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SUMMARY 

The  analysis of losses  occurring in a series of subsonic  turbine 
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$, blades in a low-speed  two-dimensional  cascade  and in a related  series 
of  four  transonic  rotors is presented  herein.  The  two-dlmensional 
profile  losses of turbine  blades  operating in the  two-dimensional  cas- 
cade wer a wide  range  of  incidence  angle,  stagger  angle,  inlet  flaw 
angle,  and  reaction  could  be  generalized  into  one loss correlation 
curve  when  wake momentum thickness-to-chord  ratio and suction-surface 
diffusion  were  used  as  parameters. A correlation  of  these losses on 
the  basis of a loss parameter  directly  related  to a prckiuct  of  wake 
momentum  thickness-to-chord  ratio  and a function  involving  wake-form 
terms  exhibited  trends  identical to the loss correlation  based on wake 
momentum  thickness. It was also indicated that the  ratio  of  wake 
momentum thickness to suction-surface  length  for  turbine loss correla- 
t ions is preferable to a parameter  based on the  chord  length, as used in 
campressor loss correlations. The indicated  blade-element loss parameters 
at  the hub, mean, and  tip radius f o r  a related  series  of  transonic tur- 
bine  rotors varied with  diffusion parameters in a manner similar to that 
found for  the  two-dimensional l o s s  correlations. A considerable differ- 
ence was also found  between the levels  of  the  low-speed  loss-correlation 
curve  and  the  transonic  turbine  loss-carrelation  curves. F r m  an 
analysis at  zero  diffusion,  it was indicated  that  unsteady-flow  effects 
on probe  measurements  and  the  effects  of  stator  mixing  losses can con- 
siderably  influence  the  indicated  rotor-blade-element  losses.  It  was 
further  indicated  that  about  four-fifths  of  the  true  rotor-blade-element 
loss is attributable  to  compressible-flow  profile loss, while  the  re- 
mainder is attributable  to  rotor  three-dimensional  and  other  effects. 
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Analyzing  and  predicting  blade-element  losses  in  turbamachines.have 
been  severely  hampered  by  the  Large  number of variables  that  must  be 
accmted for and the  inability  to  obtain  accurately  the  performance of 
a rotating  blade  element  becauge of the-  ccmq?iex  three-dimensional  nature 
of  the  flow.  These  three-dimensional  effects  act on the  boundary-layer 
fluids  to  shift  them  from  their.  section  of  origin  to  others  at  which 
they  are  measured,  thus  making  difficult  the  evaluation of blade-element 
performance. 

A significant  step t m r d  reducing  the  number  of  important  variables 
in  the  correlation of two-dimensional  comgressor  losses was made in 
unpublished  data  compiled  at  the NACA Lewis laboratory  by  Lieblein in 
which  the  blade  wake  momentum  thickness and the  velocity  deceleration 
or  diffusion on the  suction  surface of the  blade  were  used  a6 a basis 
for  the  correlation pmmeters. The  use of these  parameters  genera- 
lizes  compressor loss correlations, d i n g  them  independent of solidity 
and  outlet-flow angle. The  hypothesis  behind  the  use of these  parameters 
is that  the  suction-surface boundary layer  contributes a maJw portion 
of  the  Law-momentum  fluids  that make up  the  wake of a blade.  Since  the 
velocity  deceleration or diffusion on.the suction  Burface  of  the cam- 
pressor  blade occur6 over  most  of th is  surface,  it  probably is the main 
factor in determining  the size of the.mction-surface boundary layer and 
therefore  the  total  wake  thickness 8t-the blade treJlhg edge. It can 
a l s o  be  shown  for  two-dimensional  incompressible flow through 8 cascade 
row that  the  wake  momehtum  thickness-to-chord  ratio is related to the 
mass-averaged  total-pressure loss In the form given by equation (10) of 
reference 1. In the  unpublished work.& Lieblein,  the  wake mentum 
thickness-to-chord  ratio was used as  the  basic  measure of wake  thickness 
or 1066 in order that the loss correlation  be  based  conpletely on 
boundary-layer  parsmeters. 

Since  turbine  blades can differ  markedly  from  canpressor  blades in 
both  geometry and eurface  velocity  distributions,  it wa6 considered of 
interest  to  determine  if  correlation  parameters  based on the  deceleration 
of local  suctfon-surface  velocity  and  wake mmentum thickness  would  be 
equally  succeseful in generalizing  turbine losses. In general,  turbine 
blades  differ frm cmpressor blades as a.reSult of. the . f l . o w  through  a.. 
turbine blade r.m beihg  required  to tk throud. a much seater angle 
than  that  required  through a compressor  blade row. "Thisrequirement 
results in turbine  blade  designs  that  have  higher  camber  angles, higher 
solidities,  higher  blade  loading,  and  higher  inlet  and  -outlet flow 
angles.  !These  effects can not only  ruake  the  geometry of the  turbine 
blade  differ frm compressor  blades bui can-also affect  the local surface 
velocity  distribution arouIIIJ. the  blade. The surface  velocity  distribu- 
tion around the  blade for a given blade loading TS also dependent  upon 
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the  amount  and  distribution  of  reaction  across  the  blade  row.  Since  the 
reaction  across  turbine  blade  rows  varies  Over a considerably  wider 
range  than  ccanpressor  blade  raws,  it  is  &dent  that for a given  loading 
of  the  turbine  blade  the  velocity  deceleration  or  diffusion on the  suc- 
tion  surface  and  the  blade-surface  length  over  which  the  diffusion  takes 
place  caa  vary over a considerable  range. 

Recent  investigations of four  transonic  turbines  (refs. 2 to 5) 
indicate  that  suction-surface  diffusion is an important  factor  to  be 
considered €n the  control  of  over-all  turbine  losses. A comparison  of 
the  experimentally  obtained  design-point  efficiency among the  four 
turbines  (ref. 4) indicated  that  increased  diffusion  parameter  was 
accompanied  by a gradual  increase in average  blade loss (as indicated 
by  over-all  turbine  efficiency)  until a spanwise  averaged  diffusion 
parameter  (obtained  from  the  design  procedure  as in ref. 3) of 0.24 was 
reached.  For  diffueion  parameters  above 0.24, a sharp rise in average 
blade  loss was indicated  by  the  over-all  turbine  efficiency.  General 
validity  could not be  inferred for loss correlations  based on over-all 
turbine  efficiency  because  of  the  large  number of variables  involved. 
Rotor-blade-element 105s correlations in terms  of  parameters  based on 
measured  values  of  wabe  momentum  thickness  and  suction-surface  diffusion 
are  hrpossible at present  because  instrumentation  limitations  prevent 
the  measurements of the  total-pressure  distributions  across  rotating 
blade  wakes  and  of  the  local  surface  velocity  distribution  around 
rotating  blade  rows.  The  problem  of  correlating  turbine  rotor  losses 
can then be resolved  into  one of determining  from  two-dimensional 
turbine  cascade  data  the  significant  parameters  for  generalizing  turbine 
loss correlations,  and  one of approximating  these  parameters  for  turbine 
rotor8  to  determFne  whether  these  parameters “be of- aignificance in 
the  correlation of turbine  rotor-blade-elerknt  losses. 

