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RESEARCH MEMORANDUM 

COMPONENT PERFOMANCE LNVESTIGATION OF 5 7 1  TYPE I1 TUXBIIVES 

V - INTERNAL FLOW CONDITIONS OF 571 TYPE IIA TUIiBLNE 

By Harold J. Schum, Elmer H. Davison, and Donald A. Petrash 

SUMMARY 

An experimental investigation of the in te rna l  flow conditions of the  
571 Type I I A  turbine was conducted a t  the equivalent design speed and work 
output. Results indicate tha t  the  f i r s t  stage produced 42 percent of the 
t o t a l  work, the second stage 33 percent, and the t h i r d  stage 25 percent, 
These experimental values closely correlated the design values of 42, 34, 
and 24 percent f o r  the  f i r s t ,  second, and t h i r d  stages, respectively. 
The corresponding stage eff ic iencies  were 0.904, 0.851, and 0.806. The 
over-all  turbine efficiency was 0.874. 

High loss  regions were found near the  hub and t i p  regions fo r  a l l  . 

three rotors,  par t icular ly f o r  the t h i r d  stage. Stator and rotor blade 
design diffusion numbers were calculated based on blade geometry and a 
stream-filament analysis. The calculated values of design diffusion cor- 
re la ted  the  blade losses t o  the extent tha t  high s t a to r  and rotor  diffu- 
sions fo r  the  t h i r d  stage resul ted i n  high losses f o r  the t h i r d  stage. . 
The f i r s t  and second stages agreed reasonably well. However, no spanwise 
correlat ion 09 blade losses with diffusion f o r  any of the three stages 
was observed. 

INTRODUCTION 

As a par t  of a general study of high-work-output low-speed multistage 
turbines, an experimental investigation of three- stage Type I1 turbines 
fo r  the  571 turbojet  engine i s  being conducted a t  the  NACA Lewis labora- 
tory.  Two di f fe rent  turbines were constructed, the Type I I F  and the Type 
X U .  Although both turbines were geometrically similar, having the same 
annular flow variat ion through the turbine and the  same number of blades 
i n  corresponding blade rows, the  XJA turbine had smaller blade throat 
areas f o r  a l l  blade rows downstream of the f i r s t  s ta tor .  In  addition, the 
blading of the I I A  turbine was of the curved-back type; tha t  i s ,  the  blade 
prof i les  had curvature on the suction surfaces downstream of the  blade 

. The over-all  throats .  The IIF turbine e 



component performance r e su l t s  of these two turbines a r e  presented i n  ref-  
erences 1 and 2; and a comparison of r e su l t s  indicated the  M turbine, 
i n  general, performed s l igh t ly  be t t e r  than the  IIF turbine at  comparable 
operation conditions. However, the difference i n  turbine eff ic iencies  
at  design speed and work output was small, both configurations producing 
eff ic iencies  of about 0.88. 

A detai led study of the  in te rna l  flow conditions of t h e  571 Type I I F  
turbine was then conducted a t  the  equivalent design speed and near the  
equivalent design work output ( ref .  3 ) . This study was based on r a d i a l  
survey instrumentation located behind each blade row. Although the  re- 
s u l t s  as presented were not intended t o  be quantitative because of inher- 
ent circumferential flow variations, they can be interpreted as indicating 
trends of comparative performance of a turbine blade row or  stage. m e  
investigation revealed tha t  t h e  stage-work d is t r ibut ion  closely approxi- 
mated tha t  of design. The f i r s t - ,  second-, and third-stage eff ic iencies  
were 0.894, 0.858, and 0.792, respectively. The f a c t  t h a t  t h e  third-stage 
ro to r  was unshrouded and had a re la t ive ly  la rge  t i p  clearance was  believed 
t o  be a contributing fac tor  toward the  low efficiency of the  t h i r d  stage. 
As a consequence, the  third-stage ro tor  was shrouded, and t h i s  modified 
I I F '  turbine was experimentally investigated. The r e su l t s  a r e  presented 
i n  reference 4. It was  found tha t  shrouding the  t h i r d  ro tor  had a neg- 
l i g i b l e  e f fec t  on over-all turbine efficiency. 

