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SUMMARY 

A transonic  turbine  designed  for a m a x i m u m  blade-surface  relative 
Mach  number of 1.57 was investigated  experimentally. The performance of 
the  turbine is compared with that of three  other  transonic  turbines that 
were previously  investigated. 

The total-pressure-ratio  efficiency of the turbine was between 0.85 
and 0.86 at design specif ic  work and design  speed, and the highest effi-  
ciency was 0.86. The rating  efficiency a t  the design  point w a s  0.85. 
These e f f i c k c i e s   r e p r e s e n t  about  1-point improvement as compared with 
those of a transonic turbine previously  investigated, the maxim rotor- 

P blade-surface Mach rimer of which WRS limited t o  1.33 i n  the design. 
Thus it was concluded that there was apparently no appreciable detri- 
mental e f fec t  on over-all performance from increasing the  surface  veloc- 
i t y  limit i n  this range, althotqh the diffusion parameter was correspond- 
ingly increased  from 0.15 t o  0.24. The design-point  performances of the 
subject  turbine  and-the three other  transonic  turbines are compared  on 
the basis of specif ic  blade loss to eliminate the e f fec t  of varyfng so- 
l i d i t y  among the different  designs. From the comparison it i s  indicated 
that the specif ic  blade loss  can be correlated by the diffusfon param- 
eter. Although no implication w a s  intended 88 t o  the general v a l i d i t y  
of the correlation  curve, it was noted that   the   t rend was similar to t h t  
obtained  for coiupressor blade losses as affected by diffusion. 
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IN?IRODUCTION 

The character is t ics  of high specfffc work and high mass flow per 
uni t  area have made the  transonic turbine appear a t t r ac t ive  as a jet- 
engine component. The NACA L e w i s  laboratory is currently engaged in  a 
research program directed toward obtaining efficient  transonic  turbines.  

t o  operate w i t h  a ro tor -hd- in le t  relative Mach nmber of approximately 
unity. The design and experimental  performance of the three  transonic 

c A transonic  turbine (as defined  in t h i s  investigation) is one designed 

A 
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turbines  previously  investigated  in this program are presented  in ref- 
erences 1 t o  3. From the  results of the reference  .Fnvestigations, it 
was shown that the diffusioa parameter D def i&d as 

Maximum blade-surface relative velocity - blade-outlet   relative  velocity 
Maximum blade-surface relative velocity 

i s  an  inqortant  design  consideration. It also appeared from a comparison 
o p t h e  design-point  performance M. these three turbines  (ref.  3) that the 
specific blade loss L could be correlated by-thk . ... . diffusion  parameter. " 

. -  

In  the  design of the f irst  and  second transonic  turbines  (refs. 1 
and 2, respectively) the maximum rotor-blade-surface Mach  number was 
l imi ted   to  1.33 (c r i t i ca l   ve loc i ty   r a t io  W/Wcr = 1.25). This limit was 
imposed because it was f e l t  that shock losses  associated  with  higher 
r e l a t i v e  Mach  numbers might impair the tGijiue perT&mance. It fs a l s o  
indicated in reference 4 that the interaction between the-boundary  layer 
and a strong shock m i g h t  came  separation a t  this and higher Mach nmiber 
levels. The third  transonic  turbine  (ref.  3), which was designed fo r  a 
zero diffusion parameter, had a m a x i m u m  surface Mach nuniber of 1.10"" 
(W/Wc, = 1.08). The perfsrmance  obtained with the zero-diffusim tur- 
bine showed a slight imgrovement over that gf refe_rence 1, and it was 
felt that thls improvement resulted more from the &&reased diffusion, 
rather than from the lower relative velocity -bZirO- the rotor.  It i s .  . 
indicated in reference 5 that 9Qo of turning of highly supersonic flow 
could be accomplished i n  8 high-solidity  cascade  without  incurring  large 
total-pressure  losses. It was therefore of .iriterest-  to  .determine how 
the turbine performance would be. affected by u t i l i z ing  relative blade- 
surface  velocities higher than the limit of . W/Wcr = 1.25 previously 
adhered to .  