The  object  of  this  investigation  is  then  twofold: (1) to determine 
from  available  two-dimensional  turbine  cascade loss data  whether  param- 
eters  based on wake  momentum  thickness  and  suction-surface  dLffusion 
will generalize  two-dimensional  turbine  cascade  losses  as was done  for 
two-dimensional  compressor  cascade  losses, and (2) to  approximate  the 
wake  momentum  thickness  parameter frm the  relative  total-pressure l o s s  
for  available  turbines  where  the  suction-surface  diffusion  parameter can 
also  be  readily  approximated in order  to  determine if these  parameters 
will  also  generalize meamred turbine  rotor-blade-element  losses. 

The  first  objective  will  be  restricted  to  the  loss  data  reported 
in reference 6, in which  sufficient  data  are  presented  to  calculate 
both  the  wake  momentum  thickness-to-chord  ratio  and  the  suction-surface 
diffusion  parameter D. The  second  objective will be  restrictedto 
faur transonic  turbines  operating only at  design  point (ref 8 .  2 to 51, 
for  which  the  blade-element  diffusion  parameters  were  obtained  from  the 
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design  procedure.  Although  these  restrictions may seem severe, 1% was 
felt  that  the  results  of  the  first  objective  of  this  investigation w o u l d  
not  be  affected  by  the  restriction  imposed,  since  the  blades  investi- 
gated in reference 6 appear  to  be  representative  of  subsonic  turbine 
blades,  and  the blades were  operated  over a representative  range of 
conditions.  The  rotor loss correlations  were  necessarily  restricted  to 
turbines  where  the  diffusion  parameter  could  be  obtained. 

The  approximation  of  wake mmentum thiCkne66-tO-ChOrd ratio was 
a l s o  calculated f r m  the  two-dimensional  turbine  cascade  data i n  order 
to  determine  the  effect  of  the  use  of.tPle  approximate 1013s parameter 
on the  trend  of loss correlations. Cmparisons between  the  two- 
dimensional  losses  and  the  transonic  turbine  rotor loeses are  made in 
order  to  indicate  what  factors may be.hportant in  evaluating  measured 
turbine'  rotor-blade-element  losses. 

DESCRLPTION OF BLADING 

Two-Dimenslonal  Cascade  Blading 

The l O S 6  data reported in reference 6 were  obtained  from  operating 
the  turbine  blade  profiles  shown in  figure 1 jn a two-dimensional low- 
airspeed  cascade. As can  be  seen in figure 1, the  five  blade  profiles 
appear  to  be  represeptat.ive of subsonic turbbe blades.  The  blade 
camber  angle 8, varied from 65O to 120' and  the maximum thiCkneB6-t~)- 
chord  ratio  t/c  varied from 10 to 25 percent. The table in figure 1 
summarizes  the range of  inlet-aFr flow engle,  solidity, and angle of 
attack  covered in the  investigation of. reference 6. The  pressure- 
coefficient curves given in reference 6 indicate  that  the  range  of  re- 
action  covered  extends  from  approximately zero to highly positive. 
The range  of  incidence  angle  extends from highly positive to slightly 
negative. 

. 

Transonic  Turbine  Rotor Blading 

Blade-element  losses  for  the foUtransonic turbine  rotors  were 
obtained  from  radial  and  circumferential  surveys  made just downstream of 
the  rotor  operating  at  design point. The mesa  rotor-blade-element pro- 
files  forming  the  mean  radius flow passages of the four transonic 
turbines  are sham in figure 2, together  with a table s-izin@;  the 
important  design  features of each turbine. Angle surveys  indicated that 
all  blade  elements  of  the  four  transonic  turbines  with  the  exception of 
the  tip  region of turbine IV were  operated  at  approximately  design  inci- 
dence  angle,  which was about 4'. Surveys in the  reglon  of  the  tip of . 
turbine IV indicated a positive  angle of incldence of about U0. The 
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design  reaction  across  the  rotors varied from  negative st the hub of 
turbine IV t o  impulse  at  the  hub of the oaer turbines, while the mean 
and tip  sections  were  designed  for  positive  reaction.  The  camber  angle 
of the  mean  section of all four turbines is about 80°. 

By definition, 

For  incmpressible flaw, 

\ 
Substituting  jnto  equa-t;ion (1) and rearranging gives 

= 'F to" cos p2 ".r cos p2 ls "j2 Vf s,2 (. - "j2) vfs,2 ds 

Two-Dimensional  Cascade  Loss-Correlation  Parameters 

The wake mamenturn  thickness-to-chord  ratio G/c w a s  calculated 
directly from the wake marmentun  difference  coefficient G,l and the 
M e t  and outlet flaw angles p1 and &, respectively,  given in 
reference 6 by using an unpublished  relation developed for two- 
dimensional Fncqressible flow by  Lieblein as follows (symbols are 
defined in appendix A) : 

By def bition, 
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where 8 is  measured in a direction normal to  the  direction of flow. 
By substituting  equation (3) into  equation (2) and rearranging, 

is obtained. 

Also, the  approximation of the  wake  momentum  thickness-to-chord 
ratio was calculated from 

using  the  required  quantities  given ia reference2 (see  appendix B 

for the  derivation of this equation). The term Q , herein 0 2  cos $2 

3" 
co .. 

designated as the loss parameter,  has  been found to  be related t o  the ir 

wake  momentum  thickness-to-chord  ratio by terns involving  the  wake  form. 
Also, the  effect of the  form  terns on the  relation  between  the total- 
pressure loss and  the  wake  mamenturn  thickness is of the  second  order. - 

"l 

- 
A suction-surface  diffusion  parameter D, defined as the  difference 

between  the maximum suction-surface  relative  velocity and blade  outlet 
relative  velocity  divided  by  the maximum suction-surface  relative  veloc- 
ity, W ~ B  calculated using the  relation . .  

and  the  pressure  coefficients S given in reference 6. 

Transonic  Turbine  Loss-Correlation  Parameters 

Rotor-blade-element loss parameters f o r  the  hub, mean, and  tlp 
sections  were  calculated frm radial aha circumferential surveys of total 
pressure,  total  temperature,  and  flmi  angle  taken  at  design-point  opera- 
tion of each  turbine  previously  investigated in references 2 to 5. The 
rotor-blade-element loss  parameter was  calculated from 

8 
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Q 

developed in appendix C u s i n g  local  values of total   pressure and t o t a l  
temperature  corrected fo r  probe  recovery factor ,   out le t   re la t ive f l o w  
angle, a calculated M e t  velocity diagram, and measured ou t l e t   s t a t i c  
pressure. 