Because the over-all  eff ic iencies  of the  IIF and I I A  turbines were 
comparable, it w a s  considered of in te res t  t o  perform an experimental 
survey study of the  IIA turbine, similar t o  tha t  fo r  the IIF turbine, 
i n  order t o  ascer tain the  individual stage performance character is t ics .  
It i s  conceivable tha t  the  individual stage eff ic iencies  of the  IIA tur-  
bine could vary considerably from those tha t  existed i n  t h e  UIF turbine 
( re f .  31, and s t i l l  the  two turbines could yield the  observed comparative 
over-al l  eff ic iencies .  It is a l so  considered of importance t o  determine 
whether the  unshrouded third-stage rotor  of the  IIA turbine would perform 
i n  the  same manner as  tha t  f o r  the  I IF  unshrouded t h i r d  rotor .  Accord- 
ingly, the  J71 Type IIA turbine was s e t  up and instrumented s imilar ly t o  
the  IIF turbine ( re f .  3), and t h e  uni t  was again operated a t  the  design 
speed and near the design work output. The resu l t s  obtained a r e  pre- 
sented and compared herein with those of t h e  IIF turbine. 

APPARATtJS m INSTRUMENTATION 

The 571 Type IIA and Type 13% turbines a r e  described i n  d e t a i l  and 
contrasted i n  reference 2. Briefly, the  two turbines d i f f e r  i n  blade 
p ro f i l e  shape and blade throat  areas. The blade prof i les  i n  the  IIF tur -  
bine were straight-backed, whereas the  I I A  turbine employs curve-backed 
blades. Furthermore, t he  I I A  turbine had smaller blade throat  areas i n  
al1,blade rows downstream of the  f i r s t  s t a t o r  than the IIF turbine. 



The over-all experimental setup used for  the subject investigation 
of the LUI turbine was essentially the same as described i n  reference 1 
fo r  testing the Type IIF turbine. A photograph of the aver-all experi- 
mental instal lat ion showing the various components i s  presented i n  fig- 
ure 1. The instal lat ion of the interstage static-pressure taps, as well 
as the instrumentation necessary t o  determine the over-all turbine per- 
formance, is  described in reference 3. Additional instrumentation in- 
cluded a combination total-pressure and angle probe ahead of the f i r s t  
s ta tor  and behind each of the three stator  blade rows. Behind each rotor, 
two combination total-pressure, angle, and total-temperature probes were 
mounted i n  two different circumferential locations. A l l  combination 
probes were mounted i n  remotely controlled actuators and were used t o  re- 
cord the radial  variations of the aforementioned measurements. A photo- 
graph of a representative combination probe is shown in  figure 2. A 
schematic diagram of the I I A  turbine, showing the turbine blading, the 
interstage instrumentation, and the circumferential location of the cam- 
bination probes i s  presented i n  figure 3. 

SYMBOLS 

The following symbols are used i n  this report: 

A annular area, s q f t  

diffusion faxtor, ( - W,)/W=~ 

g acceleration due t o  gravity, 32.174 ft/sec 2 

p p r e s m e ,  lb/sq f t  or in. Eg abs 

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

r radius, f t  

T temperature, OR 

U wheel speed, ft/sec 

V absolute gas velocity, ft/sec 

W relat ive gas velocity, ft/sec 

a absolute flow angle (measuredfromaxial direction), deg 

f3 re la t ive  flow angle (measured from axial  direction), deg 

y ra t io  of specific heats 



9 adiabatic efficiency 

P gas density, lb/cu f t  

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

03 angular velocity, radians/s ec 

- 
cu loss  coefficient 

Subscripts: 

av mass-averaged value 

c calculated 

e ex i t  

i i n l e t  

m8x maximum, loca l  

u tangential  

x ax ia l  

091,2939 measuring s ta t ions  (see f ig .  3) 
495,697 

Superscripts: 