- " 
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A transonic  turbine, which was designed f o r  a maximum blade-surface 
relative Mach  nuniber of 1.57 (W/Wcr = 1.41) was accccrdingly investigated. 
Because the  subject  turbine was designed for -  the- sa& rot-a-blade-outlet 
velocit ies as the turbines of references 1 and 3, the increased  surface 
velocit ies  effected an increase i n  the diffusion  parameter,  ana the mag- 
nitude of the diffusion parameter could be .pre-deterplined t o  * between 
that of reference 1 (0.15) and that of reference 2 (0.301.. This report 
presents the results of t4e investigation .condyetea to   ( a )  determine the 
ef fec t  of the increased  sxface  veloci t ies  on the  over-all  perforniance, 
and (b) further  define  the  trend of specific .blade. loss  -a> affected  by 
diffusion  parameter between diffusion parqngteT-yalues of 0.15 and 0.30.; 
In  addition  to  the  over-all  performance, the results of detailed r a d i d  
and circumferential surveys of total   pressure and t o t a l  temperature made 
downstremn of the r o t o r   a t  design  operating  conditions will also be 
presented. " I . .. ,.- 

. . . . " - - 

. .  - - - - . . . - - 

. "" 

- "" . . - - . . 
" . . 
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m o m  
The following synibols are used i n  this   report  : 

D diffusion  parameter ,' defined as 
Maximum blade-surface r e l a t i v e  velocity - blade-outlet   relative  velocity 

Maximum blade surface relative velocity 

specific blade Ibss, defined as (1 - 'It )/om 

rotat ive speed, r p m  

absolute  pressure,  lb/sq f t  

rating  outlet   total   pressure  define& as  sum of s ta t ic   pressure 
plus  pressure  corresponding t o  axial component of velocity, 
Lb/sq f t  

radius, f t  

blade velocity,  ft/sec 

absolute  gas  ve-locity,  ft/eec 

re la t ive  gas velocity,  ft/sec 

weight f l o w  rete,  lb/sec 

r a t i o  of specific heats 

specific work output, B t u / l b  

r a t i o  of inlet-air to ta l   p ressure   to  NACA standard  sea-level  pres- 
erne, P !/* 

function of 

local  adiabatic  efficiency based on t o t a l   s t a t e  measurements from 
surveys damstream of rotor  
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rlt total-pressure-ratio  adiabatic  efficiency  defined 8- as qx 
except f o r   o u t l e t   t o t a l  pressure,..which i s  defined as sum of 
static  pressure  plus  pressure  corresponding  to the gas ve1ocif;y 

'I . .  

" 

rlX rating  adiabatic  efficiency defined as r a t i o  of turbine work, 
based on torque, weight f l o w ,  and speed measurements t o  ideal 
work based on inlet t o t a l  temperature, inlet total   pressure,  
and the  out le t   to ta l   pressure,  p&,, 

(D 
rl * 
M 

a so l id i ty ,   r a t io  of blade chord (see table I) t o  blade p i tch  

Qcr squared ra t io . -of   c r i t i ca l   ve loc i ty  at t u r b i n e   i n l e t   t o   c r i t i c a l  
velocity at NACA standard  sea-level  temperature, (vCr/vL)2 

Subscripts: 

0 upstream of s t a to r  (all stat ions shown in f ig .  1) 

1 throat  of s t a to r  passage 

2 outlet  of s t a to r  just upstream from trailing edge 

3 free-stream  condition between s t a to r  and rotor 

4 throat of rotor  passage 1 

5 out le t  of rotor just upstream from treiling edge =-- 

6 downstream from turbine 

cr  conditions a t  Mach  nuuiber o f  unity . . - .   . . .  -. . . 

