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I ' -  

FOREWORD 

This report  was produced in accordance with 
NASA Contract NAS3-6013 under the technical 
management of M r .  Henry B. Tryon and con- 
sultation with Mr .  Harold E. Rohlik, NASA 
Lewis Research Center,  Cleveland, Ohio. It 
descr ibes  the design and mechanical testing of 
the turbine research  package in accordance 
with Article I ,  Section B of the contract .  
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I. SUMMARY 

The turbine research package is a t e s t  r i g  intended to  provide cold-flow 
aerodynamic performance data f o r  the Brayton-cycle a l ternator  dr ive 
turbine.  This turbine is a two-stage, axial-flow unit designed to pro- 
vide a high efficiency potential. 

The turbine r e sea rch  package was designed to provide a convenient 
mechanical configuration fo r  aerodynamic testing. 
constructed and tes ted mechanically to  twenty percent  over i ts  design 
speed. 
and completed the required acceptance t e s t .  
and Space Administration will conduct aerodynamic testing a t  the Lewis 
R t s e a r c h  Center .  
on  January  26, 1966. 

This unit has  been 

I t  has  demonstrated satisfactory mechanical charac te r i s t ics  
The National Aeronautics 

The turbine research  package was delivered to NASA 
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Working fluid Argon 
Flow ra t e  ( lb l sec)  0.611 
Inlet total  temperature  ( O R )  1685 
Inlet total  p re s su re  (psia)  8.45 

P WA- 2 796 

Total p re s su re  rat io  1. 26 
Operating life (hours)  10, 000 
Rotational speed ( rpm)  12,000 
Maximum speed ( rpm)  14,400 

II. INTRODUCTION 

Working fluid Argon 
Flow ra te  ( lb / sec )  1. 10 
Inlet total  temperature  (OR) 520 
Inlet total  p re s su re  (psia)  8.45 

Total p re s su re  rat io  1. 26 
Rotational speed ( r p m )  6680 
Maximum speed ( rpm)  8020 

A turbine r e s e a r c h  package incorporating oil  lubricated,  rolling contact 
bearings i s  also provided to permit  evaluation of the aerodynamic pe r -  
formance  of the turbine using low-temperature gas. 

The discussion that follows begins with a description of the turboalternator 
turbine design because of the dependence of the turbine r e s e a r c h  
package design on the turboalternator turbine design, 
by a description of the turbine r e sea rch  package and then by a presentation 
and discussion of the resul ts  of the mechanical acceptance test .  

This is followed 

PAGENO.  2 
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111. TURBINE AERODYNAMIC DESIGN 

The turbine blading f o r  the Brayton-cycle turboalternat r was selected 
with the objective of producing high efficiency and high reliability. 
Since the speed and temperature  in the turboalternator a r e  relatively 
low, the mechanical design of the turbine can incorporate la rge  design 
margins  to provide high reliability potential. A high velocity ratio :$ 

turbine was selected to provide high efficiency potential. 
using a large-diameter ,  single-stage turbine with shor t  blades, a two- 
stage turbine w a s  chosen to maintain a reasonable blade height to 
reduce tip c learance and end losses.  
blade heights coupled with low gas flow in the Brayton cycle led to a 
low axial velocity-to-wheel speed ratio. 
turbine with high reaction which is consistent with the high velocity 
ratio selected. 

Rather than 

The effor t  to maintain reasonable 

This design resu l t s  in a 

The thermodynamic design parameters  of the turbine a r e  presented in 
Table I. The predicted efficiencies a r e  based on conservative loss 

TABLE 1 

B r a y t o n  Cycle T u r b o a l t e r n a t o r  
Turb ine  Thermodynamic  Des ign  

F i r s t  S tage  

Work,  B tu / lb  7 . 5 2  
Rotational speed ,  r p m  12,000 
P r e s s u r e  r a t i o  a c r o s s  tu rb ine  

Tota l  to total  I .  1144 
T - t - 1  I ”.-.:- 
I Y L a L  LO .,caLc.c 

P r e s s u r e  r a t i o ,  f lange t o  flange 
Tota l  to  total  
To ta l  to  s t a t i c  

Maan vt, locity r a t i o  ( ac tua l )  0 . 7 2 6  
Axial  gas  va loc i ty- to-mean-  

b lade  ve loc i ty  0 . 3 3 4  
Stage exi t  ax i a l  m a c h  n u m b e r  0 .0809 

T o t a l  t o  s t a t i c  e f f i c i ency  0 .8050 
Exl t  s w i r l  angle  ( m e a n ) ,  

- 4 . 6 1  
Hub- to- t ip  r a t i o  0 . 7 4 6  
Blade  root  s t a t i c  p r e s s u r e  

r a t i o  1 .0363  
F l a n g e  to f lange ,  total  t o  

total  efficiency 
F l a n g e  to f l ange ,  total  t o  

s t a t i c  e f f ic iency  

Total  to total  e f f ic iency  0 . 8 4 7 3  

de  g r c e s 

Second Stage  

7 .52  
12,000 

I .  1190 

0 . 7 2 4  

0.3375 
0 .0833 
0 .8472 
0 .8026 

- 4 . 5 6  
0 .730  

1 .0356 

O v e r - A l l  

15 .04  
12 ,000  

1 .2469 
l .  2 5 5 2  

1.  2495 
I .  2540 
0 . 7 2 5  

0 .8501 
0 .8254 

0 . 8 4 2 8  

0 .8264 

V e l o c i t y  ra t io ,  
U ,  to the square  root of twice the actual turbine work. 

i s  defined as v where A h is  the actual over-al l  
turbine work. 

v , is defined as  the rat io  of mean wheel l inear  speed, 
Hence, 

v = U / < m o .  turbines ,  the over-al l  velocity ra t io  

0 0 
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coefficients which were  adjusted by a 1 / 5  power law to account for  the 
effect of low Reynolds numbers.  
the nozzles and blades based on the axial projection of the chord a r e  a 
little over  13,000. ) Gas leakage over the blade tips i s  estimated to be  
approximately 4 percent  of the pr imary  flow. 

