  ob- 
t a i n  an indication as t o  t he  radial var ia t ion  in   rotor   total -pressure 
loss, it is  necessary t o  separate   the two effects .  They can be separated 
by computing a total-pressure-loss  parameter L from the  following 
equation : 

Y 

(Symbols are defined i n  appendix A. ) TMB pmameter  represents  an  over- 
all total-pressure loss which i s  the  product of t he   s t a to r  and ro to r  
relative  total-pressure  ratios.  By using t h e   l o c a l  values of t o t a l  tem- 
perature and total   pressure,   local  values of turbine lo s s  are obtafned. 
Contours of  total-pressure-loss  parameter  for  both  turbines a r e  presented. 

The regions of stator  free-stream flow at the  rotor  exit can be 
ident i f ied  in   the  fol lowing manner. In  single-stage  turbines, circum- 
ferent ia l   var ia t ions i n  to ta l   p ressure  (shown schematically  in  f ig.  2) 
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are  induced by both  the  s ta tor  and the   ro tor .  The circumferential v a r i a -  
t ions  relative t o  the  rotor  move tangentially at the speed of the  rotor.  - 
As a re su l t  of the time-response limitations of t he  probe, t h e  circum- 
fe ren t ia l   var ia t ions   re la t ive   to   the   ra tor  are time-averaged  by the  probe. 
The circumferential  variations  induced  by  the  stator, however, paee . . --- 

through  the  rotor  with  turbulent mixing. Thus, as the  probe i s  moved 
circumferentidly,  a var ia t ion  in  probe  reading may be recorded.  This 
variation must then  originate from the  stator,   eince all circumferential 
var ia t ions   re la t ive   to   the   ro tor  are averaged  out. The regions of s t a to r  
free-stream f l o w  downstream of the  rotor can now be  identified by assum- 
ing that at a given  radius  the  point of minimum total-pressure-lose  pa- 
rameter L corresponds to   s ta tor   f ree-s t ream -flow that is  least   affected 
by mixing of the  s ta tor   losses .  - 

#- 

Using these  concepts on the  survey  results  of  references 1 and 2 " -  

makes it possible  to  gain an insight   into some of the major fac tors   tha t  
influence  the measured flow patterns. These factors  may then  be  identi- 
fied as t o  their origin and poesible  explanations  presented. 

RESTJLTS ANII DISCUSSION 

Contours o f  over-all l o c a l  adiabatic efficiency  are  presented  in 
figure 3 for  both  turbines. The c o n t m s  of efficiency a r e  based on 
measurements of . total   pressure and t o t a l  temperature  taken from the  tur- 
bine  inlet  and from surveys  taken at the  turbine  outlet .  The survey 
measurements were taken  approximately 1/4 inch downstream of rotor   exi t ,  
by making circwnferential  traverses w i t h  a probe  placed at variouls radlal 
s ta t ions.  The survey  covered a segment of annulus  corresponding t o  ap- 

proximately 1~ stator   pi tch.  These efficiency  contours were previously 
reported  in  references 1 and 2. Contours of measured to%d-temperature 
drop and  total-pressure drop are @veq i n  figiires 4 and 5, respectively, 
for both  turbines. . .  . . . . . - . . . . . . . 

I 

Circumferential  surveys of absolute  rotor-exit flow angle at various 
radial s ta t ions were a l s o  made. 3arever,  -the  -variation  in  the f l o w  angle 
across  the  circumferential  traverse w a s  very small because of the   e f fec ts  
of mixing, which tends t o  smooth out the statar-induced  variations, and 
the   e f fec ts  of the probe, which time-averages any circumferential va r i a -  
t ion   re la t ive   to   the   ro tor ,  Thus, only  the radid. variation of the  ctr- 
cumferentially  averaged  angle i s  presented i n  figure 6 for  both  turbines. 
The negative  values o f  rotor-exit  angles mean that the  absolute flow was 
turned  past t h e  axial direction t o  the  dlrection  opposite  that  of rotor 
rotation. 

