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FOREWORD 

The i n v e s t i g a t i o n  descr ibed  he re in ,  which w a s  conducted by t h e  Propuls ion 
Div is ion  of t h e  Aerojet-General Corporat ion,  Sacramento, C a l i f o r n i a ,  w a s  per- 
formed under Cont rac t  NAS 3-11231. The work w a s  done under t h e  management of 
t h e  NASA P r o j e c t  Manager, M r .  W. A. Ros t a f insk i  of t h e  Chemical Rocket 
Divis ion,  NASA-Lewis Research Center.  The informat ion  contained i n  t h i s  
r e p o r t ,  NASA-CR-72540, w a s  o r i g i n a l l y  publ ished i n  d r a f t  form as an i n t e r n a l  
Aerojet-General r e p o r t  (No. 9400-16) on 10 A p r i l  1969. 

The au thors  wish t o  express  t h e i r  apprec i a t ion  t o  t h e  Space Nuclear 
Propuls ion Of f i ce  of NASA f o r  t h e i r  permission t o  use  t h e  main s t a g e  turbopump 
and t h e  t e s t i n g  f a c i l i t y  as w e l l  as providing t h e  necessary  tes t  p rope l l an t s .  
This  program would no t  have been p o s s i b l e  without  t h e i r  cooperat ion.  
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ABSTRACT 

The performance of a Twin-Spool Turbopump, wherein a gas turbine coaxially 
drives the inducer, was investigated as part of a study to evaluate various 
zero Net Positive Suction Pressure (NPSP) feed systems. Steady-state and 
transient tests were conducted in liquid hydrogen and the results were used 
to refine a computer program that predicts the performance of the Twin-Spool 
Turbopump. In addition, the extension of the operating range at zero NPSP 
(as compared to conventional pumps) was investigated along with the effect of 
varying the inducer turbine pressure ratio. It was found that the concept is 
applicable to the starting requirements of either chemical or nuclear engines 
and that the basic mechanical concept is a workable arrangement. 

XiX 



I. SUMMARY 

The Twin-Spool Turbopump t e s t i n g  is  p a r t  of a NASA-Lewis Research 
Center s tudy  being conducted t o  assess va r ious  p r o p e l l a n t  f eed  system con- 
cep t s  f o r  pumping rocke t  engine f u e l s  a t  very  low and zero values of N e t  
P o s i t i v e  Suct ion  P res su re  (NPSP). A s  used h e r e i n ,  NPSP i s  i d e n t i f i e d  as 
t h e  margin of p r o p e l l a n t  t o t a l  p re s su re  above vapor ( s a t u r a t i o n )  p re s su re  
and is measured a t  t h e  bottom of t h e  p r o p e l l a n t  tank.  

The Twin-Spool Turbopump inco rpora t e s  a low-speed inducer  t o  supply t h e  
requi red  i n l e t  p re s su re  t o  t h e  main pump. This  inducer  is  d r iven  through a 
s h a f t  which i s  c o a x i a l  w i th  t h e  main s h a f t .  The d r i v e  source  i s  a s ing le -  
s t a g e  gas  t u r b i n e  loca ted  a f t  of t h e  main turb ine .  

The b a s i c ,  7 p s i  NPSP main-stage turbopump had been ex tens ive ly  t e s t e d  
previous ly  a t  zero  NPSP. Based upon e x i s t i n g  rocke t  engine requirements ,  i t s  
performance over t h e  d e s i r e d  ope ra t ing  range w a s  u n s a t i s f a c t o r y .  
inducer  s t a g e  provided a unique oppor tuni ty  f o r  eva lua t ing  t h e  effect of t h e  
inducer  s t a g e  upon t h e  ove r -a l l  performance of t h e  turbopump. J 

Adding an  

I 

A high-speed d i g i t a l  computer program w a s  formulated i n  FORTRAN I V  t o  
p r e d i c t  t h e  t r a n s i e n t  and s t eady- s t a t e  performance of t h e  Twin-Spool Turbo- 
pump. This  program w a s  based upon inducer ,  pump, and t u r b i n e  c h a r a c t e r i s t i c  
curves .  The test d a t a  w e r e  used t o  r e f i n e  t h e  program u n t i l  p red ic t ed  per- 
formance matched t h e  a c t u a l  test  r e s u l t s .  

The fol lowing f o u r  b a s i c  types of tests were conducted i n  l i q u i d  
hydrogen: 

- Flow t r a v e r s e s  whi le  maintaining a cons tan t  main-stage s h a f t  
speed. 
3.44 N/cm2,  and 0 N/cm2) were mapped. 
cons iderable  vapor w a s  i nges t ed  by t h e  u n i t .  

NPSP va lues  of 20 p s i ,  5 p s i ,  and 0 p s i  (13.78 N / c m 2 ,  
I n  some ins t ances ,  

- NPSP traverses from 20 p s i  t o  0 p s i  (13.78 N / c m 2  t o  0 N/cm2)  
whi le  holding a cons tan t  f low and speed. 

- Simulated engine start  ramps of three seconds and s i x  seconds. 
The te rmina l  NPSP's f o r  t h e  t h r e e  second ramp were 20 p s i  and 
1 p s i  (13.78 N/cm2 and .689 N/cm2) whi le  f o r  t h e  s i x  second 
ramp, t h e  te rmina l  NPSP w a s  0 p s i  (0 N / c m 2 ) .  

- Inducer  s t a g e  s e n s i t i v i t y  tests t o  i n v e s t i g a t e  t h e  e f f e c t  of 
varying t h e  s p l i t  between t h e  main-stage and inducer  s t a g e  
t u r b i n e  p re s su re  r a t i o s .  This  s p l i t  w a s  accomplished by u t i -  
l i z i n g  o r i f i c e s  of va r ious  s i z e s  t o  reduce t h e  e f f e c t i v e  area 
of t h e  exhaust l i n e .  



The extremes in flow rate swing also were studied. Thi d from 
stall at the lowest flow to the point where the pressure rise a 
moderate degradation as a result of excessive flow rate. 

There was a very close correlation between actual and predicted per- 
formance, which permits the following major conclusions: 

- The Twin-Spool Turbopump exhibits an essentially non-cavitating 
performance, both in pressure rise and flow range, while operating 
at zero NPSP and with moderate vapor ingestion. 

- Based upon the transient start ramp response, the concept is 
applicable to either chemical or nuclear engine starting require- 
ments. 

- There is no problem connected with the sensitivity of the inducer 
stage to reasonable variations in the turbine exhaust system area. 

- Twin-Spool Turbopump performance can be predicted and is a func- 
tion of the accuracy of the predicted pump and turbine character- 
is tics. 

- The accumulated running time (45  min at full-speed and over 
60 min total) demonstrates the basic mechanical concept to be a 
workable arrangement. 

- The Q/N range of the inducer is narrower than found in most boost 
pump concepts as a result of the power being extracted from the 
turbine drive gas (i.e., as main pump flow and power rise, the 
inducer sees almost the same percentage of increase in power). 

11. INTRODUCTION 

This report delineates the work performed at the Liquid Rocket 
Operations, Aerojet-General Corporation, Sacramento, California to complete 
Tasks I and I1 of Contract NAS 3-11231 (Investigation of Twin-Spool Turbo- 
pump Performance), which was under the cognizance of the NASA-Lewis Research 
Center, Cleveland, Ohio. The two contractual tasks are described as follows: 

TASK I - The formulation and demonstration of a computerized 
mathematical model for prediction of steady-state and 
transient twin-spool turbopump operation. Refinement 
of the program in Task I1 was contingent upon the 
satisfactory completion of Task I. 

TASK I1 - Testing of the Twin-Spool Turbopump in liquid hydrogen 
and refinement of the computer simulation based upon 
actual test data. 

2 



Zero NPSP (the condition at which vehicle tank pressure equals pro- 
pellant saturation pressure) turbopump operation has been identified as a 
valid technique for improving rocket engine performance. 
strong evidence indicating increased mission reliability as a result of 
reduced tank/engine interaction and increased operating margins. 
case of the nuclear rocket, a substantial increase in performance appears to 
be possible resulting from the capability to pump tank residuals that are 
unavailable, because of nuclear heating, when a positive NPSP system is used. 

This is based upon 

In the 

The fundamental consideration in a zero NPSP pumping system is whether 
liquid hydrogen at zero NPSP can be ingested into the pumping system and then 
pumped to the required pressure level needed for a particular application. 
Results from zero NPSP hydrogen pumping tests conducted by NASA-Lewis Research 
Center, Aerojet-General, the Pesco Division of Borg-Warner, and during the 
Centaur flights provide a strong confidence in the ability to achieve satis- 
factory pumping at zero NPSP in an operational turbopump system. From these 
requirements, it can be concluded that zero NPSP can be achieved and the 
resultant benefits are realistic. 

Recognition of these potential advantages is further evidenced by the 
Technology Program currently under way to investigate three low-speed inducer 
systems (the full-flow hydraulic turbine, the partial-flow hydraulic turbine, 
and the hubless inducer). As a companion concept to these systems, Aerojet- 
General sponsored, designed, and fabricated a conversion of a NERVA Technology 
Turbopump to a Twin-Spool configuration. Basically, the concept is the addi- 
tion of a low-speed inducer in front of the main-stage pump. 
driven by its OWR gas turbine, which is mounted just aft of the main-stage 
turbine and powered by the main-stage-turbine exhaust gas. 
its turbine are mechanically linked by a coaxial shaft running through the 
center of the main-stage shaft. 

The inducer is 

The inducer and 

There appears to be two distinct advantages offered by the Twin-Spool 
Turbopump. 
additional lines or valves. Secondly, there is fast starting and steady-state 
response resulting from the close-coupling of the inducer turbine to the main 
turbine. 

First, there is a minimal increase in the envelope without any 

In addition to evolving the refined computerized mathematical model for 
predicting Twin-Spool Turbopump performance, this investigation provided an 
opportunity to evaluate the concept in context with the other indicated low- 
speed inducer systems being studied. 

Twin-Spool Turbopump performance was established experimentally in the 
test program and was based upon transient and steady-state operation at NPSP 
values ranging from 20 psi to 0 psi (13.78 N /em2 to 0 N/cm2). 

The main text of this report is divided into five major areas of over- 
all program consideration; inducer design (including test results and main 
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in Appendix A.  
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111. INDUCER DESIGN 

The turbopump conf igu ra t ion  u t i l i z e d  i n  t h e  Twin-Spool Turbopump f easi- 
b i l i t y  demonstration is  a c o a x i a l  design which inco rpora t e s  a low-speed 
inducer dr iven  by a s ing le - s t age  impulse tu rb ine .  
turbopump w a s  modified by inco rpora t ing  newly-fabricated components t o  provide 
f o r  t h e  c o a x i a l  conf igura t ion .  A c ros s - sec t iona l  schematic  of t h i s  u n i t  is  
included i n  t h e  Mechanical Design d i scuss ion  of t h i s  r e p o r t  (Figure No. 79, 
Sec t ion  V, page 118) a long wi th  views of t h e  assembly i n  t h e  build-up s t and .  

An e x i s t i n g  p o s i t i v e  NF'SP 

The main turbopump i s  made up of a s ingle-s tage  c e n t r i f u g a l  pump wi th  
an  i n t e g r a l  inducer  dr iven  by a two-stage impulse turb ine .  A hollow s h a f t  is  
used t o  couple t h e  t u r b i n e  t o  t h e  pump through a liquid-hydrogen-cooled bear- 
i ng  housing. 

The low-speed inducer  is  dr iven  through a s ing le - s t age  impulse t u r b i n e  
by a s o l i d  s h a f t ,  which passes  through t h e  hollow s h a f t  of t h e  main-stage 
r o t a t i n g  assembly. Both the  inducer  and t h e  inducer  t u r b i n e  are supported by 
liquid-hydrogen-cooled bear ings .  

Labyrinth seals were placed a t  t h e  t u r b i n e  and pump ends of t h e  main 
s h a f t  t o  prevent  t u r b i n e  d r i v e  gas  from en te r ing  t h e  main pump i n l e t .  The 
l a b y r i n t h s  are designed t o  provide f o r  p r e s s u r i z a t i o n  of t h e  c a v i t y  between 
t h e  high-speed and low-speed s h a f t s  by u t i l i z i n g  a p o r t i o n  of t h e  main-stage 
bear ing  coolan t  flow. 

A. DESIGN REQUIREMENTS 

The inducer  s t a g e  i s  r equ i r ed  t o  produce p res su r i zed  l i q u i d  wi th  
s teady  and r e l i a b l e  NPSH from i n i t i a l l y  b o i l i n g  f l u i d  s o  t h a t  c a v i t a t i o n  i n  
t h e  pump main s t a g e  can be  g r e a t l y  reduced o r  even el iminated.  
requirements of t h e  main s t a g e  w e r e  determined from test d a t a  and are pre- 
sen ted  on Figure  No. 1, which relates t h e  pump head c o e f f i c i e n t  t o  t h e  r a t i o  
of NPSH t o  t h e  i n l e t  v e l o c i t y  head NPSH/C2m/2g) f o r  a family of i n l e t  flow 
c o e f f i c i e n t s .  The design flow rate range f o r  t h e  inducer  w a s  e s t a b l i s h e d  
from 45 l b / s e c  (20.4 kg/s )  t o  77 l b / s e c  ( 3 4 . 8  k g / s ) ,  because cons iderable  
c a v i t a t i o n  on t h e  main pump had previous ly  been gathered and t h e  flow range 
w a s  compatible wi th  t h e  o t h e r  low-speed inducer  s t u d i e s .  
t i o n  performance of t h e  main s t a g e  f o r  77 l b / s e c  ( 3 4 . 8  kg / s ) ,  (@IT = O . l l ) ,  
w a s  ex t r apo la t ed  from test d a t a  and is  represented  by t h e  dashed l i n e  on 
Figure  No. 1. 
NPSH of a t  least 15 C2m/2g o r  1260 f t  (384  m) t o  achieve  acceptab le  pump 
performance. 
inducer  design requirements are summarized on Table I. 

The NPSH 

The p red ic t ed  suc- 

It can b e  seen  t h a t  t h e  inducer  s t a g e  would have t o  supply an 

The Such a head rise could b e  supp l i ed  by a cambered inducer .  
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TABLE I 

INDUCER DESIGN REQUIREMENTS, PARAMETERS, AND PREDICTIONS 

1. Design Requirements 

Fluid 

Approximate fluid temperature 

Fluid density (liquid) 

LH2 
38.5OR 21°K 

4.3 lb/ft3 68.9 Kg/m 3 

NP SH One Velocity Head 

Maximum vapor content in percent of total 
volume 

20 

NPSH main-stage inlet 1260 ft 384 m 

2. Design Parameters 

Rotational speed 

Fluid velocity, inlet line (unblocked) 

Fluid velocity , inducer inlet (w/hub 

Tip speed 
Inlet tip flow coefficient 

Incidence-to-blade angle ratio (i/B) 
Discharge mean flow coefficient 

Stator inlet through flow velocity 
(unblocked, one-dimensional) 

Stator discharge through flow velocity 
(unblocked, one-dimensional) 

blockage) 

3. Design Predictions 

Over-all head rise 

Over-all efficiency 

Shaft horse power 

Head loss at 20% vapor by volume 

10,100 rpm 105 rad/s 

32.8 ftlsec 10 m/s 
39.8 ft/sec 12.1 m/s 

437.5 ft/sec 133.5 m/s 

0,091 

0.527 

0.20 

57.2 ft/sec 17.4 m/s 

72.0 ft/sec 22 m / s  

1305 ft 398 m 

54.5% 
5 355 hp 2.5 x 10 w 

13.5% 
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B. INDUCER 

1. I n l e t  Geometry 

The inducer  i n l e t  t i p  diameter w a s  s i z e d  f o r  t h e  maximum flow 
rate of 77 l b / s e c  (34.0 kg / s ) ,  a f l u i d  d e n s i t y  of 4.3 l b / f t 3  (48.1 kg/m3), a 
hub r a t i o  D H ~ / D T ~  of 0.4, and an  i n l e t  v e l o c i t y  of 40 f t / s e c  (12.2 m / s ) .  
i n l e t  v e l o c i t y  corresponds t o  t h e  l i m i t a t i o n s  f o r  low-speed inducers  recom- 
mended by t h e  NASA/Lewis Research Center (personal  con tac t s  i n  December 1966),  
namely : 

The 

Through Flow Veloc i ty  Cm 40 f t / s e c ,  (12.2 m / s )  

Tip Veloc i ty  'Ti 500 f t / s e c ,  (152.5 m/s) 

N Q I / ~  10 rpm (gpm) 

(8.34 x l o 2  r a d / s  (m 3 /s) 1/2)  

6 1 / 2  

1/ 2 The i n l e t  v e l o c i t y  Cm i s  based upon l i q u i d  f l u i d ,  whi le  NQ 
is  i n d i r e c t l y  s p e c i f i e d  by the  l i m i t s  of Cm and UT. 
c o e f f i c i e n t  ca l cu la t ed  from t h e  above va lues  is 0.08, and t h e  equiva len t  f l u i d  
angle  i s  4.658 degrees  (0.0813 r ad ) .  

The recommended flow 

It i s  known t h a t  f o r  a given b lade  i n l e t  angle ,  t h e  inc idence  
ang le  determines t h e  b l ade  leading  edge loading and t h e  cav i ty  shape formed. 
Large inc iden t  r e s u l t s  i n  high leading  edge loading. However, wi th  low-speed 
inducers ,  a l a r g e  incidence-to-blade-angle r a t i o  ( i /B)  can be b e t t e r  t o l e r a t e d  
s t r u c t u r a l l y  and i s  des i r ed  because i t  al lows g r e a t e r  vo lumetr ic  flow excur- 
s i o n s  o r  increased  vapor i n g e s t i o n  (Ref. 1). I n  i n i t i a l  c a l c u l a t i o n s ,  an 
assumed i / B  va lue  of approximately 0.6 r e s u l t e d  i n  a b l ade  i n l e t  t i p  angle  @ T i  
of 11 degrees (0.192 r ad ) .  This  i n l e t  ang le  w a s  maintained i n  t h e  f i n a l  
design as i t  agrees  wi th  t h a t  of a NASA inducer  f o r  which c h a r a c t e r i s t i c  per- 
formance curves are w e l l  e s t ab l i shed .  
t i o n s  d i c t a t e d  a decrease  i n  t h e  r o t a t i o n a l  speed t o  match t h e  i n i t i a l  power 
requirements f o r  t he  turb ine .  The r e s u l t i n g  design speed of 10,000 rpm 
(1058 r a d / s )  y ie lded  a h ighe r  flow c o e f f i c i e n t  of 0.091 and a lower i / B  va lue  
of 0.527. Based upon t h e  l a t te r  va lue ,  i t  w a s  es t imated  t h a t  t he  inducer  
would be a b l e  to i n g e s t  approximately 15% t o  20% of vapor by volume a t  a 10% 
inducer head l o s s  a t  t h e  des ign  poin t .  The p red ic t ed  s u c t i o n  performance i s  
depic ted  on Figure  No. 2 ,  where head l o s s  i s  p l o t t e d  as a func t ion  of volu- 
metric flow. 

A la ter  up ra t ing  of performance predic-  

2. Meridional  Flow Path 

The t i p  contour w a s  maintained c y l i n d r i c a l ,  whi le  t h e  hub w a s  
increased  towards t h e  d ischarge  t o  guide t h e  flow around t h e  bear ing  assembly. 
The minimum p r a c t i c a l  d i scharge  hub diameter ,  t he re fo re ,  w a s  d i c t a t e d  by mechan- 
i ca l  design cons idera t ions .  The r e s u l t i n g  d ischarge  mean flow c o e f f i c i e n t  i s  
0.2, and t h e  flow c o e f f i c i e n t  r a t i o  fl /@ is 1.67. 2M 1 M  
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The meridional  f low pa th  is shown on Figure  No. 3 and t h e  
through-flow area d i s t r i b u t i o n s  (blocked and unblocked) are presented  on 
Figure  No. 4.  