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

1t r e l a t ive  stagnation or  t o t a l  s t a t e  

PROCEDURE AND CALCUWIONS 

The equivalent design conditions of the  571 Type I&% turbine, based 
on standard NACA sea-level turbine-inlet  pressure (29.92 in .  Hg  abs ) and 
temperature ( 5 ~ 8 . 7 ~  R), were 32.4 Btu per pound f o r  the  work output, 40.3 
pounds per second f o r  the  weight flow, and 3028 rpm f o r  the  speed. The 
experimental turbine was operated a t  t h i s  equivalent design point with an 
i n l e t  pressure of 35 inches of mercury absolute and an i n l e t  temperature 
of 7000 R. Based on the torque measurements, the brake in terna l  eff ic ien-  
cy of t h i s  point was 0.879, which compares very closely t o  the  efficiency 
of 0.880 as observed i n  reference 2 at  equivalent design speed and work. 
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With the  turbine speed, pressure ra t io ,  and i n l e t  conditions main- 
tained fixed, each combination probe was individually operated r ad ia l ly  
from t i p  t o  hub, A suf f ic ien t  number of points were observed t o  define 
the  trends of temperature ( a t  t h e  ro tor  ex i t s  only), pressure, and flow 
angle f o r  each of the t e n  probes. This procedure was s l i g h t l y  d i f fe rent  
from tha t  used during the  investigation of reference 3, because (1) more 
readings were observed, and ( 2 )  the  temperature measurements were made 
i n  the same circumferential locations a s  were the  pressure and angle 
measurements. These temperatures were then corrected f o r  k c h  number 
recovery. Where duplicate instrumentation existed, t he  measurements were 
numerically averaged a t  t h e i r  corresponding r ad ia l  positions. 

It is  recognized tha t  circumferential flow variations prevai l  behind 
a blade row. Only r ad ia l  measurements were obtained during the  subject 
investigation because of the extreme complexity of incorporating provi- 
sions f o r  circumferential survey instrumentation. Although a l l  combina- 
t i o n  probes (as w e l l  a s  the s t a t i c  taps)  were located midway between two 
adjacent s t a t o r  blades, the  observed readings may have been influenced 
by upstream blade wakes. Exactly the same limitations were expressed and 
considered i n  the  survey investigation of the  IIF turbine (ref. 3) .  The 
r e s u l t s  presented herein are not, then, t o  be considered quantitative; 
however, they can be interpreted t o  indicate trends of comparative stage 
performance. Wthermore, s ince the same l imitat ions were imposed on the  
I I F  turbine, and because the  instrumentation f o r  the  two turbine configu- 
rat ions was similar, a reasonable comparison between the  two turbines can 
be expected. 

The r e su l t s  a r e  presented i n  terms of a work-output parameter AT'/T' 
and adiabatic efficiency g of a s tage where loca l  values of pressures 
and temperatures were evaluated along an assumed streamline passiag 
through a given percentage of annular area a t  any given measuring s ta t ion .  
Both of these parameters were a l so  numerically integrated t o  obtain mass- 
averaged values f o r  each stage as  well a s  across the  en t i r e  three  stages. 
I n  addition, l oca l  values of t o t a l  pressure, s t a t i c  pressure, and t o t a l  
temperature were used t o  calculate  the  absolute flow Mach numbers and 
veloci t ies .  From the observed flow angle, components of these veloci t ies ,  
Vx and VU, were then determined. With these values and the  known wheel 

speed U, r e l a t ive  flow veloci t ies ,  Mach numbers, and angles were com- 
puted. To check the accuracy of the  calculated flow veloci t ies ,  l oca l  
values of T were computed from t h e  known wheel speed and the  change 
i n  t h e  tangent ial  veloci ty  AVu across a ro tor  blade row. The agreement 

between the  measured and the  computed N'/T' is  an indication of the 
va l id i ty  of the  flow measurements and assumptions used t o  calculate  flow 
veloci t ies  and angles. 