I The loca l  values of turbine-outlet   total   pressure,   total  tempera- 

I manner such that the direct   effect  of s ta tor  wakes w o u l d  be  minimized, 
ture,  and flow angle us.ed in  the loss calculation were selected in a 

and thus a better indication of rotor-blade-element losses would be 
obtained. This was accaplfshed by s e l e c t h g  peak values of l oca l  adia- 
batic efficiency from a circumferential survey at any given radial s ta t ion  
The w o t h e s i s  behind this s e l e c t b n  is that s t a to r  losses in passing 
through the  rotor cause patterns in the contours of 'local adfabatic effi- 
ciency which  have been identffied as the effects of s ta tor   losses  (ref. 
7 ) .  Specifically,  the  regions of low efficiency are =de up of stream 
particles  flowing along streamllnes emanating frm the stator wakes and 
loss regions, wbereas the regions of high efficiency are made of stream 
part ic les  moving along streamlines emanating  from regions of free-stream 
flow through the s t a t o r  blade row. As the stream par t ic les  pass down- 
stream of the s ta tor ,  the kinetic energy l eve l  of the  stream  particles 
emanating from the  wake regions will r i se ,  whereas the  kinetic energy 
level of the stream part ic les  emanatFng from the  free-stream flow regions 
of the s t a to r  w i l l  f a  as a result of mixing. Ln addi t ion   to   th i s  mix- 
ing effect,  there is an additional loss In the khetic-energy  level of 
a l l  stream part ic les   direct ly  due t o  the m i x h g  i t s e l f .  A s  the rotor  
blades pass through each streaanline, the rotor  losses are super3qposed on 
each streamlfne. Therefore, the selection of p o h t s  corresponding to 
streamlines emanating from the regions of free-stream s t a t o r  f low,  namely 
the peak values of local  adiabatic  efficiency, tenb to minimize the ef- 
fects  of stator  losses on the measured rotor-blade-element losses. It 
must be noted, however, that the selection of the peak-efficiency  points 
does not  completely  exclude the  effects of s ta tor  losses because Of 
mixing effects,  and the s t a to r  losses may induce  appreciable  losses 
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on the  rotor  blades  because  of  time  unsteady  effects.  Plotted in 
figure 3 against radius ratio  are  the maximum and  minFmum  local  adia- 
batic  efficiencies  at any given  radius.  The  curves  illustrate  the 
stator  effects  that  are  superimposed :m the  local  efficiencies as 
previously  discussed. As can be  seen  from  figure 3, the  point  selected 
for the  mean-section loss calculation is near  the  mean-radius  section 
where a data  point was available. For the hub and tip  sections,  data 
points  corresponding  to  approximately  the peak efficiency of the  faired 
curves  were  selected frm a region  covering 15 percent of the  blade 
span  fram  either wall in order  to  assure  selecting a point  where end 
w a l l  effects  would not predominate. 

The diffusion  parameter D was calculated from the  blade  surface 
velocity distributims obtained in the  design  procedure  (refs. 2 to 5). 
Although  the  exact  value of diff'usion~parameter  obtained  by  this  method 
may be  questionable, it is  felt  that  these  values  are  indicative of the 
differences in diffusion  parameter  obtained among the four turbines 
operating  at  design  point,  because the design  procedure has been  suc- 
cessfully  used  in  the  design of turbines  that  are highly critical  with 
respect to UxItFng loading. 

. 
Two-Dfmensional  Cascade Loss Correlations 

The results  obtained  from  malrin@;.calculations as outlined in 
CALCULATION PROCEDURE on the  two-dimensional  low-speed lose results of 
reference 6 are  shown  in  figure 4, in whish  wake  mcrmentum  thickness- 

to-chord  ratio e/c  and loss parameter 

suction-surface diffusion parameter D. Ccmrpariscm of these 1066 curvee 
indicates that the  general  trends  of  losses  based on either  parameter 
are  similar,  thus  indicating  that  the form factor has only a second- 
order  effect on the  relation  between  wake  mamentum  thickness and total- 
pressure loss. 

u) cos p 
Q 

are  plotted  against 

It was also  observed  that  the  trend of loss based on either  param- 
eter wlth diffusion  parameter  is aimilar to that found in the  unpublished 
cmpressor data  except for the  tailed  points.  These  points  were loss 
results Pram the highly cambered  blade$ (8, = . l l O o  and 120°) operating 
at  Inlet flow angles p, of 45O and 6b0, respectively. The blade loss 
based on either  parameter  for  these  blades  rises  sharply with increased 
diffusion parameter, -whereas  there  is  gradual.  rise in blade loss with 
increased  diffusion for the  other  blades. 

. . " 
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An inspection  of  the  surface  velocity  distri’tjution  as  indicated by 
the  pressure-coefficient curves given  for  these  blades  in  figures 18 
and 30 of  reference 6 indicated that there  are  two  possible  reasons  for 
the  lack  of  correlation  for  these  blades. At  angles  of  attack % 
near and belaw  the  design  value,  the  initial  surface  deceleration  of 
the  flow at the  leading-edge  portion  of  the  pressure  surface  of  the  blade 
was followed by alternate  acceleration  and  deceleration.  At  angles  of 
attack  above  the  design  value, a similar  situation exists on the  suction 
surface  of  the  blade  where  the  initial  surface  acceleration  was followed 
by alternate  deceleration and acceleration.  It  is  well known that  local 
phenomena  of  this  nature  can have considerable  influence on the  local 
boundary-layer growth and hence  affect  the final loss. Therefore, in 
the  cases  where  the  alternate  acceleration and deceleration on either 
surface  is  severe,  it  is  unlikely  that  blade  losses  based on wake 
characteristics  would  correlate  with  suction-surface  diffusion param- 
eter,  since  these  effects may have  considerable  effect on the bhde 
loss. ~ 

Another  factor  that may contribute  to  the  lack of correlation  for 
the  highly  cambered  blades  is that the  chord  length  of  these  blades is 
not  representative of the  surface  length  Over  which  the flow must 
travel  (wetted  surface  area  per  unit  blade  height). Thus, it may be 
expected that the  use  of  suction-surface  length in the  blade-loss  param- 
eteF  would  be  more  accurate  for  highly  casibered  blades.  The losses f o r  
the  blade  profiles  presented in reference 6 were  therefore  recalculated 
on the  basis  of  the  ratio  of  the  weke  mcanentum  thiclmess  to  the  suction- 
surface  length 8/Zs and  plotted  against  diffusion  parameter D in 
figure 5. Ccqarison of  figures 4(a) and 5 indicates  that  the loss 
correlation, in general,  was slightly improved  by  basing  the loss 
parameter on suction-surface  length  instead of chord  length.  Further- 
more,  it can be  seen  that  correlation for the higbly cambered  blades 
is also Improved;  however,  these  points do not  yet  line  up with points 
obtained  for  the  other  blades.  Hence,  the  lack  of  correlation on this 
basis may be attributed  to  increased  losses on the  pressure  surface or 
to the  effects of double  diffusion on the  suction  surface, as discussed 
in the  previous  paragraph. 