(The Reynolds numbers  f o r  both 

The thermodynamic conditions and gas  angles relative to  the plane of 
rotation entering and leaving each airfoi l  row a t  root ,  mean ,  and tip 
locations a r e  presented in Table 2. This table l i s t s  conditions, averaged 
circumferentially,  immediately upstream and forward of the leading edge 
or  immediately downstream of the trailing edge of the blades and vanes.  
The fluid conditions in Table 2 represent  the main s t r e a m ,  except f o r  
the conditions under "Leaving Turbine. I '  At this position, complete 
mixing of the leakage with the main s t r eam flow i s  assumed.  Nomen- 
clature  for  the gas  tr iangles is shown in F igure  3. 
tr iangles employ f r e e  vortex flow patterns.  There  is a smal l  amount 
of s w i r l  left in the gas  a t  the exit of the turbine in the direction of rota- 
tion. 
a t  the blade roots and nozzle tips and to provide high efficiency potential. 

The selected gas  

This condition was selected to provide balance between the reaction 

The airfoil  geometr ies  a r e  presented in F igu res  4 through 7. 
contours were  selected to provide conservative distributions within the 
passages.  
vanes and Figures  14 through 17 for  the blades.  
low diffusion ra tes  a r e  character is t ic  of the airfoil  designs.  
tip sect ions,  the wide spacing between airfoi ls  prevented the application 
of two-dimensional channel analysis to determine the velocity distribution. 

The airfoil  

These distributions a r e  shown in F igures  8 through 13 f o r  the 
High convergence and 

At the blade 

A summary  of the a i r fo i l  dimensions and s t r e s s e s  in the turbine of the 
turboalternator i s  presented in Table 3. 
a t  an average metal  temperature of 1685"F, and the second-stage vane 
operates  at an average metal  temperature of 1624"R. 
Table 3 ,  the bending s t r e s s e s  a r e  ve ry  low. With the u s e  of AMS 5382 
ma te r i a l  for  the vanes,  a very large design margin is provided. At 
1660"R , the yield strength for this mater ia l  is 35,000 psi ,  and the 1 
percent c r e e p  strength for  10,000 hours  is 28,500 ps i .  
bending s t r e s s  to which the vanes w i l l  be subjected is only 153 psi .  

The f i r s t - s tage  vane operates  

A s  shown in 

The maximum 

Blade s t r e s s e s  a r e  a l so  shown in Table 3 for  conditions in the turbo- 
a l te rna tor .  
g a s  bending s t r e s s e s  being almost insignificant. Centrifugal bending 
s t r e s s e s  a r e  induced, however, because i t  w a s  not possible to  stack 
the centers  of gravity of a l l  sections on a radial  line and s t i l l  obtain 
the required blade shape. 

The pr imary  s t r e s ses  a r e  due to centrifugal pull, with the 

These s t r e s s e s  a r e  shown in F igures  19 and 
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R a d i a l  S t a t i o n  

E n t e r i n g  V a n e  

T o t a l  t r r n p p r a t u r e  
T o t a l  p r ~ s s u r r  
S t a t i c  t t , r n p e r a t u r c  
S t a t i c  p r p s s u r t ,  
A x i a l  v e l o c i t y  - C, 
A h s o l u t r  s m i r l  v r l o c i t y  - C,, 
G a s  i n l e t  a n g l r  - a" 

L e a v i n g  V a n e  

S t a t i c  t e m p e r a t u r e  
S t a t i c  p r r s s u r e  
A x i a l  v e l o c i t y  - C, 
A b s o l u t ?  s w i r l  v r l o c i t y  - C U I  
G a s  e x i t  a n g l r  - a l  
R e y n o l d s  n u m h r r  
F l n w  a r P a  

E n t e r i n g  B l a d ?  

R r l a t i v r  t o t a l  t e m p e r a t u r e  
R e l a t i v e  t o t a l  p r e s s u r e  
S t a t i c  t e m p e r a t u r e  
S t a t i c  p r r s s u r e  
A x i a l  v e h c i t y -  C, 
R e l a t i v r  s w i r l  v e l o c i t y  - W u 2  
Whe.rl s p r r d  - U 2  
G a s  ial+t m g l c  - 9, 

L e a v i n g  Blade ,  

S t a t i c  t r . n p e r a t u r c  
S t a t i c  p r r s s u r e  
A x i a l  v r l c , c i t y  - C, 
R e l a t i v r  s w i r l  v e l o c i t y  - W u 3  

3 W h e e l  s p e e d  - U 
G a s  e x i t  a n g l e  - ,9 
R e y n o l d s  n u m b e r  
A c t u a l  f l o w  a r e a  

