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G E J  z MAL I - DESIGN OF TURBINE AND MPERlMENTAL FERFOWK!E 

OF FIRST TWO STAGES* 

By Harold E. Rohlik 

P e r f c m c e  cha rac t e r i s t i c s  of the f irst  two s tages  of an eight-  
s tage  turb ine  designed for  Yfie t a b ~ p a i i p  of a kyclr~gcr,-propeIled nuclezr 
rocket  were invest igated experimentally i n  cold hydrogen and i n  cold n i -  
trogen. 
and subsonic flow throughout. 
a t i n g  alone a t  t he  design b lade- je t  speed r a t i o  of 0.284 w a s  0.67. Two- 
s tage  t o t a l  e f f i c i e n c y  a t  t h e  design blade-jet  speed r a t i o  of 0.209 w a s  
0.65 ~ 5 t h  0.68 in t h e  f i r s t  s tage  and 0.61 i n  the  second. The difference 
i n  s tage  e f f i c i e n c y  r e s u l t e d  l a r g e l y  from lower reac t ion  i n  the  second 
s t a t o r .  

The turb ine  w a s  designed f o r  a b lade- je t - speed  r a t i o  of 0.110 
Firs t - s tage  t o t a l  e f f i c i e n c y  when oper- 

No s ign i f i can t  d i f fe rence  w a s  found between e f f i c i e n c i e s  obtained i n  
hydrogen and those obtained i n  nitrogen. 

INTRODUCTION 

A hydrogen-propelled rocket with a nuclear reac tor  hea t  source o f f e r s  
very high spec i f i c  impulse and, consequently, low r a t i o s  of gross weight 
t o  payload f o r  given missions. me turbopump system considered t o  provide 
t h e  high pressures  required for the  th rus t  chamber of such a rocket i s  the  
b l eed  system, which u t i l i z e s  a s m a l l  f rac t ion  of the  propel lant  flow t o  
power t h e  turbine.  An analys is  of turbopump c h a r a c t e r i s t i c s  f o r  t h i s  sys- 
tem has h e n  made and i s  reported i n  reference 1. This reference shows 
t h a t  t h e  turb ine  w i l l  have a l o w  blade-jet  speed r a t i o  because of t h e  
high-energy content of t h e  pure hot bydrogen r e l a t i v e  t o  the  blade speeds 
ava i lab le ,  which a r e  l imited by s t r e s s  and t enpe ra tme  conditions.  The 
b l a d e - j e t  speed r a t i o s  associated w i t h  t h i s  appl icat ion a re  i n  t h e  neigh- 
borhood of 0.1. This means t h a t  large numbers of s tages  a r e  required i n  

* -  T i t  l e ,  Unc las s i  f i e d. 
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order  t o  obtain high tu rb ine  e f f ic iency .  I n  addition, t h e  s p e c i f i c  work 
required t o  pump l i q u i d  hydrogen i s  far higher than t h a t  f o r  any other  
propel lant  because of t h e  low density, so t h a t  high bleed r a t e s ,  2 t o  4 
percent, r e s u l t .  High t u r b i n e  e f f i c i e n c y  i s  the re fo re  e s p e c i a l l y  impor- 
t a n t  t o  minimize bleed flow and t h e  a t t endan t  l o s s  i n  n e t  s p e c i f i c  
impulse. c 

Detailed. information on t h e  performance of mult is tage t u r b i n e s  of 
t h i s  ty-pe i s  required t o  insure proper a r e a  matching of t h e  blade rows so 
t h a t  a l l  s tages  can d e l i v e r  design work before  l i m i t a t i o n s  due t o  choking 
i n  t h e  l a t t e r  s tages  prevent adequate blade loading i n  t h e  e a r l y  stages.  
The most uncertain a reas  of information a r e  t h e  l o s s e s  associated with 
t h e  low blade he igh t s  i n  t h e  e a r l y  stages,  leakage ' i n  t h e  i n t e r s t a g e  
seals, and t h e i r  compounding e f f e c t s  on o v e r a l l  t u rb ine  performance. 

I n  order  t o  explore these  problems, an eight-s tage t u r b i n e  wi th  a 
b l ade - j e t  speed r a t i o  of O . 1 1 w a s  designed t o  d r ive  a hydrogen pump with 
a flow r a t e  of 100 pounds per second and a pressure r i s e  of 1390 pounds 
pe r  square inch. The tu rb ine  has been b u i l t ;  and t h e  f i r s t  two s t ages  
were t e s t e d  i n  cold hydrogen and i n  cold nitrogen, i n  order t o  evaluate  
the  e f f e c t  of gas propert ies ,  a t  t h e  Plumbrook Rocket Systems Research 
Fac i l i t y .  

This r e p o r t  presents  t h e  design of t h e  eight-s tage tu rb ine  and ex- 
perimental performance of t he  f i r s t  s t age  and t h e  f irst  two s t a g e s  over 
a range of pressure r a t i o s  and speeds. 
i n t e r s t age  seal  geometries. 

Two-stage t e s t s  included two 
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SYMBOLS 

t u rb ine -ex i t  annular area, sq f t  

blade chord, in .  

s p e c i f i c  hea t  a t  constant pressure,  B tu / ( lb )  (OR) 

"i blade pressure-surface diffusion,  1 - - 
Vmin 

Vmax blade suct ion-surface diffusion,  1 - - 

Ds + Dp 

accelerat ion due t o  grav i ty ,  32.17 f t / s e c 2  
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tu rb ine  s p e c i f i c  work, Btu/lb 

mechanical equivalent  of work, 778.2 f t - lb /Btu  

passage height,  in. 

r o t a t i v e  speed, rpm 

number of blades i n  row 

pres swe ,  lb/sq f t  

gas constant, 766.5 i n  hydrogen, 55.16 i n  nitrogen, f t - l b / ( l b )  ( O R )  

untapered cen t r i fuga l  stress, ps i  

blade spacing, in. 