The loss correlation  curves in figure 4 established a criterion 
for  losses  occurring in low-speed  two-dimenslonal  turbine  cascade  blade 
rowe. Bowever, the curves  are  obtained  from  low-speed  results,  and 
their  validity  for  high  speed has not  been  established. OL the  basis 
of  the  work  done on the  effect  of  increased  airspeedc on compressor 
blade  lossee  (ref. 8, e.@;.), it appears  that  the  level  of  losses in 
figure 4 is low compared  with  the  losses  that  would  occur if  the  turbine 
blades  of  reference 6 were  operated  at  transonic  airspeeds.  Another 

speed  tests  conducted in reference 6 on two  of  the  blade  profiles at 
I indication  of  this  speed  effect  was  obtained frm the  limited high- 
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o u t l e t  Mach nunibers  up t o  0.9. Ca lcu la t ions  of  these  high-speed lose 
r e s u l t s  on the basis of wake momentum th i ckness - to -chord   r a t io  are p l o t -  
t e d   a k a i n s t   d i f f u s i o n   p a r a m e t e r - i n   f i g u r e  6. The low-speed r e s u l t s  are 
also sham i n  the f igu re ,   wh ich   i nd ica t e s  that increased airspeeds 
tended t o  i n c r e a s e  the p r o f i l e   l o s s e s .  The h igh-speed   resu l t s   t end  t o  
f a l l  a long   t he   h igh   r ange  of the spread of t h e . l a r - s p e e d   d a t a .  No def- 
i n i t e   t r e n d s   a p p e a r   t o  have been   es tab l i shed  with these  high-speed re- 
s u l t s ,   s i n c e  they fall  within the spread of t h e  low-speed r e s u l t s ,   t h u s  
i n d i c a t i n g  that shock  losses  were  n o t   t o o  severe f o r  these  high-speed 
tests. .. . . . . . .. " . . " - . . . . - . . . . .. . . 

Transonic  Turbine -Loss Cor re l a t ions  

The r e s u l t s   o f  loss c a l c u l a t i o n s  made on the su rvey   r e su l t s   ob ta ined  
from the f o u r   t r a n s o n i c   t u r b i n e  rott irs operated a t  des ign   po in t  are p l o t -  

ted i n  terms of t h e  lose parameter 
of d i f f u s i o n  parameter D in f i g u r e  7 for t h e  hub-, mean-, and t i p -  
r a d i u s  blade elements. These eurveg show that the measured  rotor-blade- 
element loss parameter is r e l a t e d   t o .   d i f f u s i o n  parameter fn a manner sim- 
ilar t o  that found for t u r b i n e  blades i n - t h e  low-speed  two-dimensional 
cascade   wi th   the  exception of t h e  t i p  radius,   where a sharp rise i n  the 
measured  blade-element Ioss *met& occurred a s . t h e  d i f f u s i o n  parameter 
was increased  above 0.24. It is f 'urther  nuted that the  magnitudes of t h e  
loss parameter  measured a t  the hub  and mean r a d i u s  are of comparable 
l e v e l s ,  while the   magni tude   o f   the   t ip - rad ius  loss parameters is about 
twice that at  t h e   o t h e r  two s e c t i o n s ,   t h u s ,   i n d i c a t i n g  that rotor  three- 
dimensional effects may have   cons iderable   e f fec t  OII the magnitude of the 
measured r o t o r   l o s s e s .  

- 
a2 cos I32 

U 
aga ins t   t he   des ign   va lue  

Comparison of   the   measured   t ransonic   tu rb ine   losses  (fig. 7) with 
t h e  low-speed   cascade   losses   ( f ig .   4 (b) )   ind ica tes   tha t  the t r a n s o n i c  
turb ine   ro tor -b lade-e lement   losses  &e coneiderably greater than the 
low-speed  cascade  losses.  SpeciffcaJly, a comparison  of the loss  param- 
eters at a diffusion  parameter   of  zero i n  f i g u r e s  4(b) and  7(b)   indicates  
t h a t  the low-speed  cascade loss is less than 10 percen t  of that measured 
a t  t h e  mean s e c t i o n   o f   t h e  zero d i f f u s i o n   t u r b i n e   ( t u r b i n e  I).  The f o l -  
lowing d i scuss ion  considers same of the   impor tan t  factors that must be 
considered I n  the  evaluat ion  of   blade-element   losses   measured  behind a 
t u r b i n e   r o t o r  by us ing  the 108s parameter meahzed a t  %he mean radiua 
of t u r b i n e  I as an example. 

Effect o f .  Unsteady Flows 

It is w e l l  known tha t   uns t eady  flow f i e l d s   s u c h  as t h o s e   e x i s t i n g  
behind   ro ta t ing   b lade  rows can have considerable  effect upon the t o t a l -  
pressure  and  total- temperature   measurements   taken wi th in  these f i e l d s ,  
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and  thus   in f luence  the r e l a t i v e   t o t a l - p r e s s u r e  loss a c r o s s  the r o t o r  
blade row as l n d i c a t e d  by these measurements. I n  order  to ob ta in  an 
i n s i g h t  as to the order  of  magnitude of the effect of these unsteady 
flow f i e l d s  on the measured l o s s e s  of t u r b i n e  I, a comparison w&s made 
between t h e   t u r b i n e   r e l a t i v e   t o t a l - p r e s s u r e  r a t io  c a l c u l a t e d  from equa- 
t i o n  (C3) of  appendix C u s ing  (I) the mass-averaged  survey  values  of 
t o t a l  temperature and total pres su re ,  and (2) measurements of to rque ,  
t u r b i n e  speed, weight flow, o u t l e t   f l a w   a n g l e ,   a n d   o u t l e t  static pres- 
sure   ob ta ined  in the over-al l   performance  invest iga. t ion a t  i d e n t i c a l  
ope ra t ing   cond i t ions  (ref. 2) .  The r e l a t i v e   t o t a l - p r e s s u r e  ratio based 
on the per formance   inves t iga t ion  is considered t o  be the more a c c u r a t e  
of the two, since it is not affected by the unsteady flow f i e l d s .  The 
d i f f e r e n c e  in the two r e l a t i v e   t o t a l - p r e s s u r e  ratios may be US& t o  in- 
dicate the e r ro r s   due  t o  the uns teady  flaw effects. 

In order  t o  eva lua te   any .d l f f e rence  Fn the t u r b i n e   r e l a t i v e  t o t a l -  
p r e s s u r e   r a t i o  as obtained f k o m  the two sets of instrumentation,  con- 
s i d e r a t i o n  must be g i v e n   t o  the f a c t  that the t u r b i n e   r e l a t i v e   t o t a l -  
p r e s s u r e  ratio based on per fo rmance   r e su l t s   i nc ludes  the t o t a l - p r e s s u r e  
loss due t o  the mixing  of the ro to r -b l ade  wakes, whereas the survey 
r e s u l t s  w e r e  taken so c lose   behind  the t r a i l i n g  edge of the r o t o r  that 
little t o t a l - p r e s s u r e  loss  due t o  mixing  of the r o t o r  blade wakes is 
inc luded   in  the survey  measurements. The method by w h i c h  the d i f f e r e n c e s  
i n  the two r a t i n g  methods w e r e  c a l c u l a t e d  is given  in   appendix D. A 
comparison  of the t u r b i n e   r e l a t i v e   t o t a l - p r e s s u r e  r a t io  obtained f r o m  the 
s u r v e y   r e s u l t s  to the performance  value of the t u r b i n e   r e l a t i v e  total- 
p r e s s u r e  ratio ( c o r r e c t e d   f o r  a theoretical r o t o r  wake mixing loss) gave 
the error induced by unsteady-flow effects i n  terms of a f i c t i t i o u s  
t o t a l - p r e s s u r e   r a t i o  that was applied t o  the l o c a l  measured  rotor-blade- 
element loss. The app l i ca t ion   o f  this f i c t i t i o u s   t o t a l - p r e s s u r e  ratio 
t o  the l o s s e s  measured at the mean r a d i u s   o f   t u r b i n e  I indicates that 
the a c t u a l  loss occur r ing   a long  a streamline  emanat ing *om the reg ions  
o f  free-stream f l o w  through the s t a t o r  is only 49 percen t  of that i n -  
d i c a t e d  by the survey  measurements. 