L t . a v i n g  T u r b i n e  

T n t a l  t r r n p e r a t u r e  
S t a t i c  t r m p r r a t u r e  
T o t a l  p r r s s u r e  
A x i a l  v e l o c i t y  - C 
- 4 h s o l u t r  s w i r l  v r l o c i t y  - Cu3 
A b s o l u t e  g a s  e x i t  a n g l e  

3 

TABLE 2 

Turboalternator Turbine Gas  Triangles 

'R 
p s f a  
"R 
p s f a  
f t l s e c  
f t l s e c  
d e g r e r s  

"R 
p s f a  
'R 
p s f a  
f t l s e c  
f t l s r c  
i t  I s1,c 
d1'6"'" 

O R  

p s f a  
f t l s e c  
f t l s e c  
f t l s e c  
d e p  r e s 

f t 2  

'R 
" R  
p s f a  
ft1SPC 
f t l s e c  
d c g r e e s  

R o o t  - 

1 6 8 5  
1217 

1 6 8 1 . 2  
1 2 1 0 . 2  

1 4 9 . 3  
- 3 6 . 9  
1 0 3 . 9  

1636.H 
1 1 2 5 . 9  

1 5 1 . 5  
5 2 6 . 2  
1 6 . 0 7  

1 6 4 3 . 5  
1 1 3 7 . 3 5  
1 6 3 6 . 6 4  
1 1 2 5 . 5 2  

1 4 9 . 2 9  
3 8 0 . 5 5  

43.7H 

1 6 1 8 . 4 7  
1 0 8 6 . 1 2  

1 4 8 . 2 1  
3 6 5 . 9 5  

2 2 . 0 5  
3 8 0 . 5 5  

F i r s t  S t a g e  

M e a n  - 

1 6 8 5  1 6 8 5  
1 2 1 7  1217 

1 6 8 1 . 3  1 6 8 1 . 3  
1 2 1 0 . 3  1 2 1 0 . 3  

1 4 9 . 3  1 4 9 . 3  
- 3 1 . 7  - 2 7 . 7  
1 0 2 . 0  1 0 0 . 5  

1 6 4 n . 5  1 6 5 6 . 2  
1 1 4 6 .  I 1 1 5 9 . 4  

1 5 1 . 5  1 5 1 . 5  
4 5 1 . 7  3 9 5 . 7  
I ti. 5 4  ' 0 . 9 6  

I .  J 5 9 \ I O 4  
0 . 0 7 1 7  

1 6 5 2 . 0 5  1 6 6 1 . 9 4  
1 1 5 3 . 2  1 1 6 9 . 5 3  

1 1 4 6 . 4 7  1 1 6 0 . 1 1  
1 4 3 . 0 4  

7 . 9 8  - 1 1 3 . 8 8  
4 4 5 . 0 6  5 0 9 . 5 7  

Hb.  X2 128.51 

1 6 4 8 . 7 6  1 6 5 6 . 5 7  

1 6 1 8 . 4 8  1 6 1 8 . 4 8  

4 3 2 . 5 7  4 9 8 . 6 6  

1 0 8 6 .  I 3  1 0 8 6 . 1 4  
14R.21 1 4 8 . 2 1  

4 4 5 . 0 6  5 0 9 . 5 7  
1 8 . 9 2  1 6 . 5 6  

I . 3 0 0 ~ 1 0 ~  
0 . 0 7 4 3  

S e c o n d  S t a g e  

- Root  - M e a n  9 

1 6 2 4 . 4 8  1 6 2 4 . 4 8  1 6 2 4 . 4 8  

1 6 2 0 . 9  1 6 2 0 . 9  1 6 2 0 . 9  
1 0 8 6 .  I IOH6.1 1 0 8 6 .  I 

1 4 8 . 4  1 4 R . 4  1 4 8 . 4  
- 1 4 . 0  - I  I .9 - 1 0 . 4  
9 5 .  38 9 4 . 6 1  9 3 . 9 7  

1 0 9 2 . 1 1  1 0 9 2 .  I I 1 0 9 2 .  I I 

1 5 7 5 . 2  1 5 8 7 . 9  1 5 9 6 . 0  
1 0 0 5 . 3  1 0 2 5 . 7  1 0 3 8 . 8  

1 5 3 . 2  1 5 3 . 2  1 5 3 . 2  
5 3 2 . 4  4 5 1 . 8  3 9 2 . 3  
1 6 . 0 5  1 8 . 7 3  2 1 . 3 3  

I . 3 7 x x  I 174 
0 . 0 1 6 7  

1 5 8 2 . 4 5  1 5 9 1 . 5 3  1 6 0 2 . 1 5  

1 5 7 4 . 9 1  1 5 8 8 .  17 1 5 9 6 . 4 5  
1 0 0 4 . 8 2  1 0 2 6 .  1 1 0 3 9 . 5 2  

1 4 4 . 4 1  
1 6 1 . 5 3  9 . 0 2  - 1 2 1 . 0 4  

3 7 5 . 0  4 4 4 . 0 7  5 1 3 . 1 3  
4 1 . 8 1  8 6 . 4 4  1 2 9 . 9 5  

1 0 1 6 . 8 9  1 0 3 1 . 5 4  1 0 4 8 . 8 3  

1 5 5 8 . 0 1  1 5 5 8 . 0 2  1 5 5 8 . 0 2  
9 7 0 . 3 1  9 7 0 . 3 2  9 7 0 . 3 3  