As s ta ted  previously, s t a t i c  pressures were observed a t  the  hub and 
t i p  ahead of and behind each blade row. A l i nea r  r ad ia l  var ia t ion  was 



assumed a t  a par t icu lar  measuring s t a t i o n  in order t o  calculate  absolute 
Mach numbers of t h e  flow. A t  measuring s t a t i o n  3, however, t he  t i p  value 
of s t a t i c  pressure was considerably lower than the hub value, which is 
contradictory t o  the  consideration of simple r ad ia l  equilibrium. Because 
t h e  measured s t a t i c  pressure across the  hub of t h e  f i r s t  ro tor  closely 
approximated the  design value a s  computed from the  veloci ty  diagrams 
( f ig .  4),  whereas t h e  observed t i p  values of s t a t i c  pressure disagreed 
considerably from design, t h e  observed s t a t i c  pressures at t h e  hub were 
considered correct.  This hub value was then a r b i t r a r i l y  assumed constant 
along the  blade height. Sfnilat- static-pressure var iat ions were a l so  
noted at  measuring s ta t ions  4 and 5, but only t o  a smaller extent, so that 
the  observed values were considered representative and the  l inea r  varia- 
t i o n  was used. 

- 
A stage los s  coeff ic ient  m cos pe/rr developed i n  reference 3 and 

a design diffusion fac tor  D f o r  the  ro to r  blades and s t a t o r  blades a r e  
a l s o  included herein. For the  convenience of the  reader, the  equations 
used t o  ca lcu la te  a l l  parameters a r e  l i s t e d  i n  the  appendix. 

RESULTS AND DISCUSSION 

Design Considerat ions 

The J71  Type Iltl turbine design vector diagrams a r e  presented i n  f ig-  
ure  4. The turbine design has h c h  numbers on the  order of 9.47 entering 
a l l  th ree  ro tor  rows of blades a t  the  hub. Also, the maximum design ro tor  
turning angle was log0 3 6 ' ,  occurring across the  hub sect ion of the f i r s t  
ro tor .  Low turbine-exit  tangent ial  ve loc i t ies  and discharge B c h  numbers 
prevai l  at t h e  e x i t  of the  t h i r d  rotor .  In addition, t he  turbine design 
incorporates accelerating flow across each blade row. A l l  these c r i t e r i a  
indicate  a conservative design. The IIA turbine performed reasonably 
well, as found i n  t h e  over-al l  turbine investigation (ref .  21, since t h e  
eff ic iency a t  t h e  equivalent design speed and work was 0.880. Design 
equivalent weight flow was a l s o  a t ta ined  at  t h i s  operating point. Com- 
parable eff ic iency character.istics were obtained i n  the  over-all perform- 
ance invest igat ion of the  571 Type IIF turbine ( re f .  l), although the  
l e v e l  of eff ic iencies  was s l i g h t l y  l e s s  than tha t  f o r  t h e  =turb ine  
( re f .  2 ) -  

The 1I-F turbine was  designed with straight-backed blades, whereas the  
IIA turbine employed curve-backed blades. From s t ruc tu ra l  considerations, 
the  curve-backed blades permitted thicker  blade sections jus t  upstream of 
the  blade t r a i l i n g  edges, and, hence, should have longer l i fe  and l e s s  
d i s to r t ion  under ac tua l  engine operating conditions. Aerodynamically, and 
within the  l i m i t s  of curvatures used on the  IIA turbine blades, reference 
5 indicates  that t h e  select ion of blade shape has no appreciable e f fec t  on 
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blade losses a t  the  Mach number l e v e l  f o r  which both turbines were de- 
signed. I n  fac t ,  design &ch numbers entering a l l  blade rows of the  I U  
turbine were s l i g h t l y  l e s s  than those f o r  t h e  corresponding blade rows 
of the  IIF turbine.  A maximum difference i n  Mach number of 0.068 occurred 
a t  t he  turbine discharge, t he  IIF turbine again having the  higher Mach 
numbers. In addition t o  &ch number considerations, t he  IIA turbine de- 
s ign requires more turning i n  t h e  ro tors  than t h a t  f o r  t h e  I I F  turbine,  
par t icu lar ly  i n  the  t h i r d  stage, where t h i s  difference amounted t o  10' 
at the  hub. 

Figure 5 shows typica l  blade sections and channels near t h e  hub, 
mean, and t i p  f o r  a l l  three stages of 571 Q p e  IIA turbine.  The afore- 
mentioned curve-backed blade contours can be noted by the  curvature of 
the  suction surface downstream of the  blade throats .  