temFerature, "R 

mean blade veloci ty ,  f t / s e c  

absolute  gas veloci ty ,  f t /sec 

c r i t i c a l  veloci ty ,  dzy', f t / s e c  

i d e a l  j e t  speed corresponding t o  t o t a l - t o - s t a t i c  pressure r a t i o ,  

gas v e l o c i t y  r e l a t i v e  t o  r o t o r  blade, f t / s e c  

c r i t i c a l  v e l o c i t y  r e l a t i v e  t o  blade, ~ ~ ~ ' ' ,  f t / sec  

weight f l o w ,  lb /sec 

absolu te  gas flow angle measmed from a x i a l  d i rec t ion ,  deg 

r e l a t i v e  gas flow angle measured from axial d i rec t ion ,  deg 

r a t i o  of s p e c i f i c  hea t s  



ratio of inlet pressure to NACA sea-level pressure, p1/2116.2 

function of y used in relating weight flow to that at 
RACA standard atmosphere conditions, 

Y - 
Y - 1  

0. '140 1 Y (F) 
turbine efficiency based on inlet and exit total pressures 

pump efficiency 

turbine efficiency based on inlet total and exit static pressures 

squared ratio of turbine-inlet critical velocity to that of NACA 

standard sea-level atmosphere, - ( k)2 
blade- jet speed ratio, U/Vj 

blade metal density, lb/cu ft 

Sub s c r ipt s : 
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Superscr ipts  : 

1 absolute  t o t a l  s t a t e  

11 r e l a t i v e  t o t a l  s t a t e  

EIGHT- STAGE TURBINE DESIGN 

Select ion of a Design Point 

The se l ec t ion  of a turb ine  design poin t  r equ i r e s  examination of t h e  
e f f e c t  of t he  tu rb ine  design on t h e  rocket. The tu rb ine  i n  a bleed sys- 
tem inf luences t h e  rocket  gross weight through i t s  weight as pa r t  of t h e  
s t r u c t u r e  and through i t s  working f l u i d  requirement t h a t  reduces t h e  
quan t i ty  of f l u i d  ava i l ab le  t o  develop t h r u s t  i n  t h e  rocket  chariber and 
nozzle. These e f f e c t s  a r e  discussed in  reference 1 f o r  a simple v e r t i c a l  
mission determined t o  be equivalent t o  an e a r t h  s a t e l l i t e  mission regard- 
ing rocket  requirements. This reference reported r e s u l t s  of an a n a l y t i c a l  
mves t lga t ion  o f  bleed-type turbopump systems s u i t a b l e  for a high-pressure 
hydrogen-propelled nuclear  rocket, m d  showed t h a t  rocket gross weight 
increased s i g n i f i c a n t l y  with a l l  turbopump systems inves t iga ted  as t h e  
number of tu rb ine  s tages  w a s  reduced below eight .  An eight-s tage design 
w a s  therefore  se l ec t ed  f o r  t h e  turbine of t h e  subjec t  inves t iga t ion ,  and 
t h e  following pump c h a r a c t e r i s t i c s  were assumed t o  determine t h e  tu rb ine  
power and speed requirements: 

- 

Rmp t y p e .  . . . . . . . . . . . . . . . . . . . . . . . . .  a x i a l  flow 
Rota.tive speed, IJ, rpm . . . . . . . . . . . . . . . . . . . . .  47>800 
Weight flow, w, lb /sec . . . . . . . . . . . . . . . . . . . . . .  100 
Pressure r i s e ,  l b / sq  in. . . . . . . . . . . . . . . . . . . . . .  1390 
Eff ic iency,  7 . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 7  

P 
The tu rb ine  w a s  therefore  required t o  produce 11,770 horsepower a t  

47,800 rpm. Eiigh values  of t u rb ine - in l e t  pressure and temperature, 1000 
pounds per  square inch and 1860° R, respect ively,  were se lec ted  t o  obta in  
a high value of tu rb ine  spec i f i c  work. The tu rb ine -ex i t  a rea  w a s  de te r -  
mined as t h e  maximum allowable from s t r e s s  considerat ion for t h e  same 
reason and corresponds t o  an untapered blade s t r e s s  of  40,000 p s i  and a 
d i sk  s t r e s s  of 70,000 psi .  With these  i n l e t  condi t ions and the  maximum 
e x i t  f l c w  area,  t h e  e ight -s tage  turbine design numbers a r e  as follows: 
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e - .a e e. ..... 
Hydrogen weight flow, w, lb /sec . . . . . . . . . . . . . . . . .  3.475 

. . . . . . . . . . . . . . . . . . . .  2394 
Mean blade speed, U, f t / s e c  . . . . . . . . . . . . . . . . . . . .  1420 
Blade-jet speed r a t i o ,  v . . . . . . . . . . . . . . . . . . . .  .0.110 

12.68  
Mean diameter, in .  . . . . . . . . . . . . . . . . . . . . . . . . .  6.81  

Specif ic  work, Ah', Btu/lb 

S t a t i c  efficiency, vs . . . . . . . . . . . . . . . . . . . . . . .  0 . 7 2  
To ta l - to - s t a t i c  pressure r a t i o ,  pl/pe . . . . . . . . . . . . . .  c 

- t  
I 

The r e l a t i o n  between work, speed, s tage  number, and tu rb ine  e f f i c i e n c y  

! w a s  taken from reference 2. 