3 6 0 . 2 5  4 3 1 . 6  5 0 2 . 3 4  
3 7 5 . 0  4 4 4 . 0 7  5 1 3 . 1 3  
2 2 . 5 9  19 .  14  1 6 . 6 1  

I .  3 4 3 ~ 1 0 ~  
0 . 0 8 0 0  

1 4 9 . 8 1  1 4 9 . 8 1  1 4 9 . 8 1  

1 5 6 3 . 9 7  1 5 6 3 . 9 7  1 5 6 3 . 9 7  
1 5 6 0 . 3 2  1 5 6 0 . 3 3  1 5 6 0 . 3 4  
9 7 5 . 9 9  9 7 5 . 9 9  9 7 5 . 9 9  
1 5 0 . 0 4  1 5 0 . 0 4  1 5 0 . 0 4  

9 5  4 2  9 4  5 8  9 3  9 6  
- 1 4 . 2 1  - 1 2 . 0 0  -IO. 3 8  
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Radia l  Stat ion 

Vanes  

N u m b e r  of Vanes  
M a t e r i a l  
D i a m e t e r  in 
A v e r a g ?  r a d i a l  he igh t  in 
P i t c h  in  
Axial  width in 
Vane c h o r d  in 
Sol idi ty  
G a s  bend ing  s t r e s s  p s i  
A i r f o i l  metal t e m p e r a t u r e  'R 
Tota l  a x i a l  t h r u s t  on Ib 

T o t a l  t a n g e n t i a l  l oad  lb 
a i r f o i l s  

B l a d e s  

N u m  hr r cf b l a d e s  
.Ma tr ' r ial  
D i a m r t r r  
AvvraUr r a d i a l  he igh t  
P i t ch  
Ax ia l  u i d t h  
B lade  c h u r d  
S o  1 id i t y  
C e n t r i f u g a l  s t r e s s  
G a s  bend ing  s t r e s s  
R e s u l t a n t  bending s t r e s s  

( G a s  a n d  m i s a l i g n m e n t  

A i r f o i l  m e t a l  t e m p e r a t u r e  
To ta l  a x i a l  t h r u s t  
To ta l  t a n g r n t i a l  load 

bend ing)  

in  
in 
in 
in  
in  

PSI 
PSI 
ps i  

"R 
l b  
lb  
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T A B L E  3 

Turboa l t e rna to r  T u r b i n e  Airfoi l  
Dimensions and  Stresses 

Root  - 

7 .318  

0.5225 
0 . 5 1 8  
0 . 8 6 0  
1.647 

0 
1684.5 

7 .268  

0 .635  
0 .825  
0 . 9 5 3  

1.5 
379 3 
71.0 

777 

1642.7 

F i r s t  Stage 

T ip  - Mean - 

44 
AMS 5382 
8.525 9 . 7 3 2  
1.207 

0.6087 0 . 6 9 4 7  
0.6035 0 .689  

0.958 1 . 0 6 4  
I .  575 1 .533  
117.7  0 

1684.6 1684 .6  
14 .  I 
9.65 

36 
PWA- 1010 

8.500 9 . 7 3 2  
I ,  232 

0.7404 0.846 
0.616 0 .407  
0.975 0 .984  
1.318 1 162 
2536 0 
64.0 0 

317.7 0 

1651.7 1661 .3  
13.7 
8.35 

Second Stage 

T i p  - - Root Mean - 

7 . 2 1 8  

0 . 5 5 3  
0 . 5 5 4 6  

0 .874  
1 . 5 8  

0 
1624. 1 

7 I62 

0 .6245  
0.899 
1 . 0 0 5  

1 .61  
3715 

56 
1630 

1581 .5  

40 
A M S  5382 

8 .5045  9 . 7 9 1  
1.2865 
0 . 6 5 1  9.750 

0 . 6 5 2 8  0 .7511  
1 .015  I .  158 
I .  559 1 .542  
4 1 .  1 152 .7  

1624. I 1624. 1 
11.91 
8 .  33 

3 6  
PWA-1010 

8 . 4 8 1  ' 1 .  tion 
1 . 3 1 4  

0 .740  I 0.8552 

1.019 1 . 0 1 1  
1 .377  I .  1x2  
2620 0 

8 8  0 
I643 0 

0 .6595  0.421, 

1591. I 1601 .5  
13.5 
8 . 3 6  
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20. The mater ia l  selected fo r  the turboalternator turbine blades is 
PWA-1010, which is a nickel alloy equivalent to Inconel 718. With the 
u s e  of this mater ia l ,  a ve ry  l a r g e  design margin is provided. The 0.1 
percent c r e e p  strength in  10,000 hours for  the mater ia l  i s  about 35 ,000  
psi ,  and the maximum s t r e s s  in the turbine blades is only 5 ,400  psi .  

The predicted over-al l  performance of the turbine at a variety of velocity 
ra t ios  is presented in  F igure  21,  and the flow parameter  is presented 
in F igure  22 as a function of pressure  ratio. These data are based on 
operation with design turbine inlet t empera ture  and pressure .  
significantly lower p re s su re ,  Reynolds number effects would be  expected 
to change the predicted values. 

