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COMPONENT PERFORMANCE INVESTIGATION OF J71 EXPERIMENTAL TURBIXE 

11-- LNTERNAL-FLOW CONDITIONS W I T B  

97-PERCE2iT-DESIGN STATOR AREAS 

By John J. Rebeske, Jr ., asd Donald A. Petrash 

SUMMARY 

An experimental investigation of the internal-flow conditions of a 
571 experimental turbine equipped with 97-percent-design s t a to r  areas was 
conducted at equivalent design speed and near equivalent design work. 
The r e su l t s  of the  investigation indicate  tha t  t h e  stage work dis t r ibu-  
t i o n  closely approximates design, t he  actual  d is t r ibut ion  being 44.1, 
33.4, and 22.5 percent f o r  the  f i r s t ,  second, and t h i r d  stages, respec- 
t ive ly .  The f i r s t - ,  second-, and third-stage eff ic iencies  were 0.894, 
0.858, and 0.792, respectively. 

The f i r s t  and second stages exhibited los s  regions near the hub and 
t i p  at the ro to r  blade out le t s .  . The hub loss  region i s  a t t r ibuted  t o  sta- 
t o r  secondary flows, and a contributing fac tor  t o  the t i p  loss  region may 
be the high design diffusion on the  rotor  blade suction surface near the 
t i p .  The los s  i n  the th i rd  stage i s  appreciably greater than t h a t  i n  the  
f i r s t  o r  second stage. The f a c t  t h a t  t h e  th i rd  ro tor  i s  unshrouded and 
has a nominal t i p  clearance of 0.120 inch m y  contribute t o  the higher 
loss  in  the  t i p  region of the th i rd  stage. 

A s  p a r t  of a general investigation of high-work-output, low-speed 
multistage turbines a t  t he  NACA Lewis  laboratory, the  internal-flow con- 
d i t ions  of a J 7 1  experimental three-stage turbine have been experimentally 
determined at design equivalent speed and at  approximate design equiva- 
l en t  work and pressure r a t i o .  This par t icular  three-stage turbine con- 
f igurat ion was equipped w i t h  f i r s t - ,  second-, and third-stage s t a to r s  
with areas of 97 percent of design. The over-all  performance of t h i s  
turbine i s  presented i n  reference 1. The turbine exhibited reasonably 
good over-all  performance, the  efficiency being 0 -877 a t  design equivalent 
speed and work output. 

UNCLASSIFIED 
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I n  order ta o6tain additional and more d e t d l e d  information on the 
performance of the turbine, interstage instrumentation was FnstaUed t o  
determine individual stage performance, r ad ia l  dis t r ibut ion of flow 
angles and velocities,  and loss  areas in the turbine. Because of the 
complex nature of the instrumentation required to- measure the in te rna l  
flow conditions in a multistage turbine, the measurements were limited 
t o  r ad ia l  surveys a t  one ar- two circumferential posit ians between blade 
rows. Although it i s  recognized tha t  large circumferential flow varia- 
t ions may exis t  downstream of blade rows (ref  s. 2 and 33, it i s  believed 
tha t  the  instrumentatton downstream of the rotors  was adequate t o  reveal 
any mador loss  regian i n  the turbine, because the average of two  or  more 
circumferential positions was used. Even so, the measurements Etlre not 
coneidered quantitative axd are interpreted a s  Indicating the trends of 
comparative performance of a part icular  blade raw or turbine stage. 

SYMBOLS ' - - .--' 
. >. . - - - 7 -  .-" - . -. 

The following symbols are  used i n  t h i s  report: 

A .  annular area, sq f t  . - -  

c actual  blade chord, f t  

w,, - wo w 

D W u s i o n  factor,  . - 
w m m  

g acceleration due t o  gravity, 32.174 f t/sec2 

P pressure, 1b/sq f t  

R gas constant, 53.4 f t - l b / ( l b ) ( O ~ )  

r radius, f t  

s blade spacing, ft 

T temperature, OR 

U wheel speed, f t / sec  

V absolute gas velocity, f t /sec -- 
- 7- 

W re la t ive  gas velocity, f t / s ec  

a absolute flow angle (measured f r o m  ax ia l  dir.ectian), deg - - --. 
. -7 

I3 re la t ive  f low angle (measured from axia l  direct iog) ,  deg 
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Y r a t i o  of specif3.c heats 