MFxing o f   S t a t o r  Wakes 

The a c t u a l  loss occurr ing   a long  the selected s t r eaml ine   i nd ica t ed  
by the p rev ious   s ec t ion  is t h e  sum of the s t a t o r   l o s s e s  that have not 
been excluded by  the ca lcu la t ion   procedure  and losses   induced by the 
r o t o r  as the r o t o r  blades pass through the s t r e d i n e .  I n  o rde r  to 
obtain a n   i n d i c a t i o n  as t o  the t r u e   l e v e l  of the rotor- induced losses 
at  the mean r a d i u s   o f   t u r b i n e  I, it is necessazy   t o   ob ta in   an   i nd ica t ion  
of  the order of magnitude of the mixing effect of the stator blade wakes. 

" 
The effects of m i x i n g  o f  blades wakes on the losses   measured  a long 

a s t r eaml ine  are twofold.  First , there is an  exchange Of'mOmentum between 
.1 
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the   f ree-s t ream  reg ions   o f  f low and the wake reg ions  of flow (often re- 
fe r r ed  t o  as mixing).  Second, as a r e s u l t  of t h i s  momentum exchange, +. 
there is a fir ther loss i n  momentum or t o t a l   p r e s s u r e  in bo th   r eg ions .  
Their combined effect on the local l o s s e s  measured a t  the ex i t  of t u r b i n e  
I could  not  be measured d i r e c t l y  since it was found  in   reference 9 that 
without  the r o t o r   i n  place almost ccrmplete mixing of these stator wakes 
o c c u r r e d   i n  an axial. dis tance   cor responding  t o  approximately the rotor 
axial chord. With the r o t o r   i n  place, only partial mixing  of  the shtor 
wakes has t aken   p l ace ,   because   t he   s t a to r  wakes s t i l l  appear i n  the t o t a l -  (0 

p r e s s u r e  surveys taken a t  t h e  same axial s t a t i o n .  I n  r e fe rence  9 it was 
also found that without  the  r o t o r   i n   p l a c e   c o m p l e t e  m'lxing of the wakes 
i n  these s t a t o r s   r e s u l t e d   i n  a 1.5 p e r c e n t   a d d i t i o n a l  loss i n  the inlet 
t o t 8 1   p r e s s u r e  a t  the mean r a d i u s .  With t h e  rotor i n   p l a c e ,  however, 
the a d d i t i o n a l   t o t a l - p r e s a u r e  loss due t o  mixing i s  probably not as great 
as the 1.5 percent   found  in   re fe rence  9; however, it i s  believed that t h e  
106s r e s u l t i n g  *am the combined effects of the mamenturn exchange as 
d iscussed   prev ious ly  may a p p r w c h  a ~ 1 u e  af  1.5 p e r c e n t   o f   t h e   i n l e t  
total p r e s s u r e  of turbFne I. When t h i s   v a l u e  of loss was used a6 a 
c r i t e r i o n  for t h e  combined effects of stator-wake mixing it was found 
t h a t  t h e  measured local loss of  t u r b i n e  I was a f fec t ed   by  about 20 pe rcen t .  

3 

" 

Correction  of  the  measured  mean-radius  blade-element  losses  of  tur-  
bine I for the effects of unsteady flow f ie lds  and f o r   t h e  losses due t o  5 

mixing of the s ta to r  wakes showed that the true mean-radius  rotor-blade- 
element loss f o r  t u r b i n e  I was considerably less than that ind ica t ed  by 
the   su rvey   i n s t rumen ta t ion .   P lo t t ed   i n   f i gu re  8 is t h e  measured mean- 
radius   blade-element  loss f o r   t u r b i n e  I as a r a t i o   o f  the t r u e  mean- 
radius  blade-element lose. Shown a l s o   i n   f i g u r e  8 i n  term of t h e  true 
blade-element l o s s  is the b r e a k d m  of the effects that unsteady f l o w  
f ie lds  and mixing of s t a t o r  wakes had on the indicated  mean-radius blade- 
element loss of t u r b i n e  I. 

" 

Compressibility. - In o r d e r   t o   o b t a i n   a n   i n d i c a t l i o n  as t o   t h e  effect 
of t r a n s o n i c   a i r s p e e d s  on p r o f i l e   l o s s e s  fn a t u r b i n e  blade row, the 
t o t a l - p r e s s u r e  l o s s  measured  across  the mean s e c t i o n  of the s t a to r   u sed  
i n  the t r a n s o n i c   t u r b i n e   i n v e s t i g a t i o n s  WEIS mss averaged  and  found t o  
be about  three times the loss i nd ica t ed  by the low-speed t u r b i n e  cascade 
loss c o r r e l a t i o n s  a t  zero d f f f u s i o n   ( f i g .  5). An a n a l y s i s  of the s u r f a c e  
v e l o c i t y   d i s t r i b u t i o n  of these blades by the method  given in r e f e r e n c e  3 
i n d i c a t e s  that the suct ion-surface  diffusion  parameter  for these s t a t o r s  
Fs zero.  The loss parameter  found f a r  the s t a t o r  mean sec t ion   can   t hen  
be assumed t o  be approx-tely  equal t o  the loss parameter  corresponding 
t o  the compressible-flm p r o f i l e  losq  of the r o t o r  mean s e c t i o n  of  tur- 
b i n e  I, since t h e  two-dimensian'hl l o s s  co r re l a t ions   p re sen ted   i n   f i gu res  
4(a) and  4(b) are independent of blade  shspe,   and  both blades s e c t i o n s  
are ope ra t ing  a t  comparable Mach numlier l e v e l s   a n d  a t  261-0 d i f f u s i o n .  
Th i s   va lue  of loss parameter was p l o t t e d  i n  figure 8 and l a b e l e d  
compress ib le - f low  prof i le  loss t o   i l l u s t r a t e  the order of magnitude of 
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the p r o f i l e   l o s s e s  as ccnnpared G i t h  the t r u e  loss. From f i g u r e  8, it 
can be Been that the p r o f i l e  loss is e s t i m a t e d   t o  be of the order of 81 
percent   of  the true rotor-blade-element loss. The law-speed p r o f i l e  loss 
is shown i n  figure 8 (dashed line) in o rde r   t o   emphas ize  the d i f f e r e n c e  
i n  loss levels. 