At 
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I * -  

IV. DESCRIPTION OF TURBINE RESEARCH PACKAGE 

1 
E 
8 
1 
P 
E 
E 
I 
U 
e 
E 
I 
31 
8 
E 

The turbine r e s e a r c h  package is designed to provide a convenient 
means  of evaluating the aerodynamic performance of the turboalternator 
turbine using low-temperature gas. 
turbine r e s e a r c h  package is presented in F igure  23. 
the inlet  case  (shown in F igure  24) and passes  through pre-rotat ion 
vanes (F igure  25) which add swirl  to the inlet gas  to simulate the tu r -  
bine-compressor  exhaust. Flow continues through the two turbine 
s tages  (F igures  26 through 29) and exhausts through the exit  diffuser  
and sc ro l l  (Figure 30). The turbine blades a r e  integrally machined on 
each  disk f o r  each  stage,  and the two disks are bolted to the main disk 
shown in F igure  31. 
assembly ( see  F igure  32. ). An interstage labyrinth seal (F igure  33) 
i s  located between the two disks. The shaft  is supported by a ro l le r  
bear ing and a bal l  bearing which are jet-oil  lubricated. The bear ing 
compartment  is sealed by a carbon face sea l  on the turbine end and a 
labyrinth seal on the dr ive end (see F igure  34).  
housing is shown in F igures  35 and 36 and includes a brea ther  fitting 
as  well  as oil inlet  and scavenge ports.  

A c r o s s  -sectional drawing of the 
The argon en ters  

The main  disk, in turn,  is  bolted to the shaf t  

The main bearing 

The turbine r e s e a r c h  package can be  assembled in two al ternate  
configurations. 
stage nozzle vane and rotor  for detailed aerodynamic performance 
testing of the first stage. 
smooth gas-path walls with this configuration. As a second alternative,  
dummy wheels can be  installed in place of both bladed disks for f r ic t ion 
power calibration tes ts .  
bladed disks.  

The f i r s t  stage can be  assembled without the second- 

Ext ra  duct assemblies  a r e  provided to f o r m  

These wheels have the same weight as the 
The second-stage dummy wheel i s  shown in F igure  37. 

The aerodynamic instrumentation provided i s  shown in Table 4. 

Both the ro l le r  bearing and the ball bearing ( see  F igures  38 and 39) 
have an inner diameter  of 20 mil l imeters  and an  outer  diameter  of 
42 mil l imeters .  
si lver-plated s teel  cages.  
MIL-L-7808 lubricant o r  by  a n  appropriate oil w i t h  s imilar  charac te r i s t ics  
at the operating conditions. 
40 showing the predicted operating tempera tures  in the bearing area 
with an  argon inlet t empera ture  of 250°F and an oi l  inlet t empera ture  
of 80 O F .  

housing of each bearing to monitor bearing outer - race  temperatures .  
Oil is metered  to the bear ings through 0. 039-inch diameter  or i f ices  
which resu l t s  in an  oil flow ra te  of 1. 0 l b /min  for each bearing. 

The bear ings a re  made of AMS 6444 s teel  and have 
Each bearing is cooled and lubricated by 

A thermal m a p  is presented in F igure  

Three  iron-constantan thermocouples a r e  located in the 

PAGE NO. 8 
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Location 

P lane  of t h ree  inlet s t ru t s  

Inters tage 

Exit plane (downstream of 
second-stage ro to r )  

Scrol l  radial  section 

Scrol l  exit 

TABLE 4 

Aerodynamic Instrumentation Provis ions 

Static P r e s s u r r  Taps Other  Provls lona 

F o u r  in the inner wall and four in 
t h t ~  outer  wall 

One radial  t r a v e r s e  boss. 
S l x  1/4-in.  d i a .  holes  f o r  
fixed probes 

One radial  t r a v e r s e  boss in  
leading edge plane of second 

s tage removed 

F o u r  in the outer wall of each of 
the locations downstream of the 
f i r s t - s t age  nozzle, the f i r s t -  nozzle f o r  u se  with second 
s tage ro to r ,  and the second-stage 
nozzle. 
s t r r a m  of the f i r s t - s t age  disk 

Four  in the inner wall and fou r  
in thp outer  wall 

Fourtcvn taps spaced a t  one-inch 
in t r rva l s  in two rows approxi-  
mately 180" apar t  

Four  in the cavity up- 

One radial  t r a v e r s e  boss 

Four  Four  1 /4 - in .  d i a .  holes 
for  fixed probes 

Bearing oil compartment design parameters  a r e  presented below: 

Oil supply p re s su re  (psia)  3 5  
6. 0 

Radial c learance (inch) 0.010 

Bearing compartment pressure  (psia) 
Rear  labyrinth sea l  

Leakage flow ( lb l sec  of air) 0.006 

The bear ings used in the turbine r e sea rch  package a r e  identical to 
those used in the turbine-compressor turbine r e s e a r c h  package which 
is designed to operate  a t  26 ,  000 rpm. The D N  factor for  the bear ings 
(bear ing inner diameter t imes design speed) in the turbine r e s e a r c h  
package is 135 ,000 mm rpm,  which represents  a conservative application 
f o r  these bearings.  
a n  aerodynamic thrust  of 60 pounds on the ball bear ing,  the predicted 
B-10 fatigue life:: of the bearings is  24 ,000  hours ,  but this value has  
l i t t le meaning except that a bearing fatigue fai lure  is highly unlikely. 