3. Blade Angle D i s t r i b u t i o n  

The inducer  w a s  designed wi th  r a d i a l  b l ade  elements ( tangent  
of b l ade  ang le  i n v e r s e l y  p ropor t iona l  t o  r a d i u s  a t  any axial p o s i t i o n )  f o r  ease 
of manufacture. Minimum b l a d e  ang le  d i s t r i b u t i o n  w a s  computed as a func t ion  of 
t h e  through-flow area f o r  a cons tan t  Eu le r  head eva lua ted  at  t h e  l ead ing  
edge. The inducer  d ischarge  b lade  angle  w a s  increased  by approximately 
5 degrees  (0.0871 rad)  t o  account f o r  channel and s t a t o r  l o s s e s  and t o  o b t a i n  
an adequate NPSH margin. 
a r b i t r a r i l y  f a i r i n g  a smooth curve from t h e  va lue  f i x e d  at  t h e  d ischarge  t o  
the  requi red  minimum va lues  of t h e  i n l e t  s ec t ion .  The r e s u l t a n t  b lade  camber 
is  approximately t h e  same as t h a t  of t h e  M-1 Fuel Pump inducer  (Ref .  2 ) .  A 
s h o r t ,  h e l i c a l  b lade  s e c t i o n  w a s  provided at t h e  i n l e t  t o  maintain a cons tan t  
passage area i n  t h e  i n l e t  po r t ion  of t h e  b l ade  row. 
s e c t i o n  i s  approximately one a t  t h e  hub and s l i g h t l y  lower a t  t h e  t i p  because 
of  t h e  b lade  t r i m .  NASA d a t a  (Ref. 3) i n d i c a t e  t h a t  t h e  a d d i t i o n  of a h e l i c a l  
b lade  po r t ion  a t  t h e  i n l e t  of a s i m i l a r  inducer  r e s u l t e d  i n  a performance 
gain.  The b lade  angle  d i s t r i b u t i o n  f o r  t h e  t i p  and t h e  hub is  presented  
on Figure No. 5 whi le  t h e  E u l e r ' s  head d i s t r i b u t i o n s  are shown on Figure  
No. 6. 

F i n a l  b l ade  ang le  d i s t r i b u t i o n  w a s  ob ta ined  by 

The s o l i d i t y  of t h i s  

4. Number of Blades 

Four f u l l  b lades  and f o u r  p a r t i a l  b lades  were s e l e c t e d  t o  
maintain an acceptab le  r o t o r  l eng th  o r  a reasonable  L/D va lue  f o r  a des i r ed  
over -a l l  s o l i d i t y  of approximately 4.0. 
t h e  eight-blade d ischarge  s e c t i o n  have approximately equal  s o l i d i t y .  

The four-blade i n l e t  s e c t i o n  and 

5 .  Blade Shape 

Improved performance and increased  ope ra t ing  l i f e  is r e a l i z e d  
wi th  t h i n  b lades  o r  h ighe r  s t r e n g t h  material. Titanium Al l0  b a s i c a l l y  w a s  
s e l e c t e d  f o r  t h i s  reason  as w e l l  as i ts  h ighe r  f a t i g u e  s t r e n g t h  and c a v i t a t i o n  
e ros ion  r e s i s t a n c e .  A maximum b lade  r o o t  th ickness  of 0.300-in. (0.762 cm) w a s  
ex t r apo la t ed  from similar inducer  designs.  This  va lue  is  equal  t o  approximately 
one-half of t h e  c a v i t y  h e i g h t  a t  t h e  design flow rate. The same propor t ions  are 
maintained a t  t h e  t i p ,  where a th ickness  of 0.110-in. (0.270 cm) w a s  e s t ab l i shed .  

To s impl i fy  f a b r i c a t i o n ,  t h e  b lades  are designed t o  be machined 
wi th  cons tan t  c u t t e r  o f f s e t ;  a method w h i c h . r e s u l t s  i n  a v a r i a t i o n  i n  b lade  
th icknesses .  A 3/8-in. (0.952 cm) t apered  ball-end c u t t e r  w a s  s p e c i f i e d ,  
based upon t h e  minimum b lade  spacing at t h e  beginning of t h e  s h o r t  p a r t i a l  
b lades .  
w a s  s e l e c t e d  f o r  good s u c t i o n  performance. The b l ade  th ickness  d i s t r i b u t i o n  
i s  p l o t t e d  on Figure No. 7. 

A nominal b lade  l ead ing  edge th i ckness  of 0.010-in. (0.0254 cm) 
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The b lade  inlet  t i p  w a s  swept back 37-degrees (0.65 r ad )  t o  
improve t h e  stress d i s t r i b u t i o n  i n  t h e  t h i n  overhang p o r t i o n  of t h e  blade.  
Fa i r ing  on t h e  low p res su re  s i d e  of t h e  b l ade  is  such t h a t  t h e  r e s u l t i n g  wedge 
angle  is equal  t o  t h e  inc idence  ang le  at  120% of t h e  des ign  flow c o e f f i c i e n t .  

The r o t o r  geometry is summarized on Table 11. 

6 .  Blade Loading 

The hydrau l i c  b l ade  loading  was determined from a computer 
program based upon t h e  f r e e  s t r eaml ine  wake theory (Ref. 4) of a f l a t  p l a t e .  
The maximum load  occurs  at t h e  h ighes t  speed, lowest f low c o e f f i c i e n t ,  and 
h ighes t  NPSH. The load a n a l y s i s  w a s  conducted f o r  t h e  fol lowing condi t ion :  

Speed NI = 13,500 rpm (1415 r ad / s )  (122.5% NDEs) 

Flow R a t e  = 77 l b / s e c  (34.8 kg/s )  
NPSP = 50 p s i  (34 N / c m  2 ) 

Fluid  Density = 4.4 l b / f t  3 (70.5 kg/m 3 ) 

Resul t s  are p l o t t e d  on Figure No. 8 (as l i n e s  of cons tan t  
pressure,  isobars)superimposed on t h e  b lade  leading  edge. 

7.  Analysis 

One-dimensional i n l e t  and d ischarge  v e l o c i t y  t r i a n g l e s  are 
shown on Figure No. 9. The inc idence  ang le s  of 1-degree, 3-degrees and 
6-degrees (0.0175, 0.0349, and 0.015 rad)  f o r  t i p ,  mer id iona l ,  and hub were 
based. upon a survey of f l a t  p l a t e  inducer  traverse da ta .  A r o t o r  hydrau l i c  
e f f i c i e n c y  of 0.82, based upon NASA measurements (Ref. 3 )  r a t h e r  than  an 
average l o s s  c o e f f i c i e n t  va lue ,  was used t o  c a l c u l a t e  t h e  a c t u a l  inducer  head 
rise. 

The one-dimensional c a l c u l a t i o n  w a s  v e r i f i e d  a g a i n s t  a 
computer s o l u t i o n  based upon s imple r a d i a l  equi l ibr ium.  
t h i s  a n a l y s i s  w a s  w r i t t e n  f o r  t h e  high-speed d i g i t a l  computer and b a s i c a l l y  
i s  s i m i l a r  t o  t h e  Aerojet-General Computer Program, Job 10001, which uses  t h e  
method descr ibed  i n  Ref. 5. For s i m p l i f i c a t i o n ,  incompressible  and ax i -  
symmetric flow wi th  no s t r eaml ine  curva tures  w a s  assumed. 
d e s c r i b e  t h e  flow d i s t r i b u t i o n s  at t h e  inlet  and t h e  d ischarge  of t h e  r o t a t i n g  
b l ade  row. 

The program used i n  

The output  parameters 

Loss c o e f f i c i e n t s  and dev ia t ion  ang le  d i s t r i b u t i o n s  of t h e  
M-1 Fuel Pump i n i t i a l  des ign  inducer  w e r e  used i n  t h e  a n a l y s i s  because of t h e  
g r e a t  s i m i l a r i t y  between t h e  two r o t o r  conf igu ra t ions  and t h e  good agreement 
i n  b lade  camber angle .  These input  d a t a  are p l o t t e d  on Figures  No. 10  and 
No. 11. 
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TABLE If 
INDUCER AND STATOR GEOMETRY 

Inducer PIN 1134680-1 

Suct ion  l i n e  i n s i d e  diameter  

Tip diameter  

I n l e t  hub d iameter  

Hub r a t i o  

Blade i n l e t  t i p  ang le  

Discharge hub diameter  

Discharge t i p  ang le  

Number of f u l l  b lades  

Number of p a r t i a l  b lades  

T o t a l  number of b lades  

Over-all t i p  s o l i d i t y  

S t a t o r  PIN 1134695-1 

I n l e t  t i p  diameter  

I n l e t  hub diameter  

I n l e t  b lade  ang le  

Discharge t i p  diameter  

Discharge hub diameter  

Discharge b lade  angle  

Maximum blade  th i ckness  

Number of b lades  

Blade s o l i d i t y  

Blade t u r n i n g  ang le  

10.000 i n .  25.4 e m  

9.880 in .  25.2 c m  

4.000 i n .  10.2 c m  

0.405 

11 O 0.192 rad 

6.400 i n .  16.3 c m  

24 O 0.419 rad  

4 

4 

8 

4.0 

10.000 i n .  

6.300 i n .  

22 O 

7.050 i n .  

1.720 i n .  

90 

0.50 i n .  

11 

2 . 1  

68 O 

25.4 c m  

16.0 cm 

0.384 rad 

17.9 cm 

4.36 c m  

1.57 rad 

1.27 c m  

1.19 r ad  
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Figure  8. Inducer Blade Loading 
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Figure  9. - Veloc i ty  Vector Diagrams. 
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The r e s u l t s  are presented  i n  terms of t h e  through-flow 
v e l o c i t y  d i s t r i b u t i o n  on Figure No. 12 ,  t h e  a b s o l u t e  v e l o c i t y  d i s t r i b u t i o n  on 
Figure  No. 13 ,  and t h e  a b s o l u t e  f l u i d  ang le  d i s t r i b u t i o n  on Figure  No. 14. 
The mass averaged head rise from t h e  two-dimensional s o l u t i o n  r e s u l t e d  i n  
2268 f t  (693 m) ,  compared wi th  1993 f t  (608 m) from t h e  one-dimensional 
a n a l y s i s .  
t h e  one-dimensional a n a l y s i s  r e s u l t s  i n  a h ighe r  average loss  c o e f f i c i e n t  
than  t h a t  represented  by t h e  l o s s  c o e f f i c i e n t  d i s t r i b u t i o n  assumed i n  t h e  
two-dimensional a n a l y s i s .  Therefore ,  t h e  f i r s t  a n a l y s i s  y i e l d s  a more 
conserva t ive  head rise. 
performance. 
second a n a l y s i s  w e r e  considered i n  t h e  des igns  of t h e  inducer  s t a t o r .  

It should be noted t h a t  t h e  hydrau l i c  e f f i c i e n c y  of 0.82 used i n  

This  lower va lue  w a s  used f o r  p r e d i c t i n g  t h e  s t a g e  
The f l u i d  ang le  and v e l o c i t y  d i s t r i b u t i o n s  r e s u l t i n g  from t h e  

C. STATOR 

The s t a t o r  b l ades  serve t h e  twofold purpose of t u r n i n g  and 
d ischarg ing  the  f l u i d  a x i a l l y  i n t o  t h e  main-stage i n l e t  whi le  s imultaneously 
providing adequate  s t r u c t u r a l  support  f o r  t h e  inducer  bear ings .  
a l s o  provide access  rou te s  f o r  ins t rumenta t ion  and bear ing  coolan t  flow. 

The b lades  

1. Meridional Flow Path 

I n l e t  and d ischarge  through-flow areas are f ixed  by t h e  
inducer  and main-stage geometry. The shroud p r o f i l e s  r ep resen t  gradual  
t r a n s i t i o n s  from i n l e t  t o  d ischarge  and w e r e  shaped t o  provide a smooth 
d i s t r i b u t i o n  i n  through-flow area (see  Figures  No. 15 and No. 16). I n  the  
through-flow d i r e c t i o n ,  t h e  f l u i d  i s  a c c e l e r a t e d  from 57.2 f t / s e c  (17.5 m/s) 
a t  t h e  i n l e t  t o  72 f t / s e c  (22 m/s) a t  t h e  design flow rate. 

2. Blade Design 

The b lade  i n l e t  ang le  w a s  matched t o  an average va lue  of 
f l u i d  ang le  wi th  an inc idence  of approximately 6-degrees (0.105 rad)  a t  t h e  
mean radius .  
(1.19 rad) w a s  kept  cons tan t  from hub t o  t i p  and t h e  b l ade  d ischarge  p o r t i o n  
is  a x i a l  (x  = ze ro ) .  The b lade  ang le  d i s t r i b u t i o n  at t h e  t i p  fo l lows  a 
c i r c u l a r  a r c  and is  presented  on Figure  No .  1 7  as a func t ion  of wrap. S i m i l a r  
d i s t r i b u t i o n s  f o r  t h e  mean and hub s t r eaml ine  are shown on Figures  N o .  18 
and No. 19 along wi th  t h e  b l ade  th i ckness  d i s t r i b u t i o n s .  
from a symmetrical a i r f o i l ,  t h e  th i ckness  d i s t r i b u t i o n s  were modified t o  
o b t a i n  a smooth passage area d i s t r i b u t i o n  ( see  F igure  N o .  1 6 ) .  The maximum 
blade  th i ckness  of 0.53-in. (1.35 cm) r e s u l t e d  from a compromise between a 
good passage area d i s t r i b u t i o n  and a smooth b lade  p r o f i l e  as w e l l  as t h e  
requirement f o r  r o u t i n g  ho le s .  The r a t i o  of t h r o a t  area t o  d ischarge  area 
(wi th in  t h e  b lades)  w a s  maintained t o  a minimum va lue  of 0.60 t o  l i m i t  t h e  
degree of r e t a r d a t i o n .  The s t a t o r  con ta ins  11 blades .  

For s i m p l i c i t y ,  t h e  r e s u l t i n g  b lade  ang le  of 68 degrees  

O r i g i n a l l y  determined 

S t a t o r  i n l e t  v e l o c i t y  v e c t o r  diagrams f o r  t i p ,  mean, and hub 
s t r eaml ine  are shown on Figure  No. 20. The d i f f u s i o n  f a c t o r s  c a l c u l a t e d  
account f o r  t h e  change i n  r a d i u s  and are def ined  as: 
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Figure 20. - Inducer S t a t o r  I n l e t  Veloc i ty  Vector Diagrams Assuming 
One-Dimensional Flow (No Vane Blockage). 
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D = I - -  '3 vu3 - r4 vu4 
0' v3 (r3 + r4) 

v4 + 
v3 

For a b lade  s o l i d i t y  0' of 2.1, t h e  c a l c u l a t e d  d i f f u s i o n  
f a c t o r s  f o r  t i p ,  mean, and hub are 1.0,  0.95, and 0.87. These excessive va lues  
would no t  be accep tab le  f o r  a h igh  performance design.  To o b t a i n  lower va lues ,  
t h e  f l u i d  tu rn ing  angle  would have t o  be  lowered o r  e i t h e r  a s p l i t  o r  tandem 
s t a to r  be considered.  

The c a v i t a t i o n  parameter i s  def ined  as 

One-dimensional c a l c u l a t i o n s  i n d i c a t e  t h a t  f o r  a l l  r a d i a l  
l o c a t i o n s  a t  t h e  s t a t o r  i n l e t ,  t h e  K va lues  are g r e a t e r  than  one. 
minimum requi red  va lue  of K f o r  i n c i p i e n t  c a v i t a t i o n  based upon t h e  L ieb le in  
approximation f o r  a i r f o i l s  is 0.25. 

The 

The s t a t o r  geometry is  summarized on Table 11. 

D. DESIGN AND OFF-DESIGN PERFORMANCE 

S t a t o r  performance and o v e r a l l  s t a g e  performance w a s  es t imated  
from measured and ca l cu la t ed  d a t a  of t h e  Hydraulic Turbine Driven Inducer 
(Ref. 6 ) ,  which conta ins  a s i m i l a r  s t a t o r  design. Both s t a t o r s  have excess ive  
b lade  d i f f u s i o n  and t h e  same c h a r a c t e r i s t i c  s o l i d i t y .  The predic ted  recovery 
i n  v e l o c i t y  head a t  des ign  condi t ions  i s  11% and t h e  ove r -a l l  head rise, based 
upon t h e  one-dimensional r o t o r  head rise of 1993 f t  (608 m), i s  approximately 
1305 f t  (398 m). Thus, t h e  p red ic t ed  non-cavi ta t ing head genera t ing  a b i l i t y  
of t h e  inducer s t a g e  is  adequate t o  supply t h e  r equ i r ed  1260 f t  (384 m) of 
NPSH a t  t h e  main-stage i n l e t .  The s m a l l  margin and t h e  reasonable  degree of 
conservatism i n  t h e  p r e d i c t i o n  provide a contingency f o r  c a v i t a t i o n  lo s ses .  
dimensionless off-design performance comparison is  shown on Figure  No. 21. 

A 

The requi red  s h a f t  horsepower a t  the  des ign  cond i t ion  is  335 hp 
(2.5x105W). 
mined from t h e  r a t i o  of t h e  over -a l l  head rise t o  t h e  inpu t  head. 

This  va lue  is based upon an ove r -a l l  e f f i c i e n c y  of 0.545 de ter -  

E. INDUCER/MAIN-STAGE PUMP EXPERIMENTAL PERFORMANCE 

General ly ,  t h e  performance of t h e  ove r -a l l  system, t h e  main-stage 
pump, and t h e  low-speed inducer  c o r r e l a t e d  s u f f i c i e n t l y  c l o s e  t o  t h e  predic-  
t i o n s  t o  demonstrate a pumping system o p e r a t i o n a l  c a p a b i l i t y  over t h e  complete 
design flow c o e f f i c i e n t  range as w e l l  as down t o  tank values  of NPSP t h a t  were 
a t  least as low as t h e  des ign  value.  
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Figure  21. Pred ic ted  Inducer Stage Performance 
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T e s t  speeds a t  t h e  maximum flow c o e f f i c i e n t  were l i m i t e d  by t h e  
cold gas supply used t o  d r i v e  t h e  turb ine .  Accurate s t a g e  performance could 
n o t  be  evaluated below t h e  des ign  flow c o e f f i c i e n t  because t h e  temperature  and 
p res su re  va lues  recorded a t  t h e  i n t e r s t a g e  ( inducer  s t a t o r  e x i t )  measuring 
s t a t i o n  w e r e  h ighe r  than  reasonable .  Apparently,  t h e s e  condi t ions  are caused 
by reverse flows e x i t i n g  from t h e  main-stage impel le r .  S i m i l a r  condi t ions  
w e r e  experienced wi th  t h e  T i t an  I and T i t a n  I1 pumps. 

The ensuing d iscuss ions  d e a l  wi th  t h e  main-stage, low-speed inducer  
s t a g e ,  and ove r -a l l  pumping system s t eady- s t a t e  performance r e s u l t s  as w e l l  as 
system t r a n s i e n t  performance. 
a l s o  are included. 

Assumptions made i n  i n t e r p r e t i n g  t h e s e  r e s u l t s  

1. Main-Stage Pump 

Figures  No. 22 and No.  23 show a comparison between t h e  d a t a  
obtained i n  t h i s  program and t h e  e s t a b l i s h e d  performance of t h e  same pump from 
a previous test  program (Ref. 9) i n  t e r m s  of head c o e f f i c i e n t  and e f f i c i e n c y  
as a func t ion  of flow c o e f f i c i e n t .  A marked d i f f e r e n c e  i n  e f f i c i e n c y  occurs  
from a flow c o e f f i c i e n t  of approximately 0.135 t o  0.053. This d i f f e r e n c e  is  
a t t r i b u t e d  t o  a temperature  inc rease  i n  t h e  i n t e r s t a g e ,  inducer -s ta tor  dis-  
charge temperature caused by reverse flows e x i t i n g  from t h e  main-stage 
impel le r  and poss ib ly  is  aggravated by leakage from t h e  inducer  bea r ing  c a v i t y  
through t h e  l abyr in ths .  There a l s o  is some i n d i c a t i o n  of an inc rease  i n  pres- 
s u r e  a t  t h i s  measuring s t a t i o n .  However, t h e  e f f e c t  of t h e  temperature 
inc rease  outweighs t h e  p re s su re  inc rease ,  r e s u l t i n g  i n  e f f i c i e n c y  and head 
c o e f f i c i e n t  va lues  t h a t  are g r e a t e r  than expected. 

The two inducer  "design poin ts"  shown on Figure No. 22 cor- 
respond t o  t h e  inducer  ope ra t ing  a t  t h e  design speed and t h e  a c t u a l  speed 
obtained dur ing  t h e  tests. General ly ,  t h e  inducer  speed w a s  less than pre- 
d i c t ed ;  t he re fo re ,  t h e  main-stage flow c o e f f i c i e n t ,  a t  which t h e  inducer  
operated a t  des ign  flow c o e f f i c i e n t ,  i s  less than t h e  o r i g i n a l  design value.  