Velocity Diagrams 

Velocity diagrams were computed f o r  t h e  mean diameter only, and t h e  
blades in  a l l  rows were made with constant p r o f i l e  from hub t o  t i p .  The 
ca l cu la t ion  of t h e  v e l o c i t y  diagrams required s p e c i f i c a t i o n  o f  work d i v i -  
s ion  among the  stages, loss d i s t r i b u t i o n  i n  each stage,  r eac t ion  ac ross  
t h e  rotors,  and flow a r e a  d i s t r i b u t i o n .  Work w a s  divided equal ly  among 
the  stages with a constant mean diameter. This r e s u l t s  i n  a constant 
blade speed and n e a r l y  constant b l a d e - j e t  speed r a t i o  so t h a t  s t age  
e f f i c i enc ie s  should be about equal. A s tage  t o t a l  e f f i c i e n c y  of 0.69, 
corresponding t o  the  o v e r a l l  t o t a l - t o - s t a t i c  e f f i c i e n c y  of 0.72, w a s  
computed. The f i r s t  s t a t o r  operates  under conditions t h a t  a r e  somewhat 
d i f f e r e n t  from the  other  s t a t o r s  i n  t h a t  t h e  i n l e t  v e l o c i t y  i s  low with 
no whirl .  It w a s  assumed t h a t  t h e  e f f e c t  of t h i s  d i f f e rence  would be 

numbers were made the  same as i n  a l l  o the r  s tages .  This value w a s  used 
as t h e  s tage  e f f i c i e n c y  i n  computing t h e  v e l o c i t y  diagrams. It w a s  arbi- 
t r a r i l y  spec i f i ed  t h a t  each s t a t o r  would t ake  a 4-percent drop i n  t o t a l  
pressure and t h a t  a l l  o the r  s t age  l o s s e s  occurred i n  t h e  r o t o r .  

s m a l l ,  however, so t h e  f i r s t - s t a g e  e f f i c i e n c y  and pressure- loss  design L 

The tu rb ine  w a s  designed f o r  some reac t ion  ac ross  each r o t o r .  This 
w a s  done by specifying a 20-percent increase i n  r e l a t i v e  circumferent ia l  
v e l o c i t y  across  t h e  ro tor ,  or 

'u, r e  = -1.2 WU,& 

Turbine flow a r e a  a t  t h e  e x i t  w a s  determined from c e n t r i f u g a l  stress con- 
s ide ra t ions  as noted previously and corresponds t o  an untapered c e n t r i f -  
ugal  blade s t r e s s  of 40,000 p s i .  The following r e l a t i o n  w a s  used: 

fipm 2 s, = *ann 259,200g 
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The a rea  i n  t h e  f i r s t  s tage  was determined by spec i fy ing  a s t a t o r - e x i t  
flow angle a3 of 75O. This angle was considered near  t h e  maximum a l -  
lowable without incur r ing  excess losses  and r e su l t ed  i n  t h e  maximum blade 
height  permissible with f u l l  admission. The stage-to-s tage a rea  va r i a t ion  
w a s  made so t h a t  t h e  axial c r i t i c a l  ve loc i ty  r a t i o  a t  t h e  s t a t o r  

e x i t  increased l i n e a r l y  with s tage  number. This a rea  increase w a s  taken 
e n t i r e l y  i n  t h e  s t a t o r  of each stage, with t h e  inner  and ou te r  w a l l s  
czlntoi;-zc? 2s sh~.,lr: ir, f i m l -  0- - 1. 
t a b l e  I. 

Vx/Vcr 

'Fne velnei_t.y i l iagram values  are shown i n  

Blade P ro f i l e s  

v 

Blade i n l e t  and e x i t  angles  for each blade row were ca lcu la ted  from 
t h e  free-stream flow angles  and selected blade leading- and t r a i l i n g -  
edge thicknesses.  This was done by assuming no change i n  t a n g e n t i a l  
v e l o c i t y  or l o s s  i n  t o t a l  pressure between t h e  f r e e  stream and a r a d i a l  
plane j u s t  ins ide  t h e  blade row. 
f j lsde pi-ofiles wsre dravn with s t r a i g h t  suct ion sur faces  upstream of t h e  
i n l e t  
were estimated with information presented i n  reference 3. Blade surface 
v e l o c i t i e s  were then  cornputed f o r  t h e  suct ion and pressure surfaces  of t h e  
hub, mean, and t i p  sec t ions  according t o  the method presented i n  reference 
4 and modified i n  reference 5. 
w a s  s e t  a t  0.25 with a t o t a l  d i f fus ion  Dtot of 0.65. When ca lcu la ted  
diyfusion values exceeded t h e  limits i n  t h e  f i rs t  blade surface layout,  
subsequent t r ia l s  w e r e  made with increased s o l i d i t y  and/or modified sur- 
face curvatures.  .Ea example of a f i n a l  sur face  v e l o c i t y  d i s t r i b u t i o n  i s  
given i n  f igu re  2, which shows c r i t i c a l  v e l o c i t y  r a t i o  aga ins t  a x i a l  d i s -  
tance f o r  t h e  mean sec t ion  of t h e  four th  ro to r .  F ina l  blade geometry 
numbers and surface coordinates are given i n  t a b l e s  I1 and 111, and a 
photograph of  t h e  e ight -s tage  r o t o r  i s  shown in  figure 3. 

Wi th  t h e  angles thus  establ ished,  

opening and downstream o f t &  Throat. Solidity m d  aspect r&io  - 

A l i m i t  of suct ion-surface d i f fus ion  Ds 

Tip Clearance and In te rs tage  Seals  

The r o t o r  t i p  c learance spec i f ied  w a s  0.019 inch and w a s  considered 
t h e  minimum t h a t  would provide sa fe  clearance a t  t h e  h igh - t enpra tu re  - 
high-speed design operation. It maybe noted t h a t  t h e  t i p  clearance of  
0.019 amounts t o  more than 7 percent, o f  t h e  t o t a l  passage height  i n  t h e  
first s tage.  Reference 6 presents  the e f f e c t  of r o t o r  t i p  clearance on 
performance of a s ingle-s tage turb ine  similar i n  s i z e  and b lade- je t  speed 
r a t i o .  I n  t h a t  i nves t iga t ion  turbine work was  found t o  decrease l i n e a r l y  
with increases  i n  t i p  clearance i n  the 3 t o  10 percent range. The rate 
of decrease w a s  1.8 percent of turbine work f o r  1.0 percent of passage 
height  removed f o r  t i p  clearance.  This ind ica t e s  a s i g n i f i c a n t  pena l ty  
i n  e f f i c i e n c y  f o r  t h e  type of t i p  clearance geometry se lec ted  i n  t h i s  
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design. An axial  spacing of 0.050 inch between r o t o r  and adjacent s t a t o r  
p a r t s  was determined from consideration of bear ing clearances and d i f f e r -  
e n t i a l  thermal expansion between t h e  r o t a t i n g  and s t a t i o n a r y  pa r t s .  