~. . . .  

" . . .  

m mean radius 

t t i p  radius 

X axial direction 

Superscripts : 

* NACA standard  conditions 

I t o t a l  state 

.. . 

. 

DESIGN 

. " . 

. .. . 

. 
Design requirements. - The design requfrelnents f o r - t h e  14-inch  cold- 

a i r  turbine investigated  herein  are the 6% a$ presented in reference 1, 
and are  given i n  the first three lines .of thg - i t -  colunjn  of tab le  I. - 

. .  

. .. . 
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The pertinent features of the three reference  turbine designs are  sum- 
marized i n  the second t o  fo&h columns  of table I. 

Design procedure. - The turbfne w a s  designed for the  same velocity 
diagram ( f ig .  1) as the turbines of references 1 and 3 and used the 

I same s ta tor  as the  turbines of references I t o  3. The assumptions that 
were used i n  reference 1 t o  obtain  the  velocity diagram are also in- 
cluded  herein as follows : 

0 4  
Ip E (1) Free-vortex flow out of s t a to r  and downstream of rotor  

(2)  Simple radial equilibrium  throughout  rotor and out of s ta tor  

(3) A 3-percent  total-pressure loss across  the stator 

( 4 )  A n  over-all   efficiency of 0.88 based on total -pressure  ra t io  
t o  obtain the turbine-out le t   to ta l  state and the velocity dia- 
grams at s t a t ion  6 

The design  procedure was t he  s m  as that described i n  reference 1, 
with the exception of the assmnption, used in   in tegra t ing  the mass flow, 
of a linear  static-pressure  gradient  from blade t o  blade (as discussed 
in   r e f .  3). The result ing  blade-surface  velocity  distributions f o r  the 
h a ,  man, and t ip   sec t ions  are sham i n  figure 2. The velocity dis- 
t r ibut ions  are  shown for  a theoretical  leading-edge  configuration that 
extends t o  a point as discussed i n  reference 1. The actual  leading edge 
w a s  rounded to a 0.015-inch radius. The maximum c r i t i c a l   v e l o c i t y   r a t i o  

were 1.37  and 1.3, respectively. The resulting  diffusion  parameter 
(based on blade-ohlet   veloci ty  'a t  s ta t ion  5) f o r  this  design was 0.24 
and vasied only slightly along the radius. Thus the dif'fusion parameter, 
although not as e e a t  as that (0.30) f o r  the second transonic  turbine 
(ref. Z ) ,  is sds t an t i a l ly   i nc reased  as compared with the f i rs t  transonic 
turbine (ref. 1) which had a diffusion  parameter of 0.15. The diffusion 
parameters mentioned i n  th i s  investigation are values obtained i n  the 
design procedure. These va lues  are f e l t  t o  be reasonably  close  to the 
actual  diffusion  pmameter  obtained a t  design-point  qperation  because 
of the comprehensiveness  of the design procedure ( r e f ,  1). The rotor- 
blade solidities at  the hub, mean, 8nd t i p  sections were 2.86, 2.36, 
and 2.03, respectively. The pertinent features of the subject  design 
are a l s o  listed i n  the last column of table  I. The rotor-blade  coordi- 
nates axe  given in table 11, and a sketch of the stator- and rotor-blade 
passages and prof i les  is shown i n  figure 3. 

v 

'1 a t  the t ip   s ec t ion  m s  1.41 and a t  the mean and hub sections the maximums 

LI The apparatus,  instrumentation, and methods of calculating  the per- 
fo rdnce  parameters  are the same as those described in  reference 1. 