Stage Performance 

The individual stage and the  over-all  performance r e s u l t s  of t h e  571 
Type IIA turbine a r e  presented i n  f igure  6, which shows t h e  var ia t ion  of 
work parameter AT'/T1 and efficiency q with percent of annular area.  
The mass-averaged values of the  work-output parameter a r e  0.1071, 0.0950, 
and 0.0792, f o r  the  f i r s t ,  second, and t h i r d  stages, respectively.  These 
values represent 42, 33, and 25 percent, respectively, of t h e  over-al l  
turbine work output, and compare very closely with t h e  design values of 
42, 34, and 24 percent. The over-all  mass-averaged work parameter was 
0.2555. 

As t o  the  r a d i a l  var ia t ion  of t h e  s tage work, f igure  6 shows work 
deficiencies near the  hub and t i p  fo r  a l l  th ree  stages. This is, of 
course, re f lec ted  i n  !the over-all  turbine T curve. The t h i r d  s tage 
shows a severe decrease i n  work near t h e  t i p .  The same condition was 
noted i n  t h e  corresponding investigation of the  571 Type IIF turbine t e s t s  
reported i n  reference 3. The f a c t  t ha t  t he  t h i r d  ro tor  w a s  unshrouded and 
had a re l a t ive ly  large t i p  clearance was believed t o  be a contributing 
fac tor  toward t h i s  low work output near the  t i p  region of the  blade. A 
subsequent investigation was conducted on t h e  IIF turbine i n  which t h i s  
third-stage ro to r  was shrouded ( re f .  4); however, no improvement i n  over- 
a l l  turbine performance was noted with t h i s  modification. It should be 
s tated,  however, t h a t  t he  t h i r d  stages of both the  I I F  and the IIA tur -  
bines were designed t o  produce l e s s  than 25 percent of t h e  t o t a l  turbine 
work. Hence, from an over-al l  turbine performance evaluation, a s ign i f i -  
cant improvement i n  the  performance of the  t h i r d  stage of e i ther  turbine 
is  required t o  improve t h e  over-al l  performance of the  turbine.  

Also shown i n  f igure  6 a r e  t h e  curves of AT'/T' f o r  the Tjpe I D  
turbine. The s imi lar i ty  of trends fo r  the first stage, t he  t h i r d  stage, 
and the over - a l l  work-parameter curves f o r  the  two turbine configurations 
can be noted readily.  It appears t h a t  the second stage of the  IIF turbine 
(ref .  3) had a more uniform work-parameter d is t r ibut ion  over the blade 
height than did the  I I A  turbine. However, no d i rec t  comparison of the  
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absolute values of m l / ~ 1  f o r  the  two turbines i s  made, since the  IIA 
turbine w a s  operated at an equivalent work of 32.35 Btu per pound, whereas 
the  IIF turbine was operated a t  31.1 Btu per pound (ref.  3) .  

The calculated work parameters (ATTIT' ), a r e  a l so  shown i n  f ig-  

ure  6. I n  general, the  trends of the  calculated and experimental curves 
of AT'/T' agree reasonably well  f o r  a l l  three stages. The absolute 
values, however, indicate  the  calculated values of AT1 /T' a r e  generally 
higher than t h e  measured values. The absolute l eve l  f o r  the  f i r s t  stage 
shows good agreement between t h e  calculated and measured values of work 
parameter. The agreement of t h e  second stage i s  f a i r .  The t h i r d  stage 
indicates good agreement i n  t h e  lower half  of the  blade span, but ra ther  
poor agreement i n  t h e  upper half  of the  blade, where the  order of the  
deviation amounted t o  over 20 percent. 