7 adiabatic efficiency 

P gas density, lb/cu f t  

a sol idi ty ,  r a t i o  of ac tua l  blade chord t o  blade spacing, c/s 

w angular velocity, radians/sec - 
- 
U) loss  coefficient 

Subscripts: 

av mass-averaged value 

i i n l e t  

max maximum 

o out l e t  

u tangential  

x ax ia l  

0 , 1 ~ 2 ~ 3 }  measuring s tat ions (see f i g .  1) 
4,5,6,7 

Superscripts: 

I stagnation or  t o t a l  s t a t e  

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

MEZHODS AND PROCEDURE 

Instrumentation 

The experimental t e s t  ins ta l la t ion ,  the method of power absorption, 
and the turbine are  as described Fn reference 1. .Additional inters tage 
instrumentation used fo r  the present investigation consisted of movable, 
unshielded ' total-pressure probes with provision f o r  angle measurement. 
These probes were mounted i n  remotely controlled actuators and were used 
t o  measure the radial variations of total pressure and angle a t  the  
measuring s tat ions indicated i n  f igure 1. Photographs of typica l  t o t a l -  
pressure and t h e r m o c o ~ l e  probes a r e  presented in f igure  2 .  Total  tem- 
peratures were measured by two fixed calibrated spike-type thermocouple 
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rakes. Each rake consisted of f ive  thermoc~uples located rad ia l ly  a t  
the a t e r n a t e  area centers of t en  equal annular areas, and were located % -- - -- - 
at  d i f ferent  circumferential positions as  indlcatgd i n  f igure 1. -- -- 

S t a t i c  pressure a t  any radius was determined by assuming a l ineas 
radia l  variation between the average of the value measured by wall s t a t i c  
taps on the  inner and outer shrouds a t  a given -- measuring - stat ion.  A t  
s ta t ions 3 and 5, however, the s t a t i c  pressure was as6t;ized constarrt a t  
the  value indicated by the waS1 s t a t i c  taps on the inner shroud. This 
a s suq t ion  w a s  made because the  measured static-pres m e  ra t ios  across 
the rotor  hubs were reasonably close t o  values calculated from the deaign 
velocity diagram, and the indicated wall s t a t i c  pressures on the  outer 
shroud were lower than the hub value, a colldit&on that i s  i n  d i rec t  con- 
t rad ic t ion  t o  the ~Onsiderat iom of simple r ad ia l  equilibrium. It ic 
believed tha t  these t i p  values reflected a Lo-@ flow cpndition (perhaps 
the  flow around t e a h a r p  corners of the. outer shrouds, see f i g .  1) and 
a s  such would be meaningless i n  calculating the mainstream flow 
veloci t ies .  - .  

Test Conditions and Procedure 

The survey data were obtdned by operating t h e  turbine a t  the equiv- 
alent  design speed of 3028 r p m ,  an equivalent work output of 31.1 Btu 
per pound, and a rat ing pressure r a t i o  P;/P;,~ of 3.37. It i s  f e l t  

t ha t  t h i s  value of equivalent work outpu-t; i s  suff icient ly close t o  the 
equivalent design value of 32.4 Btu per pound t h a t  the actual internal- 
flow conditions marbe evaluated in terms of the lIesign flow conditions 
f o r  the turbine. The i n l e t  stagnation pressure and temperature a t  sta- 
t ion  0 ( f i g .  1) were nominally 35 inches of mercury absolute and 700a R .  
Total-presswe a d  angle surveys were taken a t  s tat ions 1 t o  7 a t  f i f t een  
rad ia l  positions corresponding t o  2.5, 5, 10, 15, 20, 30, 40, 50, 60, 
70, 80, 85, 90, 95, and 97.5 percent of annul-m akea. Indicated to ta l -  
temperature readings were obtained a t  s t a t i w s  3,: 5, and 7 from the fixed 
thermocouple rakes whose themcouples  were located a t  r ad ia l  positions 
corresponding t o  5, 15, Z5, 35, -45, 55, 65, 75, 85, and 95 percent of 
annu la  area. - .  - - -  ---- -- -a- -- 

- - . - - - - - -  - - 

Internal-Flow Calculations 

Equivalent stage work. - The loca l  work output of a stage i s  ex- - - -- -- - 
pressed as an equivalent stage temperature bop :  . .  - -. 

where T& and T; m e  loca l  values evaluated along an assumed stream- . ... 

l i ne  passing through a given percentage of -armulm area a t  any given .. 
. . . - - . . 