The i n t e r s t a g e  s e a l  geometry se l ec t ed  consis ted o f  r o t a t i n g  laby- 
r i n t h  disks mounted between r o t o r  d i sks  with a r a d i a l  clearance of 0.003 
t o  0.004 between t h e  r i n g s  of' t h e  seal  and t h e  inner  diameter of t h e  
s t a t o r  assembly. This i s  shown i n  f i g u r e  1. The inner  surface of t h e  
s t a t o r s  w a s  coated wi th  aluminum oxide so tha t ,  i f  rubbing occurred be- 
cause of  stress, temperature, o r  eccen t r i c i ty ,  t h e  aluminum oxide coat ing 
would remove stock from t h e  l abyr in th  r ings ,  which were 0.010 inch th ick .  

c 

FIRST- AND TWO-STAGE DESIGN PARAMETERS 

The design parameters f o r  t h e  f i r s t  s t age  and t h e  f i r s t  two s t ages  
operating together  a r e  l i s t e d  i n  t h e  following t ab le .  
r o t a t i v e  speed, of course, a r e  t h e  same as f o r  t h e  complete turbine,  
while the o the r  parameters shown depend on s t age  number. 

Weight flow and 

Parameter 

Hydrogen weight flow, w, lb/sec 

Specif ic  work, Ah.', Btu/lb 

Rotative speed, N, rpm 

Pressure r a t i o ,  p;/pe 

Blade-jet speed r a t i o ,  v 

Total  eff ic iency,  7 

F i r s t  s t  age 

3.475 

299.25 

47,800 

1.323 

0.284 

0.689 

F i r s t  
;wo s t ages  

3.475 

598.50 

47,800 

1.722 

0.208 

0.695 

The design t u r b i n e - i n l e t  condi t ions of 1000 pounds per  square inch 
gage and 1860' R i n  hydrogen r e s u l t  i n  t h e  following parameters used t o  
a d j u s t  design numbers t o  equivalent  air: 

e,, = 51.22 6 = 68.05 

6 = 7 . 1 5 7  E = 1.012 c 

The r e l a t i o n  used t o  determine equivalent  p re s su re  r a t i o  i s  taken .' from reference 7 and i s  as follows: 



o m  0.0 . 0 
0 0 .  .a. 0 .  8 0  
m . 0 .  0 e 8 8 .  o m  
o m 0  . 0 m o m  0 m * *  .. o m  
0 0  0 - 0  80 o m .  0 . 0 0  o m  0 0 0 0.0 0. 

The constants  a r e  funct ions of y i n  standard air. 
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A s  n&eG in SvMgOIS, t hese  parameters a r e  referenced t o  NACA stand- 
They were se lec ted  so t h a t  a l l  experimental  6ata a r d  sea- leve l  dry air. 

could be reduced t o  a common standard regard less  of gas or i n l e t  gas 
conditions.  Design parameters reduced t o  standard a i r  are as follows: 

Par %met e r  

Weight flow, LSZ E, Ib/sec 
6 

Specif'ic work, Ah' /Qcr, Etu/lb 

Rotative speed, N / S ,  rpm 

Pressure r a t i o ,  (p;/pe )eq 

Blade-jet  speed r a t io ,  v 

Tota l  e f f ic iency ,  7 

First s tage  

0.370 

5.84 

6679 

1.326 

0.284 

0.689 

~ ~~ 

F i r s t  
two s t ages  

0.370 

11.68 

6679 

1.730 

0.208 

0.695 

Tlie numbers l i s t e d  correspond t o  design-point t e s t i n g  i n  standard 
a i r  and a re  equivalent t o  t h e  a c t u a l  design numbers i n  t h a t  i n t e r n a l  
c r i t i c a l  v e l o c i t y  r a t i o s  and corresponding v e l o c i t y  diagram angles  are 
approximately t h e  same. It i s  assumed t h a t  e f f i c i e n c y  i s  the re fo re  a l s o  
t h e  same. 

APPARATUS AND INSTRUMENTATION 

The tes t  f a c i l i t y  used i n  t h e  experimental i nves t iga t ion  w a s  t h e  
same as t h a t  described i n  reference 8 and consis ted of an i n l e t  ducting 
system with pressure controls ,  t he  turb ine  t e s t  sect ion,  and e x i t  ducting 
t h a t  exhausted t o  t h e  atmosphere through a pressure con t ro l  system. 
Power w a s  absorbed by an eddy-current cradled dynamometer t h a t  a l s o  
served as a speed control .  Figure 4(a) shows t h e  phys ica l  arrangement of 
t h e s e  parts in t h e  t e s t  building, and f igu re  4(b) shows t h e  t h r e e  turb ine  
conf igura t ions  tes ted .  The second and t h i r d  configurat ions had s e a l  
diameters of 6.000 m d  4.032 inches, respect ively,  with t h e  same clearance. 
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The smaller seal was built for two-stage testing only, in order to inves- 
tigate the effect of seal clearance area. 

Turbine performance was determined from measurements of weight flow, 
speed, torque, inlet and exit static pressures, and inlet temperature. 
The details of these measurements are the same as described in reference 
8. 