With mechanical unbalance of 0.1 oz. in. and with 

The interface between the argon and the bearing compartment is sealed 
by a carbon face sea l  which i s  held in contact with a rotating sea l  plate 
by a spring. An O-ring se rves  as the s ta t ic  secondary seal.  
bearing compartment p re s su re  should not be se t  below 2 p s i a  to avoid 
oil foaming. Whenever pract ical ,  the bearing compartment p re s su re  
should be  approximately equal to the turbine discharge p res su re  to 

"*The B-10 life is the t ime required to  fa i l  10 percent of the bearings of a 
given type in a given application. 

The 

- - 
.L 
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reduce the p re s su re  drop a c r o s s  the carbon face  seal .  
compartment  brea ther  pipe can be connected to the turbine exhaust 
piping in order  to provide the recommended bearing compartment 
p re s su re .  
psi above the bearing compartment pressure .  
shaf t  is sealed with a five-lip staggered labyrinth sea l .  
s ea l  w a s  selected for  u se  a t  this location to reduce the parasit ic power 
consumption. 

The bearing 

The oil should be  supplied a t  a p re s su re  between 29 and 35 

The labyrinth 
The other end of the 

The heat loss  r a t e s  f r o m  the gas path during operation without r ig  
insulation were  determined fo r  an inlet  t empera ture  of 250°F and an 
inlet p r e s s u r e  of 8.45 psia. These values a r e  presented below: 

Heat Loss 
Rate (Btu/hr)  

Inlet annulus 
Turbine case  
Exhaust annulus 
Exhaust s c ro  11 
0 il 

190 
159 
2 03 
4 18 

36 - 

Total heat loss rate 1006 

These values do not include the heat generated in the bear ings and 
seals which is ca r r i ed  away by  the oil. The "oil" entry indicates that  
36 Btu /hr  is t ransfer red  f rom the gas  path to  the oil during operation. 
The total heat loss during operztion without insulation represents  about 
2 . 8  percent  of the turbine output power, and, therefore ,  will signifi- 
cantly affect the measured  turbine efficiency. Consequently, operation 
with r i g  insulation is recommended. 

The s ta t ic  s t ruc ture  and rotating pa r t s  a r e  conservatively designed 
and have ample design margins.  
configurations were  determined and a r e  presented in F igure  41. 
i nc rease  in cr i t ical  speed with rotor speed is  a r e su l t  of gyroscopic 
stiffening. As shown, a l l  cri t ical  speeds a r e  well above the maximum 
design speed of 8020 rpm. 
at 9350 rpm,  which corresponds to 20 percent overspeed with an inlet 
t empera ture  of 710"R, ample crit ical  speed margin is provided. The 
first c r i t i ca l  speed is reached with a rotor  speed of 17,800 r p m  f o r  
the two-stage rotor  and 19, 500 r p m  for  the single-stage rotor .  
second cr i t ica l  speed is encountered at 22,680 r p m  for the two-stage 
ro tor  and 24, 000 rpm for the single-stage rotor .  
speeds a r e  bent-shaft  modes. 

Rotor cr i t ical  speeds f o r  two ro tor  
The 

If the turbine r e s e a r c h  package is operated 

The 

All of these c r i t i ca l  
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The turbine r e sea rch  package employs the same airfoi l  and wall contours 
as a r e  provided in the turboalternator package. 
r e s e a r c h  package operates  with relatively low gas  temperature  a t  low 
speed,  sma l l e r  c learances  can be employed than a r e  possible in the 
hot turboal ternator .  In order  to permit simple modifications in the 
turbine r e s e a r c h  package to evaluate blade tip c learance  e f fec ts ,  the 
turbine r e sea rch  package was designed with smal le r  c learances  than 
the turboal ternator .  
i s  conservatively set  a t  0 . 0 3 0  to  0.032 inch to allow for  various thermal  
conditions, the turbine r e s e a r c h  package is constructed with a blade t i p  
c learance  of approximately 0.010 inch. 
can be subsequently increased by machining the blade t ips.  
of the rotor  a t  various operating speeds w a s  analyzed to ensure  that 
adequate local c learances  existed. 
of centrifugal growth of the ro to r ,  bearing radial  c learance ,  rotor  
mechanical unbalance, and shaft deflection. 
a r e  presented in F igure  42. 
able mechanical unbalance of 0.1 ounce-inch, the rotor  excursion wi l l  
resu l t  in a local c learance reduction of l e s s  than 0.0035 inch. The 
minimum radial  blade tip clearance based on tolerances and with a 
520 "R inlet total temperature  is  0.008 inch. 
pera ture ,  the minimum clearance is slightly l a rge r .  
c learance margin  is provided. Measurements of the actual c learances 
in the turbine r e sea rch  package a r e  included in the Appendix. 