. . . .L 
. .. 

,. -f -- 
me as uring s t  at ion. .. . . .  .. . . .  - .. - .  

.. . . - - .  - - . . . .- 
. - 
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Stage p d  over-al l  eff ic iencies .  - The loca l  values of turbine 
stage and over-all  adiabatic eff ic iencies  were calculated from 

6 
where the  loca l  values of both t o t a l  pressures and temperatures a re  
obtained a t  a given percentage of annular area.  

Mass-averaged values .- - Mass-averaged values of stage and over-all  
work and efficiency were obtained from the equation 

where ( ) indicates the  Local value of e i ther  work o r  efficiency ob- 
tained from equation (1) or  ( 2 ) ,  and pVx dA i s  the  corresponding loca l  
value a t  e i ther  the  stage o r  turbine out le t .  A numerical integration was 
used t o  evaluate the  integrals .  

Velocities and flow angles. - The loca l  values of stagnation tem- 
perature, pressure, and s t a t i c  pressure were used in  the  one-dimensional 
energy equation t o  calculate the absolute flow Mach nuuibers and veloci- 
t i e s .  Components of these veloci t ies  Vx and Vu were then determined 
from the known flow angle. These values, together with t h e  wheel speed 
U, were then used t o  calculate  the  r e l a t i v e  flow veloci t ies ,  Mach num- 
bers, and angles. A s  a check on the  accuracy of the ve loc i t ies  computed 
from the stagnation pressure, s t a t i c  pressure, and angle measurement s, 
the  loca l  value of AT '/T was camputed from the f ollowfng equation: 

- r ~  ) rn' -- o(rivu,i  0 U,O 
r n r  - 

The order of agreement between the calculated asd measured values of 
A!T'/T' indicates  the  accuracy of t h e  flow measurements and assumptions 
used t o  calculate the  flow veloc i t ies  and angles. 
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Loss parameter. - A stage loss  parameter is. defined hergin by the . . . .  
. . .  

..A . . . . . .  -. -. . 
.. 7 . .  

equation . . . . . . . .  - . . . . . . . . . . . . . .  - ... - ... - . . . .  . .- -. . ... 
2- a- 

- A  

where the r e l a t i v e  total-pressure drop across the ro tor  i s  assumed t o  
represent the loss  across the complete atage. This assumption i s  made 
because detailed circumferential and r ad ia l  surveys are necessary t o  
define the  total-pressure loss  across the s ta tors .  Isentrupic flow 
across the s ta tors  was assumed Fn evaluating the stage loss  coefficient, 
because only r a d T a l  surveys were made i n  t h i s  investigation and the total 
pressures measured at the rotor  out le t  are believed to be more represents- 
t i v e  of an average value. The Loss coefficient G wae evaluated i n  
terms of absolute total-pressure and t a t a l - tqpe ra tu re  r a t ios  acroes the 
stage and f l o w  and i t ions  at t h e  r o t a  out let .  The equations used are 
given i n  the  appendix. 

-. m A 

-- 
. . . .  This loss  coMficient G was then multiplied by the  cosine of the - -- 

re la t ive  ro tor  leaving angle P o  (where B 0  i s  evaluated from the  . . 

* 
design vector diagrams) and divided by the  rotor  blade so l id i ty  a .  It 
can be shown that,  fo r  incomprcesible flow, 

where 8 i s  the momentum thickness of the boundary layer and H i s  a 
form fac tor  fo r  the boundary layer.  Unpublished data have shown that  a . . 

p lo t  of the  loss  function G cos P ~ C  against a diffusion factor cor- - 2  . - 

r e l a t e s  a large amount of cascade and compressor blade-element data. 

Diffusion f a c b r  . - A diffusion factor  for  the turbine rotor  blades ..- 

i s  defined as 

where W,, i s  the maximum velocity on the suctian. surface of the rotor  - - 
...... 

blade, and W, i s  the average out le t  velocity within the plane o f .  the -. 
. . . . . .  -.. . .  .. . . . .... t r a i l i n g  edge - -. - - - - - -. - - - - - -  . . - - . . - . - 

. . ... -. . . . . .  . . . .- - .- . . 