Main-stage s t a l l  w a s  i ncu r red  dur ing  two tests, one of which 
r e s u l t e d  i n  a n  overspeed condi t ion.  
test -001 a t  t h e  s h a f t  speed of 10,989 rpm (1150 r ad / sec ) .  S t a l l  occurred a t  
gmS = 0.046 a t  NPSHtk = 242.4 f t  (73.88 meters) and a t  8, = 0.048 a t  b o i l i n g  
condi t ions  w i t h i n  t h e  run  tank. The s t a l l  t h a t  r e s u l t e d  i n  an overspeed con- 
d i t i o n  w a s  incur red  i n  test -007,  occurr ing  a t  Oms = 0.052, s h a f t  speed of 
22,078 rpm (2312 r ad / sec ) ,  and NPSH = 22.4 f t  (6.91 meters)  i n  t h e  tank. The 
unloading of t h e  main-stage impel le r  caused an  a c c e l e r a t i o n  rate of approxi- 
mately 18,000 rpm/sec (1885 rad /sec2) .  The s t a l l  p o i n t s  w e r e  c l o s e  t o  those  
obtained i n  previous tests . 

The main-stage w a s  s t a l l e d  t w i c e  during 
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The suction characteristics of the main stage are shown on 
Figures No. 24 through No. 27 as plots of head coefficient and head loss as 
a function of Net Positive Suction Head (NPSH) entering into the main-stage 
pump. Performance is similar to that obtained previously (Ref. 9) with initial 
loss in head occurring at approximately 10 psi to 20 psi NPSP, depending upon 
the flow coefficient. 

2. Low-Speed Inducer Stage 

Head coefficient and efficiency data as a function of flow 
coefficient are illustrated on Figures No. 28 and No. 29, respectively. The 
accuracy of the data presented should be noted because of the magnitude of 
the measurements taken and the difference in measurements that are calculated. 
The suction pressure error at 30 is 5 0.25 psi (0,172 newton/cm2) and the 
discharge to the stator at 30 is 
measurement at 3a is 5 0.17°R\(0.09450K). 
head coefficient obtained was within predictions; however, the efficiency 
shown on Figure No. 29 was not. Again, it appears that the previously 
mentioned (main-stage discussion) inaccuracy of the interstage instrumentation 
is the cause. Use of the inducer rotor discharge temperature rather than 
the stator discharge temperature results in a non-cavitating efficiency value 
at the design flow coefficiency (0.091), of 74% which better correlates with 
the design predictions although it is 18 points higher than predicted. An 
accurate estimate of stage efficiency is not possible with the instrumentation 
used. It would be difficult in any case with staging of this type in liquid 
hydrogen. 

0.5 psi (0.344 newton/cm2). The temperature 
Figure No. 28 indicates that the 

Stall of the inducer stage occurred at a flow coefficient of 
approximately 0.062 as indicated by the lower values of the data points to 
the left of this value on Figure No. 28. 
curves corresponds to a characteristic obtained from a more lightly-loaded 
rotor stalling at approximately the same point. The higher loading of the 
stator and rotor in the current application could be expected to give a 
sharper drop or "step." 
cause the step. 

The inflection shown in the predicted 

In this case, the stator stall would be expected to 

Figures No. 30 through No. 46 show head coefficient versus 
NPSH in the run tank as well as the vapor content once saturation conditions 
were reached. The vapor content of the fluid (hydrogen) was calculated 
assuming an isentropic process. The saturation point was taken at the point 
where the static pressure in the tank becomes lower than the vapor pressure 
as indicated by the temperature measurement in the tank. This occurs as a 
result of the difference in the response time of the temperature and pressure 
transducers. 
loss in head from positive NPSHtk to saturation conditions. 
less than expected (as indicated on Figures No. 28 and No. 29 for saturated 
conditions). 
(20.8'K) to 39.5'R (21.9'K). The maximum vapor content achieved was in 
excess of 40% vapor by mixture volume (see Figure No. 39). At that instant, 
the main-stage suffered an approximate 6% loss in head. 

These plots indicate the low-speed stage suffered little or no 
The loss was 

The test was conducted at a temperature range of from 37.5'R 
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Figure 24. - Main-Stage Performance, vs NPSH (22,000 rpm) 
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Figure 25. - Main-Stage Performance, vs NPSH (15,000 rpm, 19,000 rpm, 
16,950 rpm, 15,100 rpm, and 10,820 rpm). 
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Figure 26. - Main-Stage Performance, Head Loss vs NPSH (22,000 rpm). 
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Figure 27. - Main-Stage Performance, Head Loss vs NPSH (15,000 rpm, 
19,000 rpm, 16,950 rpm, 15,100 rpm, and 10.820 rDm). 
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FiguresNo. 47 and No. 48 show head loss as a function of 
suction specific speed as well as a function of cavitation parameter, T, 
from positive to saturation suction condition at the inlet of the low-speed 
stage. The relative trend for the losses are shown, but there are 
discrepancies within the trend because of the accuracy of the measurements 
and the interstage conditions. 
error occur at a pressure rise of 30 psi (20.68 newton/cm2), the error in 
the pressure rise would be 0.75/30 or 2.5%. 

For example,if the worst conditions for 

In general, the head rise-NPSH characteristics of the inducer 
exhibit the same gradual positive downslope observed in most previous tests 
of low NPSH hydrogen inducers and pumps. 
problem for rocket engine applications; therefore, relatively low or zero 
tank NPSH appears to be practical over a relatively wide flow coefficient for 
low-speed boost pumping type systems, even with relatively cold hydrogen. 

This would not appear to be a 

3. Over-All Pumping Systems and Stage-Matching Characteristics 

The flow rate/speed interrelationship between the low- and 
high-speed stages is shown on Figures No. 49 and No. 50. Using these curves 
and the suction characteristic curves ($ vs NPSH), it is found that the main- 
stage suffered essentially no loss in head rise from Cdms = 0.053 to 
approximately @,, = 0.140 for tank conditions from positive NPSH to saturation 
conditions. This also is reflected on Figure No. 51, which shows that at a 
(dms = 0.140 and saturation condition at the inducer inlet, cavitating head 
loss conditions will occur in the main-stage. At a NPSP value of 14.5 psia 
(9.99 newton/cm2) and main-stage shaft speed of 22,000 rpm (2303 rad/sec), 
cavitation does not occur within the main-stage until @ms = 0.168. Figure 
No. 50 also depicts the influence of turbine back pressure upon the low-speed 
shaft speed. Generally, at the same main-stage speed and flow coefficient, 
the inducer (low-speed stage) shaft speed decreases as the back pressure is 
increased. It should be noted from Figure No. 49 that the useful range of 
flow coefficient for the main-stage was greater than the low-speed stage 
(viz., the main-stage operation ranged from @ms = 0.053 to 0.172 while the 
low-speed stage operation ranged from @ID = 0.071 to 0.151). This is 
desirable, because the low-speed stage ordinarily has less cavitating 
operating (flow coefficient) range than the main-stage. 

The composite operating map, Figure No. 52, is based upon 
the data acquired and the inducer shaft speed is based upon no restriction 
in the turbine exhaust line. 
low-speed stage, NPSP = 15 psia (10.34 newton/cm2) and saturation conditions. 
Figure No. 53 illustrates the amount of pressure rise contributed by the 
low-speed stage to the main-stage pressure rise at a main-stage shaft speed 
of 22,000 rpm (2303 rad/sec). 

The map depicts two inlet conditions to the 
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4. Trans ien t  Performance 

The t r a n s i e n t  c h a r a c t e r i s t i c s  f o r  t h e  twin-spool pump are 
shown on Figures  No. 54 through No. 60. 
are shown on Figures  No. 54 and No. 55, r e spec t ive ly .  During t h e  p r e - t e s t  
t r a n s i e n t  p red ic t ion ,  i t  was found t h a t  t h e  r o t a t i o n a l  a c c e l e r a t i o n  of  t h e  
inducer  w a s  such t h a t  t h e r e  would be  a per iod  a t  which t h e r e  w i l l  b e  a 
negat ive  p re s su re  rise a c r o s s  t h e  low-speed s t age .  
cond i t ion  s t a r t i n g  at 73.9 sec i n  test -003 and 65.7 sec i n  test -004A. 
Figures  No. 56 and 57 show t r a n s i e n t  s tart  da ta .  
d i f f e r s  from t h e  s t eady- s t a t e  speed r a t i o  by a f a c t o r  2 a t  t h e  very beginning, 
b u t  quickly r e t u r n  t o  t h e  nominal r a t i o  f o r  s t eady- s t a t e  opera t ion .  
s a t i s f a c t o r y  system b o o t s t r a p  c a p a b i l i t y  w a s  demonstrated f o r  t h e  requi red  
t r a n s i e n t  du ra t ions  and f l u i d  s u c t i o n  condi t ions .  
can b e  reduced i f  t h e  m a s s  of t h e  r o t o r  i s  reduced. Figures  No. 58, No. 59, 
and No. 60 show r o t a t i o n a l  speed and p res su re  as a func t ion  of flow rate. 
A comparison of t h e  t h r e e  t r a n s i e n t  condi t ions  shows t h a t  t h e  r e l a t i v e  s lopes  
of t he  curves are almost i d e n t i c a l  wi th  magnitude be ing  t h e  only d i f f e rence .  
The magnitude p r imar i ly  is a func t ion  of t h e  tank p res su re ,  PTK. 

The d a t a  f rom, tes t s  -003 and -004A 

The d a t a  d e p i c t  t h i s  

The t r a n s i e n t  speed r a t i o  

A 

The l a g  i n  inducer  speed 

5 .  Comparison wi th  Other Boost Pump Types 

The primary concern f o r  rocke t  engine pumping a p p l i c a t i o n  
where the  main-stage pump u n i t  ope ra t e s  over  a wide flow c o e f f i c i e n t  range 
is  t h e  corresponding flow c o e f f i c i e n t  range of t h e  low-speed boos t  pump. The 
inducer  tends t o  have a r e l a t i v e l y  narrow flow c o e f f i c i e n t  range of opera t ion  
f o r  low NPSH app l i ca t ions '  F igure  No. 6 1  p re sen t s  a comparison of t h e  var ious  
boos t  pump types i n v e s t i g a t e d  t o  d a t e  (Ref. 6 ,  10, and 11 ) .  As i nd ica t ed ,  t he  
twin-spool concept e x h i b i t s  a d e s i r a b l y  narrow inducer  flow c o e f f i c i e n t  range. 
The narrower opera t ing  range al lows t h e  inducer  t o  run c l o s e r  a t  i t s  b e s t  
ope ra t ing  p o i n t ,  both f o r  c a v i t a t i o n  and e f f i c i e n c y ,  over  t h e  e n t i r e  ope ra t ing  
range of t h e  u n i t .  
t u rb ine  and hub tu rb ine ,  tend t o  have less d e s i r a b l e  c h a r a c t e r i s t i c s ,  depending 
upon t h e  head-flow s l o p e o f  t h e  main-stage pump, b u t  c h a r a c t e r i s t i c s  similar 
t o  those of t h e  twin-spool can be obtained i f  t h e  t u r b i n e  flow is t h r o t t l e d .  
The fu l l - f low concept without  s t a t o r  vanes (Ref. 11) tends t o  have undes i r ab le  
c h a r a c t e r i s t i c s  f o r  wide flow c o e f f i c i e n t  range because of the  hydrau l i c  
t ransmission requirements which are needed t o  ensure  s t a b l e  (hydraul ica l ly-  
locked) opera t ion .  

The p a r t i a l  flow hydrau l i c  t u r b i n e  d r i v e  types ,  both top  

The twin-spool and pa r t i a l - f low hydrau l i c  t u r b i n e  d r iven  
concepts are q u i t e  f l e x i b l e  w i t h  r e s p e c t  t o  c a p a b i l i t y  f o r  range of high- 
shaft/ low-speed r a t i o  as w e l l  as ove r -a l l  boos t  pump head rise a p p l i c a t o r s .  
The ful l - f low concept is  less f l e x i b l e  because hydrau l i c  t ransmiss ion  design 
cons idera t ions  p l a c e  upper limits upon t h e  pe rmis s ib l e  high-shaft/ low-shaft  
speed r a t i o  and system head rise. 

A l l  of t h e  boost pump systems d iscussed  above tend t o  have 
Only t h e  some speed build-up l a g  dur ing  engine t h r u s t  build-up t r a n s i e n t s .  

pa r t i a l - f low top-turbine-driven concept has  been demonstrated (Ref. 1 2 )  t o  
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have a c a p a b i l i t y  f o r  s tart  t r a n s i e n t s  of less than  one second, which are 
r e p r e s e n t a t i v e  of some gas-generator (bleed-cycle) chemical engine starts. 
Work c u r r e n t l y  i n  progress  o r  r e c e n t l y  completed i n d i c a t e s  t h a t  a l l  t h e  
systems have adequate  c a p a b i l i t y  f o r  t r a n s i e n t s  of t h r e e  seconds o r  more, 
which are t y p i c a l  of preburner  and topping cyc le  chemical engines  and a l l  
g r a p h i t e  core ,  nuc lea r  rocke t  concepts.  

The relative c a p a b i l i t y  of t h e  va r ious  systems f o r  r ap id  
chil ldown and start wi th  cryogenic  p r o p e l l a n t s  has  n o t  been i n v e s t i g a t e d  i n  
any d e t a i l  t o  da te .  

The use  of l i q u i d  hydrogen p r e s e n t s  no p a r t i c u l a r  problem 
f o r  t h e  twin-spool and fu l l - f low hydrau l i c  t u r b i n e  concepts .  However, some 
p o t e n t i a l  problems wi th  c a v i t a t i o n  could be inhe ren t  i n  t h e  pa r t i a l - f low 
hydraul ic  t u r b i n e  concepts because of t h e  r e l a t i v e l y  h igh  i n t e r n a l  energy of 
t h e  f l u i d  l eav ing  t h e  hydrau l i c  t u r b i n e  and en te r ing  t h e  main pump flow 
stream. 

The pa r t i a l - f low hydrau l i c  t u r b i n e  d r iven  concepts permit  
opera t ion  of a boost  pump remotely l o c a t e d  from t h e  main-stage pump whi l e  t h e  
fu l l - f low,  hydraulic-turbine-driven, and twin-spool concepts do no t  have’ t h i s  
f l e x i b i l i t y  . 

Gas-turbine-driven boost  pumps (ice., Centaur Vehicle  pumps) 
having t u r b i n e  p r e s s u r i z a t i o n  which is independent of t h e  engine tend t o  
ope ra t e  gene ra l ly  independent of  t h e  main engine pumps; t h e r e f o r e ,  t h i s  
concept w a s  no t  included i n  t h e  above d iscuss ion .  

6. High-Frequency Pressure  Data 

The o s c i l l a t o r y  condi t ions  of t h e  pump s u c t i o n  and d ischarge  
p res su re  are depic ted  on Figures  No .  62 through No. 67. Figure No. 62 shows 
p l o t s  of t h e  maximum amplitude and t h e  frequency a t  which t h e  maximum amplitude 
occurred versus  t i m e  f o r  t h e  s t a r t -up  condi t ions  of  T e s t  -004A (3  sec ramp). 
The va lues  were taken from a spectrum a n a l y s i s  t a b u l a t i o n  reduct ion  program. 
Three predominant amplitudes are shown f o r  t h e  inducer  i n l e t ,  at 0.35 sec, 
2.75 sec, and 3.75 sec. The f i r s t  major amplitude,  at a t i m e  of 0.35 sec, 
is  be l ieved  t o  have been caused by t h e  opening of t h e  t u r b i n e  c o n t r o l  valve.  
The t h i r d  amplitude,  a t  a t i m e  of 3.75 sec, occurred a t  a frequency of 
980 hz and t h e  inducer  s h a f t  speed of approximately 3000 rpm (314 r ad / sec ) .  
The second major amplitude,  a t  a t i m e  of 2.75 sec, occurred at a frequency 
of approximately 1180 hz. This  i s  s i g n i f i c a n t  because i t  is  t h e  frequency 
a t  which t h e  predominant amplitude f o r  t h e  main-stage d ischarge  p res su re  
o s c i l l a t i o n  occurred,  a t  a t i m e  of 1.5 sec. 
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NI = 6 7 2 0  RPM (704 RAD/SEC) 
Nms = 21,500 RPM (2252  RAD/SEC) 
OI1 = .076 
Oms = .093 
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Figure  6 3 .  - Pressu re  O s c i l l a t i o n  vs NPSP, T e s t  -004A (NI = 7460 rpm, 
= 21,500 rpm) . Nms 
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Figure  6 4 .  - P r e s s u r e  Osci l la t ion vs NPSP, Tes t  -004A (N = 7460 rpm, I Nms = 22,000 rpm) .  
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Figure  65. - Pressu re  O s c i l l a t i o n  vs NPSP, Test -004A (NI = 8200 rpm, 
N = 22,000 rpm). 
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Figure  66. - Pressu re  Oscillation vs NPSP, Test -007 (N = 6850 rpm, I N = 16,938 rpm) . ms 
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Figure  67. - Pressu re  O s c i l l a t i o n  vs NPSP, T e s t  -007 (N = 6200 rpm, 
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A comparison of t h e s e  p o i n t s  reveals t h a t  bo th  occur  a t  
approximately i d e n t i c a l  s h a f t  speeds;  w i th  t h e  earlier main 
5500 rpm (575 rad /sec)  and w i t h  t h e  later i n  
(544 r ad / sec ) .  It i s  es t imated  that t h i s  ra 
bending c r i t i ca l  frequency of t h e  inducer  s h a f t  (low-speed 
fundamental frequency of t h e  second-stage t u r b i n e  r o t o r  i s  i n  t h i s  range. 
The r a t i o  of t h e  measured frequency t o  r o t a t i o n a l  frequency is  approximately 
13. 

var ied  are dep ic t ed  f o r  va r ious  flow c o e f f i c i e n t s  on F igure  No. 63 through 
Figure No. 67. The p l o t s  d i s p l a y  d a t a  obtained from t h e  spectrum a n a l y s i s  
program of the  major f requencies  observed. As shown, f o r  t h e  s u c t i o n  
condi t ions  f o r  main-stage flow c o e f f i c i e n t s  from 0.093 t o  0.144, t h r e e  major 
f requencies  were observed at 780 hz ,  980 hz ,  and 1180 hz. The frequency of 
780 hz is  be l ieved  t o  b e  t h e  n a t u r a l  frequency of t h e  p re s su re  pe r tu rba t ion  
wh i l e  t h e  980 hz and 1180 hz frequency are probably r e l a t e d  t o  t h e  n a t u r a l  
frequency of t h e  low-speed s h a f t  . 

The s t e a d y - s t a t e  condi t ions  where t h e  s u c t i o n  p res su re  w a s  

The main-stage p res su re  o s c i l l a t i o n  frequency f o r  @ms = 0.093 
t o  0.144, seems t o  b e  390 hz o r  approximately a m u l t i p l e  of 390 h z ,  which is 
approximately t h e  r o t a t i o n a l  frequency (367 hz) .  

The predominant frequency f o r  t h e  high-flow, h igh  NPSP p o r t i o n  
of t h e  tests a t  oms = 0.172 and 0.178, w a s  2550 hz. The frequency of t h e  
pressure  o s c i l l a t i o n  i s  approximately s ix  t i m e s  t h e  r o t a t i o n a l  frequency; 
a l s o ,  t h e  expected fundamental frequency of t h e  inducer  b l ade  w a s  p red ic t ed  
t o  b e  between 2000 hz and 3000 hz. 
high amplitude 2740 hz o s c i l l a t i o n s  a t  the 8ms = 0,172 condi t ion  f o r  NPSP 
values  ranging from 2 t o  5. 

Addi t iona l ly ,  t h e  inducer  i n l e t  exh ib i t ed  

The predominant frequency range n o t i c e s  dur ing  t h e  s t a l l  
condi t ions  of t h e  main-stage a t  22,000 rpm (2303 r a d / s e c ) ,  f o r  bo th  t h e  s e c t i o n  
and d ischarge  p res su res ,  w a s  4900 hz t o  5680 hz.  

s u c t i o n  was 9 .2  p s i  (6 .3  N / c m  ) .  
c rea t ed  w i t h i n  t h e  main-stage is  propagated upstream i n t o  t h e  run  tank dur ing  
the  main-stage s ta l l .  