The eff ic iency mntms  in   f igure  3 indicate that 8 decrease tn   e f -  
f iciency occurs in the  tip region of turbine 1 and i n   t h e  mean-radius 

. 
.. . 
I 
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region of turbine 2. Circumferential  variations  in l o c a l  efficiency can 

the  f low that are represented by the various  regions of l o s s , - t h e  var ious  
survey plots  w i l l  be considered i n  an  effor t   to   qual i ta t ively  separate  
some of the major effects.  

- also be noted. In order to   ga in  an insight  into the  physical  aspects of 

Momentum Variation 
m w 
m 
(D Since a t  a given radius the t o t a l  change i n  anguler momentum i s  pro- 

p o r t i o n a l t o  the  total-temperature drop measured at that radius, the con- 
tours of total-temperature drop (fig.  4) are d s o  contours of t o t a l  
change i n  angular momentum. In order t o   f a c i l i t a t e  the analysis of these 
contours, it i s  expedient t o  separate t h e  t o t a l  change in angular momen- 
tum into plots of  rotor- inlet  and -outlet angular momentum. This can be 
accomplished by  noting that any circumferential  variations  in  angular 
momentum re l a t ive   t o   t he   ro to r  cannot a f fec t  the reading of the probe 
becguse of limited time response. Thus, as the probe is moved circum- 
ferential-  at a given radial s ta t ion  downstream of the rotor,   only  cir-  
cumferential m i a t i o n  in rotor- inlet  angular momentum can af fec t  the 
total-temperature reaangs. As the probe is moved f'rom one radial sta- 
t i o n   t o  another, however, radial variations in rotor-outlet  angular mo- 
mentum can affect  the probe  reading. An approximation of the radial 
variation in  rotor-outlet  ang1.11~ mmentum can be obtained from measured 
values o f  total   pressure,   statfc  pressure,  t o t d  temperature, and abso- 
lute exit flow angle as described i n  appendix B. 

The radial variat ion  in   rotor-exi t  angular momentum computed by   t h i s  
method is p l o t t e d   i n  figure 7 i n  terms of  an angular-momentum parameter, 
u V U  M/gJcpTi. Included  for comparison is the radial va r i a t ion   i n  the 

design values of rotor-exit angular momentum. Comparison of the design 
and m e a s u r e d  rotor-outlet  angular-momentum parameters for   turbine 1 in- 
dicates  that  considerable  negative exit angular momentum w a s  requi red   in  
order to  obtain  design work output. This means that the  r o t o r  w a s  pre- 
maturely choked, which i n   t u r n  resulted i n  reduced  velocities and, there- 
fore,  reduced angular momentum out of the  s ta tor .  .Thus, in order to ob- 
tain design work, overexpansion of the  flow out  of the rotor  w a s  required, 
which resulted  in  negative angular momentum at rotor  ed t .  Further  in- 
spection of the  rotor-outlet  angular-momentum curve for   turbine I shows 
that a very large variation from hub t o  t i p  exists, the  region near  the 
t i p  havlng the largest  negative angular momentum. 

, 

Comparison of the  design  and measured rotor-exit  angular-momentum 
pwameter for   turbine 2 indlcates t ha t  the  measured angular momentum i n  
general is a smaller negative  value  than design. This means that, i n  
order  to  obtain  design work, a higher-than-design  angulaz momentum must 
have occurred at the rotor  inlet. This could have occufied i f  there w a s  
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a s l igh t  mismatch between the  rotor  and stator  throat  areas such a s   t o  
cause a slight overexpansion i n   s t a t o r  flow. Again, there i s  a large 
variation  in  angular momentum from hub t o  tip,.  the  region of la rges t  
angular-momentum deficiency  occurring i n  the  region of the mean radius. 
The  hub and t i p  regions  appear t o  operate  very  near  design. 