It is  believed t h a t  one of the  fac tors  affect*. the momentum thick- - -- 
ness of the  boundazy Layer i s  t h e  loca l  r a t e  af-diffusion on the blade 

-- 

suction surface. Eowever, the value of D W i n e d  previously i s  an . 

average value, and reference 4 has indicated some correlation of turbine 
performance with diffusion defFned in t h i s  manner. The values of D . 

. 
. - 

used were computed from the  design vector diagrams and blade geometry - 
by a stream-filament method given i n  reference 5. I 
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mSULTS AID DISCUSSION 
* 

The design velocity diagrams f o r  the 571 experimental turbine are  
presented i n  f igure 3, and the blade and channel shapes near the hub, 

e mean, and t i p  sections in f igure 4. Exmination of f igure  3 reveals 
tha t  the Mach numbers a t  the i n l e t  t o  each blade row a re  f a i r l y  conserv- 
a t ive  values, being on the order of 0.5. The turbine i s  designed f o r  
good react ion or  accelerating flow across the ro to r s  and s tators ,  and the 
turning required in  any blade raw i s  l e s s  than 1 0 4 ~ .  The ax ia l  Mach 
number a t  the  third-rotor out le t  i s  l e s s  than 0.5, and the  tangential  
velocity i s  small; so that,  i f  the design ve loc i t ies  actual ly  existed 
i n  the  turbine, there  would be no limiting-loading problem or  excessive 
losses due t o  the  k ine t ic  energy of the out le t  tangent ia lve loc i ty .  

The design blade shape and passage layouts shown i n  f igure  4 i.ndi- 
cate  tha t  a l l  blades are straight-hacked, meaning there i s  no curvature 
i n  the blade suction surface downstream of the  throat .  Loading on t h i s  
pas t  of t h e  blade i s  therefore minimized. Reference 6 indicates t h a t  
t h i s  condition r e su l t s  in lower blade los s  coefficients a t  a Mach number 
of 1. However, the reference also indicates that ,  where the  flow Mach 
number does not exceed 0.8, there  appears t o  be l i t t l e  difference i n  - l o s s  fo r  e i the r  curved-back or straight-backed blades. 

From t h i s  cursory study of the  turbine vector diagrams and blade .. layouts, it appears t h a t  the  turbine i s  conservatively designed and that 
reasonably good performance may be expected. The r e s u l t s  of reference 
1 indicate tha t  t h e a c t u a l  turbine equipped with s t a to r s  whose areas 
were 97 percent of design did have reasonably good over-al l  performance. 

Stage Performance 

The stage performance r e s u l t s  obtained Fa the  present investigation 
a re  presented i n  f igure  5, where the  variations of stage work AT'/T 
and stage efficiency q with annular area a re  shown, along with the  
over-all  values. The mass-averaged values of work output f o r  the  f i r s t ,  
second, and th i rd  stages a r e  0.1103, 0.0939, and 0.0696, respectively.  
These values compare favorably with the  design values a.nd represent 
44 .l, 33 .$, asd 22.5 percent, respectively, of the  over-all  turbine work 
output. The spsswise variation of the loca l  stage work i s  f a i r l y  con- 
s tan t  f o r  the  f irst  and second stages, with deficiencies i n  the  hub and 
t i p  regions of the  blades. The th i rd  stage, however, exhibits large 
work deficiencies i n  the  hub and t i p  regions of the  blade. 

The mass-averaged eff ic iencies  for the f i r s t ,  second, and t h i rd  
stage a re  0.894, 0.858, Gd 0.792, respectively. The spmwlse variations 
of the loca l  stage eff ic iencies  f o r  a l l  three stages roughly p a r a l l e l  - t he  spanwise variations of the  l o c a l  gtage work. Low values of e f f i -  
ciency occur Fn t he  work-deficient regions near the  .hub and t i p  of the  
blades. 

I 



8 - NACA RM E54LE. . .- . 