Three-dimensional effects. - It has been  found by v a r i o u s   i n v e s t i -  
g a t o r s  that three-dimensional  effects tend  t o  shift  boundary- layer   f lu ids  
radial ly  from one p o i n t   t o   a n o t h e r .  An i n spec t ion  of the v m i a t i o n   o f  
maximum and minimum l o c a l   e f f i c i e n c y  with r a d i u s   f o r  the four t r a n s o n i c  
turb ines   g iven  in f i g u r e  3 i n d i c a t e s  that the e f f i c i e n c y   l e v e l  a t  the 
hub is  g e n e r a l l y  higher than  that at  the t i p .  Furthermore, the level 
of   eff ic iency  measured at  the hub is only slightly lower  than that 
obta ined  i n  the h ighes t   e f f i c i ency   r eg ions .   Thus ,  it appears that these 
three-dimensional  effects are shifting considerable  amounts of hub-wall 
l o s ses   on to  the ro to r -b l ade   su r f aces ,   t hus   i nc reas ing  the e f f i c i e n c y  
measured i n  the region  of  the hub and dec reas ing  the e f f i c i e n c y  measured 
elsewhere, and i n  p a r t i c u l a r  the t ig - r ad ius   r eg ion .  

Three-dimensional effects my then  be the main c o n t r i b u t o r   t o  the 
remaining loss i n  f i g u r e  8, which is  the d i f f e r e n c e  between the t r u e  
mean-radius  blade-element l o s s  of turbine I and the compressible-profile 
loss es t imated  From the loss measured a t  the mean r a d i u s   o f  the stators 
and  amounts to abou t   one - f i f th  the t r u e  loss. Further I n d i c a t i o n s  that 
rotor   th ree-d imens iona l  effects are i m p o r t a n t   t o   t u r b i n e   l o s s e s  are seen 
i n  a comparison of the level of l o s s e s  m e a s u r e d  a t  the hub- and mean- 
rad ius   r eg ions  w i t h  t h o s e  at t h e   t i p - r a d i u s  region (fig. 7).  The level 
of loss at the t i p - r a d i u s  region (up t o  D = 0.24) is about twice  that 
obtained a t  the hub and mean radius, and it appears  that the inc reased  
losses at the t i p  are the effects of the radial transport of boundary- 
l a y e r  fluids i n  combination wi th  the complex secondary flows occurr ing  
i n  the t i p   r e g i o n .  

The sharp rise i n  the loss  curve above a dif ' f 'usion  parameter  of 0.24 
f o r  the t i p  may be a t t r i b u t e d   t o  the d i f f u s i o n  parameter o f   t u r b i n e  IV 
not being the va lue   ob ta ined  in  the design procedure ,  s ince   su rveys  taken 
upstream of the r o t o r  indicated a p p r o r i t e l y  a positive 12O ang le  of 
i n c i d e n c e   i n  the reg ion  of  the t i p  of t u r b i n e  N at  design-point  opera- 
t i o n .  It is be l i eved  that the radial t r a n s p o r t  of boundary-hyer f l u i d s  
i n t o  the t i p  r eg ion   o f  this t u r b i n e  conibined with losses originating i n  
the t ip   reg ion   premature ly   chokes  this reg ion ,   t hus   caus ing  a mass-flow 
shif t  toward the hub a t  the r o t o r   i n l e t ,  which, i n  turn, r e s u l t e d  in a 
p o s i t i v e  angle of i nc idence  a t  the t i p .  S ince  it is well known that in -  
c r e a s e s   i n   i n c i d e n c e   a n g l e   t e n d   t o  increase the loading   of  the s u c t i o n  
su r face ,  it can t hen  be concluded that the a c t u a l   d i f f u s i o n  pmameter 

t e n d   t o  temper the sharp rise i n  the loss cor re l a t ion   cu rve   o f  the t i p  
by s h i f t i n g  the loss point t o  the r i g h t .  . .  

- is larger than that obta ined  i n  desi- procedure,  which, i n  t u r n ,  would 
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The a n a l y s i s  of l o s s e s   o c c u r r i n g  in a series of subsonic   tu rb ine  
blades i n  a low-speed  two-dimensional  cascade  and i n  a related e e r i e 6  
o f   t r anson ic   t u rb ines  i s  presented he re in .  The p e r t i n e n t   r e s u l t s  of 
t h i s  I n v e s t i g a t i o n  are summarized as follows: 

1. The p r o f i l e   l o s s e s  of a related series of  subsonic   tu rb ine  
blades i n  a two-dimensional cascade as measured by wake mcanentum 
th i ckness - to -chord   r a t io  were found t o  correlate with d i f f u s i o n  param- 
eter f o r  a wide  range  of b l a d e  prof i le ,   inc idence   angle ,  stagger angle ,  
and i n l e t  f l o w  angle .   Corre la t ion   o f  these l o s s e s  based on a loss param- 
eter, which is d i r e c t l y  related t o  a product of the walre mmentum 
thickness- to-chord  ra t io   and the d e - f o r m  terms was found t o  have t r e n d s  
i d e n t i c a l   t o  loss c o r r e l a t i o n s  based on wake momentum th i ckness .  It w a ~  
a l s o  i n d i c a t e d  that the r a t i o  of wake mamentum th i ckness  t o  suc t ion -  
s u r f a c e   l e n g t h  is a preferable l o s s  parameter t o  u s e  in turbine-blade 
loss c o r r e l a t i o n s .  . .  . .. . - . -  " . . " 

aa 
8 

2. The indicated  blade-element  lOS8 parameters of  a related series - 
of t r a n s o n i c   t u r b i n e s  varied with d i f f u s i o n  .parameter i n  E manner similar 
t o  that found f o r  the two-dimension&  cascade  losses. 

. . " . 
3. A c o n s i d e r a b l e   d i f f e r e n c e   i n  the l ~ s s  levels between the  two- 

dlmens iona l   and   t r anson ic   t u rb ine   r e su l t s  was found. Frm an a n a l y s i s  
a t  a d i f fus ion   parameter  of zero, it was ind ica t ed  that the effects of 
unsteady flow on to t a l - t empera tu re  and total-pressure  measurements  and 
s t a t o r   m i x i n g  loss can have cons ide rab le  effect on the measured  rotor-  
b lade-e lement   losses .  It was f'urther Ind ica t ed  that a b o u t   f o u r - f i f t h s  
of the t rue  rotor-blade-element  loss is a t t r i b u t a b l e  t o  compressible- 
flaw p r o f i l e   l o s s e s ,  while the remainder is a t t r i b u t a b l e  t o  r o t o r  three- 
d imens iona l   and   o ther   e f fec ts .  