With the  use of the  curves of rotor-exit angular-momentum parameter 
(fig.  7) ,  the  temperature-drop  contours (fig. 4) were adjusted 60 t ha t  
the  rotor-outlet  angular momentum w a s  removed. This was done by  sub- 
t ract ing  the  rotor-exi t  angular-momentum parameter at a given  radius from 
the  measured temperature  drop at every  circumferential  point at that 
radius. The r e su l t s  of  t h i s  adjustment are p lo t t ed   i n  figure 8 for   ba th  
turbines. These contours approximate the angular-momentum variations 
that   enter   the  rotor .  With the  effects  of the   ro tor  removed, much more 
uniform  conditions  exist  in  the  region of stator  free-stream  flow  dam- 
stream of the  rotor .  The region of s t a to r  free-stream flow is believed 
t o  extend from t h e  lower right  corner toward the  upper left  corner of the 
figure and in   the  regions of higher  angular momentum. It is evident  from 
the  angle of inclination of these  pat terns   that   the   s ta tor  flow patterns 
were considerably  distorted  in  passing t2irauigb the- ro tor .  - 

A marked decrease i n  . a n g u l a r  momentum is  evident  in t h e  t i p  regiqn 
o f  turbine 1, indicating that flow is choked downstream of this  region. 
This choking results i n  a shif t   in   the  s t reamlines  toward the hub i n   t h i s  
region, which i n  turn results i n  retluced velocit ies.  

In  addition  to  the  rad3.d  variation  in  rotor-inlet  angular momentum, 
large circumferential.  variations are a l s o  noted  (fig. 8). In order t o  
gain an i n s igh t   i n to   t he   ca se  of these  variations,  the  pressure-drop, 
efficiency, and  temperature-drop  contours were compared. In general,  the - 
regions of high  temperature drop or  high change i n  angular momentum across 
the  rotor   ( f ig .  4) correspond to   the  regions of lower efficiency  (fig. 3) 
and  high  total-pressure drop ( f i g .  5) . I n  the  regions of low temperature U 

drop or low change in  angular momentum across  the  rotor, a higher  eff i- 
ciency was noted  with a lower total-pressure  drop. The peak efficiency 
regions  occurred between the  regions  of  high and low temperature drop. 

In   t he   s t a to r  wake regions  the  velocity is lower than that of  the 
f r ee  stream. Thus, if the  wake regions  pass  through  the  rotor  intact, a 
region of l o w  change i n  angular momentum or  low temperatpre drop would 
correspond t o  a region-of low local  e.fficiency. A low local   eff ic iency 
would be  expected  because of (1) the  total-pressure loss  i n  the   s ta tor  
wakes and (2) high  negative  rotor  incidence  angles.  Since no region of 
low temperature  drop  corresponds  clearly  with a region of low l oca l  ef- 
ficiency, it may be  said  that   the   s ta tor   blade w a k e  regions  cannot  be 
ident i f ied  in   these  rotor-exi t  surveys. 
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From the  preceding  considerations,  the  circumferential  variation i n  
I angular momentum noted  in figure 8 must r e su l t  from effects  of Variations 

within  the stator free stream. Expansion downstream of the   s ta tor   th roa t ,  
as  required t o  obtain  the desi- velocity diagrams appeazs t o  cause a 
circumferential  variation in s t a t i c   p re s sFe ,  which i n   t u r n   r e s u l t s   i n  a 
circumferential  variation i n  the  free-stream velocity and thus i n  angular 
momentum.  The effect of a circumferential   variation  in  static  pressure 
in  the  free-stream  regions of flow on the  velocity  distribution out of 
the stator fo r  a constant  total   pressure i s  shown schematically i n   f i g -  
ure 9. The region of  higher  tangential  velocity  near  the  suction  surface 
would resu l t   in   the   h igher  temperature drop  across  the  turbine as com- 
pared  with that of the  regiuns of l o w  tangential   velocity near the  pres- 
sure surface,  providedboth flow regions are turned t o   t h e  same re l a t ive  
rotor-outlet f l o w  angle. Even with  subsonic flow through the   s ta tor ,  a 
circumferential.  variation i n  free-stream momentum  may s t i l l  be found i f  
there is  appreciable  curvature in the  streamlines downstream of the sta- 
t o r  th roa t .  The lower efficiency  in  the  region  of-high  temperature drop 
may be due t o   t h e  effects of rotor  incidence 166s. 