6 __. NACA RM E54G27 

A diagrammatic sketch of the  cold-air  turbine tes t  r i g  i s  shown i n   f i g -  
w e  4 and a photograph of the turbine-rotor assembly is  shown i n  figure 
5. Test  runs were made a t  constant speeds i n  even  increments of 10 per- c 

cent of design speed  over a range of from 30 t o  130 percent. For  each 
speed the  rating  total-pressure..ratio pcJp' was varied from a p p r e -  
mstely 1.4 t o  the limiting loading pressure.  ratio!  Turbine-inlet con- 
dit ions were maintained  constant at nominal values of 145' F and 32 - 

inches  oemercury  absolute. 

* 
. " 

6,x - 

RESULTS 

Over-all performance. - The transonic  turbine  designed  for a maxi- 
mum blade-surface cri t ical  veloci ty   ra t io  of 1.41 was investigated ex- 
perimentally. The performance results are compared with those  obtained 
with t h P e e  other  transonic  turbines  previously  investigated i n  this 
program. The over-all performance of the subject  turbine,  based on 
total-pressure  ratio, is >resented in figure 6 where equivalent  Bpecific 
work A h l / B ,  is shown as a function of the w e i g h t  flow - speed param- 
eter twM/8 for  the various  speeds, w i t h  corrtours af t-otal-pressure 
r a t i o  pup6 and efficiency 'It superimposed.  he total-pressure-ratfo 
adiabatic  efficiency a t  design work and design  speed was between 0.85 
and 0.86 and the maxim= efficiency was slightly over 0.86. Thus the 
design-point  performance w a s  about  the sa& as obtained for   the first 
transonic  turbine, and the maximum efficiency was about 1 point higher. 
The- over-all performance map based on rat ing  total   pressure is pre- 
sented i n  f 7. The performance on t h i6  basis i s  included  herein 
because th i s  is the customary manner of rating  jet-engine  turbines. 
The rating efficiency of the  turbine a t  design work  and design speed 
was 0.85. The weight flow a t  &sign work and design  speed was within- 
1/2 percent of &sign value. 

. . - " .. . . ". . . . - - . - 

I 

As coqmred with the zero-dif'fusion  turbine, the maximum design- 
blade-surface  cri t ical   velocity  ratio of which was limfted t o  1.08, the 
design-point  efficiency of the s&ject turbine represents a decrease of 
about 1 point. The off-design  -performance was comparsble t o  that of the 
zero-diffusion  turbine. Thus it would appear that the over-allperform- 
auce of the sribdect turbine was not noticeably  affected  by  increasing 
the design limit of rotor-blade maximum cr i t ica l   ve loc i ty   ra t io  F r o m  
1.25 t o  1.41. It is also appazent from this investigation  that  employing 
a diffusion parameter of 0.24, which is moderately high compared w i q  
the  other  turbine  designs  investigated  in this program, did not seriously 
Impair the over-=. turbine performance. 

- .   - .  -. 

- 
Survey results. - Contours of local  adiabatic  efficiency axe shown 

in   f igure 8 for a portion of the turbine-outlet  flow annulus. The local  
efficiencies were obtdned from surveys made-downstream of the rotor 

7 

. 
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with the turbine at asproximately  design-point  operating  conditions. 