It may be well t o  note a t  this point t ha t  the  t h l r d  stage i s  not - . - - I 

shrouded and t h a h  nominal t i p  clearance of 0.120 inch exis t s  under the - - 
cold-air t e s t  conditions. ThFa may be a contributing fac tor  t o  tke poor - 
t i p  perf o m c e  obs-~ved the_-third- s3-age. + 

The mass-averaged value of the  over-all  turbine work i s  0.2498, and - . -  
- -  

the spanwise variation exhibits work deficiencies gear the hub and t i p .  
- - 

The mass-averaged value of ovpr-all turbine efficiency i s  0.868, which - - 

compares reasonably well with the  value of 0.877 obtained i n  the over- g -- a l l  turbine performance reported i n  reference I. 
03- 
M 

The work deficiency and Low efficiency observed near the hub f o r  . .. .- 

each of the three stages are  probably cause&-by the low~mentum fluid-_ 
. 7 -- 

of . the s t a to r  secondazy flows, which acctimLrLates on the inner shroud. -. - 

This f l u i d  f o r m s  a rrartex core and i s  swept by the. mainstream through - .- 
the rotors; and, a s  it passes through the rotors, it i s  displaced out:. . .--- . ..- 

ward away from the inner shroud. This. low-momentum f l u i d  aFpears d m -  
stream of the  rotors  a s  a low-work-output, low-efficiency region. -- 

The spmwise vmia t ion  of the calculate-d- v a & g  s_ of - f&!T ' / T  I shown -- 
i n  f igure  5 agrees reasanably well with the measured values i n  tG f l r y t  - . .- 
and t h i rd  stages. However, there i s  appreciable discrepancy between - . .  -- 
the  measured and c a l c u l a t d  values f o r  the second stage. This discrep- 
ancy may be at t r ibuted t a  the location of the static-pressure taps a t  -- - 

. - 
the out le t  of the second s ta tor .  O f  necessity, these t q s  were located 
within the  s ta tor  blade passages s l ight ly  upstream of the t r a i l i n g  edge - 
and probably indicated a lower s t a t i c  pressure than tha t  which actual ly  
existed downstream of the  s t a to r  blade. This would r a i se  the  indicated -- 
stator-out let  velocity and account f o r  the higher l eve l  of the calculated 
A!T '/T' over the  midportion of the blade span. - -- -- 

Stage Flow Velocities and Angles 

The radial vaziations of absolute and r e l a t ive  Mach numbers and - -- 
angles a t  both the i n l e t  and out le t  of the three ro tors  a re  presented i n  
figure 6.  (posi t ive q l e s  have tangential  velocity components i n  the  - 
di rec t ion  of tihe wheel speed U . )  Design values obtained from the vector . .- 

diagrams near the hub, mean, esd t i p  are  also shown. Figure 6(a)  shows 
tha t  the leve l  of the absolute Mach numbers out of the first s t a to r  (or  
the absolute ro tor - in le t  Mach numbers) i s  higher thgn that  of the 
design values. The corresponding r e l a t ive  Mach numbers a t  the rotor  
i n l e t  are also higher, being on the order of 0.51 a t  the man a s  COm- 
pmed w i t h  the design value of 0.40. The out le t  - relat ive and absolute - --- 
Mach numbers a re  less than the design value's;- s6 that ,  in terms of r e l -  - 
a t ive  Mach number, the reaction of the stage ha6 decreased below the 
design value, tending krw-md an impulse or negative react ion condition - -- 
new the hub of the blade. 



The flow angle out of the f i r s t  s t a to r  ( f i g .  6(a) ) indicates about 
2' o r  3 O  of underturning over most of the  blade span, w i t h  regions of 
severe underturning near the hub and overturning neaz the  t i p .  This 
underturnlng exis t s  even though the  s t a to r  area w a s  decreased by 3 per- 
cent from tha t  of design, which increases the s t a to r  blade angle by 
approximately lo. However, reference 1 shows tha t  the  turbine actual ly  
passed about 5 percent more mass flow than the design value. Since t h i s  
greater mass flow i s  passing through the same annular area, it requires 
a higher ax ia l  component of velocity and contributes t o  the  underturning 
observed over most of the  blade height at the s t a to r  e x i t .  