The maximum amplitude f o r  
the  d ischarge  o s c i l l a t i o n  w a s  approximately 13 p s i  (9.0 N / c m  2 ) ;  f o r  t h e  

2 The d a t a  i n d i c a t e  t h a t  t h e  p re s su re  wave 

F. CONCLUSIONS 

1. The non-cavi ta t ing performance of  bo th  t h e  low-speed and 
main s t a g e s  w a s  as expected cons ider ing  t h e  l i m i t a t i o n s  imposed by t h e  
accuracy of i n t e r s t a g e  p res su re  and temperature  measurements. 

85 



2. The flow c o e f f i c i e n t  range at zero tank NPSP exceeded 
design requirements.  

3. The system demonstrated a s a t i s f a c t o r y  pumping c a p a b i l i t y  
over  t he  des ign  flow range w h i l e  i n g e s t i n g  30% vapor by volume i n  t h e  low- 
speed inducer  s u c t i o n  annulus.  

4 .  The system demonstrated a c a p a b i l i t y  f o r  flow rate-pressure-  
speed build-ups t o  nominal s t eady- s t a t e  va lues  i n  approximately 3 sec. A low 
p r e - s t a r t  NPSP va lue  could not  b e  used because of test f a c i l i t y  l i m i t a t i o n s ;  
however, boots t rapping  t o  s t eady- s t a t e  NPSP values  of approximately 1 p s i  
and 0 p s i  
r e spec t ive ly .  

were demonstrated f o r  t h e  nominal 3 sec and 6 sec s tar t  t r a n s i e n t s ,  

5. The twin-spool concept exh ib i t ed  gene ra l ly  good hydrau l i c  
c h a r a c t e r i s t i c s  during s t eady- s t a t e  and t r a n s i e n t  app l i ca t ions .  Based upon 
t h e  t e s t i n g  r e s u l t s  obtained t o  d a t e ,  i t  appears  t h a t  t h i s  system is one of 
t he  more promising a l t e r n a t i v e s  t o  two-phase/hydrogen pumping. 

86 



I V .  INDUCER TURBINE F L U I D  DYNAMIC DESIGN AND PERFORMANCE EVALUATION 

A s ingle-s tage ,  axial-f low t u r b i n e  w a s  designed f o r  t h e  Twin-Spool 
Turbopump f e a s i b i l i t y  demonstration. 
t h e  main s t a g e  w h i l e  a new turbine-dr iven inducer  c o n s t i t u t e d  t h e  inducer  
s t age .  
gas throughout t h e  t e s t i n g .  

A NERVA technology turbopump provided 

Ambient temperature  gaseous hydrogen w a s  used as t h e  t u r b i n e  d r i v e  

The primary purpose of t h e  program w a s  t o  demonstrate t h e  f e a s i b i l i t y  
of t h e  twin-spool concept;  t h e r e f o r e ,  no op t imiza t ion  of t h e  t u r b i n e  configura-  
t i o n  w a s  considered j u s t i f i e d .  

The low power and speed d i c t a t e d  by t h e  inducer  requirements  and a h igh  
e x i t  f low Mach number a t  t h e  main t u r b i n e  ex i t  l e d  t o  very  unconventional 
t u r b i n e  b lad ing  and low des ign  p o i n t  e f f i c i e n c y .  
by a s i m p l i f i e d  b l ade  l o s s  a n a l y s i s ,  us ing  t h e  Soderberg approach. 

Th i s  e f f i c i e n c y  w a s  c o r r e l a t e d  

I n  a d d i t i o n  t o  t h e  design-point  e f f i c i e n c y  p r e d i c t i o n ,  off-design per for -  
mance curves were est imated and used t o  c a l c u l a t e  t h e  equi l ibr ium cond i t ions  
f o r  t h e  main t u r b i n e  and t h e  inducer  t u r b i n e  running i n  series over a wide 
opera t ing  range. 

F i n a l l y ,  t u r b i n e  test d a t a  from f i v e  turbopump tests, us ing  room 
temperature hydrogen f o r  t h e  t u r b i n e  d r i v e ,  were eva lua ted  and compared with 
p red ic t ed  performance. 

A. DESIGN ANALYSIS 

1. Main Turbine Operating Poin t  

The main t u r b i n e  power requi red  t o  d r i v e  t h e  (main-stage) 
impe l l e r  a t  design Q/N and a speed of 22,000 rpm (2310 r ad / s )  w a s  c a l c u l a t e d  
t o  be 4610 shp (3438 kw).  The hydrogen gas temperature  w a s  assumed t o  b e  
1200"R (667°K) f o r  t h e  des ign  c a l c u l a t i o n s .  

T e s t  s tand  exhaust l i n e  impedance and t h e  a n t i c i p a t e d  p res su re  
drop a c r o s s  t h e  inducer  t u r b i n e  e s t a b l i s h e d  t h e  main-stage e x i t  s t a t i c  p re s su re  
of 45 p s i a  (31  n/cm2). 

The p l o t s  of t h e  main-stage flow-parameter and s ta t ic -  
e f f i c i e n c y  c h a r a c t e r i s t i c s  are shown on Figures  No. 68 and No, 69, r e s p e c t i v e l y .  
These p l o t s  are based upon previous ly  obta ined  experimental  da t a .  

The t o t a l - t o - s t a t i c  p r e s s u r e  r a t i o  ac ross  t h e  main t u r b i n e  w a s  
determined by i t e r a t i o n  t o  b e  7.31. I n l e t  t o t a l  p re s su re  is: 

For a p r e s s u r e  r a t i o  of 7.31, t h e  va lue  f o r  t h e  flow parameter 
from Figure No. 6 8  is: 
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and t h e  flow rate is: 

f i =  - - (0*584)(329) = 5.54 l b / s e c  (2.51 kg/s) 
0.584 PtOl 

(1200) ll2 

The i s e n t r o p i c  en tha lpy  change is: 

A H i  = Cp Tt01 [1 - (1/PR) Y-1 /Y1  

where : 
y = 1.395 

= 3.482 Btu/lb-OR (14,569 J/kg-OK) cP 

1 0.395/1.395 
AHi  = (3.482)(1200) [ l  - (1/7.31) 

AHi  = 1799.7 Btu/ lb  (861,603 J /kg)  

The spout ing v e l o c i t y  is: 

1 / 2  Co = (2 g J AHi) 

Co = [ (2) (32.174) (778.2) (1799.7)] 

Co = 9493 f t / s e c  (2892 m/s) 

1/ 2 

The mean b lade  speed is :  

Um = 1048 f t / s e c  (319.4 m/s) 

and t h e  v e l o c i t y  r a t i o  is: 

1048 - 0.110 urn 
CO 9493 
- = - -  

From Figure No. 69, f o r  Um/Co = 0.11, t h e  main t u r b i n e  s t a t i c  e f f i c i e n c y  is: 

nS = 0.327 
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The a c t u a l  t o t a l  en tha lpy  drop is given by: 

= 588.1 Btu / lb  (1,367,006 J /kg)  - (550) (4610) 
- (5.54) (778.2) 

and t h e  t o t a l  temperature a t  t h e  main t u r b i n e  e x i t  is: 

588 1 
3.482 T t2*  = 1200 - - = 1031'R (572.8OK) 

The gas  temperature a t  t h e  main t u r b i n e  e x i t  a c t u a l l y  is  
d i l u t e d  by t h e  bear ing  coolan t  flow. 
t o  be a s  fol lows:  

The p r o p e r t i e s  of t h i s  f low are estimated 

I? = 0.62 l b / s e c  (0.28 kg/s )  
C 

T t c  = 76OR (42.2OK) 

= 3.491 Btu/lb-"R (14,606 J/kg-OK) 
PC 

Assuming p e r f e c t  mixing, t h e  inducer i n l e t  t o t a l  temperature  is: 

C = 3.482 Btu/lb-OR (14,569 J/kg-OK) 

C = 3.491 Btu/lb-OR (14,605 J/kg-OK) 

C = 3.483 Btu/lb-OR (14,573 J/kg-OK) 

where,  
P 

PC 

P 

- 

= 5.54 l b / s e c  (2.513 kg/s)  

t hen  - (3.482) (5.54) (1031) + (3.491) (0.62) (76) - 
Tmix 3.483(5,54 + 0.62) 

= 935'R (519.4"K) Tmix 

Next, t h e  v e l o c i t y  diagram a t  t h e  t u r b i n e  exit is cons t ruc ted  
by i n t e r a t i o n  t o  s a t i s f y  t h e  con t inu i ty  equat ion.  
is found t o  be: 

Vx21 = 2535 ft/sec (772.7 m/s) 

The a x i a l  v e l o c i t y  component 
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and t h e  w h i r l  component is: 

vx2 ' 
VU2' = c o t  B 2 1  - Um 

where 

- - 2535 - 1048 = 4149 f t / s e c  %2 1 0.4877 

B2,  = r o t o r  b lade  angle  = 64" (1.117 r ad )  

(1264.6 m/s) 

The abso lu te  v e l o c i t y  is: 

= [ (2535>2 + (4149) 2 ] 112 

V21 = 4862 f t / s e c  (1482 m/s) 

Using t h e s e  v e l o c i t y  components, t h e  complete ve,Jci ty  
as shown on Figure  No. 70. 

Now : 

iagram is cons t ruc ted  

The s t a t i c  temperature at t h e  main t u r b i n e  e x i t  is: 
n 

= 799.5'R (444.5"K) - (4862)2 - 
935 - 2(32.174) (778.2) (3.483) 

- = - -  799*5 - 0.855 T2' 
Tmix 935 

Pt2 '  
- p2 '  = 0.5785 

and t h e  t o t a l  p re s su re  a t  t h e  main t u r b i n e  is: 

Pt2' = 0.5785 45 = 78 p s i a  (53.78 N/cm2) 

2. Inducer Turbine Design Poin t  

The gas  cond i t ions  a t  the  exi t  of t h e  main t u r b i n e  w i l l  be 
t h e  i n l e t  condi t ions  f o r  t h e  low-speed inducer  t u rb ine .  
be summarized as fol lows:  

These cond i t ions  can 

Tt21 = 935"R (519.4"K) 

P t 2 '  = 78 p s i a  (53.78 N/cm2) 
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4 = 6.16 l b / s e c  (2.79 kg/s)  

V ~ I  = 4862 f t / s e c  (1482 m/s) 

c l2~  = 58.6' (1.0226 rad)  

A t  t h e  design p o i n t ,  t h e  inducer t u r b i n e  i s  requi red  t o  
opera te  a t  11,600 rpm (1214.7 r ad / s )  and produce 348 shp (260 kw). Subsequent 
inducer  a n a l y s i s  l e d  t o  t h e  r e v i s i o n  of t h e s e  requirements;  however, t h e  
o r i g i n a l  conserva t ive  t u r b i n e  condi t ions  were l e f t  unchanged, 

3. Inducer Turbine F l u i d  Dynamic Design 

a. Turbine Power 

Turbine t o t a l  enthalpy drop can be  c a l c u l a t e d  from t h e  
power requirement 

= 55I) shp 
W J  AH 

- - (550)(348) = 39.93 Btu/ lb  (92,815 J /kg)  (6.16) (778.2) 

and t h e  change i n  t h e  t a n g e n t i a l  component of v e l o c i t y  i s  given by 

A H  J g AVu = 
Um 

(39.93) (778.2) (32s174) = 1893.5 f t / s ec  

528 (577.14 m/s) 
AVu = 

b. Turbine S t a t o r  

Assuming t h e  s t a t o r  e x i t  angle  t o  be  til= 18 degrees and 
t h e  v e l o c i t y  c o e f f i c i e n t  K, = 0.9, t h e  v e l o c i t y  leav ing  t h e  s t a t o r  i s  

V i  = Kn VO 

= 0.9(4862) = 4375.8 f t / s e c  (1333.7 m/s) 

A low value of v e l o c i t y  c o e f f i c i e n t  w a s  s e l e c t e d  t o  account f o r  flow l o s s e s  i n  
t h e  impulse low aspec t  r a t i o  blading.  
subsequently through b lade  l o s s  a n a l y s i s .  

The s e l e c t i o n  of K n  w i l l  b e  v e r i f i e d  

The a x i a l  and t a n g e n t i a l  v e l o c i t y  components a t  t h e  i n l e t  
t o  t h e  r o t o r  are: 

= V1 cos a1 = 4375.8 (0.95106) = 4161.6 f t / s e c  
(1268.5 m / s )  v x l  
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= V1 s i n  al = 4375.8 (0.30902) = 1352.2 f t / s e c  
(412.15 m / s )  v u l  

and t h e  relative v e l o c i t y  W1 is  

W 1  = [(4161.6)2 + (1352.2 - 528) ] 'I2 = 4242.4 f t / s e c  
(1293.1 m/s) 

Now, t h e  gas a n g l e  a t  the r o t o r  i n l e t  can b e  c a l c u l a t e d  

vxl 4161*6 I 0,9810 
4242.4 cos B, = - = 

w1 

B1 = 11'12' 

The s t a t i c  temperature a t  t h e  s t a t o r  ex i t  i s  

2 

= 935 - 110 = 825"R (458.3"K) - v1 

P 
T1 = Tt l  2 g J C 

Assuming no s t a t i c  p res su re  change i n  the impulse type  s t a t o r ,  t h e  d e n s i t y  
a t  i t s  e x i t  is  

144 P1 
- - (144)(45) = 0.01025 l b / f t 3  

p 1  - T1 - (766 * 4 )  (825) (0.1642 kg/m3) 

The s t a t i c - t o - t o t a l  temperature r a t i o  i s  

- I - -  825 - 0.8824 T1 
T t l  935 

and t h e  corresponding p r e s s u r e  r a t i o  i s  
* 

0.644 p1 

Pt l  
- I  

then, t h e  t o t a l  p r e s s u r e  a t  t h e  s t a t o r  exi t  becomes 

- 69.9 p s i a  45 = . - - - - -  
p t 1  0.644 
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The s t a t o r  t h r o a t  area requ i r ed  i s  

144 6 (144) (6 16)  
A 1 = - =  p 1  v1 (0.01025)(4375.8) 

A1 = 19.8 i n , 2  (0.01277 m2) 

I f  59 b lades  are used, t hen  t h e  t h r o a t  width a t  t h e  mean 
r ad ius  i s  found t o  be 

d l  = 0.472 i n ,  (0,01199 m) 

and t h e  b lade  he igh t  is  

, where n = no. of b lades  hl = - A1 

d l  nl  1 

= 0.711 i n .  (1.806 cm) - 19.8 
hl - (0.472) (59) 

c. Turbine Rotor 

Assuming t h a t  t h e  re la t ive v e l o c i t y  does no t  change, 
i n  t h e  wheel, 

W2 = W1 = 4242.4 f t / s e c  

t h e  e x i t  w h i r l  v e l o c i t y  requi red  is  

vu2 AVU - vu1 

= 1893.5 - 1352.2 = 541.3 f t /sec (165 m/s) 

Now, t h e  re la t ive gas ang le  a t  e x i t  i s  

$2 = 14'30' 

The axial v e l o c i t y  component i s  

Vx2 = W2 COS B2 = (4242.4) (0.9682) 

= 4107.5 f t / s e c  (1252 m/s) vx2 
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and t h e  a b s o l u t e  v e l o c i t y  a t  exi t  i s  

2 2 1 /2  
cvx2 + vu2) 

[(4107.512 + (541.3) 1 'I2 = 4143 f t / s e c  
(1262.8 m/s) 

The complete v e l o c i t y  diagram a t  mean r a d i u s  is  shown 
on Figure No. 71. It becomes immediately ev ident  from Figure No. 7 1  t h a t a  very 
low blading e f f i c i e n c y  can b e  expected because t h e  gas angles  are not  n e a r l y  
optimum. 

The t o t a l  temperature a t  t h e  r o t o r  e x i t  is  

AH 
Tt2 = T t l  - cp 

39.93 
3.483 = 935 - - = 923.5"R (513.1'K) 

and t h e  s ta t ic  temperature i s  

L - 
T2 = T t 2  2 g 3 c- 

P 

= 825'R (458.3'K) 41432 
2 (32.174) (778.2) (3.483) T2 = 923.5 - 

and t h e  temperature r a t i o  is  

0.8888 8 25 
928.2 

. - - = - =  
Tt l r  

From t h i s  temperature r a t i o ,  t h e  t o t a l  r e l a t i v e  p r e s s u r e  a t  t h e  r o t o r  i n l e t  
can be c a l c u l a t e d .  

- - 45 = 67.9 p s i a  (46.82 N/cm2) p1 

'tlr 'tlr 0.6625 - 0.6625; 

Assuming a d i a b a t i c  flow through t h e  r o t o r ,  

= = 928.2'R (515.67"K) T t 2 r  Tt l r  
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and because W2 = W1, i t  fo l lows  that  the s ta t ic  temperatures a t  i n l e t  and ex i t  
are equa l  

T2 = T1 = 825'R (458.3'K) 

Assuming now that the v e l o c i t y  c o e f f i c i e n t  f o r  t h i s  
r o t o r  b l ade  i s  

Kr = 0.95 

t h e  i d e a l  v e l o c i t y  a t  t h e  ex i t  i s  

and t h e  i s e n t r o p i c  temperature r a t i o  

4242'4 = 4465.7 f t / s e c  (1361.1 m / s )  0.95 

a t  ex i t  i s  
2 

2 g J C  
w2i  

P 

= 813.9'R (452.2'K) - (4465.7) 
T 2 i  - 928'2 - 2(32.174) (778.2) (3.483) 

- = - -  813*9 - 0.8769 
928.2 

T 2 i  

Ttlr  

From t h i s  temperature r a t i o ,  the s t a t i c  p res su re  a t  t h e  ex i t  can b e  ca l cu la t ed  

0.6315 p2 

'tlr 
- I  

2 
P 2  = 0.6315(67.9) = 42.9 p s i a  (29.58 N / c m  ) 

Now, t h e  s t a t i c  d e n s i t y  a t  t h e  r o t o r  ex i t  i s  

144 P2 - 
T 2  p2 - 

- (144)(42*9) = 0.00977 l b / f t 3  (0.1565 kg/m3) - (766.4) (825) 

and t h e  r o t o r  t h r o a t  area is  

= - e  fi (144)(6*16) = 21.4 in.2 (0.01381 m2) (0.00977)(4242,4) A2 p2 w2 
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Assuming 66 b l ades ,  t h e  t h r o a t  width a t  t h e  mean 
diameter  is  est imated from t h e  b lade  l ayou t  t o  be  

d2 = 0.415 i n .  (1.054 cm) 

and t h e  b lade  he igh t  i s  

= 0.781 i n .  (1.984 cm) A2 21.4 
h 2 = - =  d2 n2 0.415(66) 

d. S tage  Performance a t  t h e  Design Po in t  

The flow parameter of t h e  inducer  t u r b i n e  wi th  r e fe rence  
t o  i n l e t  condi t ions  i s  

The t o t a l - t o - s t a t i c  p re s su re  r a t i o  i s  

1.818 ptO 78 PRs I - = - =  
42.9 p2 

The i s e n t r o p i c  en tha lpy  drop i s  

- Y - 1  

AHi = Cp TtO [l - (l/PRs) I 

0.396 

= (3.483) (935) [l - (1/1.818) 1*396] = 508.4 Btu/ lb  
(1,181,748 J/kg) 

The spout ing v e l o c i t y  i s  

= [2(32.174) (778.2) (508.4)I1I2 = 5045.6 f t / s e c  
(1537.9 m / s )  

Now, t h e  v e l o c i t y  r a t i o  i s  

528 = 0.1046 m U 
- =  

5045.6 CO 
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The s t a t i c  e f f i c i e n c y  i s  

39*93 7.85% 
% - - = - I  508.4 

AH - 
AHi 

4,  Turbine Blade P r o f i l e  

a. S t a t o r  Blade P r o f i l e  

S t a t o r  i n l e t  ang le  i s  determined from t h e  e x i t  v e l o c i t y  
diagram of t h e  main t u r b i n e  

a. = 58.6' 

The s t a t o r  exit gas ang le  is 18 degrees .  The d e v i a t i o n  of 6 degrees  w a s  
s e l e c t e d  upon t h e  b a s i s  of Reference 13, which r e s u l t s  i n  a b lade  e x i t  ang le  
of 24 degrees .  It i s  e s s e n t i a l l y  a tu rn ing  vane having a camber ang le  of 

8 = a. + a l +  61 = 58.6 + 18 + 6 = 82.6' 

A r e l a t i v e l y  h igh  b lade  s o l i d i t y  of 1 .6  w a s  s e l e c t e d  t o  
avoid p o s s i b l e  b l ade  s t a l l i n g  i n  t h e  impulse type  s t a t o r .  