P 

r\) 
0 

EXPERIMENTAL PROCEDURE +J 
Test data were recorded on magnetic tape during steady-state oper- 

ation over a range of pressure ratios and rotative speeds. Turbine- 
inlet pressure was held nominally constant at 100 pounds per square inch 
absolute, and inlet temperature varied from 250 to 90' F depending on 
outside temperature and expansion within the gas storage vessels during 
a run. Inlet-total-to-exit-static pressure ratio was varied from 1.21 
to 2.12 for first-stage operation and 1.25 to 3.75 for two-stage opera- 
tion. Rotative speed was varied from 20 to 120 percent of design speed 
for operation in nitrogen and from 20 to 100 percent in hydrogen, in 
increments of 20 percent. The mechanical speeds, calculated for a 
turbine-inlet temperature of 52O F, corresponding to design equivalent 
speed were 6830 rpm in nitrogen and 25,457 rpm in hydrogen. 

A larger number of operating points was recorded for operation in 
nitrogen than in hydrogen because of the difference in gas properties and 
the limited gas supplies available. With a given volume of gas supply i. 

and given values of turbine-inlet pressure and temperature, running time 
varies inversely with the square root of the gas constant. This means 
almost four times as much running time in nitrogen for each storage 
vessel. 

Six test runs were made to obtain the data presented in this report, 
with three configurations tested in both gases. The three were: 

(1) The first stage 

(2) The first and second stages with the design seal geometry 

(3) The first and second stages with a reduced seal diameter and 
the same seal clearance 

c 

c 
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RESULTS AND DISCUSSION 
i s o  . -Firs t -Stage Operation 

The f irst  s tage  w a s  t e s t e d  a t  f ive  pressure r a t i o s  and speeds from 
20 t o  100 percent  of design equivalent  speed i n  20-percent increments. 
These operat ing po in t s  r e su l t ed  i n  a range of b l ade - j e t  speed r a t i o s  from 
0.05 t o  0.32. F i g m i  ”;(.-) shows t o t a l  e f f i c i e n c y  aga ins t  b l ade - j e t  speed 
r a t i o  f o r  operat ion i n  nitrogen. Turbine e f f i c i e n c i e s  based on t o t a l  
p ressures  a t  t h e  i n l e t  and e x i t  were computed because i n  a mul t i s tage  tur- 
b ine  t h e  k i n e t i c  energy a t  t h e  e x i t s  of a l l  s tages  except t h e  las t  i s  
ava i l ab le  t o  t h e  next stage.  
r a t i o s  bu t  f a l l  i n  a s ingle  curve within t h e  accuracy of measurements 
nade. 
f i r s t - s t a g e  b l ade - j e t  speed r a t i o  of 0.284. This e f f i c i ency  i s  soxewhat 
lower than t h e  e f f i c i ency  used i n  t h e  design, 0.69, t o  compute v e l o c i t y  
diagram parameters and flow areas.  

The points  p lo t t ed  represent  f i v e  pressure 

This curve ind ica tes  a t o t a l  e f f i c i ency  of about 0.67 a t  t h e  design 

77 r i g w e  5(b)  shorn t o t a l  e f f i c i ency  p lo t t ed  aga ins t  b l ade - j e t  speed 
r a t i o  f o r  operat ion i n  hpiiqGgeE a t  % b e e  ~ - P S S ~ _ I _ T P  r a t i o s  and speeds of 
20, 40, 60, 80, 90, and 100 percent of design speed. Fewer poin ts  a r e  
shown here  because of t h e  reasons noted previously, and t h i s  f i gu re  
serves  t o  confirm t h e  l e v e l s  of e f f i c i ency  measured i n  nitrogen. 
curve on t h e  f igu re  i s  t h e  curve shDwn on f i b w e  5(a)  f a i r e d  through the  
n i t rogen  data. 
of bladc-;et syeed r a t i o  and agree wel l  with t h e  curve near t he  design 
value . 

The 

The points  f a l l  s l i g h t l y  above t h e  curve i n  t h e  low range 

Figure 6 i s  a map of tu rb ine  performance deternined f r o z  operat ion 
@h’ /9cr i n  n i t rogen  and presented i n  t e n s  of equivelent  s p e c i f i c  work 

end weight-flow-speed parameter 2 WY i f o r  contours of constant  t o t a l - t o -  
6 

s t a t i c  pressure r a t i o ,  equivalent speed, and t o t a l  e f f ic iency .  This 
composite p l o t  w a s  se lec ted  t o  show turb ine  performance because a l l  i m -  
po r t an t  va r i ab le s  a r e  p lo t ted .  It i s  possible ,  therefore ,  t o  e a s i l y  
observe t h e  simultaneous v a r i a t i o n  i n  t h e  p e r f o m c e  parameters as pres- 
sure  r a t i o  and/or speed are varied.  It may be noted t h a t  b l ade - j e t  speed 
r a t i o  l i n e s  would, i f  plot ted,  r ad ia t e  from t h e  o r i g i n  j u s t  as t h e  
e f f i c i ency  contours do, s ince each ef f ic iency  contour approximately rep- 
r e s e n t s  a s ing le  value of b l ade - j e t  speed r a t i o .  Two poin ts  of  i n t e r e s t  
are shown i n  the  figure. The f i rs t  point i s  s i m p l y t h e  point  with coor- 
d i n a t e s  corresponding t o  t h e  design values  of spec i f i c  work, weight flow, 
and speed. The experimentally deternined design speed l i n e  l i e s  t o  t h e  
r i g h t  of t h i s  point  because t h e  turb ine  passed 4 percent more than d-sign 
weight flow a t  design speed and pressure r a t i o .  