The r e l a t ive  flow angle a t  the  f i r s t - ro to r  i n l e t  i s  l e s s  than 
design up to about 30 percent of the a.nnular area and i s  greater than 
design over the  remaining portion of the  blade span. This r e s u l t s  i n  
negative angles of incidence near the  hub and posi t ive angles of inc i -  
dence over the  upper portion of the  f i r s t - s t age  rotor  blades, being on 
the  order of 8O at  95-percent annulaz area (assuming t h a t  under design 
conditions the  blades are oriented f o r  zero angle of incidence). The 
r e l a t ive  angle at  the  rotor  ou t l e t  indicates overturning near the  hub and 
s l igh t  underturning over the  remaining portion of the  blade. The abso- 
l u t e  out le t  flow angle i s  on the  order of 8O l e s s  than design, except in 
the  hub and t i p  region of the  bl-. This represents a negative angle 
of incidence at the  i n l e t  t o  the second s tator ,  except i n  a limited 
region near the hub of the  blade. 

Figure 6(b) shows t h a t  the  second-stator out le t  absolute Mach number 
and t h e  second-rotor i n l e t  r e l a t ive  Mach number a re  higher than the 
design values. This may be a t t r i b ~ t e d  in  pa r t  t o  the  aforementioned 
location of the s t a t i c  tags, which were s l igh t ly  upstream of the  s t a to r  
blade t rai lFng edges on both the  inner and outer shrouds. The ou t l e t  r e l -  
a t ive  and absolute Mach nunibers a re  reasonably close t o  the  design values, 
except in regions neaz the  hub and t i p  of the blade. Again, i n  the sec- 
ond stage as i n  the  f i r s t ,  the react ion in terms of r e l a t ive  Mach number 
change across the  rotor  has decreased from the  design value. 

The ou t l e t  absolute flow angle of the  second s t a to r  ( f ig .  6(b) ) 'is 
underturned by 3O or  4O over most of the blade span, wlth increased 
underturning near the hub and overturning near the  t i p .  The variation 
of the  r e l a t i v e  angle a t  the  second-stage rotor  islet indicates neg- 
a t ive  angles of incidence near the  hub and posi t ive values nea2 the t i p .  
The r e l a t i v e  ou t l e t  flow angle i s  s l igh t ly  l e s s  than the  design value by 
some 3' o r  4' over most of the  blade span, except in the  region near the  
hub . The absolute. ou t l e t  flow angle i s  approximately 30 t o  100 _less than 
the  design values over most of the  blade sgm, except- in  a region at  the  
hub, where the angle i s  approximately 8' greater than design. The corre- 
sponding angle of incidence on the  th i rd  s t a to r  i s  then negative over 
most of t h e  blade span and posi t ive a t  the hub. 
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F i g u r e . ~ ( c )  shows that the absolute Mach number a t  the s t a to r  out let  - - -- . - . 

and the re la t ive  Mach nuniber at.-the twrd-=tor  - i n l e t  - are higher than 
t, -- the design values. The out let  re la t ive  and absolute - ~ a & h  nunibers -are Xess 
- 

than the design values. This w a i n  reduces the react ion across the  th i rd  - 
- 

rotor, with the hub and t i p  regions showing rather marked decreases i n  7 -- - - 
- - - - -  

re la t ive  Mach nwniber . - 

--9 

The third-stator  out le t  absolute,flowangle (fig. 6(c) )  agrees very - - .  

well with the design values. The re la t ive  . . . . . . . .  f luw ' angle a t -  the third-rotor 
i n l e t  i s  greater than the design values aver most of the -blade spin, 
representing positive angles of incidence on--the th i rd  r6tor  of approx- 
imately 8O. The out le t  re la t ive  angle ~~~ 'd i ' ca te~-over tu rh ing  in the hub 
region, then a sl ight  underturning up t o  about 85 percent of the annular 
area, and a marked underturning i n  the t i p  region of t h e  blade. The 
out le t  absolute f m a n g l e  i s  neearly axia l  . . . .  .L. . - except' .. i n &  . . .  - t i p  . . .  region of 

. . . . . .  the b lade. . - 
. . .--....... - .. n . . .  ........... - .  - - 

In  summary, figure 6 shaws that, in general, the  stator-outlet  Mach 
numbers a re  higher than designvalues and the ro tor -out le t  Mach numbers 
m e  lower than design, a condition tha t  decreases the rehction across 
the ro tors  and increases the reacyon across the  s ta tors .  Certainly a 
contributing factor  t o  this conditian.is tharthe-%hr-eestator areas fo r  
t h i s  particulw? turbine configuration were 3 percent smaller than the 
design areas. Regions of unc3ehurni.G exfE€%3%e three s ta tor  outlG€6 
new the hub, and overturning exis t s  near the t i p .  The three rotors  
exhibited overturning near the hub. The t h i r d  rotor has a region of 
marked underturning near the  t i p .  The angles of incidence on the  blade 
rows are small over _the_ n$dport&on of the blade s p a s  and axe somewhat 

- - - - - . - - . - . - 
larger in the hub and t i p  regions. 