The s t a t o r  i n l e t  h e i g h t  is matched t o  t h e  main t u r b i n e  
second-stage r o t o r  conf igu ra t ion  as shown on Figure  No. 72. 
w a s  c a r e f u l l y  l a i d  out  t o  provide a smooth area t r a n s i t i o n  from t h e  i n l e t  t o  
t h e  exit .  
of t h e  flow passage i s  shown on Figure  N o .  72. 

The flow channel  

F igure  No. 7 3  i s  a ske tch  of t h e  s t a t o r  p r o f i l e  whi le  t h e  s i d e  view 

b. Rotor Blade P r o f i l e  

From t h e  v e l o c i t y  diagram, F igure  No. 71, t h e  gas 
turn ing  angle  i s  

8 

= B1 + B2 = 11.2' + 14.5' = 25.7' 

To s a t i s f y  r o t o r  t h r o a t  s i z e  requirements f o r  cons tan t  h e i g h t ,  unf la red  b l ades ,  
it w a s  necessary t o  provide a r e l a t i v e l y  t h i c k  t r a i l i n g  edge ( r t  = 0.03-in. ,  
0.0762 cm).  For t h i s  t h i c k  t r a i l i n g  edge, t h e  d e v i a t i o n  ang le  w a s  es t imated  
as fol lows:  

- d2 
cos $2, - s - 2r t  
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ROTOR STAGE VANE 

Figure  72. - Turbine Annulus Flow Passage. 
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24' 59 BLADES 
0' STAGGER 

0.900 IN 
2.2860 CM 4 * 

IN  
CM 

Figure  73. - S t a t o r  Blade P r o f i l e .  
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where d2  = r o t o r  b l ade  opening = 0.4 (1.054 cm) 

and t h e  d e v i a t i o n  ang le  is  

ti2 = l a o  - 14.500 = 3.50 

I n  a d d i t i o n  t o  t h e  dev ia t ion  c o r r e l a t i o n ,  an  induced ang le  of 4 degrees  w a s  
used t o  c o r r e c t  f o r  s t r eaml ine  curva ture  a t  t h e  i n l e t .  

The b l ade  camber ang le  i s  

e = B1 + B2 + Ael + ti2 

e = 11.20 + 14.50 + 3.50 + 4.00 = 33.20 

For t h i s  very  low camber angle  and low r e s u l t a n t  b lade  loading,  t h e  b lade  
s o l i d i t y  of 1 .0  w a s  s e l e c t e d ,  based upon References 14 and 15. 

The r o t o r  b lade  p r o f i l e  and t h e  a s soc ia t ed  f low passage 
i n  t h e  t a n g e n t i a l  plane are shown on Figure  No. 74. 
of t h i s  des ign  is a r e s u l t  of a h igh  i n l e t  Mach number and t h e  low inducer  
horsepower. 

The unconventional n a t u r e  

c. Exhaust Co l l ec to r  Vane 

The exhaust  c o l l e c t o r  used on t h e  technology turbopump 
w a s  modified t o  accommodate t h e  inducer  t u r b i n e  bear ing  and t o  f a c i l i t a t e  t h e  
assembly of t h e  inducer  t u rb ine .  

The bear ing  support  i nco rpora t e s  24 vanes designed t o  
accep t  t h e  t u r b i n e  f low and increase i ts  t a n g e n t i a l  v e l o c i t y  component t o  
provide f o r  more e f f i c i e n t  evacuat ion of t h e  flow through t h e  two t a n g e n t i a l  
o u t l e t s .  

ned f o r  a s m a l l  amount of d i f f u s i o n  t o  
e recovery f a c t o r  would have requi red  a 
er l eng th .  These d e s i r a b l e  f e a t u r e s  
s t i n g  c o l l e c t o r  because of t h e  c o s t  and 

t i m e  r e s t r i c t i o n s .  ske tch  of t h e  vane p r o f i l e .  
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I 

15.2' 

0.4148 IN  
1.0536 CM 

IN 
CM 

0.499 IN  
- 1.2674CM 

Figure 74. - Rotor Blade Profile, 66 Blades. 
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Figure  75. - Exhaust C o l l e c t o r  Vane P r o f i l e .  
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5. Turbine Blade Loss Analysis  

a. Soderberg 's  Method 

A blade  l o s s  a n a l y s i s  can be made a f t e r  t h e  b lade  p r o f i l e  
conf igura t ion  is  e s t a b l i s h e d .  
t h e  prev ious ly  es t imated  b lad ing  e f f i c i e n c y .  

Here, Soderberg's method w i l l  be  used t o  v e r i f y  

Soderberg has  c o r r e l a t e d  t h e  l o s s e s  upon t h e  b a s i s  of 
s o l i d i t y ,  Reynolds number, aspec t  r a t i o ,  th ickness  r a t i o ,  and gas  d e f l e c t i o n .  
F igure  No. 76 shows t h e  nominal loss c o e f f i c i e n t  5 '  p l o t t e d  i n  r e l a t i o n s h i p  t o  
gas  turn ing  ang le  E = al + a2 f o r  a n  a spec t  r a t i o  h/b of 3:l and a Reynolds 
number of 105 (Ref. 16,  page 86) .  For a spec t  r a t i o s  o t h e r  than  3:1, Soderberg 
recommends t h e  c o r r e c t i o n  

f" = (1 + 5')(0.975 + 0.075 b/h)  - 1 

where 5' = f ( c )  i s  shown p l o t t e d  on Figure  No. 76. For Reynolds numbers o t h e r  
than  105, 

5'11 = ( 1 o 5 / ~ e > ~ * ~ ~  6" 

where R e  i s  t h e  Reynolds number based upon t h r o a t  hydrau l i c  diameter  

Thus, t h e  t o t a l  l o s s  c o e f f i c i e n t  is  

5i1i = (105/Re)0'25 [ ( l  + [ ' ) (0 .975 + 0.075 b/h)  - 1 1  

To c o r r e c t  f o r  t i p  c learance  l o s s e s ,  t h e  ca l cu la t ed  s t a g e  
e f f i c i e n c y  i s  mul t ip l i ed  by t h e  r a t i o  of b l ade  annulus area t o  t o t a l  annulus 
area, inc luding  leakage space.  

Knowing t h e  l o s s  c o e f f i c i e n t s  f o r  t h e  s t a t o r  and r o t o r ,  
t h e  t o t a l - t o - s t a t i c  e f f i c i e n c y  of t h e  s t a g e  i s  

\ 
1 - 

Qs - ' 1 1  2 2 
v1 + 2 2 
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b .  S t a t o r  Loss C o e f f i c i e n t  

Summary of s t a t o r  b l a d e  d a t a :  

= 0.711 i n .  (1.306 cm) hl Blade h e i g h t  a t  t h e  t h r o a t  

Mean b l a d e  h e i g h t  h = 0.860 i n .  (2.184 cm) 
- 

Axial chord b = 0,900 i n .  (2,286 cm) 

Throat  opening dl = 0.472-in. (1.1989 cm) 

Throat  area 

P i t c h  a t  mean r a d i u s  s = 0.5578-in, (1.4168 cm) 

A1 = 19.8- in ,2  (0.012774 m2) 

Thickness t o  chord r a t i o  t / e  = 0.228 

G a s  i n l e t  angle  a. = 58.6' 

Gas e x i t  a n g l e  a1 = 18" 

Exit v e l o c i t y  V1 = 4375.8 f t / s e c  
(1333.7 m/s) 

Number of b l a d e s  n = 59 

Absolute  v i s c o s i t y  of g a s  1.1 = 0.862 x lom5 l b / f t - s e c  
(1.2828 x Ns/m*) 

From Figure  No. 76 f o r  E = 76.6", 5 '  = 0,074. 

The h y d r a u l i c  diameter  is 

- dl hl = (2)  (0.472)(0.711) 
Dh - dl + hl (12)0.472 + 0.711 

Dh = 0.04728 f t  (1.441 X m) 

and t h e  Reynolds number based upon s t a t o r  t h r o a t  c o n d i t i o n s  i s  

R e  = Dh '1 '1 
1.I 

- (0.04728) (4375.8) - (0.01025) - 
(0.862) ( 

R e  = 245,981 
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0 9  [(1+ 0.074)(0.975 + 0.075 &) - 13 1 105 j0.25 
'l' = \ 245,9811 

c. Rotor Loss  C o e f f i c i e n t  

h2 = 0.781-in. (1.984 cm) Blade h e i g h t  

Axial chord 

Throat opening 

Throat area 

b = 0.499411, (1.267 cm) 

d2 = 0.4148-in. (1.054 cm) 

2 A2 = 21.4311. 
(1.381 x m2) 

P i t c h  a t  mean r a d i u s  s = 0.4969 i n .  (1.262 cm) 

Thickness t o  chord r a t i o  t / c  = 0.16 

Gas i n l e t  angle  

Gas ex i t  ang le  

Exit v e l o c i t y  

Number of b l ades  n = 66 

Absolute v i s c o s i t y  of gas 1-1 = 0.862 x l b / f t - s e c  

fil = 11.2-degrees 

f i2  = 14.5 -degrees 

V2 = 4143 f t / s e c  (1263 m / s )  

(1.2828 x lom5 N s / m 2 )  

From Figure  No .  76 f o r  E = 25.7-degrees, 5' = 0.054 

The hydrau l i c  diameter is 

and t h e  Reynolds number based upon r o t o r  t h r o a t  cond i t ions  is  

(0.0452) (4143) (0.00977) = -  Dh '2 '2 R e  = 

R e  = 212,247 

u2 (0.862) 

0 499 'if = [ ( l  + 0.054)(0.975 + 0.075 k) - 11 

0.065 
= 
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d, Stage Efficiency 

The stage efficiency can now be calculated 

T2 = T3 

rls = 0,941 

nS = 8.4% 

estimated efficiency of 7.85%. However, Soderberg's method neglects the effect 
of trailing edge thickness and it implies that the degree of reaction is 
unimportant as long as the optimum bla,de solidity is used. In view of these 
considerations, it might be expected that the actual efficiency will be somewhat 
lower than predicted. 

This prediction agrees quite well with the previously 

B. TURBINE OFF-DESIGN PERFORMANCE PREDICTION 

Inducer turbine off-design performance curves are required so that 
the equilibrium running line for the inducer spool can be determined and 
related to the main spool operating characteristics. The equilibrium running 
line is determined by a computer program for predicting the characteristics of 
the twin-spool turbopump, This program requires flow parameter (Q G) /Pt 
versus pressure ratio (PR) and efficiency (nS) versus velocity ratio (lJm/Co? 
curves. 

For single-stage, axial-flow turbines, rotational speed is not 
expected to have an appreciable affect upon the pressure ratio-mass flow 
relationship. For this reason, in Figure No. 77, the flow parameter-pressure 
ratio relationship is represented by a single curve, which is referred to the 
total conditions at the turbine inlet. At the design point, the flow parameter 
takes the value 

G J T t o  
- - 6*1s = 2.415 (1.184 SI units) PtO 78 

and the static pressure ratio at this point is 
TI 

- 1.818 to 78 r 

p, 42.9 
P R = - = - -  

L 

where P is the static pressure at the rotor exit. 2 
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For t h e  t u r b i n e  s t a t o r  a t  choking cond i t ions ,  t h e  f low parameter 
w ill be  come 

choking 

where Pt l  is  t h e  t o t a l  p r e s s u r e  a t  the s t a t o r  t h r o a t  and A 1  i s  t h e  t h r o a t  area 

2 = 19.8 i n . 2  (0.01277 m ) A1 

- = - =  Ptl 6 9 * 9  0.8962 
78 P t O  

f o r  hydrogen gas  

Y + l  2.396 
2 (y-1) (1.396)(32.174)]1’2 [ 2 ] 2 (0.396) [ 766.4 2.396 

= 0.1402 (0.07789 -/s) 

= (0.1402) (0,8962) (19.8) = 2.488 (1.220 S I  u n i t s )  

choking 

Figure  No. 78 i s  a f a m i l i a r  p l o t  of s t a t i c  e f f i c i e n c y  i n  terms of 
A t  t h e  des ign  p o i n t ,  t h i s  e f f i c i e n c y  is  es t imated  t o  be v e l o c i t y  r a t i o  Um/Co. 

approximately 7.85% f o r  a v e l o c i t y  r a t i o  of 0.1046. 

C .  TURBINE TEST DATA ANALYSIS 

The twin-spool turbopump was t e s t e d  over  a wide pump ope ra t ing  
range t o  determine t h e  e f f e c t  of t h e  inducer upon t h e  pump performance. 
temperature  hydrogen w a s  used as a t u r b i n e  d r i v e  gas  a l though t h e  inducer  
t u rb ine  b lad ing  w a s  s i z e d  f o r  h o t  hydrogen opera t ion .  

Room 

Turbine ins t rumenta t ion ,  which i s  descr ibed  s e p a r a t e l y  i n  t h i s  
r e p o r t ,  allowed t h e  de te rmina t ion  of over -a l l  t u r b i n e  performance only.  No 
p res su re  o r  temperature  surveys along t h e  t u r b i n e  annulus he igh t  were made. 
Main t u r b i n e  e f f i c i e n c y  was  c a l c u l a t e d  using pump horsepower which, i n  t u r n ,  
is determined from t h e  pump head and temperature  rise. 
t u r b i n e  e f f i c i e n c y  relies upon t h e  inducer  horsepower. 
inaccuracy i n  t h e  horsepower c a l c u l a t i o n  is  c a r r i e d  over t o  t h e  t u r b i n e  

S imi l a r ly ,  inducer  
A s  a r e s u l t ,  any 
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e f f i c i e n c y  computation. I n  p a r t i c u l a r ,  t h e  e r r o r  i n  t h e  inducer  horsepower 
can be  cons iderable  because t h e  temperature  rise a c r o s s  t h e  inducer  is  of t he  
same o rde r  of magnitude as t h e  to l e rance  of t h e  temperature  reading.  

For t h e  main t u r b i n e ,  t h e  test d a t a  covered t h e  range of s ta t ic  
p res su re  r a t i o s  from 3.5 t o  6 and v e l o c i t y  r a t i o s  from 0.10 t o  0.19. 
p o i n t s  are shown p l o t t e d  on Figures  No. 68 and No. 69. General ly  good agree- 
ment i s  ev ident  between t h e  new test d a t a  and t h e  p red ic t ed  curves.  
t u r b i n e  flow parameter,  fi G / P t O t ,  was somewhat h ighe r  than  expected f o r  a 
room temperature  hydrogen gas d r i v e .  

The d a t a  

The 

The inducer  t u r b i n e  test d a t a  ranges over t h e  s t a t i c  p res su re  
r a t i o  of 1.67 t o  1 . 8 7  a t  a p r a c t i c a l l y  cons tan t  v e l o c i t y  r a t i o .  I n  F igure  
No. 77, t h e  test p o i n t s  f e l l  s l i g h t l y  below t h e  p red ic t ed  flow parameter curve.  
It appears  t h a t  t h i s  w a s  caused by t h e  gas  leakage which bypassed t h e  t u r b i n e  
s t a t o r .  
s h a f t  l a b y r i n t h .  

This  leakage occurred through t h e  s t a t o r  l a b y r i n t h  and t h e  inducer  

Turbine s ta t ic  e f f i c i e n c y  test  d a t a  are shown on Figure  No. 78. 
The experimental  p o i n t s  agree  very  w e l l  w i t h  t h e  des ign  Um/Co bu t  t h e  s t a t i c  
e f f i c i e n c y  i s  lower than  p red ic t ed  by approximately 1.1 po in t s .  E f f i c i ency  
p r e d i c t i o n  f o r  a low power t u r b i n e  such as t h i s  is  very  d i f f i c u l t  because 
t h e  condi t ions  a t  t h e  t u r b i n e  i n l e t  are not  known t o  a d e s i r a b l e  degree of 
accuracy. Secondly, i t  i s  d i f f i c u l t  t o  account f o r  t h e  e f f e c t  of gas  leakage.  
A l s o ,  t h e  accuracy of t h e  p re s su re  and temperature  measurements i s  d i f f i c u l t  
t o  achieve under a c t u a l  test condi t ions .  A s  mentioned, t h e  inducer  horsepower 
used i n  t h e  t u r b i n e  e f f i c i e n c y  c a l c u l a t i o n  i s  s u b j e c t  t o  inaccuracy because of 
t h e  small temperature rise i n  t h e  inducer .  I n  view of t h e s e  cons ide ra t ions ,  
t h e  t u r b i n e  e f f i c i e n c y  determined from t h e  experimental  d a t a  is restricted t o  
an i n d i c a t i o n  of t h e  performance l e v e l .  

Various s i z e  o r i f i c e s  were i n s t a l l e d  downstream of t h e  exhaust 
c o l l e c t o r  t o  determine t h e  e f f e c t  of backpressure upon t h e  speed and power 
s p l i t  between t h e  main t u r b i n e  and inducer  t u rb ine .  T e s t s  No. 5 and No. 6 
were conducted us ing  o r i f i c e s  t h a t  reduced t h e  e f f e c t i v e  exhaust  duct  area by 
10% and 20% of t h e  nominal va lue ,  r e spec t ive ly .  
p o i n t ,  t h e  observed r e s u l t s  were approximately as fo l lows:  

A t  t h e  nominal opera t ing  

E x i t  Area Speed ShP 
Reduct i o n  Reduct i o n  Reduction 

10% 
20% 

D. CONCLUSIONS 

2% 
4% 

6.7% 
14.5% 

1. The s ingle-s tage  axial-f low t u r b i n e  designed t o  d r i v e  the  
inducer  f o r  t h e  twin-spool turbopump f e a s i b i l i t y  demonstrat ion proved t o  be 
a success fu l  concept. 
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2. Data obta ined  from t h e  twin-spool turbopump tests ind ica t ed  
t h a t  t he  average t u r b i n e  e f f i c i e n c y  w a s  approximately 6.75%. 
good agreement wi th  t h e  p red ic t ed  va lue  o f  7.85%. 

This  shows 

3. The tu rb ines  used i n  t h i s  u n i t  do no t  r e q u i r e  any s p e c i a l  
con t ro l s  f o r  s a f e  opera t ion .  

4 .  The low power and speed requirements of t h e  inducer  spoo l  
as w e l l  as the high Mach number a t  t h e  t u r b i n e  i n l e t  r e s u l t e d  i n  an  
unconventional b lad ing  and a low s t a t i c  e f f i c i e n c y .  
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V. MECHANICAL DESIGN 

A. DESCRIPTION 

The turbopump conf igu ra t ion  used f o r  t h e  Twin-Spool Turbopump 
d f e a s i b i l i t y  demonstrat ion is  a coax ia l  des ign  which inco rpora t e s  a low- 
'speed inducer  d r iven  by a s ing le - s t age  impulse tu rb ine .  
tive NPSP turbopump was modified by inco rpora t ing  newly-fabricated components 
t o  provide f o r  t h e  c o a x i a l  conf igu ra t ion  shown on Figure  No. 79. 
Twin-Spool Turbopump mounted i n t o  t h e  build-up s tand  is shown on Figures  No, 
80, No. 81, and No. 82. 

An e x i s t i n g  posi-  

The assembled 

The main turbopump c o n s i s t s  of a s ing le - s t age  c e n t r i f u g a l  pump wi th  
an i n t e g r a l  inducer  d r iven  by a two-stage impulse t u r b i n e .  The t u r b i n e  is 
coupled t o  t h e  pump through a liquid-hydrogen-cooled bea r ing  housing by a 
hollow s h a f t  . 

The low-speed inducer  i s  d r iven  through a s ing le - s t age  impulse 
t u r b i n e  by a s o l i d  s h a f t  , which passes  through t h e  hollow s h a f t  of t h e  main- 
s t a g e  r o t a t i n g  assembly. 
supported by liquid-hydrogen-cooled bea r ings .  

Both t h e  inducer  and t h e  inducer  t u r b i n e  are 

Labyrinth seals were placed a t  t h e  t u r b i n e  and pump ends of t h e  
main s h a f t  t o  prevent  t u r b i n e  d r i v e  gas from e n t e r i n g  t h e  main pump i n l e t .  The 
l a b y r i n t h s  are designed t o  provide f o r  p r e s s u r i z a t i o n  of t h e  c a v i t y  between t h e  
high and low-speed s h a f t s ,  wi th  a p o r t i o n  of t h e  main-stage bea r ing  coolan t  
flow. 