Since the turbine 

Although the turboalternator operating clearance 

Research package c learances  
The position 

This analysis included the effects 

The resu l t s  of the analysis 
At design speed with the maximum allow- 

With a 710 "R inlet tem- 
Therefore ,  ample 

The turbine r e sea rch  package operates with cool gas  and a t  speeds 
lower than the turboalternator design conditions; therefore ,  the s t r e s s  
in  the blades and vanes are significantly lower than in  the turboal ter-  
nator .  
discussed in Section 111 above, there is  grea te r  margin  in  the turbine 
r e sea rch  package. 
structed of the same mater ia l  as in the turboalternator.  The disk and 
integrally machined blades a r e  constructed of AMS 5660 which has  a 
yield strength of 76,000 p s i .  The average tangential s t r e s s  of the 
disk is 8650 psi a t  9350 rpm. The maximum s t r e s s e s  in the disk and 
a t  the attachment between the shaft and the disk a r e  well below the 
mater ia l  yield s t r e s s  a t  the maximum anticipated speed. 

Since there  is ample margin in the turboalternator design a s  

The vanes in the turbine r e sea rch  package a re  con- 
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V. TEST PROGRAM 

A .  INTRODUCTION 

The aerodynamic testing of the Brayton-cycle turboalternator turbine 
will  be conducted at the Lewis Research Center.  No aerodynamic tes t s  
were  conducted at P r a t t  & Whitney Aircraft .  A t e s t  program was con- 
ducted to verify sat isfactory mechanical operation cf the turbine re -  
s e a r c h  package. These tes ts  were conducted in two phases:  First, the 
ro tor  dynamic performance was evaluated to ensure  proper  rotor  be- 
havior. Then the r e sea rch  package was subjected to an acceptance t e s t  
to demonstrate sat isfactory mechanical character is t ics .  
t e s t  consisted of running the turbine at the design speed (6680 rpm)  f o r  
thirty minutes and a t  120 percent of design speed for  ten minutes. 

The acceptance 

B. TEST FACILITY 

The t e s t  stand used for  testing the turbine r e sea rch  package is shown 
in F igures  43 and 44. 
t ro l  room shown in Figure 45. 
through p r e s s u r e  reduction and control valves. Drive a i r  f r o m  the 
turbine was exhausted directly to the ambient environment. 
lubrication system consisted of motor-driven supply and scavenge 
pumps, a r e se rvo i r ,  s t r a ine r  and f i l t e r ,  and a control valve. The 
bearing compartment was vented to the ambient environment. 

The tes t  w a s  controlled remotely f rom the con- 
A i r  was supplied to the turbine inlet  

The oil 

Vibration pickups (Consolidated Electrodynamics Corporation Type 
4-H8-0001) were  used to measure the vibration of the static cases  a t  
the dr ive end of the main bearing housing and a t  the inlet flange of the 
turbine exhaust case.  Measurements were  made for  vibration in  both 
the horizontal and ver t ical  directions. Signals f r o m  the pickups were  
read  on me te r s  designed by P r a t t  & Whitney Aircraf t  and capable of 
measuring vibrations with amplitudes up to 0 .0025 inch. 

Rotor speed was sensed by five Electro-Products  Laborator ies  Model 
3016 magnetic speed pickups. 
a Hewlett-Packard counter and a General Radio counter used in con- 
junction with a selector  switch. 

The outputs of the pickups were  r ead  on 

Tempera tures  of the bearings and the lubricating oil at the inlet and 
outlet were  sensed by thermocouples, with the thermocouple output 
being read  on Brown potentiometers. 

P A G E N O .  12 
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C. ROTOR DYNAMIC TEST 

The dynamic operating charac te r i s t ics  of the ro to r  were  measured  to 
ensu re  proper  mechanical operation of the turbine r e sea rch  package. 
The rad ia l  motion of the f i r s t - s tage  disk was sensed by eddy-current-  
type proximity probes (Bentley Model H-3-021-4). 
positioned 90  degrees  a p a r t  (as shown in Figure 46) and w e r e  connected 
to the x and y axes of an oscilloscope to display the shaft orbi t .  
proximity probe was used to measure  the radial  motion of the six-tooth 
speed pick-up gear  at the o ther  end of the shaft. 

The probes w e r e  

Another 

Testing was conducted a t  1500, 7200, and 8600 rpm. The test resu l t s  
obtained at 1500 rpm are  shown in F igure  47, A t  this speed, the orb i t  
ar,d radial  motion a r e  the r e su l t  of the radial  c learance  in  the ro l l e r  
bearing increased proportionately by the axial  distance between the 
probe and the bearing. As shown, the orb i t  radius is  about 0. 001 inch 
and the radial  motion of the six-tooth g e a r  i s  about 0. 0002 inch. 
resu l t s  obtained at  7200 and 8600 rpm are  shown in  F igures  48 and 49, 
respectively. 
0. 002 inch at 8600 rpm,  which a r e  less than the predicted motion shown 
in F igure  42. 
0. 0003 inch to a total  of 0. 0005 inch. 

The 

The orb i t  radius i s  about 0.0015 inch at 7200 rpm and 

The radial  motion of the six-tooth g e a r  increased  by 

The r e su l t s  of these t e s t s  indicate that the ro to r  dynamic behavior is 
sat isfactory.  

D. ACCEPTANCE TEST 

An acceptance t e s t  of the turbine r e sea rch  package to demonstrate  the 
rnechanical integrity of the unit w a s  required. 
t e s t  consisted of acceleration to  design speed (6680 rpm) and operation 
at this  speed for  30 minutes,  acceleration to 120 percent  of design speed 
(8020 rpm) and operation a t  this speed for  10 minutes,  and deceleration. 
The t e s t  was specified as a f r e e  spin-up, and,  therefore ,  no load was 
applied to  the shaft. 