The second point  i s  t h e  point  a t  which design ve loc i ty  diagrams e r e  
most n e a r l y  approached, and has a b lade- je t  speed r a t i o  of 0.254, t h e  
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design value. This point  i s  more important from a research standpoint 
because it e s t a b l i s h e s  t h e  e f f i c i e n c y  l e v e l  obtained a t  design aerodynamic 
operation. 
weight flow. 
cated by t h e  slope of t he  design speed l i n e  i n  f i g u r e  6 and i s  shown d i -  
r e c t l y  i n  f i g u r e  7 where equivalent weight flow i s  p lo t t ed  aga ins t  p- res- 
sure  r a t i o  f o r  s eve ra l  speeds. This f igu re  i s  a c ross  p l o t  of measured 
weight flows p lo t t ed  against  speed and w a s  used i n t h e  preparat ion of 

It occurs t o  the  r i g h t  of t h e  f i r s t  point  because of t h e  excess 
The v a r i a t i o n  i n  weight flow with pressure r a t i o  i s  ind i -  

f i g u r e  6. The design point  l i e s  w e l l  below choking weight flow on t h e  ? 
design speed l i n e  because of t h e  subsonic v e l o c i t i e s  used i n  t h e  design. P 

P 
riJ 
0 

Two- Stage Operat ion 

Figure 8 ( a )  shows the  v a r i a t i o n  i n  t o t a l  e f f i c i e n c y  with b l a d e - j e t  
speed r a t i o  f o r  two-stage operation i n  nitrogen. Data p l o t t e d  were ob- 
t a ined  a t  s i x  pressure r a t i o s  and a speed range of 20 t o  120 percent of 
design equivalent speed. The curve f a i r e d  through a l l  da t a  po in t s  f a l l s  
below the design point  with a value of about 0.65 a t  t he  design b l a d e - j e t  
speed r a t i o  of' 0.208. Two-stage e f f i c i e n c y  w a s  t he re fo re  0.02 l e s s  than 
f i r s t - s t a g e  e f f i c i ency  when operat ing a t  t h e  design b l ade - j e t  speed r a t i o s  
This drop i n  e f f i c i e n c y  w a s  accompanied by a change i n  equivalent  weight 
flow, ind ica t ing  t h a t  t he  f i r s t  s t age  w a s  no longer operat ing a t  i t s  
design pressure r a t i o .  The following table  summarizes f i r s t - s t a g e  and 
two-stage performance a t  design spced and pressure r a t i o s .  

Parameter 

~~ ~ 

Pressure r a t i o ,  pi/p, (design) 

Blade-jet  speed r a t i o ,  v (design) 

Equivalent weight flow, w6 E, lb /sec 

Equivalent s p e c i f i c  work, Ah' /ecr, Btu/lb 

To ta l  eff ic iency,  q 

First - s t age  
operat  ion 

1.326 

0.284 

0.384 

5.67 

0.67 

~ 

bo- s t age  
)pera t  ion 

1.750 

0.208 

0.375 

10.94 

0.65 

The weipht flow obtained with two s t a e e s  a t  dcsign speed and prcs-  
SurC r a t i o  w a s  used with working p l o t s  of weight flow, speed, work, pres- 
Sure ratio, and eff ic iPncy t o  de t e rn ine  t h e  op'ratiry;  point of t h c  f i r s t  
stag(' as p a r t  of t h e  two-stage u n i t  a t  d p s i p  spced : m d  prcssur" r a t i o .  
Thi. firs1 -stZi';c' performance f igurps thus  obtained w c r ( >  uscd with o v ? r a l l  
performnuw t o  df,tcrminL thc  operating po in t  of th< .  sc.cond stage.. The 

- 
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following t a b l e  shows performance values for both s tages  when operat ing 
toge ther  a t  design speed and o v e r a l l  t o t a l - t o - s t a t i c  pressure r a t i o ,  w i t h  
Ocr, 6, and E referenced t o  the  i n l e t  o f  t h e  f i rs t  stage: 

Parameter F i r  s t  st age 

Pressure r a t i o ,  p;/pe . I 1.299 

Second s tage  

Blade-jet  speed r a t i o ,  v 

Equivalent weight flow, W J e ,  E, Ib/sec 
6 

Equivalent s p e c i f i c  work, Ah' /9cr, Btu/lb 

T o t a l  eff ic iency,  17 

1.353 

0.283 

0.375 

5.31 

0.61 

0.296 

0.375 

5.63 

0.68 

%.e di f fe rence  i n  b lade- je t  speed r a t i o s  between t h e  first and sec- 
oil2 s tage  c s d d  accvm-t. for a difference of about 0.017 i n  e f f i c i ency  
from aerodynamic loading considerations according t o  the  curve of f i g u r e  
5. The remaining 0.05 d i f fe rence  i n  e f f i c i ency  m u s t  t he re fo re  result 
from t h e  d i f fe rence  i n  s t a t o r  operation, s ince  t h e  r o t o r  blading and 
clearances were e s s e n t i a l l y  t h e  same for  both stages.  

A comparison of first and second s t a t o r  l o s ses  made with two-stage 
performance da ta  showed t h a t  l o s ses  i n  t h e  second s t a t o r  vere  approxi- 
mately twice as g rea t  as those i n  the  f i r s t .  
machine losses t o  boundary-layer cha rac t e r i s t i c s ,  and i n  f igu re  11 of t h e  
re ference  momentum th ickness  is  shown as a funct ion of blade row r eac t ion  
wi th  r eac t ion  defined as 
row loss t o  momentun thickness  and glade row geometry. 
ond s t a t o r s  of t h e  eight-s tage turb ine  have r eac t ion  values  of 0.78 and 
0.55, respect ively,  and these  result in  momentum thicknesses  t h a t  were 
used wi th  blade geometry t o  es t imate  blade losses .  The est imates  based 
on boundary-layer c h a r a c t e r i s t i c s  a l so  show t h a t  second s t a t o r  l o s ses  
a r e  approximately twice as g rea t  as f i r s t  s t a t o r  losses .  
t h a t  t h e  difference between first and second s t a t o r  performance i s  l a r g e l y  
t h e  r e s u l t  of t h e  d i f fe rence  i n  blade r o w  reac t ion .  