questionable ( a s  mentioned i n  refs. 1 to 3), because these measwentents 
were obtained i n  a highly  unsteady flaw field,   the  trends  exhibited  by 
the  efficiencies  depicting the loss regions and efficiency  gradients arc 
believed to be significant. Loss Tegions  can be observed that are  be- 
l ieved  the  result  of stator  losses  carrying through the  ro tor ,  a s  dis- 
cussed in  reference 6, because of their pattern and circumferential 
repeti t ion.  The general  levels of local   eff ic iencies   for  the s d j e c t  
turbine  appear to be about  equal t o  those of the  zero-diffusion  turbine 
(ref .  3) except near the  6-inch  radius. In order t o  partially  eUminate 
the effect  of the stator  losses on the local   eff ic iencies ,  the m a x i m  
loca l   e f f ic iency   a t  the various  radii  is shown as a function of radius 
r a t i o  i n  figure 9 for the four turbines. The maximum local   eff ic iency 
of the  subject  turbine is about the same a8 t ha t  of the turbines of 
references 1 and 3 across the blade span. These data are also compared 
i n  figme 10 on the basis of  local   specif ic  blade loss (1 - qz)/u. The 
significance of this parameter d l l b e  discussed  in the following sec- 
tfon. The loss shows a general  tendency to increase  with  increasing 
d5ffusion  although this trend is  not  clearly defined at  a l l  radii (f ig .  
10). The specific  blade loss for  the second transonic  turbine, which 
had the highest diffusion  parameter, is noticeably  higher than that of 
the other  turbines over the blade span. The measured values of maximum 
local efficiency and local   specif ic  blade loss may be  influenced  by any 
radial sh i f t  of loss fluids that occurs as the flow traverses the  rotor 
passage, as discussed  in  reference 2. The minor discrepancies i n   t h e  
general  trend of increasing  specific  blade loss with increasing  diffu- 
sion  paremeter  noted i n  figure 10 may i n  part be at t r ibuted to this 
effect  . 

+ Although the absolute values of the l ocd   e f f i c i enc ie s  may be somewbat 

m 

DISCUSSION 

A comparison was made of the performance of the transonic turbine 
designed f o r  a maxim rotor-blade  suction-surface  critical  velocity 
r a t i o  of 1.41 with t h a t  of the  three  turbines  previously  investigated. 
The comparison ind€cated no Elppreciable e f fec t  on over-al l  performance 
of the  increased limit of the  surface  velocity. I n  the design of the 
subject turbine and the reference  turbines, the so l id i ty  is a dependent 
variable and i s  adjusted t o  a t t a i n  the specified design condition  such 
as meximum surface  velocity o r  dfffusion  parameter. B y  increasing the 
limiting maxim surface critical veloci ty   ra t io  from 1.25 to 1.41, the 
mean sol idi tywas reduced from 2.81 ( ref .  1) to 2.36 f o r  the same design 
velocity diagram. Thus there is a compensating effect  88 the  blade de- 
sign becomes c r i t i c a l  from the  standpoint of diffusion  or lrrsxim sur- 
face  velocity  or  both in that the r a t i o  of wetted  blade  surface a r e a  t o  
f l o w  area is reduced,  as th i s  r a t i o  is approximately  proportional to 

bl&e  cascade in  reference 7 where the loss of the cascade was shown t o  

* 

I so l id i ty  (table I). This so l id i ty   e f fec t  is shown fo r  a compressor- 
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vary  approximately in   direct   proport ion  to   the  sol idi ty .   In   order   to  
account fo r  the effect  of sol idi ty ,  the design-point  performances of the 
subject  turbine and the three reference  turbines are compared i n  f ig-  
ure ll on a specific blade loss basis. These data are the same as those 
presented in   f igure 10 of reference 3 with an  additional  point  included 
fo r  the s&ject  turbine. The trend of the  curve i s  similar t o  that ob- 
tained  for  coqpressor  blading (ref. 7)  i n  that the loss increases  grad- 
ually with diffusion  unt i l  some c r i t i c a l  value of diffusion  parameter 
is attained, and rapidly thereafter. An inference should not be made as 
t o  the  general  validity of this curve,  since the curve is  based on an 
investigation of only four twbines.  It i s  interesting  to  note,  how- 
ever, that the trend is e i m i h r  t o  that obtained for compressor blading, \ 

which can be used generally  to  correlate  coqreasor  losses  within a rea- 
sonable range of deviation. 

. 
" 

. .  

"" 

The design limited maximum surface  cr i t ical   veloci ty   ra t io  vaxies 
from 1.08 t o  1.41 among the four turbine designs compared i n  figure 11. 
Because the correlation does not appear t o  be affected  by  the change i n  
maximum c r i t i ca l   ve loc i ty   ra t io ,  It is also indicated from figure 11 
that changing th i s  design limit within this range did not appreciably 
affect  the turbine performance. 