Lewis Fl ight   Propuls ion  Laboratory 
National  Advisory Committee for   Aeronaut ics  

Cleveland, Ohto, February 10, 1955 

. 
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SyPlIBOLs 

The fo l lowing  Symbols are used   i n  this r e p o r t :  

'D ,I 

D 

(Z) 
P 

r 

S 

S 

T 

t 

U 

V 
.I 

W 

d r a g   c o e f f i c i e n t  

wake momentum d i f f e r e n c e   c o e f f i c i e n t  (see ref. 6) 

chord  length,  f t  

15 

diff 'us ion parameter def iqed  as difference  between maximum suc t ion-  
s u r f a c e   r e l a t i v e  velocity and o u t l e t   r e l a t i v e   v e l o c i t y   d i v i d e d  
by maximum s u c t i o n - s u r f a c e   r e l a t i v e   v e l o c i t y  

terms  involving  form of wake 

suc t ion - su r face   l eng th ,  f t  

abso lu te   p re s su re ,  Ib/sq ft 

t u r b i n e   r e l a t i v e   t o t a l - p r e s s u r e   r a t i o   c a l c u l a t e d  from over-all 
measurements 

t u r b i n e   r e l a t . i v e   t o t a l - p r e s s u r e   r a t i o   c a l c u l a t e d  from mss- 
averaged  survey  values .   of  total-temperature r a t i o   a n d  total- 
p r e s s u r e   r a t i o  measured from t u r b i n e   i n l e t  t o  J u s t  downstream 
of t r a i l i n g  edge of rotor 

r a d i u s ,  f't 

p r e s s u r e   c o e f f i c i e n t ,  (p i  - p2) / (p i  - p,) = 

1 2  z pvz 
1 2 

b lade   spac ing  or  p i t c h ,  ft 

absolu te   t empera ture ,  % 

b l a d e   t h i c k n e s s ,  Ft 

blade   speed ,  ft/sec 

abso lu te   gas   ve loc i ty ,  ft/sec 

weight-flow rate, lb/sec 

B *% L 
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U angle of attack,  measured  fram  entering flow to  chord 

B gas flaw angle  measured  fram axial direction, deg 

8, vector  mean gas flaw  angle  between  inlet  and  outlet flow 
angle,  deg 

r ratio of specific  heats 

s ratio of turbine M e t  total  pressure  to NACA standard sea- 
level  pressure, p'/p* 

t 

91  local  adiabatic  efficiency  based on local  total-state meesure- 
ments  upstream of stator arddawnstream of  rotor 

e momentum  thickness, ft 

8, blade  camber  angle,  deg 

cr squared  ratio of critical  velocity a t  turbine M e t  to 
critical  velocity at NACA standard  sea-level  temperature, 
(vcJv*cr 1 

P static  density,  lb/cu ft 

w1 

w2 relative  total-pressure LOSS coefficient  ..based on outlet 

d solidity,  ratio of blade  chord  to  pitch, c/s 

.. . . 

- 
relative  total-pressure loss cgefficieat  based on inlet 

aynamic head 
- 

dynamic head 

Subscripts: 

CT condition  at Mach number of unfty 

fa free-stream  conditions 

I 

1 local conditions 
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IlIax l oca l  conditions  corresponding to maximum value of pressure 
coefficient S 

t tip 

U tangential direction 

Z axial direction 

1 conditions  at inlet to a blade row 

2 conditions at outlet of a blade row 

Superscrigts: 

* NACA standard  conditions 

t absolute t o t a l  state 

rr relative total state 
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D E V E L O P "  OF A LOSS P- AS AN APPROXIMATION CB' WAKE MOMENTUM 

THICKNESS P-R AND CALCULATIm OF 'THIS LOSS PARAMEiTER FROM 

DRllG COEFFICIENT FOR E f C A T I O W  BLCLDE ROWS 

. -. 

" 

Frm unpublished MCA data,  the  total-pressure 10136 across a blade 83 
row mass averaged  across a blade  pitch  is  related  to  the wake momentum 8 - 
thickness by 

e 
- 1  2 c  Ap' = - p V 

"Q 

2 2 2 cos 8, [ f c q  
For incompressible  flow,  the  term Fnvolvfng the  form of the wake 

f(H) has been found to have only a second-order  effect on the  relation 
between  total-pressure lose and wake momentum  thickness, and hence may 
be  assumed  constast.  Since,  by  definition, 

- 
. 

equation (Bl) may be  rewritten a s  follows: 

so that  if  the form term is assumed  constant  the w a k e  mcanentum  thickness- 
to-chord  ratio will very directly  with  the  terms involving the  total- 
pressure ~ O S S  coefficient,  the  outlet flaw angle, and the 60l id i ty  of 
the  blade row. 

.. 

Loss correlatione  based on a loss parame€er  involving  the terms on 
the  left  side of equation (BZ) should  exhibit lose trends  that  are 
similar to those - based on wake  momentum  thickness-to-chord  ratio.  The 
loss parameter 
dimensional  cascade  results of reference 6 by u6e of equation (B17) of 
reference 8, which  restated  is 

a2 cos Bz 
(I 

was calculated Ti-5 - € h e .  Iiw-Zpeed  two- 

- "D,1 - 
01 = cos - Pi - P1 

- 
4' 

. 
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Sfnce 

then 

From reference 6, 

19 

Substituting  gives 

f 

- %,l s1 
'O2 = cos e, 5 L cos B, 

2 Multiplying both sides by , obtained from data sqpplied Fn 

' r  
reference 6, yields 

which was used t o  calculate  the loss parameter f o r  the two-dimensional 
low-speed results. 
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EQUATIONS AmD ASSUMPTIONS IN CALCULATING ROTOR- 

Rotor-blade-element  losses for the hub,  mean,  and  tip sections - 
were  calculated in terms of a loss parameter o2 cos p 2 in the fo l lm-  

Dfviding both terms on the  right  side by p i  gives 

P; 
1" P1' 

c I 
w2 = 

The relative  total-pressure  ratio p$/p; in equation (Cl) can be 

evaluated from absolute  measurements a 6  follows: 

From isentrupic  relations, 

Y 

It  is  assumed that 

W 
(TI 

8 

T; 

T2 
= 1.00 
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Thus, 

Frm this relation  the  relative  total-pressure  ratio may then  be  calcu- 
lated  from  measured  absolute  values of total-pressure  ratio  and  total- 
temperature  ratio. 