Reference 9 r e l a t e s  turbo- 

1 - (Vi/V ). The reference a l s o  r e l a t e s  blade 
The f i rs t  and sec- 

This i nd ica t e s  

Other d i f fe rences  i n  s t a t o r  operation t h a t  a l s o  contr ibuted t o  t h e  
g rea t e r  l o s ses  i n  t h e  second s t a t o r  were incidence and in t e r s t age  seal 
leakage. 
sure  r a t i o  ind ica t e  t h a t  t h e  second s t a t o r  had an i n l e t  incidence angle 
of about 5.5'. A t  t h e  kinetic-energy l e v e l  ex is t ing ,  t h i s  could account 
f o r  a loss  of only 0.006 i n  eff ic iency,  assuming t h a t  t he  k i n e t i c  energy 
of t h e  s t a t o r - i n l e t  v e l o c i t y  component normal t o  t h e  blade leading edge 
would be l o s t .  The other  f a c t o r  t h a t  may adversely a f f e c t  second s t a t o r  

Measurements of e x i t  flow angle made near design speed and pres- 

- 

I 
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performance i s  leakage across  t h e  i n t e r s t a g e  seal ,  which permits p a r t  o f  
t h e  flow t o  bypass t h e  s t a t o r  passage and r een te r  t h e  tu rb ine  a t  t h e  inner  
w a l l  between the  second s t a t o r  and second ro tor .  The seal  clearance a r e a  
w a s  about 4 percent o f  t h e  s t a t o r  t h r o a t  area wi th  t h e  same pressure d i f -  
f e r e n t i a l  as t h e  s t a t o r ,  so t h e  leakage l o s s  should have been w e l l  under 
0.03 i n  eff ic iency,  depenhi-ng on t h e  e f f ec t iveness  of t h e  labyrinth.  

Figure 8 ( b )  shows t o t a l  e f f i c i e n c y  against  b l a d e - j e t  speed r a t i o  f o r  
two-stage operation i n  cold hydrogen with t h e  ni t rogen curve from f i g u r e  
8 (a )  plotted. 
over the  e n t i r e  range of b l ade - j e t  speed r a t i o .  

The agreement between hydrogen and ni t rogen da ta  i s  good 

Figure 9 shows a map o f  t u rb ine  performance f o r  operat ion of t h e  
f i r s t  two s tages  i n  cold nitrogen. The point  represent ing design aero- 
dynamic operation, a t  design speed and pressure r a t i o ,  l i e s  t o  t h e  r i g h t  
and below t h e  point  of design equivalent s p e c i f i c  work and design weight- 
flow-speed parameter. This occurs because of t he  excess weight flow and 
t h e  lower-than-design e f f i c i ency .  The weight flow i n  t h i s  case w a s  1 . 6  
percent above t h e  design value, while t h e  e f f i c i e n c y  w a s  0.65 compared 
with t h e  design value of 0.695. The design operat ing po in t s  on t h e  per- 
formance map a r e  located i n  a region of r e l a t i v e l y  l a r g e  g rad ien t s  i n  a l l  
parameters shown. This r e s u l t s  from t h e  low subsonic v e l o c i t y  l e v e l s  i n  
t h e  e a r l y  s t ages  of t h e  tu rb ine  and t h e  e f f i c i e n c y  v a r i a t i o n  i n  t h e  low 
range of b l a d e - j e t  speed r a t i o .  It ind ica t e s  an appreciable  range i n  
operation, s ince  design operat ion i s  not near l i m i t i n g  loading of t h e  
blade rows. It may be noted, however, from t h e  v e l o c i t y  diagram para- 
meters shown i n  t a b l e  I t h a t  t h e  c r i t i c a l  v e l o c i t y  r a t i o s  increase pro- 
gressively,  s tage  by stage, through t h e  t u r b i n e  so t h a t  t h e  margin be- 
tween design operation and l i m i t i n g  loading i s  progressively smaller. 
The f a c t  t h a t  experimentally determined e f f i c i e n c i e s  were lower than 
design e f f i c i ency  means t h a t  t h i s  margin between design s p e c i f i c  work and 
l i m i t i n g  work w i l l  be reduced s t i l l  further i n  t h e  l a t te r  s tages .  

The v a r i a t i o n  i n  t o t a l  e f f i c i e n c y  wi th  b l a d e - j e t  speed r a t i o  f o r  two- 
s t age  operation with t h e  i n t e r s t a g e  seal clearance area reduced by one 
t h i r d  i s  shown i n  f i g u r e  10. Data recorded f o r  operat ion i n  n i t rogen  
and hydrogen agree w e l l  over t h e  e n t i r e  range of b l a d e - j e t  speed r a t i o .  
No difference i n  performance between t h e  two seal  geometries could be 
detected; t h i s  indicated t h a t  seal  leakage l o s s e s  could not  be l a rge .  
This r e s u l t  w a s  expected because t h e  decrease i n  c learance a r e a  amounted 
t o  only 1.3 percent of t h e  second-stage t h r o a t  area.  
leakage must have been l e s s  than t h e  a r e a s  indicated wi th  n e g l i g i b l e  
secondary e f f ec t s ,  and the re fo re  t h e  d i f f e rence  between first- and 
second-stage e f f i c i e n c i e s  must be l a r g e l y  due t o  t h e  d i f f e rences  i n  sta- 
t o r  operation. 

The i n i t i a l  s e a l  

c 
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Examination of t h e  turb ine  parts a f t e r  operat ion wi th  t h e  o r i g i n a l  
s e a l  configurat ion ind ica ted  t h a t  rubbing had occurred between the  laby- 
r i n t h  s e a l  d i sk  and the  aluminum oxide coat ing on t h e  inner  diameter of 
t h e  second s t a t o r  with no damage t o  e i t h e r  par t .  
as t h a t  spec i f i ed  i n  t h e  design of t h i s  seal, may the re fo re  be used s a f e l y  
with an abrasive ma te r i a l  on t h e  s t a t iona ry  surface.  

A s m a l l  clearance, such 

Testing of a l l  t h r e e  configurations showed no slgniTicarlt  dlffzrzneee 
between performance i n  hydrogen and performances i n  nitrogen. This r e s u l t  
w a s  a l s o  observed i n  t h e  inves t iga t ion  reported i n  reference 8, wherein 
two s ingle-s tage  tu rb ines  w e r e  a l s o  t e s t e d  i n  cold hydrogen and cold 
nitrogen. 