L 

I 

Actual Total-Pressure Loss 

As previously CiLscussed i n  BASIS FOR ANALYSIS, a total-pressure-loss 
parameter  has  been plotted  for  both  turbines and i s  presented i n  figure 
10. An inspection of these  contours shows a large region  of high t o t a l -  
pressure loss i n  the t i p  region f o r  turbine 1 and i n   t h e  mean-radius re- 
gion f o r  turbine 2. These trends are similar to  those  noted  previously 
for  the  efficiency  contours (fig. 3). 

Circumferential  variations in   total-pressure loss  are a lso  evident 
from figure 10. Surveys made at the  stator exit show tha t   the   to ta l   p res -  
sure   in   the free-stream regions i s  essent ia l ly  uniform. Thus, any large 
radial variations  in  total-pressure loss in   the  regions of s t a to r  free- 
stream flow damstream of t he   ro to r  must be   a t t r ibu ted  t o  losses  within 
the  r o t o r .  Downstream of the  rotor  the  region  of  least   total-pressure 
loss at a given  radius i s  assumed t o  correspond to   the  regions of free- 
stream s ta to r  flow that is least affected  by mixing effects of t h e   s t a t o r  
losses. With this assumption, &z1 indlcation of t he  radial va r i a t ion   i n  
total-pressure loss  caused  by the  r o t o r  may be obtained  by  taking  the 
difference between the  minimum value of  local  tot&-pressure-loss parram- 
eter  across  the circumference at a given  radius and the  mininm value of 
total-pressure-loss  parameter  in  the segment of t he  annulus and p lo t t ing  
this  difference  against   radius  for  both  turbines  (fig.  11). The cross- 
hatched  areas are arb i t ra r i ly   ca l led   the  end-wall  regions.  Figure 11 
shows tha t  a large  region of high  total-pressure loss occurs i n   t h e   t i p  
region of turbine 1, while a large  region of high  total-pressure loss 
occurs i n   t h e  m e a n - r a d i u s  region  of  turbine 2. 
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The d i f f e rencc in  the posit ion of the regions of high 108s i n  the 

two turbines is  probably  related  to the blade surface upon which the  high 
diffusion and, therefore, the high loss. takes  place as well a8 t h e  subse- 
quent movements of these  low-velocity  fluids due t o  secondary flows. - In 
the  case of turbine- 1, large losses oc@"dn €he rear ha l f  of the  rotor  
suction  surface where the radial pressure gradient due t o  radial equi- 
librium is weak compared w i t h  t he   cen t rmga l - f a rce   f i e ld  set up by the 
ro ta t ion  of the  rotor.  The Low-velocity f lu ids   a re  thus centrifuged 
in to   t he   t i p   r eg ion   t o  add t o   t h e  losses originating  there.  In  the  case 
of turbine 2, large  losses take place  over  the f i rs t  half of t he  rotor  M ii 
pressure  surface where the radial pressure  gradient is strong compared 
with the  centrifugal-force f i e ld .  As a result,  Jarge amounts of the  low- 
velocity  f luids are moved towards the  hub over  the- f irst  portion of the 
blade and  toward the t i p  over   the  la t ter .  Further, it is probable t h a t  
a considerable amount  of these low-velacity fluids actually  reaches the 
hub of turbine 2 and i s  transported  acrosa the hub by the cross-channel 
pressure  gradient t o  t h e  suction  surface. Upon reaching t h e  suction sur- 
face,  they accumulate u n t i l  the centrifugal-force field becomes predomi- 

" 

" 

nant and the low-velocity  fluids are then  centrifuged from the hub. 
appears that these  f luids  then  leave  the blade surface i n  the region 
the  mean radius,  thus cauein@; large  indicated loss in  thie  region. 

Secondary  flows  then  -cause a r e d i s t r i h t i o n -  of -the -low-velocity 
f lu ids  on the ro tor  blade surfaces. This redis t r ibut ion of  the  low- 
velocity fluids a f fec ts  mainly the  10ca.l effective flow &rea and the  

It 
of 

local  effective  surface  contokr. T M s  m e a n s  that t h e  loca l  loading on 
t h e  blade surface i n  the  region of high loss may be very different  from 
t h a t  of deeign. The changes in l o c a l  blade loading and loca l   e f fec t ive  
flow area appear t o  be d i rec t ly  related t o  the mdlal. variatfon i n  rotor- 
exit   angular  mentum. . 