The specified acceptance 

The  acceptance t e s t  was successfully completed on January 2 0 ,  1966. 
The vibration pickups indicated a maximum motion of 0. 00005 inch 
amplitude. 
d r ive  end of the bearing housing. Maximum ball and ro l l e r  temp- 
e r a t u r e s  were  164 OF and 149 " F ,  respectively. Bearing tempera tures  
were  consistently lower than the inlet  oil t empera ture ,  which indicates 
that heat is  lo s t  f rom the housing to the t e s t  ce l l  and to the d r ive  air. 
These measurements  were  substantially in  agreement  with the data 
recorded during the ro tor  dynamic test .  

This value was measured in  the ver t ica l  plane at the 
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M-36640 
F i g u r e  1 Gas Inlet  End of Turbine R e s e a r c h  Package  
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C -  ABSOLUTE GAS VELOCITY, FT/SEC 
U -  BLADE VELOCITY, FT/SEC 

W- RELATIVE GAS VELOCITY, FT/SEC 

Q -  ABSOLUTE GAS ANGLE MEASURED FROM PLANE OF ROTATION 

P - R E L A T I V E  GAS ANGLE MEASURED FROM PLANE OF ROTATION 

SUBSCRIPTS 

I - STATION AT NOZZLE TRAILING EDGE 
2 - STATION AT ROTOR LEADING EDGE 
3 -STATION AT ROTOR T R A I L I N G  EDGE 
X-  AXIAL 

Figure  3 Turbine Velocity Triangle Nomenclature 
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TIP 

Figure  4 Firs t -Stage Turbine Vane Airfoil Geometry 
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STACKING POINT 

TIP 

Figure  5 Second-Stage Turbine Vane Airfoil Geometry 
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F igu re  6 Firs t -Stage Turbine Blade Airfoil Geometry 
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F igure  7 Second-Stage Turbine Blade A i r f o i l  Geometry 
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Figure  8 Velocity Distribution a t  Root Section of Turboalternator 
F i r s t -  Stage Vane 

PAGE NO. 2 1  



PRATT & W H I T N E Y  AIRCRAFT PWA-2796 

0 20 40 60 80 100 
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Figure  9 Velocity Distribution a t  Mean Section of Turboalternator 
F i r s t -  Stag e Vane 
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F i g u r e  10 Velocity Distribution a t  T ip  Section of Turboal ternator  
F i rs t -S tage  Vane 
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Figure  11 Velocity Distribution a t  Root Section of Turboalternator 
Second-Stage Vane 
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Figure  12 Velocity Distribution a t  Mean Section of Turboalternator 
Second-Stage Vane 
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Figure  13 Velocity Distribution at  Tip Section of Turboal ternator  
Second- Stage Vane 
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Figure  14 Velocity Distribution a t  Root Section of Turboal ternator  
F i r s t -  Stag e Blade 
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Figure  15 Velocity Distribution at Mean Section of Turboal ternator  
F i r s t -  Stag e Blade 
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Figure  16 Velocity Distribution at Root Section of Turboal ternator  
Second-Stage Blade 
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Figure  17 Velocity Distribution a t  Mean Section of Turboalternator 
Second-Stage Blade 
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APPENDIX 

MEASURED TURBINE RESEARCH PACKAGE CLEARANCES 

The following clearances were  measured during assembly o r  calculated 
f r o m  measured  values in the two-stage version of the turbine r e s e a r c h  
pack age. 

Clearance 
(Inch) 

F i r s t - s t age  rotor  blade radial  tip c learance 
Second-stage ro tor  blade radial  tip c learance 
Axial c learance between f i rs t -s tage nozzle 

Axial c learance between f i r s t - s tage  rotor  

Axial c learance between second- stage nozzle 

Axial clearance between second- stage rotor  

Inters tage labyrinth seal radial  c learance 
Inters tage labyrinth seal axial clearance 
Drive end labyrinth seal radial  c learance 
Total  shaft axial play 
Total  shaft radial  play at hub end 
Total shaft radial  play at coupling end 
Carbon face seal compression 

and f i r s t - s tage  rotor  

and second-stage nozzle 

and second- stage rotor  

and case  

0. 008 to 0. 01 1 
0. 010 to 0. 013 

0. 237::: 

0. 137::: 

0. 199::: 

0. 103::: 
0.016 
0.096 
0.010 
0.008 
0.003 
0.0035 
0.077 

.b 

“Measured at rotor  a i r fo i l  root 
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ABSTRACT 

The National Aeronautics & Space Administration i s  conducting an evaluation 
p rogram of candidate Brayton-cycle turbomachinery configurations. 
par t  of this program,  P r a t t  & Whitney Aircraf t  is to design,  fabr icate ,  and 
del iver  a turboalternator incorporating a two-stage, axial-flow turbine and 
a 15 KVA, 4-pole inductor a l ternator  supported on g a s  bear ings.  
bine r e s e a r c h  package is a l so  to  be provided to  permi t  evaluation of the 
aerodynamic performance of the turbine using low-temperature  g a s .  
turbine r e s e a r c h  package incorporates oil-lubricated,  rolling-contact 
bear ings.  
packzge a r e  discussed,  and the results of the mechanical tes t s  a r e  presented.  

As 

A tu r -  

The 

The aerodynamic and mechanical design of the turbine r e s e a r c h  
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