SUMMARY OF RESULTS 

An i nves t iga t ion  was conducted t o  provide design information f o r  
t -mbines of t h e  type required f o r  t h e  turbopump system of a hydrogen- 
propei ied nuclear  rocket. Performance c h a r a c t e r i s t i c s  of t h e  f irst  two 
s tages  of an eight-s tage turb ine  f o r  t h i s  appl ica t ion  were obtained ex- 
per imental ly  in cold n i t rogen  and i n  cold hydrogen t o  e s t a b l i s h  t h e  ef- 
f e c t s  of f l u i d  p rope r t i e s  on turb ine  performance. Resul ts  of t h i s  inves- 
t i g a t i o n  may be summarized as follows: 

1. Tota l  e f f i c i ency  of t he  first s tage  w a s  0.67 when operat ing alone 
a t  i t s  design b l ade - j e t  speed r a t i o  of 0.284. Neasu-ed equivalent weight 
flow w a s  4 percent higher  than the  design value. 

2. Total  e f f i c i ency  obtained f o r  operat ion of t h e  first two s tages  
w a s  0.65 at  t h e  design b l ade - j e t  speed r a t i o  of 0.208. The equivalent 
weight flow f o r  two-stage operat ion was 1.4 percent above t h e  design 
value. 

3. Calculat ions made with two-stage performance da ta  a t  design opera- 
t i o n  showed t h a t  t h e  f i r s t - s t a g e  e f f i c i ency  w a s  0.68, second e f f i c i ency  
w a s  0.61, and t h a t  t h e  difference r e su l t ed  l a r g e l y  from boundary-layer 
l o s s e s  i n  t h e  s t a t o r s .  The second s t a t o r  l o s ses  were apprcximately twice 
as l a r g e  as first s t a t o r  l o s ses  according t o  experimental performance 
d a t a  and a l s o  according t o  estimated l o s s e s  based on boundary-layer 
ca lcu la t ions .  

4. Tests  made with a one-third reduction i n  in t e r s t age  s e a l  leakage 
area showed no measurable difference i n  eff ic iency,  so s e a l  leakage lo s ses  
must have been s m a l l .  

5. Operation i n  hydrogen and nitrogen showed no s ign i f i can t  d i f f e r -  
ences between t h e  two gases i n  t h e  l eve l s  of e f f i c i ency  obtained. 
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6. It was found that rubbing occurred with material removed from 
labyrinth rings by abrasive with no damage to either part. 
cluded therefore that seal clearances of 0.003 to 0.004 inch may be safely 
used with an abrasive coating on the side opposite the labyrinth. 

It was con- 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 7, 1961 
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TABU 11. BLADE GEOMETRY 

number 
of 

blades , 
n 

,r,, 

I loa 
8 1 106 

128 

130 

116 

10 2 

99 

106 

110 

114 

chord, height,  

in .  in .  

S t a t o r s  

0.333 

.328 

.354 

.379 

428 

.428 

.455 

.425 

spacing, r a t i o ,  

in .  

0.268 

.280 

.304 

.342 

. a 0  

.481 

.596 

.765 

0.307 

.353 

.366 

.440 

.468 

458 

461 

.428 

Rotors  

0.268 

.279 

.304 

.342 

.400 

.480 

.596 

.765 

0.230 

.185 

.191 

.202 

.214 

206 

,198 

,202 

0.167 

.165 

.185 

-210 

216 

.202 

.195 

.188 

1.45 

1.78 

1.85 

1.88 

2.00 

2.08 

2.30 

2.10 

1.84 

2.14 

1.98 

2.10 

2.16 

2.27 

2.37 

2.28 

0.81 

.85 

.86 

90 

.94 

1.12 

1.31 

1.80 

0.87 

.79 

.83 

.78 

86 

1.05 

1.29 

1.79 

c 
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TABLE 111. - BLADE COORDINATES 

(a) S t a t o r s  

Y ( 7  17- : - . 1  ?.., In. 
-'I-L' I " 

P: r 9 t  stage 
' a i n t  2: .X = 0.i17, Y = 0.035 

B = 50023' 

0.011 
.046 
.OS€ 
.063 
,063 
.E1 
. 05- 
.OS4 

t 

0 
,025 
,045 
,050 
.G75 
,100 
,125 
,150 . -5 
.zoo 
.2iJ 
,225 
,250 
.2:5 
.5x 
.32t 

. -  

C 

. * ^  033 

t 
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,004 s 

i 1 T . t  z: ?. - 

,025 
.3t0 

. C2E 

. 050 

.075 

.10i 
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. i5C . -- _ A , >  

i ' 7 i  
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. L C  
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. 4 O ?  

. - -  
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. I 2 5  

. l-0 
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"-- .. . 

. -j_ .I " 

.:E65 

.0733 

.Lies5 

. C d 5 4  

.0352 

.;010 . 1002 

. l E l l  
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.I345 
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,400  
. I?? 

. 1 4 ; 0  

. I507 

.I-?? . iC12 
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.." 
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.GO4 3 

,0967 
. O $ O i  
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.1;5.5 . io40 
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TABLE 111. - Concluded. BLADE COORDINATES 

( b )  R o t o r s  
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Figure 3 .  - Eight-stage rotor. 
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Figure 5. - Concluded. Turbine t o t a l  efficiency variation f o r  operation of first stage. 
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Figure 6. - Performance of'first stage of eight-stage turbine in nitrogen. 
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Figure 9. - Performance of first two stages of eight-stage turbine in nitrogen. 
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(a )  In cold nitrogen. 

Figure 10. - Turbine t o t a l  e f f i c i ency  va r i a t ion  f o r  operation of f i r s t  two 
stages with modified in t e r s t age  seal. 
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(b)  In  cold hydrogen. 

Figure 10. - Concluded. Turbine t o t a l  e f f i c i ency  var ia t ion  f o r  operation of 
f i r s t  two stages with modified in te rs tage  sea l .  
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