The performance of the Type IIA turbine can a l so  be compared with 
t h a t  of t h e  I D  turbine by refer r ing  t o  the  efficiency curves, which a r e  
a l s o  presented i n  f igure  6. Low-efficiency regions can be noted near the  
hub and t i p  f o r  a l l  three  stages, resul t ing i n  the  same general trend f o r  
the  over-al l  turbine efficiency. The mass-averaged values.of efficiency 
f o r  the  f irst ,  second, and t h i r d  stages a r e  0.904, 0.851, and 0.806, 
respectively.  The corresponding values f o r  the IIF turbine ( r e f .  3) were 
0.894, 0.858, and 0.792. The integrated over-all efficiency f o r  the IIA 
turbine was 0.874, whereas t h a t  of the  IIF turbine was  0.868. The t rend 
i n  stage eff ic iencies .  f o r  t h e  tuo turbines were similar; t ha t  i s ,  the 
third-stage eff ic iencies  were lower than those of the second stage, and 
t h e  second-stage eff ic iencies  were lower than those of the  f i r s t  stage. 
The spanwise var ia t ion  as wel l  as  t h e  integrated over-al l  and stage ef- 
f ic ienc ies  f o r  both turbines correlated closely, lending credence t o  the  
over-al l  survey r e su l t s .  Furthermore, these performance s imi l a r i t i e s  
indicate  tha t ,  within the  Mach number levels  encountered i n  these tur-  
bines, both straight-backed and curve-backed blading performed equally 
well. 

Stage Flow Mach Numbers and Angles 

The spanwise var ia t ion  of the  absolute and r e l a t ive  flow Mach numbers 
and angles entering and leaving each ro to r  row of blades i s  presented i n  
f igure  7. Design values a r e  a l so  shown, the  values being selected from 
the  design vector diagrams i n  f igure  4. Flow angles measured i n  the  di-  
rec t ion  of ro tor  ro ta t ion  a r e  considered posi t ive on the  angle plots.  
Figure 7(a),  which shows the  bbch numbers and flow angles entering and 
leaving t h e  f i r s t - r o t o r  row of blades, indicates tha t  t he  measured values 
of the entrance absolute and r e l a t ive  Mach numbers a r e  considerably higher 
than design, and the  rotor-exi t  r e l a t ive  and absolute Mach numbers a r e  
lower than design. Hence, design react ion i n  terms of Mach number across 
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the  ro to r  was not attained. The flow angle out of the first s t a t o r  was 
reasonably close t o  tha t  of design, except i n  the  blade end regions, 
where underturning existed. The rotor-entrance r e l a t ive  flow angles were 
l e s s  than design near the  hub, and greater than the design value over most 
of the  blade span. A t  t he  f i r s t - ro to r  exi t ,  t he  r e l a t ive  flow angle w a s  
close t o  design except near t h e  hub, where overturning existed. In  the 
absolute frame, the  ex i t  flow was some 6' t o  10' l e s s  than design except 
near the  hub. These variations in angle from design r e su l t  i n  off-design 
angles of incidence on the  following blade raws, and can r e su l t  i n  in- 
creased blade losses. incidence angle is  herein considered t o  be the  
difference between the measured angles and the  correspo&iing angles given 
by the  vector diagram ( f ig .  4).  

The entrance and exi t  Mach numbers and angles fo r  the  second ro tor  
a r e  shown i n  f igure  7(b). As f o r  the  first rotor, the  entrance absolute 
and r e l a t ive  Mach numbers a r e  greater  than design over the  en t i r e  blade 
span. The second-rotor-exit Mach numbers were higher than design except 
i n  the  blade end regions. The variat ion of these Mach numbers from design 
can be ascribed part ly  t o  the  f a c t  t ha t  the calculated ve loc i t ies  a r e  
higher than those which actual ly  ex is t  i n  t h e  turbine, since the  calculated 
work (A!T IT' ), f o r  the  second stage was higher than the  measured work 
(m '/T ) , as  shown in  f igure 6. Both the  entrance and ex i t  flow angles 
approximate design conditions except i n  the  blade end regions. The exi t  
absolute angle is some 4' t o  10' l e s s  than design a t  the  blade t ip ,  and 
t h i s  var iat ion indicates a negative angle of incidence on the  succeeding 
row of blades, t he  t h i r d  s ta tor .  