A small region of htgh total-pressure ~ O S S  is noted i n  the tip re- 
gion of turbine 2 (fig.  I l (b) ) .  This  region is probably  caused by the  " 
ef fec ts  of rotor-tip-cross-channel  secondary  flowe. No region of t o t a l -  
pressure lose is  diatinguishable as being  the  effect  of t i p  secondary 
flows for turbine 1 (fig.  Il(a) ). The quantity of low-velocity fluide 
flawing  into th i s  region  for  this turbfne is so large that any t i p  sec- 
ondary flow losses are probably  obscured. In the region near t h e  hub 
of turbine 1 a small region of 106s is evident. This region can also be 
a t t r i b u t e d   t o  an accumulation  of loss due t o  hub -secondary flows. For 
turbine 2, however, no such accumlatfon is eddent .  This difference 
can be a t t r i bu ted   t o  the  transport  of low-velocity fluids from the  hub 
region  into the  region of high l o s s  at the mean by centrifugal  force. 

By applying the  r a m  variat ions  in  l o s s  given i n  figure l l  t o   t he  
respective  contours  in figure 10, new contours of total-pressure-lose 
parameter were obtained, which are presented in  figure 12. This waa ac- 
complished by adding the loss at a given  radius fo r  a given  turbine 
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(fig.  EL) t o  every  circumferential  position at that radius  (fig. 10). 
These figures intficate  the  variation  in losses i n   t o t a l   p re s su re  coming 
into  the  rotor.  Since  these  contours are not  directly comparable u i t h  
the  contours of total-pressure  ra t io  made at the  extt of the  s ta tor ,  it 
is evident that considerable mixing and d is tor t ion   o f   the   s ta tor  flow 
pat tern have taken  place. Comparison of figure 1 2  with a s t a to r  survey 
(fig. 13) taken   in   the  same axial  plane as these  rotor-exit  surveys  but 
with  the  rotor removed (ref. 3) indicates a sfmilar i ty   in   the  t ip   region.  
No similari ty,  however, can be  seen between the  other  regions of figures 
1 2  and 13. The circumferential variations  in  the  hub.and mean regions 
of the  corrected  total-pressure-loss  contours are probably due t o   t h e  
e f fec ts  of circumferential  variations in   the   reg ions  of  s t a to r  Free-stream 
flow. 

The r e su l t s  of th i s   inves t iga t ion  show that a description of the  
flow  characteristics  through a single-stage  turbine can be  obtained from 
the  survey  results  taken at the   ro tor  exit. Furthermore, some of the 
major factors   that   inf luence  the measured flow  patterns may be qudita- 
t ive ly   i so la ted ,   thus   fac i l i t a t ing  their analysis. 

The survey r e su l t s  of two similar  transonic  turbines,  but  with rela- 
t ively  high  diffusion on different  surfaces of the rotor  blades,  indicate 
that considerable  circumferential   variations  in mbmentum existed at the  
s t a to r  exit tha t  are a t t r ibu tab le   to   var ia t ions  i n  the  regions  of stator 
free-stream flow. A t  the   rotor  exit large radial: var ia t ions   in  angular 
momentum and total-pressure loss were found. 

The radial variations of total-pressure loss and rotor-outlet  angu- 
lar momentum f o r   t h e  two turbines differed because of (1) the  blade s u r -  
face upon which the  high diffusion and therefore  the  high loss occurred, 
and (2) the  subsewent secondary-flow path which the  low-velocity  fluids 
followed  through the   ro tor .  