- - -- 

Stage Loss Function and Design Rotor Blade Diffusion 

Figure 7 presents the varfation with annular area of a stage loss  
function based on r d o r  W e  geometry and the deslgn value of diffusfan 
on the suction-.amface of the ro tor  blades. The values of stage loes m 
the upper half of the blades progressively increase for  the first;- second, 
and t h i r d  stages, and hlgh loss  regions also ex i s t  near the hub of the 
blades. Values of design rotor blade diffusion Increase from the hub t o  
the t i p  of t h e  blades; and, i n  general, the magnitudle of the second-stage 
values i s  greater .than t h a t  of e i ther  the first o r  th i rd  stage. 

A.6 stated prevlou~ly,  the loss  regions near the hub may be a t t r i b -  
uted t o  the lo.cl~-px?qe_nt~.fluid~~f t&%zta to r  secon-dary flows pasEr-lng 
through the rotors . : Figure 7 shows t h a t ~ h e ~ o s s ~ - i ; n a ' ' r o - ~ o ~  blase-. 
diffusion increase .on theupper  - t h i r d  ........ of :the. - jdlades, . .  which indicates .. 

tha t  the higher values of rotax..blade .Qf<u$iOri:~~~-'be a mntribut-'. 
fac tor  t o  the  high loss  n e e t h e  t i p  of 'thg7'f5f8de6=. .The larger w n i k u d e  
of the  loss  Fn the  t i p  regionof the third '  &age- d y  be'due t o  the f a c t  
t h a t  the  th i rd  ro tor  was .unshro_uded2..-w&erea61 the  f?st,_-% second .......... rotors  . 

were s hrauded . 
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It should be pointed out tha t  the values of ro tor  blade suction- ., 
surface diffusion are  design values and do not necessarily represent the 
values tha t  actual ly ex i s t  in  the turbine. I n  fact ,  the ac tua l  values 
a r e  higher than the  design values, because the  reaction of each rotor  i s  
lower than t h a t  of d e s i g .  This would tend t o  increase th? diffusion, 
because the  out le t  r e l a t ive  Mach numbers a re  decreased. However, a l l  
three stages correlate  t o  the extent tha t  high loss  i s  present in the 
blade t i p  regions where the loca l  design diffusion i s  highest. 

P K) 

SUMMARY OF RESULTS 

An investigation of the internal-flow conditions of the 571 experi- 
mental three-stage turbine equipped with 97-percent-design s ta tor  areas 
md operated near equivalent design conditions revealed that : 

z 1. The mass-averaged values of e f f i c i e n ~ ~ w e r e  a s  follows: f o r  the 
d 
P f i r s t  stage, 0 .'894; f o r  the  second stage, 0.858; and f o r  t h e  t h i r d  stage, 

N 
0.792. The corresponding turbine over-all efficiency was 0.868. 

I 
U 
U -  2 .  The work division fo r  the stages closely approached design 

values. The actual  work values were 44.1, 33.4, and 22.5 percent for  
the f i r  s t ,  second, and th i rd  stages, respectively. - 

3. The absolute Mach numbers a t  the  s t a to r  out le ts  and t h e  r e l a t ive  
Mach numbers a t  the  ro tor  i n l e t s  were higher than design values. The 
rotor-outlet  r e l a t ive  and absolute Mach numbers were, in general, l e s s  
than the  design values, so tha t  the ro tor  reaction i s  l e s s  than design 
and rotor  blade suction-surface diffusion i s  greater than design. 

4. High Loss regions existed near the hub and t i p  a t  the out le t  of 
each ro tor  blade row. Hub loss  i s  at t r ibuted t o  s ta tor  secondary flow, 
and a contributing fac tor  the t i p  los s  may be high diffusion on the 
ro tor  blades in the t i p  region. 