Figure 7(c)  presents the flow conditions entering and leaving the 
third-rotor  row of blades. As found f o r  the  f i r s t  two rotors,  the  en- 
trance Mach numbers t o  the  t h i r d  rotor  a r e  considerably higher than the  
design values. a l l  along the  blade span. The ex i t  r e l a t ive  Mach number is 
higher than design i n  the  midspan region, but lower at the  blade extremi- 
t i e s .  The exi t  absolute Mach number, however, agreed with design values 
except a t  the  end regions again, where, i n  general, the Mach numbers were 
l e s s  than design. Fair agreement with design values was observed with the  
absolute and r e l a t ive  flow angles entering the  t h i r d  ro tor  and with the 
third-rotor-exit  r e l a t ive  flow angles. The exi t  absolute flow angle was 
some 5' t o  10' more negative than the  design value over the  main portion 
of the  blade. The blade end regions again deviate from the  main flow 
angle. 

Stage Loss Function and Design Blade Diffusion 

Figure 8 presents the  var iat ion of a stage loss  function 
[(U) COB p)/o)le and design values of diff'usion D on the  suction sur- 
face of the  ro tor  and s t a to r  blades as functions of the annular area. 
The loss function was calculated from the rotor  blade geometry and the 
flow measurements at the exit  of each stage. It is  imedia te ly  apparent 
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tha t  the  loss  function is greater  near the  hub and t i p  than i n  the midspan 
of the ro tor  blades f o r  a l l  three stages. Also, the  leve l  of the  loss  
function f o r . t h e  t h i r d  stage i s  higher than fo r  the f i r s t  or second stages, 
which have approximately similar loss levels.  Tbe t h i r d  stage a l so  has a 
much more l imited range of low losses i n  the midspan region. 

The curves showing the variat ion of design diffusion with percent of 
annular area fo r  a l l  three rotors  and s ta tors  a r e  a l so  shown i n  f igure 8. 
These diffusion values do not represent experimental values tha t  actual ly  
a r e  encountered i n  the  turbine. In fact,  design diffusion cannot be ex- 
pected, since the  design vector diagrams were not established a t  the  de- 
s ign equivalent operating point a t  which these survey data were obtained. 
However, if the  design diffusion values a r e  considered a s  an indication 
of the ac tua l  blade diffusion, then high values of diffusion should in4 
dicate  high blade losses. No such spanwise correlation is  indicated i n  
f igure  8 f o r  any of t h e  three stages. In  fact ,  the converse seems t o  
prevail. It can be noted, however, tha t  t he  levels of the rotor  and sta- 
t o r  dif&ion curves f o r  the  t h i r d  stage a r e  higher than those of the  
first and second stages, as  was observed f o r  the loss-function curves 
( f ig  . 8).  Arbitrarily,  then, the individual stage loss-function curves 
were mass-averaged, and the  design diffusion curves were area-averaged. 
These average values a r e  shown i n  f igure 9. It is readi ly apparent t h a t  
the  averages of the  third-stage design diffusion and loss  function a r e  
considerably higher than those observed f o r  the f i r s t  o r  second stage. 
These data  indicate that, based on average stage diffusion and loss  func- 
t ion, high design diffusion r e su l t s  i n  high stage losses and, hence, lower 
stage eff ic iencies  . 

SUMMARY OF RESULTS 

From an investigation of the  in te rna l  flow conditions of the  571 
Type ULB three-stage turbine, operated at  the  equivalent design speed and 
work output, the  following re su l t s  were obtained: 

1. The mass-averaged values of efficiency f o r  the  f i r s t ,  second, and 
t h i r d  stages of the turbine were 0.904, 0.851, and 0.806, respectively. 
The corresponding turbine over-all  efficiency was 0.8'14. 