The  static  pressure damstream of the  rotor p2 and the  inlet 
relative  total  pressure p; in the dencminator of the  right  term of 
equation (C1) were  calculated  independently of each  other as follows: 
A linear  variation  between  the  outlet  static  pressure  measured  at  the 
hub and tip is assumed in order to find p2 at a given radial station. 
The inlet relative  total  pressure  is  calculated from measured  values of 
absolute  inlet  total  pressure,  inlet  total  temperature,  inlet  absolute 
flow angle, and wheel  speed by use of the  equation I 

r - 1  
r + l  

Substituting  equations (C4) and (C3) into  equation (Cl) and multiplying 

both  sides by a give  the final rehtion for  calculating  the 
rotor-blade-element loss parameter: 

cos B, 

(. -[(P$(Yfl)co;% " 

- cos 8, 
co2 a 

- - - r (c5) 
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APPENDIX D . 
METHOD OF EVALUATING EFFEXTS OF WMSTFADY FLOWS ON MEASURED 

BLADE-EZEMEXT LOSsFrS 
- 

An evaluation of the effect  of unsteady flows on the  indicated 
blade-element losses  for  turbine I at design  point can be obtained by 
canparing  the  turbine  relative  total-pressure  ratio ccmrputed frm (0 

equation ('231, using mass-averaged survey  values of total-temperature 3 
and total-pressure  ratios, with the turbfne  relative  total-pressure 
r a t i o  obtained a t  the same 'operating  conditions  but from measurements 
of torque, speed,  weight flaw, outlet  flow angle, and rotor   out le t  
static  pressure,  w h i c h  were obtained in   the over-all performance in- 
vestigation (ref. 2) .  The turbine  relative  total-pressure  ratio 
calculated frm the mass-averaged survey resulte p" p" was found 

t o  be 0.871, whereas the  turbine  relative  total-pressure  ratio  calcu- 
la ted from the  over,all performance resu l t s  ( p" 2/ p i)p was 0.885. 
Since the value obtalned from the mer-all performance results is 
considered t o  be  the more accurate of the two rat ing methods, it is 
evident that survey results  indicate  larger losses than  those  indi- 
cated by the  wer-al l  performance results.  A di rec t  campirison of  the 
turbine  relative  total-pressure  ratios  obtained from the two methods 
cannot be made to  evaluate  the  error induced by unsteady flaws because 
the turbine  relative  total-pressure  ratio  calculated from the  over-all 
performance resu l t s  p p includes -the total-pressure losa due to 

mixing of the rotor-blade wakes. However ,  the  turbine  relative  total- 
pressure r a t i o  calculated from the mass-averaged survey resu l t s  (p"/p") 

does not include the mixing loss of the  rotor wEtkeB because the survey8  
were taken ao close t o  the  t ra i l ing edge of the  rotor that l i t t l e  o r  
no total-pressure loss due t o  mixing of the rotor  wakes has occurred. 
I n  order t o  evaluate the effect  of unsteady flows on the measured blade- 
element losses by comparison of the  turbine  relative  total-pressure 
rat ios ,  it is neceesary t o  account for this difference i n  the ro tor  
wake m i x i n g  l o s s  between the two methods. 

( 2/ J S  

( E' ;Ip 
'8 

The rotor wake mixing loss can'be accounted fo r  by writing  the 
turbine relative  total-pressure  ratio p" p" i n  terms of i ts  corn- 

ponent losses, which are  the product of the total-pressure  ratios that 
correspond t o  the s ta tor  Losses, mi- of s ta tor  wakes, relative  rotor 
loss, and mixing of rotor  W e s .  Since the wake mix€- l o s s  was sham 
i n  reference 9 t o  be re la ted   d i rec t ly   to  the t o t a l  loss a$ the ex i t  of 

( J J P  

. .. " - 
c 

L 

. 
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the  blade row, the  various lossbs that  make up  the  turbine  relative 
c total-pressure  ratio  (p;/p~)~  may be found from a knowledge of the 

stator loss. The  stator  total-pressure  ratio was determined f r m  
mass-averaged  radial  and  circumferential  surveys of total  pressure  just 
dawnstream  of  the  trailing edge of  the  stator and was found to  be 0.968. 
An over-all  stator  total-pressure  ratio  (product  of  the  total-pressure 
ratio  corresponding to the  stator loss and mixing of stator  losses)  was 
found to  be 0.950 fram  figure 4 in reference 9, which  assumes  linear 

minimum total  pressure and back to free  stream.  With  these  quantities, 
the  rotor  relative  total-pressure  ratio,  including  rotor  wake  mixing 
losses was calculated  from  the  turbine  relative  total-pressure r a t i o  
(Pz/PYjp and  was found to be 0.932. The  rotor  relative  total-pressure 

ratio  before &Xing of the  rotor wakes was also found frm figure 4 in 
reference 9 to be 0.952, thus givrzlg a value of 0.978 f o r  the  pressure 
ratio  due  to mixing of rotor  wakes. D i v i d i n g  the  turbine  relative 
total-pressure  ratio (pz/p:), by  the  total-preesure  ratio  corresponding 

to  the  rotor  wake m i x i n g  loss gives a value of 0.905 for  the  turbine 
relative  total-pressure ratio before  mixing of the  rotor  wakes. If the 

0 4  
lP 

cn co variation in total  pressure  across  the  wake  fram  free  stream  to  the 

- 

J turbine  relative  total-pressure  ratio ( p" 2/ p ;11, is also written as a 

product  of  the  total-pressure  ratios  that  corresponds  to  the  stator 
losses,  stator mixing losses, rotor  relative  total-pressure loss, and a 
fictitious loss to account for the  effects  due to unsteady flaws, 
dividing (~i/py)~ by (~:/p:)~ (before mixing of the  rotor  wakes) 

gives  the value of  the  fictitious  pressure  ratio  that  is  included in 
the survey results  because of the  effects of unsteady flaws. This 
fictitious  pressure  ratio was found  to  have a value  of 0.962 for 
turbine I and  was  assumed  to  be  representative of the  errors  induced 
in the  survey  results of turbine I. 

The local relative  total-pressure  ratio  obtained  from  the  survey 
results  at  the mean radius  of  turbine I wa6 divided  by  the  fictitious 
total-pressure  ratio  to  obtain a corrected  value  of  the  local  relative 
total-pressure  ratio. T h i s  corrected value was  used to calculate a new 
loss parameter of 0.0254, whlch is about 49 percent of the loss param- 
eter (0.0523) indicated by the survey results. 
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~ i g u r e  1. - Turbine-blade profilea anA range of test corditions oovered by low- 
aped two-dimeneional cascade t e s t e  in reference 6. 
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Equiva len t  work, 2, B t u / l b  

E q u i v a l e n t   t i p  speed, 
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Figure 2. - Tran~~mic turbfne rota? mean-section blade profile6 and. flaw paseages 
and canparison of d e s a  fea turee .  ( S t m e  stator wed on all turbines.) 
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Figure 3. - Variation of maximum and minimum local adiabatic 
efficiency with radius f o r  four  transonic  tmbines. - 
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c 

( a )  Based on wake momentum thickness-to-chord r a t i o .  

.06 II 

I 1 I I 
d Blade camber Inlet flov 
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*I3 aeg 

d 110 -45 
.04 120 - 60 

d 0 A l l  other blade8 
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Diffusion parrameter, D 

(b) Based on loas pexameter. 

Figure 4. - Variation of loan with dFiFueion parameter for series 
of l O W - B p e e d  turbipe blades in tWo-dLmeneional caecade. 
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DFffusion parameter, D 

Figure 5. - Variation of ratio of w a k e  momentum thickness t o  suction- 
surface lengthwith diffusion parameter for a series of law-qeed 
turbine blades in two-dimensional cascade. 

0 .10 .20 .30 .40 .50 .60 
Diffusion parameter, D 

Figure 6. - Variation of wake momentum thicknese-to-chord ratio with 
diffusion parameter for turbine bladeB in two-dimensional cascade 
obtained from Umited high-speed teats sua exknsive law-apeed tests 
(ref. 6). 
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