5. Contributing fac tors  t o  the poor performance of the t h i r d  stage, 
especially i n  the  t i p  region, may be the r e l a t ive ly  large t i p  clearance 
(0.120 in.) a.nd the f a c t  t h a t  this stage i s  not shrouded. 

Lewis Fl ight  E% opulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, December 8, 1954 
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APPENDIX - DERIVATION OF. _STAGE LOSS . C O E ' 3 ' I C F  TERMS 
. .. - -  , 

OF ROTOR-OUTLET COXDITIONS 

The stage lose coefficient : is defined as  

Equation (5) may be rewritten as  

Assuming t h a t  all the entropy increase across the stage occurs i n  the 
rotor,  pg/py may be expressed a s  a function of the total-temperature 
and total-pressure r a t i o s  across the en t i r e  stage and the change i n  
radius of the assumed s t r e a l 3 a e  posit ion at the-rotor inlet and ou t l e t  
a t  a given percentage of annular ares.  Thus, 

The re la t ive  total-temperature r a t i o  may be expressed a s  

The pressure ratio . .pg/p;, map be determined from 
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The pressure r a t io  p d p ~  i s  given by 

Upon insert ion of equations (8) t o  (11) in  equation (7), the stage 
loss  coefficient i s  evaluated in terms of the  measured t o t a l -  
temgerature & total-pressure r a t ios  across t h e  stage, measured values 
of t o t a l  temperature, t o t a l  pressure, s t a t i c  pressure, and the  calcu- 
la ted  veloci t ies  a t  the  ro tor  out le t .  
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(a) Instrumentation Btations. 

Static preeeure 
+ Movable probe (to measure angle and stagnation pressure) - Stagnation pressure --- Stagnation temperature . . 

..... . Station 0 1 2 3 . . . . . . . .  - .  -- - .. - .-- 

4 5 6 7 

j3GEiq 
(b) Circumferential Location of lnstrumente at each station. 

Figure 1. - Schematic diagram of 573 experimmtal turbitle In radial-axial plane 
- 

Bhowing instrumentation. 



(a) Thermocouple rake. (b) Total-pressure and angle probe. 

Figure 2. - Typical total-temperature rake and probe for measuring total pressure and angle. 



Number of b lades  

Figure  3 .  - Desig? v e l o c j t y  diagrams f o r  J 7 l  exper imenta l  t u r b i n e .   u umbers i n  parentheses a r e  Mach numbers.) 
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Hub Mean 

(a)  F i r s t  stage. 

(b) Second stage. 

Tip 

(c)  Third stage. 

Figure 4 .  - Design blade and channel shapes f o r  571 experimental turbine. 
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Measured from 
temperature probes 

Calculated from 
momentum change 

F i r s t  s t age  Second s t age  Third s t age  Over-all 

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 
Percent ro to r -ou t l e t  annular a rea  

Figure 5. - Varia t ion  of s tage  and over-al l  work and e f f i c i ency  of J7 lexper imenta l  turb ine  with annular a rea  a t  r o t o r  
o u t l e t s .  



I n l e t  absolute I n l e t  r e l a t i v e  Outlet r e l a t i v e  

Percent annu 

Outlet absolute 

-. -.. 

lar  a rea  

( a )  F i r s t  s tage,  

Figure 6 .  - Variation of absolute and r e l a t i v e  Mach number and angle a t  r o t o r  i n l e t  and o u t l e t  with annular area.  



I n l e t  absolute I n l e t  r e l a t i v e  Outlet r e l a t i v e  Outlet absolute 

- 
Percent annular area 

( b )  Second stage.  

Figure 6 .  - Continued. Variation of absolute and r e l a t i v e  Mach number and angle a t  r o t o r  i n l e t  and o u t l e t  with an- 
nular  area.  
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I n l e t  absolute I n l e t  r e l a t i v e  Outlet  r e l a t i v e  Out le t  absolute 

Figure 6. - Concluded. Var 
nular  area.  

0  20 40 60 80 100 0  20 40 60 80 100 
Percent annular a rea  

( c )  Third s t age .  

. ia t ion  of absolute and r e l a t i v e  Mach number and angle a t  ro t  

0  20 40 60 80 100 

;or i n l e t  and o u t l e t  wih an- 
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- 50  

Figure 7 .  - Varia t ion 
with annular a r ea .  
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