2. The first s t w e  of the  turbine produced 42 percent of the  t o t a l  
turbine work, the  second stage 33 percent, and the t h i r d  stage 25 percent. 
These values closely correlate  design values of 42, 34, and 24 percent f o r  
the  f i r s t ,  second, and t h i r d  stages, respectively, 

3. High loss  regions prevailed near the  hub and t i p  f o r  a l l  three  
rotors,  par t icular ly f o r  the  t h i r d  stage. 
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4. Design diffusion and blade losses correlated t o  the  extent that 
high s t a t o r  ,and ro tor  diffusion f o r  the  th i rd  stage resul ted i n  high 
losses fo r  the  t h i r d  stage. No spanwise correlation of blade losses with 
diffusion f o r  a l l  three stages was observed, however. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland., Ohio, August 8, 1955 



APPENDIX - EQUATIONS USED TO CALCULAm TUFBINE 

PERFORMANCE PaRlLMETERS 

The equations used t o  calculate the  various flow parameters a re  as 
follows f o r  the first stage of the  turbine: 

AT' - -  Ti - 1 - -  
T ' Tb 
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Equation ( 6 )  is  defined and developed i n  the  appendix of reference 3. 
Equations (1) t o  (4) a r e  concerned with the en t i re  stage, t ha t  is, across 
the  f i r s t - s t age  s t a to r  and rotor .  Equations (5) and ( 6 )  concern only the  
rotor,  except f o r  the stage-inlet  temperature i n  the  denominator of equa- 
t i o n  (51, which was assumed constant across the s ta tor .  The same equa- 
t ions were used t o  calculate the  performance parameter of the  second and 
t h i r d  stages, with appropriate changes i n  the  measuring-station subscript 
nomenclature (see f i g .  3). In  a l l  cases, l o c a l  values of observed pres- 
sures, angles, an& temperatures were used except f o r  the turbine-inlet  
temperature Tb, which was assumed constant across the f i r s t - s t a t o r  blade 

span. Equations (1) t o  (4) were a l so  calculated across the  en t i r e  tur- 
bine, from s t a t ion  0 t o  s t a t ion  7. 

In addition, a diffusion factor  D f o r  each turbine blade row was 
computed from the  equation 

where Wmx is the maximum velocity on the suction surface of the  blade, 

and We i s  the  average exi t  velocity within the  plane of the t r a i l i n g  

edge. The values of D were computed from the  design vector diagrams 
and the blade geometry i n  conjunction with the  manufacturer's stream- 
filament analysis.  
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Figure 1. - Installation of 571 Type IIA three-stage turbine i n  full-scale 
turbine component t e s t  f ac i l i ty .  
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Station 
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- Stagnation pressure 
- - -  Stagnation temperature 
e Static pressure 

Combination probe (thermocouple omitted from probes a t  stations 1, 2, 4, and 

Station 0 1 2 3 

Figure 3. - Schematic diagram of 571 Type IIA turbine showing instrumentation. 
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Tip Mean 

Stator 

(a)  F i r s t  stage. 

Stator 

(b) Second stage. 

Stator 

(c) Third stage. 

Figure 5. - Design blade and channel shapes for  J71Type IIA turbine. 
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Fi-rst stage Second stage Third stage Over-all i2 

Percent rotor-exit annular area 

Figure 6. - Variation of stage and over-all work and efficiency of J71 Type I I A  turbine with annular area at rotor 
exits . 
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Figure 7 .  - Concluded. Vari 
annular a r ea .  

Entrance r e l a t i v e  Exit  r e l a t i v e  Ex i t  absolute 
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( c )  Third-stage r o t o r .  

a t i o n  of absolute  and r e l a t i v e  Mach numbers and angles a t  r 
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Area-averaged design stage diffusion 

Figure 9. - Variation of average stage loss flrnction and design diffusion, 
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COMPONENT PERFOFMANCE INVESTIGATION OF 571 TYPE I1 TURBINES 
V - l3TER'lAL FLOW CONDITIONS OF 571 TYPE IIA TURBINE 

Abstract 

An experimental investigation of the  J71 Type LIA turbine was con- 
ducted a t  t he  equivalent design speed and work output. Tfie design stage- 
work d is t r ibut ion  was closely approached, although the  design vector 
diagram was not attained. Efficiencies of 0.904, 0.851, and 0.806 were 
obtained f o r  the f i r s t ,  second, and t h i r d  stages, respectively. Losses 
occurred near the  hub and t i p  f o r  a l l  three rotors.  The third-stage 
losses, however, were s ignif icant ly greater than those of e i ther  the  
f i r s t  or second stage. 
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