Premature choking of the   ro tor  of  the  high-suction-surface-diffusion 
turbine was  indicated by higher-than-design  rotor-outlet a-lar momentum 
at design work output. A slight mismatch between the   s t a to r  and ro tor  
throat  areas of the  high-pressure-surface-diffusion  turbine was indicated 
at design work output by lower-than-design rotor-out le t  angular momentum. 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Novernber 28, 1955 

Y 
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?e 

Q 

J 

L 

P 

P 

r 

T 

v 

- 

T 

W 

a 
- 

Y 

92 

(u 

specific  heat at constant  pressure 

acceleration due to   gravi ty ,  32.17 f%/sec2 

mechanical equivalent of heat, 778 Ft-lb/Btu 

Y 
1 y - l  

total-pressure-loss  parameter = 1 - p' (,%) .PA 
i 

absolute  pressure, lb/sq f ' t  

average  absolute  pressure at a given radius, lb/sq f t  

radius, ft 

absolute  temperature, OR 

absolute  velocity,  ft/sec 

average  absolute  velocity at given  radius, ft/sec 

relative  velocity 

average  absolute  rotor-outlet flow angle measured from axial 
direction, deg 

r a t i o  of specific  heats 

local adiabatic  efficiency based on measured valuee of inlet and 
out le t   to ta l - s ta te  measurements 

angular velocity,  raaans/sec 

Subscripts : 

cr  condition at Mach mmiber of  1.0 

d design  values 

i turbine  - inlet  

. 
II 

" 
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0 turbine-outlet 

M measured values 
- 

tes t   tes t   condi t ions 

(N 
0 m 
ED 

U tangential   direction 

Z axial   d i rect ion 

Superscripts: 

I t o t a l  s t a t e  

11 r e l a t ive  t o t a l  s t a t e  

cu 
I 
H 
V 

" 11 

. 
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The radial variat ion  in   rotor-exi t  angular-momentum parameter 
/gJc Tr was calculated as f o l l o w s  : 

u,M P i 

An average measured value of tangent id   velocl ty  F u , ~  was calcu- 
lated From  mean values of measured local  total-pressure and out le t  flow . .  8.- 
angles at t h e  rotor  exit and from assurmlng a linear variation 'between 
t h e   s t a t i c  pressure measured at the hub and t i p .  These mean vdues w e r e  
obtained by arithmetically  averaging the total-pressure and angle read- 
i n g s  along the circumference a t  a given rad ius .  The s ta t ic   pressure at a 
given radius w a s  Obtained by assuming that a linear variation exists be- 
tween the stat ic   pressures  measured at the hub  and the t i p .  From the 
s ta t ic   pressure and average va lue  of total   pressure at a given rad ius ,  an 
average  velocity w a s  computed i n  terms of a r a t i o  v/v,, from 

- 

The c r i t i ca l   ve loc i ty  Vc, w a s  found  from the average  rotor-outlet total 
temperature as obtained from torque, speed,  weight-flow measurements, and 
i n l e t   t o t a l  temperature. This temperature as used indead  of the measured 
local  values, becau6e.th.e use of the measured loca l  valuek was found to  
have a very emall ef fec t  ofl the  final r e su l t .  From the  average  velocity 
computed for each radial position, t he  taagent ia l  component was computed 
from 

rn 

I 

using the  mean value of  measured out le t  flow angle. 
- - . . . "" .. - - -  - 

The design  tawGiitiii velocit ies  at test conditions were obtained 
. "" 

by taking t h e  design  values and correcting them t o  test conditione by 

Vcr, i; test 
vu, d, test = vu> 'cr, 1, d 
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Total-pressure 
variation rela- 
tive  to stator 

Figure 2. - %hematic diagram of circumferenthl total-pressure 
varlatione in single-stage turbine. 
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Figure 6. - Radial variation in absolute rotor-gutlet flow angle. 
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Figure 7. - R a d i a l  variation in rotor-exit angular momentum. 
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constant in 
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Figure 9. - Schematic-diagram of variat ion of to*l pressure, static 
pressure, and velocity in f’ree-stream flow at stator exit. 
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Figure 11. - R a d i a l  variation In total-pressure 
lOS8 that is attributable to rotor effects. 
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Figure 13. - Results of stator total-vreesurt? survey made 
i n  plane of rotor-exit survey. 
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