Table I11 p r e s e n t s  geometric d a t a  p e r t i n e n t  t o  the  Twin-Spool 
Turbopump. 

B. DESIGN CONDITIONS 

Component mechanical design w a s  accomplished us ing  p red ic t ed  turbo- 
pump cond i t ions  a t  t h e  nominal design po in t .  Mechanical design cond i t ions  are 
shown on Table IV. The mechanical des ign  a n a l y s i s  was conducted assuming an 
overspeed condi t ion  ( o r  mechanical design speed) of 115% of t h e  nominal des ign  
p o i n t  speed. 

C. STRUCTURAL CRITERIA 

S t r u c t u r a l  des ign  cri teria w e r e  e s t a b l i s h e d  at t h e  beginning of 
component design. The r e s u l t i n g  design f a c t o r s  are compatible wi th  va lues  used 
f o r  des ign  of t h e  main-stage turbopump. 

For mechanical des ign  purposes ,  t h e  fol lowing d e f i n i t i o n s  and 
criteria were app l i ed  t o  t h e  inducer  s t a g e  components: 
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Figure 81. - V i e w  of Turbopump Assembly i n  Build-Up Stand. 
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TABLE 111 

TWIN-SPOOL TURBOPUMP GEOMETRIC DESCRIPTION 

Length 48.8-in. 

Diameter (pump d ischarge)  24.0-in. 

Weight 585 l b  

I n l e t / E x h a u s t  Diameters 

a. Pump In le t  10.0-in. 

b. Pump Discharge 4.8-in. 

c. Turbine In l e t  4.6 -in 

d.  Turbine Exhaust (Dual) 5.8-in.  

R o t a t i n g  Weights and I n e r t i a s  

Main Spool 

a. Weight 

b ,  Iner t ia  

Inducer  Spool 

a. Weight 

b. Inertia 

124 cm 

6 1  c m  

266 Kg 

25.4 cm 

12.2 cm 

11.7 e m  

14.7 c m  

47.3 l b  21.5 Kg 

1 1 7  78 lb-in. -sec 2 1.3568 Kg-cm-sec 2 

48.9 l b  22.2 Kg 

0.8125 lb- in .  -sec 2 0.936 Kg-cm-sec 
2 
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Nominal Speed, NHD, i s  t h e  aerodynamic/hydraulic design speed. 

Mechanical Design Speed, Nm, is taken as 1.15 times nominal speed. 
The turbopump is t o  wi ths tand  a minimum of f i v e  excurs ions  of 30 s e c \ e a c h ,  a t  
t h i s  speed, wi thout  de t r imen ta l  y i e ld ing ,  b u r s t  o r  rup tu re ,  severe rubs ,  o r  
b l ade  f a i l u r e s .  

Burst  Speed is  e s t a b l i s h e d  as a minimum of 1.2 t i m e s  t h e  mechanical 
des ign  speed. 

Yield Fac tor  of Sa fe ty  on P res su re  o r  I n e r t i a  Load i s  l i m i t e d  t o  a 
minimum value  of  1.18. 

U l t i m a t e  Fac tor  of Sa fe ty  on Pressure  o r  I n e r t i a  Load i s  l i m i t e d  
t o  a minimum value  of 1.25. 

Cycl ic  o r  Vibra t ion  Loads are based upon a modified Goodman diagram 
wi th  a 1.25 f a c t o r  of s a f e t y  imposed. 

Critical Speeds are t o  be  removed from t h e  expected opera t ion  
spectrum. 

Both t h e  y i e l d  and u l t ima te  f a c t o r s  of s a f e t y  are app l i cab le  a t  
t h e  nominal and mechanical design speeds.  

For purposes of mechanical des ign ,  t h e  power requirement of bo th  
t h e  main and inducer  s t a g e s  was assumed t o  vary  as t h e  cube of t h e  speed r a t i o .  

3 
- Hpl =(?I 
HP2 

Values of speed and power f o r  bo th  t h e  main and inducer  s t a g e s  a t  
t h e  nominal des ign  po in t  and t h e  mechanical design po in t  are shown on Table V.  

D. COMPONENT DESIGN 

The Twin-Spool Turbopump w a s  designed u t i l i z i n g  an e x i s t i n g  s ing le -  
spool  NERVA Mark I11 Mod 4 Technology Turbopump (P/N 1115700-9) as t h e  main 
s tage .  This  s ingle-spool  des ign  requi red  modi f ica t ions  t o  s a t i s f y  t h e  coax ia l  
Twin-Spool conf igura t ion  shown on Figure  No. 79. 
111 Mod 4 Technology Turbopump design information i s  contained i n  Reference 17. 

The s ingle-spool  NERVA Mark 

1. Modified Main-Stage Turbopump Components 

a. Pump Housing 

The s tandard  conf igu ra t ion  pump housing w a s  rep laced  wi th  
a housing having a d i f f u s e r  vane i n l e t  angle  of 8.0-degrees (0.1396 rad)  and 
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a diffuser inlet width of 0.40-in. (1.016 cm). 
diffuser widrh are 9.25-degrees (0.16145 rad) and 0.554.n. (1.40 cm), respect- 
fuLly, for the standard configuration pump houstng. 

The diffuser inlet angle and 

b. Impeller 

Nodifixation t o  the main turbopump included reducing the 
impeller discharge diameter from 12.25-in. (31.1 em) to 10.4-in. (26.4 cm). 

An additional modification to the basic main-stage 
impeller design was t o  enlarge the bore diameter to  alLuw fo r  the coaxial low- 
speed inducer shaft. The impeller hub tangential stress was calculated at: the 
bore and found to be 23,000 p s i  (15,850 N/cm2). 
margin of safety of 2.0 for the aluminum impeller (?075-T73) at the mechanical 
design speed (see Figure No. 83).  

This results in a positive 

c.  Turbine Rotors 

The solid turbine rotors were modified t o  a configuration 
having a 1.2-h.  (3.05 cm) diameter hole at the center to accommodate the 
inducer stage shaft. The calculated burst speed was placed at a minimum value 
of 35,600 r p m  (3720 rad/s) for the rotor assembly. 

The natural frequency of the first-stage r o t o r  was 
determined by analysis and test. 
25,900 r p m  (2710 rad /a)  for the second nodal diameter mode. 

The resonant speed was determined to be 

d.  Main-Stage Shaft/Coupler 

The main-stage shaft design was altered t o  make provisions 
The impelLer I s  driven by a redesigned 

Stress analysis 

for the coaxial. low-speed inducer shaft. 
coupler which 2s attached to the shaft.  
is transferred through a spline on the coupler i n s i d e  diameter. 
of the external shaft sp l ine  reveals a minimum positive margin of safety of 
0.47 at the nominal design speed conditions, considering one-fourth of t h e  
spline teeth i n  contact (see Figure Ho. 8 4 ) .  

The shaft-to-coupler driving torque 

e. Exhaust Manifold 

The exhaust m a n i f o l d ,  as used on t he  posltrive NPSP turbo- 
pumps, was modifled tu an annular design for use on the Twin-Spool Turbopump. 
Modification was necessary to provide a turbine-end bearing support f o r  the 
low-speed shaft. The change consisted of welding a cylindrical  inner shell 
to the flat end of the housing to provide access to the turbine-end bearing 
support housing of the low-speed shaft (see Figure No. 8 s ) .  
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2. New Components f o r  Zero NPSP Twin-Spool Turbopump 

a. Inducer  

The inducer  i s  an e i g h t  bladed (at t h e  d i scha rge ) ,  10-in. 
(25.40 cm) t i p  diameter  conf igura t ion  f a b r i c a t e d  from a t i t an ium a l l o y  (A110-AT) 
forg ing  .) 

Maximum t a n g e n t i a l  stress i n  t h e  inducer  hub is  22,600 p s i  
(15,570 N / c m  ), r e s u l t i n g  i n  a margin of s a f e t y  of +5.0 a t  t h e  mechanical des ign  
speed. 
t h e  mechanical design speed. 

2 

Blade r o o t  stress levels are h ighe r  wi th  a margin of s a f e t y  of M.10  at 

Inducer  vane f i r s t  n a t u r a l  frequency is  ca l cu la t ed  t o  be  
i n  t h e  range of 2215 cps t o  3215 cps (2215 Hz t o  3215 Hz). 
of 2215 cps (2215 Hz) corresponds t o  a s h a f t  speed of 16,500 rpm (1728 r a d / s ) ,  
which i s  w e l l  above t h e  inducer  s t a g e  mechanical design speed. No major f o r c i n g  
f requencies  l i e  i n  t h e  f i r s t  cr i t ical  speed range. 

The lowest  va lue  

The inducer  a long wi th  t h e  main s t a g e  impe l l e r  i s  shown 
on Figure No. 86. 

b. Inducer  Housing 

The housing i s  a weldment design f a b r i c a t e d  from CRES 347 
and inco rpora t e s  an e leven  vane s t a t o r  set between the  inducer  e x i t  and the  
main pump i n l e t .  The s t a t o r  vanes serve a d u a l  purpose; they a s su re  axial  
f l u i d  flow t o  t h e  main pump s t a g e  and provide support  f o r  t h e  low-speed s h a f t  
system bea r ing  housing (see  Figure No. 87).  

c. Inducer  Turbine 

The inducer  t u r b i n e  r o t o r  d i s c  i s  t h e  same contour as 
t h e  second-stage r o t o r  of t he  main-stage tu rb ine .  A r o t o r  d i s c  stress a n a l y s i s  
w a s  no t  made because i t  has  the  same conf igura t ion  as t h e  main-stage second 
r o t o r  and t h e  b lade  i n e r t i a  loading is  much less. 
i s  approximately h a l f  t h a t  of t h e  main-stage second s t a g e .  

Also, t h e  ope ra t iona l  speed 

To expedi te  f a b r i c a t i o n  and reduce c o s t ,  t h e  inducer  
t u r b i n e  r o t o r  w a s  f a b r i c a t e d  from a weldment c o n s i s t i n g  of a s h o r t  p i ece  of 
b a r  s tock  electron-beam welded t o  a s tandard  t u r b i n e  r o t o r  forg ing .  
i s  requi red  f o r  suppor t  o f  t h e  turbine-end inducer  s h a f t  r a d i a l  load  bear ing .  
Both t h e  r o t o r  forg ing  and b a r  s tock  are A286 material. 

The hub 

Analysis  of t h e  inducer  t u r b i n e  r o t o r  b l ades  i n d i c a t e s  a 
t o t a l  stress level of 13,760 p s i  (5480 N/cm2) a t  t h e  mechanical design condi t ions  
of 13,340 rpm (1398 r ad / s )  and 529 hp (394 kw). Blade resonant  f requencies  
were ca l cu la t ed  and correspond t o  the  fol lowing s h a f t  speeds wi th in  t h e  
ope ra t ing  range : 
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Shaf t  Speed 
rpm rad / sec  Mode of Vibra t ion  

4000 419 F i r s t  bending - minor a x i s  

5000 524 Tors iona l  

7500 7 85 F i r s t  bending - major a x i s  

8600 900 Second bending - minor a x i s  

Prolonged turbopump ope ra t ion  a t  inducer  s h a f t  speeds corresponding t o  the 
resonant  speeds of t h e  two modes about t h e  minor axis w e r e  avoided t o  reduce 
t h e  p r o b a b i l i t y  of developing f a t i g u e  cracks i n  t h e  r e l a t i v e l y  f l a t  b lades .  

Figure No. 88 shows t h e  inducer  t u r b i n e  r o t o r  and t h e  
inducer  t u r b i n e  s t a t o r .  

d. Inducer  Shaf t  

The inducer  is  connected t o  t h e  inducer  t u r b i n e  by a 
0.980-in. (2.49 cm) diameter  s o l i d  s h a f t  extending through t h e  hollow s h a f t  
system of t h e  main-stage r o t a t i n g  assembly. The s h a f t  is f a b r i c a t e d  from 
Inconel  X-750 b a r  s tock .  

Torque t o  t h e  inducer  and from t h e  inducer  t u r b i n e  r o t o r  
i s  t r a n s f e r r e d  t o  t h e  s h a f t  by a s p l i n e  d r i v e  a t  each end. 
levels are low because of t h e  r e l a t i v e l y  low power r equ i r ed  t o  d r i v e  t h e  inducer .  
The margin of s a f e t y  f o r  t h e  inducer  r o t o r  s p l i n e  is +1.12. 

Spl ine  stress 

The inducer  s h a f t  and o t h e r  major inducer  s t a g e  r o t a t i n g  
components are shown on Figure No. 89. 

e. Inducer  Shaf t  Bearings 

The low-speed s h a f t  system i s  supported on t h e  same 
conf igu ra t ion  and s i z e  (50 mm) bea r ings  as is the  main s h a f t .  A r a d i a l  load 
bear ing  ( r o l l e r )  is  loca ted  a t  each end of t h e  s h a f t .  Axial  t h r u s t  i s  accommo- 
da ted  through two b a l l  bea r ings  loca t ed  w i t h i n  t h e  low-speed inducer  bea r ing  
housing. 

Bearing coolan t  is  suppl ied  t o  t h e  low-speed bear ings  by 
m e a n s  of f o u r ,  0.25-in. (0.635 cm) diameter  l i n e s  extending from t h e  high 
p res su re  pump housing v o l u t e  t o  a manifold on t h e  inducer  housing. 
e n t e r s  t h e  bea r ing  housing through h o l e s  i n  t h e  inducer  housing s t a t o r  vanes 
and passes  through t h e  bea r ing  r e t a i n i n g  l abyr in th .  A five-micron f i l t e r  w a s  
p laced  i n  each of t h e  f o u r  l i n e s  t o  prevent  contaminants from e n t e r i n g  t h e  
bear ing  cav i ty .  

The coolant  
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The two bea r ing  r e t a i n i n g  l a b y r i n t h s  i n  t h e  inducer  
bear ing  housing were designed so t h a t  t h e  bulk  of t h e  coolan t  f lows through 
t h e  t h r e e  bear ings .  

The s i n g l e ,  r a d i a l  l oad  bear ing  on t h e  inducer  t u r b i n e  
r o t o r  hub of  t h e  low-speed s h a f t  i s  suppl ied  coolant  through a f i l t e r e d  s i n g l e ,  
0.250-in. (0.635 cm) diameter  tube extending from t h e  pump housing v o l u t e  t o  t h e  
access p l a t e  covering the end of t h e  low-speed s h a f t .  

Figure No.  90 is  a p l o t  of p red ic t ed  bear ing  coolan t  flow 
f o r  both t h e  inducer  and t u r b i n e  end bea r ings  and as a func t ion  of t h e  p re s su re  
d i f f e r e n t i a l  ac ross  t h e  o r i f i c e s  i n  t h e  coolan t  l i n e s .  These curves are based 
upon d a t a  obta ined  from water flow tests. 

f .  Inducer  Turbine S t a t o r  

The 59-vane inducer  t u r b i n e  s t a t o r  is  f a b r i c a t e d  from 
CRES 347. The vanes are i n t e g r a l l y  machined from a fo rg ing  r i n g  wi th  t h e  
o u t e r  shroud being brazed t o  t h e  vanes t o  provide suppor t .  
mechanical lock  between t h e  b lade  row and the  o u t e r  shroud (see  Figure No. 91) .  

P ins  provide a 

g. Exhaust S t a t o r  

The exhaust s t a t o r  is  a dual-purpose component i n  t h e  
Twin-Spool Turbopump. 
t o  e x i t i n g  i n  t h e  exhaust manifold. 
t h e  turbine-end low speed s h a f t  r a d i a l  l oad  bear ing .  

The s t a t o r  vane p r o f i l e  provides  f o r  gas tu rn ing  p r i o r  
The exhaust  s t a t o r  assembly a l s o  suppor ts  

Fabr i ca t ion  i s  similar t o  t h a t  of t he  inducer  s t a t o r .  
The vanes are i n t e g r a l l y  machined and brazed t o  t h e  o u t e r  shroud. P ins  a t  
every o t h e r  vane provide a mechanical lock.  The e n t i r e  assembly i s  made from 
CRES 347 material (see Figures  N o .  85 and No. 92) .  

h. Speed Measurement System 

Dual proximity probes are used f o r  sens ing  t h e  inducer  
s h a f t  speed. 
speed pick-up gear  i s  loca ted  a f t  of t h e  inducer  t u r b i n e  r o t o r .  
between t h e  main-stage system and t h e  inducer  s t a g e  speed pick-up system i s  t h a t  
t h e r e  are less gear  t e e t h  i n  t h e  inducer  system because of t h e  smaller gear  
diameter  . 

These probes are i d e n t i c a l  t o  those  used f o r  t h e  main-stage. A 
The d i f f e r e n c e  

i. Shaf t  Seals 

The flow between t h e  high-speed and low-speed s h a f t s  is  
c o n t r o l l e d  wi th  l a b y r i n t h s  a t  the  end of t h e  main-stage impe l l e r  and a t  the  
downstream f a c e  of t h e  second r o t o r .  This  is  done t o  prevent  t h e  t u r b i n e  d r i v e  
gas from mixing wi th  t h e  l i q u i d  hydrogen i n  t h e  main pump i n l e t  causing a 
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degrada t ion  i n  pump performance. The c a v i t y  is designed t o  be  p re s su r i zed  
wi th  a po r t ion  of t h e  bea r ing  coolant  from t h e  main-stage bea r ing  housing. 
Coolant e n t e r s  t h i s  area through six, 0.087-in. (0.221 cm) diameter  ho le s  
loca t ed  i n  t h e  c lu t ch  p o r t i o n  of t h e  main-stage s h a f t .  The two l a b y r i n t h  seals 
are rep laceable  r i n g s  made from s o f t  aluminum a l l o y .  A s o f t  a l l o y  w a s  s e l e c t e d  
t o  allow f o r  rub ( o r  wiping) between t h e  two s h a f t s  a t  t h e s e  c l o s e - f i t t i n g  
poin ts .  Clearances and flow areas are presented  i n  Table  V I  f o r  a l l  l a b y r i n t h  
seals i n  t h e  turbopump. 

j .  Inducer  Shaf t  Cri t ical  Speed 

t o  be: 
The low-speed s h a f t  resonant  f requencies  were ca l cu la t ed  

Mode 

F i r s t  

Shaf t  Speed 
rpm r a d / s  

1096 115 

Second 6680 700 

Third 12040 1261 

These va lues  of s h a f t  c r i t i ca l  speed are based upon 

A series of s t a t i c  loads  w e r e  appl ied  at each bea r ing  
measuring t h e  s p r i n g  cons tan t  of each bear ing  mount w i th  the  turbopump mounted 
i n  T e s t  Stand H-6. 
l o c a t i o n  and t h e  d e f l e c t i o n s  noted.  The r e s u l t i n g  s p r i n g  rates ( load  p e r  u n i t  
d e f l e c t i o n )  f o r  each bea r ing  support  are: 

Inducer end K = 31090 l b / i n .  (544 N/m)  

Inducer t u r b i n e  end K = 64670 l b / i n .  (1131 N/m) 

The f i r s t  c r i t i ca l  speed va lue  of 1096 rpm (115 r ad / s )  

Even though t h e  second c r i t i ca l  speed 
is  encountered dur ing  s t a r t -up  and shutdown only. Therefore ,  i t  w a s  
considered t o  be  of major importance. 
w a s  found t o  be w i t h i n  t h e  ope ra t iona l  range of t h e  low-speed s h a f t ,  no bea r ing  
problems were foreseen  because i t  w a s  a n t i c i p a t e d  t h a t  t he  bea r ing  loads  would 
be moderate. 

The inducer  s t a g e  components materials w e r e  s e l e c t e d  
based upon s t r e n g t h  and thermal environment requirements.  
and t h e i r  materials are as shown i n  Table V I I .  