A transonic  turbine  designed  for a maxim blade-suction-surPace 
Mach  number of 1.57 (c r i t i ca l   ve loc i ty   ra t io ,  1.41) has been investi-  
gated  experimentally. The performance result8 obtained with t h i s  
turbine were compared with those of three other transonic turbines 
previously  investigated. The pertinent  results are as follows: 

1. A t  design  equivalent work and design  speed, the total-pressure- 
ra t io   e f f ic iency  of the turbine w w  between 0.85 and 0.86 with a maximum 
efficiency of 0.86. The rating  efficiency at the design  point was 0.12s- 

2. The performance .resul;te obteined I&!& this. turbine, the design 
diffusion parameter of which was 0.24, represent  an improvement of about 
1 efficiency  point over that of another  transonic  turbine  previously  in- 
vestigated which had.a design-limited  suction-surface Mach nuniber of 1.33 
and a design  diffusion p a r m t e r  of 0.15. Thus it wss concluded that 
increasing  the design limit of maximum surface  velocity  within t h i s  range 
did  not  appreciably impair over-all  performance,  although  the  diffusion 
parameter w a s  simultaneously  increased from 0.15 t o  0.24. 

3. The design-point  performance of the turbine and that of the  three * 
transonic  turbines  previously  inveatigated were colllpared on the basis of 
specific  blade loss. From the coqarfson it was indicated that the spe- 
cific  blade loss  could  be  correlated with" difPusion parameter. Although " " - 
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4 no m l i c a t i o n  w a s  intende-d-as t o  the  general  valfdity of the  correlation, 
it w a s  noted that the  trend of the  curve was simflar t o  that obtained f o r  
compressor blade  losses as affected by diffusion. 

Hat iona l  Advisory Committee f o r  Aeronautic8 
Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio, July 21, 1954 
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TABU I. - CWARISON CF DESIGN aF FOJR TRANSONIC-TURBINE 

CONFIGURATIONS 

I Turb 

F i r s t  
transonic transonic 
Second 

(ref. 2) (ref. 1) 

Equivalent work, B tu / lb  I 22.6 I 20.2 

Equivalent  weight flow, 6 11.95 

Equivalent t i p  speed, U d C  I 597 I 597 

Maximum ro t  or - 
blade surface 

Design diffusion  parameter, D 

2.16 2.81 Mean radius sol idi ty ,  crm 

0.30 0.15 

Design velocity diagram I Fig. 1 I Ref. 2 

-ne I 
Third 
transonic 

Subject 

(ref. 3) 

22.6 I 22.6 1 
u . 9 5  1 11.95 I 
597 I 597 1 
1.10 

1.41 1.08 
1.57 

0.00 

2.36 2.86 

0.24 

Y 
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J TABLE 11. - ROTCR-BLADE-SECTIOH C O C R D I N ~  

Hub Tip 8 Mean 

' J  deg 
-2.0 7.72 I 18.85 

XJ in. 

0 . 100 
;200 . 2Oaa 
.300 
.400 
.so0 
.600 
.700 
.800 
.900 

1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.600 
1.700 
1.800 
1.900 
2.000 
2.100 
2.200 
2.300 
2.373 
2.400 
2.500 
2.600 
2.700 
2.800 
2.845 

0.70 

YlJ, in 
0.015 ""_ ""- 

.308& 

.430 

.539 

.631 

.707 

.769 

.819 

.858 

.a87 

.907 

.918 
,919 
.911' 
.894 
.868 
,833 
.789 
.737 

.613 

.543 

.468 . 40gb 

.ma 
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Figure 5. - Turbine-rotor yud ahaft assembly. 
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Figure 6. - Over-all turbine performance based on total-pressure  rat io. 
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Figure 9. - Variation of . m a x i m u m  local adiabatic 
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turbine  configurations. 
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for four transonic-turbine configurations. 
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