The major components 
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TABLE V I 1  

INDUCER-STAGE COMPONENTS MATERIALS 

COMPONENT 

Inducer 

Inducer  Housing 

Spinner 

Inducer  Bearing Housing 

Inducer  Bearing Reta in ing  Labyrinths  

Inducer Sha f t  

Inducer Turbine Rotor 

Inducer Turbine Ring Seal 

Inducer  Turbine Nozzle 

Inducer  Turbine Exhaust S t a t o r  

Inducer Speed Pick-Up Sleeve 

MATERIAL 

Titanium A-110 

CRES 347 

Aluminum 6061 

CRES 347 

CRES 347 

Inconel  X750 

A286 

A286 

CRES 347 

CRES 347 

AM350 
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E. TURBOPUMP WEIGHT 

The Twin-Spool Turbopump w a s  weighed fol lowing completion of 
assembly. Its weight (not  inc luding  c losu res )  is 585 l b  (266 Kg). The weight 
of t h e  main-stage turbopump w a s  385 l b  (175 Kg), b e f o r e  modi f ica t ion  t o  t h e  
Twin-Spool conf igu ra t ion ,  i n d i c a t i n g  t h a t  t h e  conversion added 200 l b  ( 9 1  Kg) 
of weight. It should b e  noted t h a t  both t h e  main-stage turbopump and t h e  
components a s soc ia t ed  wi th  t h e  zero NPSP conf igu ra t ion  were not  designed wi th  
minimum weight as a c r i t e r i o n .  

With minimum weight as a c r i t e r i o n  f o r  a f l i g h t  engine,  i t  i s  
est imated t h a t  a redes ign  of t h e  main-s t age  turbopump (maintaining performance 
and flow c h a r a c t e r i s t i c s )  would r e s u l t  i n  an assembly weight of approximately 
310 l b  (141 Kg). An optimized f l i gh twe igh t  Twin-Spool (zero  NPSP c a p a b i l i t y )  
turbopump would b e  approximately 55% h e a v i e r  than  t h e  f l i gh twe igh t  Single-Spool. 
S p e c i f i c a l l y ,  t h e  Twin-Spool Turbopump would be expected t o  weight approximately 
480 l b  (218 Kg). 

I?. POST-TEST DISASSEMBLY 

The Twin-Spool Turbopump w a s  disassembled a f t e r  completion of t he  
test program. The condi t ion  of a l l  components w a s  f a i r l y  good and as a n t i c i -  
pated f o r  t h e  test condi t ions  and accumulated run t i m e .  

The t o t a l  o p e r a t i o n a l  t i m e  ( i nc lud ing  seven s t a r t -ups  and shutdowns), 
of t h e  Twin-Spool Turbopump exceeded 60 min (3600 sec )  dura t ion .  Approximately 
45 min (2700 s e c )  of t h e  t o t a l  du ra t ion  were accumulated a t  turbopump ope ra t ion  
i n  the  ful l -speed range. 

Evidence of rubbing between t h e  two coax ia l  s h a f t s  and on t h e  two, 
s o f t  aluminum labyr in ths  t h a t  res t r ic t  flow between t h e  s h a f t s  i s  a t t r i b u t e d  t o  
unbalance, l o s s  of f i t ,  and p o s s i b l e  s h a f t  c r i t i c a l  speed. An i n d i c a t i o n  of 
f r e t t i n g  a t  t h e  contac t  s u r f a c e s  of t h e  inducer  t o  bea r ing  space r  and inducer  
t u rb ine  t o  low-speed s h a f t  a l s o  w a s  found. These condi t ions  would be  cor rec ted  
i n  subsequent Twin-Spool Turbopumps by improving t h e  f i t s  and p i l o t s ,  improving 
the  ba lanc ing ,  and providing a mid-shaft d e f l e c t i o n  snubber. 
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V I  TWIN-SPOOL TURBOPUMP TEST PROGRAM 

A. TEST PROGRAM OBJECTIVES AND ACHIEVEMENT CRITERIA 

1. Ob3 ect ives 

The s ix ,  s p e c i f i c  major o b j e c t i v e s  of t h e  test program were 
as fol lows:  

a. Development of a d i g i t a l  computer program t o  p r e d i c t  t h e  
s t eady- s t a t e  and t r a n s i e n t  performance ( c a v i t a t i n g  as w e l l  as non-cavi ta t ing)  
of a Twin-Spool Turbopump. 

b. Determination of t h e  Twin-Spool Turbopump o p e r a t i o n a l  
c h a r a c t e r i s t i c s  and experimental  v e r i f i c a t i o n  of t h e  computer p r e d i c t i o n  
method. 
be made based upon t h e  experimental  r e s u l t s .  

Appropriate  refinement of t h e  mathematical computerized model w a s  t o  

c. Establishment of a b a s i s  f o r  s e l e c t i n g  a turbopump con- 
f i g u r a t i o n  (s ingle-spool  o r  twin-spool) f o r  f u t u r e  a p p l i c a t i o n  by e s t a b l i s h i n g  
performance curves and s u c t i o n  c a p a b i l i t y .  

d. Providing comparison d a t a  f o r  t h i s  inducer  d r i v e  system 
t h a t  are usab le  i n  r e l a t i o n s h i p  t o  t h e  fu l l - f low and pa r t i a l - f low hydrau l i c  
d r ives .  

e. Providing engine system i n t e g r a t i o n  design d a t a  i n  t h e  
form of t r a n s i e n t  and s t eady- s t a t e  performance. 

f .  Providing an a l t e r n a t i v e  base  conf igu ra t ion  f o r  t h e  
hydrogen pumping eva lua t ion  of o t h e r  boost  pump conf igu ra t ions  (i.e.,  hubless  
converging, fu l l - f low,  and p a r t i a l  f low inducer  concepts ) .  

2 .  Achievement Criteria 

All of t h e  above ind ica t ed  program o b j e c t i v e s  were success- 
This  achievement w a s  judged upon t h e  b a s i s  of an  eva lua t ion  f u l l y  achieved. 

and comparison of  tes t  r e s u l t s  i n  context  wi th  t h e  fol lowing cri teria:  

a. Operating c h a r a c t e r i s t i c s  (head r i s e -capac i ty )  a t  both 
design and off-design condi t ions  wi th  ze ro  NPSP and p o s i t i v e  NPSP. 

b. Trans ien t  response i n  terms of providing main pump NPSP 
at  both chemical and nuc lea r  engine s t a r t i n g  rates. 

c. Operat ional  s e n s i t i v i t y  and s t a b i l i t y  when subjec ted  t o  
engine-induced condi t ions  ( i . e . ,  pump flow rate and t u r b i n e  p re s su re  r a t i o  
v a r i a t i o n s ) .  

d. V a l i d i t y  of s t eady- s t a t e  and t r a n s i e n t  performance 
matching ana lyses  and p red ic t ions .  
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e. Mechanical i n t e g r i t y  of a p ro to type  twin-spool system. 

f .  Refined cri teria f o r  subsequent f i n a l  designs.  

B. TEST FACILITIES 

Aerojet-General Sacramento F a c i l i t y  T e s t  Stand H-6 w a s  u t i l i z e d  t o  
conduct t h e  t e s t i n g  program. O r i g i n a l l y  designed f o r  turbopump development 
t e s t i n g ,  i t  o f f e r e d  the  most economical approach f o r  accompllshing program 
objec t ives .  Only minor modi f ica t ions  t o  t h e  e x i s t i n g  s p e c i a l  test equipment, 
turbopump assembly handl ing  f i x t u r e s ,  work p la t forms ,  and t h e  t u r b i n e  exhaust 
duct  w e r e  needed t o  accommodate t h e  hardware conf igura t ion .  

T e s t  Stand H-6 is  p a r t  of t h e  T e s t  Zone H NERVA test complex shown 
on Figure  No. 93. The b a s i c  s t a n d  s t r u c t u r e  houses t h r e e  s e p a r a t e  test posi-  
t i o n s  wi th  t h e  p r o p e l l a n t  run vessels pos i t i oned  overhead. 
vessels w i t h i n  t h e  s u p e r s t r u c t u r e  are high-pressure D e w a r s ,  whi le  t h e  l a r g e  
c y l i n d r i c a l  vessel loca ted  a top  t h e  s u p e r s t r u c t u r e  i s  a low-pressure Dewar .  
It w a s  used t o  supply t h e  pumping f l u i d  t o  t h e  test ar t ic le ,  

The s p h e r i c a l  

A l i q u i d  hydrogen ca tch  v e s s e l  and f l a r e  s t a c k  are loca ted  adja- 
cen t  t o  t h e  test complex. 

High-pressure gaseous hydrogen and n i t rogen  are supp l i ed  from t h e  
gas cascade shown on Figure  No. 94. 
1300 cu f t  vessels a t  3500 ps ig ,  wh i l e  t h e  gaseous n i t rogen  i s  s t o r e d  i n  t h r e e ,  
1300 cu f t  vessels a t  5000 psig.  Addi t iona l ly ,  t h e r e  are l i q u i d  hydrogen and 
l i q u i d  n i t r o g e n  s t o r a g e  vessels suppor t ing  t h e  test complex. 
is  a schematic  of t h e  suppor t ing  equipment and f a c i l i t i e s  f o r  T e s t  Stand H-6. 

The gaseous hydrogen is s t o r e d  i n  s i x ,  

Figure No. 95 

Liquid hydrogen is  suppl ied  t o  t h e  pump i n l e t  through an 8-in. 
vacuum-jacketed l i n e  from t h e  105,000 g a l  c y l i n d r i c a l  overhead run  v e s s e l  
(VH-11). The pump e f f l u e n t  is  c a r r i e d  t o  t h e  100,000 g a l  l i q u i d  hydrogen 
ca tch  vessel (VH-10) through a vacuum-jacketed l i n e  where approximately 45% 
t o  50% of t h e  l i q u i d  hydrogen is  recovered, 

Gaseous hydrogen from t h e  high-pressure cascade is used as the  
p re s su ran t  i n  t h e  l i q u i d  hydrogen run  vessel as w e l l  as t h e  f l u i d  f o r  d r i v i n g  
t h e  turb ine .  This  gas is f i l t e r e d  and i ts  p res su re  r egu la t ed  i n  accordance 
wi th  i n d i v i d u a l  test  requirements.  Regulat ing t h e  p re s su ran t  gas flow i n  t h e  
l i q u i d  hydrogen vessel provides  c o n t r o l  of t h e  pump i n l e t  condi t ions .  Two, 
servo-control led,  hydraul ica l ly-opera ted  flow c o n t r o l  valves are u t i l i z e d  t o  
maintain a s t eady  l i q u i d  hydrogen vessel u l l a g e  pressure .  
response valves r e g u l a t e s  t h e  flow of p re s su ran t  gas ,  whi le  t h e  o t h e r  regu- 
lates t h e  vessel ven t  system. Another flow c o n t r o l  valve is loca ted  i n  t h e  
pump d ischarge  l i n e  t o  permit  r e g u l a t i o n  of t h e  flow rate over  t h e  ope ra t ing  
range. 

One of t h e s e  f a s t -  
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The gaseous hydrogen used as t h e  t u r b i n e  d r i v e  gas i s  supp l i ed  
from t h e  high-pressure cascade a t  ambient t e  ture .  Its p r  gu- 
l a t e d  t o  s a t i s f y  t h e  requirements of t h e  tes e 
d r i v e  valve loca ted  upstream from t h e  t u r b i  

The t u r b i n e  exhaust  l i n e  has  provis ions  f o r  an o r i f i c e ,  which i s  
used t o  vary t h e  t u r b i n e  back-pressure. 

C. CONTROLS SYSTEM 

The c o n t r o l  system used dur ing  t h e  Twin-Spool Turbopump test 
series is shown on Figure  No. 96. During t h e  turbopump opera t ion ,  c o n t r o l  
systems w e r e  used t o  c a l c u l a t e  as w e l l  as t o  d i sp l ay  Q / N  and NPSP. They a l s o  
provided c o n t r o l  of t h e  main-stage s h a f t  speed and pump flow rate. Pump flow 
rate w a s  based upon e i t h e r  vo lumetr ic  flow rate o r  flow parameter (Q/N)  t o  
m e e t  t h e  ope ra t iona l  requirements of t h e  test program. 

The c o n t r o l  system monitored both s h a f t  speeds and provided an  
automatic  shutdown i f  a l o s s  of speed s i g n a l  o r  an overspeed occurred.  It 
a l s o  provided an automatic  shutdown upon the  l o s s  of hydrau l i c  p re s su re  o r  
over-pressure of t h e  l i q u i d  hydrogen vessel, t u r b i n e  i n l e t  l i n e ,  o r  pump 
d ischarge  l i n e .  

D. INSTRUMENTATION 

During the  test series, 146 channels of d a t a  were acqui red ,  includ- 
i n g  pressure ,  temperature ,  flow rate, NPSP, tu rb ine  parameters,  h igh  frequency 
d a t a ,  v i b r a t i o n ,  and t h e  key parameters of inducer  and main pump s h a f t  speed. 
A summary of t h e  d a t a  measured and t h e  record ing  methods is  provided on 
Tables V I 1 1  and I X .  

A l l  of t h e  parameters needed t o  complete a performance eva lua t ion  
were measured. Temperatures as w e l l  as p res su re  upstream and downstream from 
t h e  inducer ,  t h e  main-stage pump, t h e  main-stage tu rb ine ,  and t h e  inducer  
t u rb ine ,  as w e l l  as t h e  speed of bo th  spoo l s  w e r e  measured. High-frequency 
p res su re  meaurements w e r e  made i n  f r o n t  of t h e  inducer  i n l e t ,  a t  t h e  inducer  
e x i t ,  and s t a t o r  i n l e t ,  and t h e  s t a t o r  o u t l e t  t o  a l low eva lua t ion  of t h e  
inducer  performance 

A l l  t h e  c r i t i ca l  measurements w e r e  made redundantly t o  a s su re  t h a t  
t h e  e s s e n t i a l  d a t a  w e r e  acqui red  dur ing  a test. 
parameters measured as w e l l  as t h e  record ing  method used f o r  each is shown on 
Table X. 
F igure  No. 97. V i e w s  of t h e  turbopump i n s t a l l e d  i n  t h e  test s t and  are included 
as Figures  No. 98 through No. 103. 

A complete l i s t i n g  of t h e  

The l o c a t i o n  and d e s c r i p t i o n  of t h e  parameters measured are shown on 

Continuous d a t a  sampling w a s  taken dur ing  t h e  ope ra t ion  of t h e  
turbopump. Both t h e  s t r i p  c h a r t  and t h e  ana log- to-d ig i ta l  records  were taken. 

14 9 
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TABLE VI11 

SUMMARY OF DATA MEASURED 

NUMBER OF CHANNELS 

TPA FACILITY TOTAL DATA 

PRESSURE 56 1 7  7 3  

TEMPERATURE 

RTT 1 3  2 15 

CR/AL THERMOCOUPLE 19 2 21 

HIGH FREQUENCY 

ACCELEROMETERS 

PHOTOCON (PRESS ) 
KISTLER (PRESS) 

E.O.S. (PRESS) 

5 0 5 

4 0 4 
3 0 3 

1 0 1 

FLOW U T E  3 1 4 

SPEED 4 0 4 

VALVE TRACE 0 5 5 

SWITCH TRACE 0 9 9 

AXIAL THRUST 2 0 2 

SIGNALS FROM CONTROL SYSTEMS 2 2 4 
~~ 

TOTAL DATA = 146 CHANNELS (+4 FROM CONTROLS SYSTEM) 
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TABLE IX 

SUMMARY OF RECORDING METHODS 

NUMBER OF CHANNELS 

TPA FACILITY TOTAL RECORDING EQUIPMENT 

ANALOG TO DIGITAL (BECKMAN) 

40 SAMPLES PER SECOND 39 

20 SAMPLES PER SECOND 30 
10 SAMPLES PER SECOND 20 

OSCILLOGRAPH 14 

STRIP CHART 

BROWN 153X 12 

WESTRONIC D-1lA/Y 12 

MOSELEY 680 14 

SANBORN 1584 0 

GENERAL ELECTRIC 1 

X-Y PLOTTER (ELECTRO INSTRUMENTS) 2 

H.F. TAPE (SANGAMO 451 BR) 13 

VISUAL GAUGES (METRONIX) 1 

0 

20 

10 

12 

0 

2 

13 

39 

50 

40 

26 

12 

12 

18 

5 
1 

2 

15 

14 

TOTAL CHANNELS RECORDED = 220 (+14 VISUAL GAUGES) 
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Figure 98. - View of Twin-Spool TPA SiN 99019, Pre-Test No. 1261-DOI-OP-001. 
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Figure 100. - View of Twin-Spool TPA SiN 99019, Pre-Test 
No. l26l-DOl-OP-00l. 
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Figure 101. - View of Twin-Spool TPA SiN 99019, Pre-Test 
No. 1261-D01-0P-001. 
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Figure 102. - View of Twin-Spool TPA SiN 99019, Pre-Test 
No. 1261-DOI-OP-OOI. 
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Figure 103. - View of Twin-Spool TPA SiN 99019, Pre-Test 
No. l26l-DOI-OP-001. 



The s t r i p  c h a r t s  and v i s u a l  gauges w e r e  used f o r  v i s u a l  s e t t i n g s  of t h e  turbo- 
pump ope ra t ing  condi t ions .  The ana log- to-d ig i ta l  d a t a  o b t a  ed dur ing  each 
test w a s  s t o r e d  on magnetic tape.  

Raw d a t a  from t h e  ana log- to-d ig i ta l  system w a s  reduced and con- 
v e r t e d  t o  engineer ing  u n i t s  a f t e r  each test by u t i l i z i n g  t h e  turbopump d a t a  
r educ t ion  program (Computer Job 304). 
P r o j e c t  Engineer, who reviewed t h e  p e r t i n e n t  d a t a  be fo re  each test as w e l l  as 
p r i o r  t o  t h e  removal of t h e  test unit from t h e  test s tand .  

These d a t a  w e r e  made a v a i l a b l e  t o  t h e  

E. TEST SUMMARIES 

The fo l lowing  fou r  d i f f e r e n t  k inds  of tests were conducted w i t h i n  
t h e  seven test programs, wherein l i q u i d  hydrogen w a s  pumped and gaseous hydro- 
gen w a s  used t o  d r i v e  t h e  turbine:  

- Head-capacity t r a v e r s e s  a t  cons t an t  speed and NPSP 

- NPSP traverse a t  cons t an t  speed and flow rate 

- Head-capacity traverses a t  off-nominal t u r b i n e  
p re s su re  r a t i o s  

- Trans ien t  response eva lua t ion  

The t r a n s i e n t  tests w e r e  designed t o  s imula t e  start  ramps t h a t  are 
comparable wi th  chemical engine starts. 
Conducted p r i o r  t o  ope ra t ing  a t  t h e  22,000 rpm (2300 r a d / s )  nominal s h a f t  
speed. 

One pa r t i a l - speed  checkout test w a s  

Table X I  is a summary of t h e  t e s t i n g  conducted. 

1. T e s t  No. 1261-Dol-OP-001 

This  test w a s  conducted a t  approximately h a l f  of t h e  nominal speed 
f o r  t h e  purpose of checking ou t  bo th  t h e  turbopump and t h e  f a c i l i t y  p r i o r  t o  
full-power opera t ion .  Head r i se - f low rate t r a v e r s e s ,  inc luding  main-stage 
s t a l l ,  were made a t  both p o s i t i v e  and zero  NPSP. Matching of t h e  a c t u a l  and 
p red ic t ed  ope ra t ing  condi t ions  w a s  very good. 

2. T e s t  No. 126 1-Dol-OP-002 

This w a s  an H-Q traverse test a t  f u l l  speed. The flow rate 
w a s  va r i ed  from 70 l b / s e c  (31.8 Kg/s) t o  45 l b / s e c  (20.4 Kg/s). It w a s  no t  
p o s s i b l e  t o  ope ra t e  a t  77 l b / s e c  (34.9 Kg/s) because of t u r b i n e  d r i v e  s y s  e m  
l i m i t a t i o n s .  One H-Q traverse w a s  made a t  a tank NPSP of 20 p s i  (14 N / c m  ), 
and one w a s  made a t  approximately 5 p s i  (3  N/cm2). Data w a s  taken a t  19,000 
rpm (1990 r a d / s )  at  a tank NPSP of approximately 1 p s i  (0.7 N/cm2) because t h e  
a v a i l a b l e  t u r b i n e  d r i v e  system power r e s t r i c t e d  t h e  speed t o  t h i s  value.  
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3. T e s t  No. 1261-D01-OP-003 

The 6 sec start ramp a t  zero NPSP w a s  run i n  t h i s  test. The 
NPSP ramps a t  t h e  76 l b / s e c  (34 Kg/s) and 64 l b / s e c  (29 Kg/s) a l s o  were made. 
The test  w a s  terminated when t h e  inducer  speed exceeded 11,000 rpm (1152 r a d / s ) .  
The turbopump w a s  r e s t a r t e d  ( T e s t  No. 1261-DOl-OP-003A) fol lowing t h e  shutdown. 
A blown b u r s t  d i s c  i n  t h e  t u r b i n e  supply l i n e  caused t h e  d r i v e  gas  t o  be  
bypassed i n t o  t h e  t u r b i n e  exhaust  system, and t h e  turbopump would no t  opera te .  
above 12,000 rpm (1257 r ad / s ) .  

4. T e s t  No. 1261-D01-OP-004 

This test cons i s t ed  of a 3 sec start  ramp a t  a NPSP of 20 p s i  
The turbopump w a s  shutdown and r e s t a r t e d  wi th  a 3 sec ramp a t  an  (14 N/cm2). 

NPSP of 1 p s i  (0.7 N/cm2)  (Test  No. 1261-D01-OP-004A). 
operated a t  zero NPSP a t  flow rates of 70 l b / s e c  (32 Kg/s) and 54 l b / s e c  
(24 Kg/s). 

The turbopump w a s  

The NPSP ramp a t  45 l b / s e c  (20 Kg/s) a l s o  w a s  made during T e s t  No. 
1261-DOl-OP-004A. 

5. T e s t  No. 1261-D01-OP-005 

This test cons i s t ed  of an H-Q traverse a t  zero NPSP wi th  t h e  
e f f e c t i v e  area of t h e  t u r b i n e  exhaust  system reduced by 10% by p lac ing  an  
o r i f i c e  i n  t h e  t u r b i n e  exhaust  l i n e .  

6. T e s t  No. 1261-D01-OP-006 

This test w a s  a dup l i ca t ion  of T e s t  No. 1261-D01-OP-005, wi th  
the  e f f e c t i v e  area of t h e  exhaust system reduced by 20%. The turbopump a l s o  
w a s  opera ted  a t  19,000 rpm (1990 r a d / s ) ,  wi th  39 l b / s e c  (18 Kg/s) flow rate 
and 15,000 rpm (1571 r a d / s )  wi th  31 l b / s e c  (14 Kg/s) flow rate. The NPSP a t  
these  two condi t ions  w a s  zero.  

7. T e s t  No. 1261-D01-OP-007 - 
During t h i s  test, t h e  turbopump w a s  opera ted  a t  a h igh  flow 

The speed w a s  l i m i t e d  
The l o c a t i o n  of t h e  

parameter of 0.41 g a l / r e v  (0.23 dm3/rad) a t  zero NPSP. 
t o  15,000 rpm (1571 r a d / s )  by t h e  t u r b i n e  d r i v e  system. 
main-stage s t a l l  a t  22,000 rpm (2304 r a d / s )  and NPSP = 0.7 p s i  (0.5 N/cm2) 
a l s o  w a s  e s t a b l i s h e d  during t h i s  test. 

1 7  1 



V I I .  COMPUTER PROGRAM AND REFINEMENT 

A d i g i t a l  computer program was developed f o r  t h e  p red ic t ion  of Twin-Spool 
Turbopump opera t ing  c h a r a c t e r i s t i c s  dur ing  s t eady- s t a t e  o r  t r a n s i e n t  opera t ion  
wi th  hydrogen as the tu rb ine  d r i v e  gas and pumped f l u i d ,  V e r i f i c a t i o n  of t h e  
a n a l y t i c a l  model w a s  demonstrated by comparing the  a n a l y t i c a l  performance pre- 
d i c t i o n s  wi th  the experimental  d a t a  obtained from t h e  Twin-Spool Turbopump 
t e s t i n g  discussed previously.  

This program, which i s  i n  FORTRAN I V  language, is  s u i t a b l e  f o r  opera t ion  
on t h e  I B M  360 system machines w i t h  a t  least 100,000 b y t e s  of core  a v a i l a b l e  
f o r  program use. 
program t o  provide hydrogen proper ty  d a t a  based upon t h e  thermodynamic state of 
t h e  f l u i d s  i n  t h e  inducer ,  pump, and tu rb ines .  

Hydrogen p r o p e r t i e s  subrout ines  are incorpora ted  i n t o  t h e  

The a n a l y t i c a l  model is  s u i t a b l e  f o r  use wi th  twin-spool turbopumps f o r  
which t h e  s teady-s ta te  c h a r a c t e r i s t i c  curves (see Figures  N o .  104 through 
No. 107) have been p red ic t ed  o r  determined from test d a t a .  

A provis ion  f o r  a t r a n s i e n t  s o l u t i o n  of t he  inducer  suc t ion  l i n e  flaw 
condi t ions  based upon waterhammer theory has  been incorpora ted  i n t o  the  program 
as an opt ion  f o r  t r a n s i e n t  cases. 

Computed d a t a  always i s  suppl ied  by t h i s  program as p r in t ed  d i g i t a l  
output .  I n  add i t ion ,  a program opt ion  provides  f o r  supplying d i g i t a l  d a t a  
t o  a f i l e  f o r  g raph ica l  p re sen ta t ion  depending upon t h e  p a r t i c u l a r  computer 
f a c i l i t y  . 

A d i scuss ion  of t h e  a n a l y t i c a l  model, computer program d e t a i l s ,  r e s u l t s ,  
and an example case follows. 

A. ANALYTICAL MODEL 

The approach s e l e c t e d  i n  formulat ing t h e  computer model f o r  t h i s  
turbopump system w a s  one based upon t h e  use of over -a l l  c h a r a c t e r i s t i c  curves 
dep ic t ing  t h e  performance of each turbopump component. It is  be l ieved  t h a t  
th is  s u b s t a n t i a l l y  reduced both t h e  program complexity and i t s  length  because 
t h e  d a t a  presented i n  each c h a r a c t e r i s t i c  curve could have requi red  one o r  
more programs t o  generate .  

1. Major Assumptions 

a n a l y s i s  : 
The following are the  major assumptions appl ied  i n  t h i s  

a. Main tu rb ine  mass flow rate equa l s  inducer  t u r b i n e  m a s s  
flow rate. 
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b. 

C. 

d. 

e. 

f .  

g *  

The flow i n  t h e  inducer  and pump components i s  
incompressible .  This  assumption does n o t  exclude t h e  
computation of d e n s i t y  a t  each s t a t i o n  of t h e  pump system. 

The flow i n  a l l  of t h e  components is  s ingle-phase.  

Steady-state  c h a r a c t e r i s t i c  d a t a  can be  used t o  adequately 
r ep resen t  t h e  system i n  a quas i - s teady-s ta te  s o l u t i o n .  

S teady-s ta te  condi t ions  e x i s t  i n i t i a l l y  f o r  t r a n s i e n t  
s o l u t i o n s .  

Bearing f r i c t i o n  is n e g l i g i b l e .  

Incompressible flow is adequate  t o  desc r ibe  t h e  
t u r b i n e  exhaust system. 

2. C h a r a c t e r i s t i c  Curves 

The fol lowing c h a r a c t e r i s t i c  curves  are used t o  r ep resen t  t h e  
performance of t h e  turbopump components: 

a. 

b.  

C. 

Main Turbine Flow Parameter Curve, 

= func t ion  of main tu rb ine  t o t a l - t o -  
mT t o t a l  p re s su re  r a t i o ,  Figure No. 104. 

Main Turbine Ef f i c i ency  Curve, 

= func t ion  of v e l o c i t y  r a t i o ,  U/C, ', 
where 6,' i s  t h e  i s e n t r o p i c  spout ing  
v e l o c i t y  based upon t o t a l - t o - t o t a l  
p re s su re  r a t i o ,  Figure N o .  105. 

' 'mT 

Inducer  Turbine Flow Parameter Curve, 

func t ion  of inducer  t u r b i n e  t o t a l -  
t o - s t a t i c  p re s su re  r a t i o ,  Figure 
No. 104. 
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d. 

e. 

f .  

g *  

i. 

Inducer  Turbine 

‘IT 

Pump normalized 

p res su re  r a t i o  
n 

head-r ise  curve (AHIN‘) = func t ion  of 
P (Q/N)p, Figure No. 106. 

of s u c t i o n  condi t ions  (NPSH/N2) ; t h e r e f o r e ,  several 
curves are presented  and are t abu la t ed  f o r  t h e  computer 
model. 

The head rise a l s o  is a func t ion  

Pump e f f i c i e n c y ,  TIP = func t ion  of (Q/N)p, Figure No. 107. 
A l s o ,  e f f i c i e n c y  i s  r e l a t e d  t o  s u c t i o n  condi t ions  and is  
presented  as a func t ion  of NPSH/N2. 

Inducer  normalized head rise, (AHIN )I = func t ion  of 
(Q/N)I, Figure No. 106. 

2 

Inducer  e f f i c i e n c y ,  riI = func t ion  of (Q/N)I, Figure 
No. 107. 

3.  Basic  Computational Sequence 

Two primary program opt ions  are i l l u s t r a t e d  on Figure No. 108, 
which i s  t h e  b a s i c  computational sequence used i n  t h e  computer program. The 
f i r s t  op t ion  is one where t h e  v a r i a t i o n  of main s h a f t  speed wi th  t i m e  i s  i n p u t  
while  the  second opt ion  is  based upon a time-dependent s e l e c t i o n  of t u r b i n e  
i n l e t  p re s su re .  The computational sequence f o r  s t eady- s t a t e  cases i s  t h e  same 
as f o r  t h e  f i r s t  po in t  of t r a n s i e n t  cases .  Severa l  i terative loops are requi red  
t o  c l o s e  wi th in  i t e r a t i o n  l i m i t s  f o r  t h e  f i r s t  t ime-point of t r a n s i e n t  c a s e s ’  
and f o r  a l l  s t eady- s t a t e  cases. 
and t h e  method f o r  ob ta in ing  covergence are as follows: 

The primary i t e r a t i o n  loops of t h e  program 

a. The main tu rb ine  torque equals  t h e  main pump torque 
( t u r b i n e  i n l e t  p re s su re  op t ion  only) .  
r e l a t i o n s h i p  

The main s h a f t  speed is  co r rec t ed  by t h e  

1 / 3  

N = N  

u n t i l  convergence, w i th in  limits, is accomplished (n = i t e r a t i o n  number). 

b .  The main t u r b i n e  flow rate equa l s  t h e  inducer  t u r b i n e  
flow rate. 
eva lua t ing  t h e  rates of change of the  main and inducer  t u r b i n e  flow rates wi th  

The main t u r b i n e  p re s su re  r a t i o  is  co r rec t ed  by numerical ly  
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t h e  main t u r b i n e  p re s su re  r a t i o  as w e l l  as ob ta in ing  a simultaneous s o l u t i o n  
of t hese  two r e l a t i o n s h i p s  upon a f i n i t e  d i f f e r e n c e  b a s i s  t o  o b t a i n  a co r rec t ed  
main t u r b i n e  p re s su re  r a t i o .  
achieved. 
i n  Sec t ion  VI1,C. 

This  method i s  repea ted  u n t i l  convergence is  
The d e t a i l s  of t h i s  p re s su re  r a t i o  c o r r e c t i o n  technique are given 

c. The inducer  t u r b i n e  torque equa l s  t h e  inducer  to rque .  
Once t h e  inducer  flow rate has  been e s t a b l i s h e d ,  t h e  r e l a t i o n s h i p  between 
inducer  speed and torque i s  asce r t a ined  from t h e  inducer  normalized head-r i se  
and e f f i c i e n c y  curves (subprogram SHPIN). 
c o r r e c t  inducer  speed u n t i l  convergence of t h e  i t e r a t i o n  loop i s  accomplished. 

This r e l a t i o n s h i p  then is  used t o  

The l i m i t s  of convergence f o r  t h e  i t e r a t i v e  s o l u t i o n s  are 0.1%. 

For t r a n s i e n t  ca ses ,  t h e  matching of inducer  and main t u r b i n e  
flow rates i s  requi red  a f t e r  t h e  f i r s t  t i m e  p o i n t .  Main-stage speed o r  t o rque ,  
depending upon which program opt ion  is being exe rc i sed ,  is  determined from a 
f i n i t e  d i f f e r e n c e  s o l u t i o n  of one of t h e  fol lowing time-dependent equat ions  
f o r  t i m e  p o i n t s  o t h e r  than t h e  f i r s t :  

- ) (PTi i n p u t )  Eq. (2)  (720. ) (At) = N  + Nm, ( t  + At) m , t  2lTI (‘turbine pump 

- N ) (N inpu t )  2lTI- = ‘  + t u r b i n e  pump (720.) (At) “(t + A t )  t IC 

Simi la r ly ,  inducer  speed i s  determined f o r  success ive  t i m e  p o i n t s  from the 
r e l a t i o n s h i p  

- ‘  1 (720 .) (At) + 27rI (‘turbine inducer  = N  NI, ( t  f At) I, t 

The t i m e  increment A t  f o r  t h e  t r a n s i e n t  s o l u t i o n s  i s  governed 
by t h e  wave per iod  i n  t h e  s u c t i o n  l i n e  i f  t h e  waterhammer s o l u t i o n  is be ing  
used. Otherwise, t h e  t i m e  increment can be  i n p u t .  

A l l  of t h e  d e t a i l e d  equat ions  involved i n  the  a n a l y s i s  are 
inc luded  i n  Sec t ion  V I I ,  C.  
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B. COMPUTER PROGRAM 

The computer program i s  d iv ided  i n t o  a Main Program wi th  several 

The subprograms are 
subprograms. 
pump, and main t u r b i n e  are handled i n  t h e  Main Program. 
used f o r  procedures  such as i n p u t ,  ou tpu t ,  t a b l e  i n t e r p o l a t i o n s ,  and hydrogen 
p rope r t i e s .  
t h e i r  func t ion :  

A l l  of t h e  l o g i c  and computations f o r  t h e  inducer ,  inducer  t u r b i n e ,  

The fol lowing is a complete list of t h e s e  programs as w e l l  as 

MAIN 

FILE 
INTAB 

INPUT 

SHPIN 

TABIN 

TABP 

HPROP 
SVSL 
VPFUN 
CP 
GAMMA 
PUT0 
INLET 
D U G  
OUT1 

OUT2 

PLOT 

A l l  l o g i c  and computations r e l a t e d  t o  t h e  inducer ,  
pump, and tu rb ines .  
Used t o  read-in hydrogen p r o p e r t i e s  deck. 
Used t o  read-in and l ist  t abu la t ed  d a t a  r ep resen t ing  
t h e  turbopump c h a r a c t e r i s t i c  curves .  
Used t o  read-in and l i s t  case d a t a  inc luding  t i m e -  
dependent i npu t  da t a .  
Es t ab l i shes  t h e  r e l a t i o n s h i p  between inducer  power 
and speed. 
S ing le  i n t e r p o l a t i o n  subrout ine  used t o  i n t e r p o l a t e  
t u r b i n e  curves.  
Double i n t e r p o l a t i o n  subrout ine  used t o  i n t e r p o l a t e  
pump and inducer  curves .  
Used t o  determine supercooled l i q u i d  hydrogen p r o p e r t i e s <  
Used t o  determine s a t u r a t e d  l i q u i d  hydrogen dens i ty .  
TJsed t o  determine t h e  vapor p re s su re  of hydrogen. 
Hydrogen gas  s p e c i f i c  hea t  subprogram. 
Hydrogen gas s p e c i f i c  hea t  r a t i o  subprogram. 
Used t o  " i n i t i a l i z e "  main t u r b i n e  p re s su re  r a t i o .  
Suct ion l i n e  waterhammer s o l u t i o n  
Subprogram used t o  wri te  d i a g n o s t i e  messages. 
P r i n c i p a l  ou tput  subprogram used t o  l i s t  complete 
set of computed d a t a  a t  s p e c i f i e d  computation i n t e r v a l s .  
Secondary output  subprogram used t o  l i s t  inducer  and 
s u c t i o n  parameters a t  in te rmedia te  computation 
i n t e r v a l s .  
Dummy subprogram t o  be replaced by an appropr i a t e  
p l o t t i n g  set-up program i f  des i r ed .  

The d e t a i l s  o f  each of  t h e s e  programs, i nc lud ing  flow c h a r t s ,  are 
presented i n  t h e  fol lowing d iscuss ions .  The computer program l i s t i n g  i s  
included as Appendix A. 

1. Main Program 

Suct ion l i n e  s o n i c  v e l o c i t y  (Subprogram HPROP) 

178 

Comput at ion  t i m e  i n t e r v a l  

A t  = Ls,/a 

Suc t ion  l i n e  l o s s  c o e f f i c i e n t  

(f) (L - -2 
csL 2 g D  



Time  dependent i n p u t  c o n d i t i o n s ,  

Tank p r e s s u r e  (Subprogram TABIM) 

'Tk = f(Time) 

Main t u r b i n e  i n l e t  t empera ture  (Subprogram TABIM) 

TAT, i = f(Time) 

Main t u r b i n e  i n l e t  t o t a l  p r e s s u r e  (Subprogram TABIN) 

t = f(Time) (Program o p t i o n  1) 

Main s h a f t  speed (Subprogram TABIN) 

'mT , i 

= f(Time) Nm 

Main t u r b i n e  gas  p r o p e r t i e s ,  

S p e c i f i c  h e a t  r a t i o  

'mT = f (T '  m T , i ,  'mT,i ' 1  

S p e c i f i c  h e a t  

C P ,mT f(TlhT,i, 'mT,i ' 1  - - 

Inducer  i n l e t  vapor  p r e s s u r e  

PvPI,i = f(TIYi) 

Inducer  i n l e t  s p e c i f i c  volume 

1,i 2 '"1,i I f  P 

If PIYi > PvPIYi 

( Subprogram 

(Subprogram CP) 

(Subprogram VPFUN) 

(Use s a t u r a t i o n  dens i 

(Subprogram SVSL) 

(Subprogram HPROP) 



Purnp in le t  flow rate 

Pump i n l e t  vapor pressure  

Pump i n l e t  s p e c i f i c  volume 

I f  P < PVP 
P 9 i  - p , i  

sv = 
P r i  

Pump weight flow rate 

Eq. (7) 

(Subprogram VPF'UN) 

(Use s a t u r a t i o n  dens i ty)  

(Subprogram SVSL) 

(Subprogram HPROP) 

Inducer i n l e t  p re s  s u r e  

= f ( A t ,  VI, a,  SVI,i> (Subprogram INLET) 
1 ,i 

P 

Inducer volumetr ic  f l o w  r a t e  

= (SV .) (60) (7.4806) (W,) Eq. ( 9 )  
QI ,i 1 9 1  

Inducer i n l e t  t o t a l  p r e s s u r e  

Inducer n e t  p o s i t i v e  s u c t i o n  pressure  
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Inducer  n e t  p o s i t i v e  s u c t i o n  head 

NPSHI = (144) (NPSPI) (svI,i> 

Inducer  normalized s u c t i o n  cond i t ions  

Inducer  normalized flow rate 

Q1,i 

NI 
(Q/NII = 

Inducer  normalized head rise 
i -1 

-7 
Inducer e f f i c i e n c y  

Inducer  head rise 

= [ $1 N12 

I 

Inducer  t o t a l  p re s su re  rise 

AH, I - AP; - 
144 SVI,i 

Inducer  power 

W AHI I SHPI = 
550 nI 

Inducer  to rque  

33000 SHPI 
- - 

I 2 ~ r  NI T 

(Subprogram TABP) 

(Subprogram TABP) 



Pump in le t  s ta t ic  p res su re  

2 144 SV 9 

P 
= p;,i - (  \] 2 8  

P 
P 9 %  

Inducer  d ischarge  p r e s s u r e  

Pump 

Pump 

Pump 

P = P  
I ,e P ,i 

net p o s i t i v e  s u c t i o n  p res su re  

WPSP = P' - PVP 
P P ,i P s i  

net p o s i t i v e  s u c t i o n  head 

NPSH = (144) (NPSP ) (SV ) 
P P P s i  

normalized s u c t i o n  condi t ions  

NPSH (F) -P - N 2  

P P 
Pump normalized head rise 

-1 
(Subprogram TABP) ( 2)p = f [ (7) NPSH ( Q / N ) p i  

P 

Pump ef f i c i e n c y  

(Subprogram TUP) 
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Pump head rise 

AH =(:I N 2 
P P 

P 

Pump t o t a l  p re s su re  rise 

AH 

AP ' =- 
P ' i  P 

Pump power 

AH 

550 rl 
SHP = - 

P P 

Pump torque  

33000 SHP- 
=d 

271. Nm T 
P 

Pump d ischarge  t o t a l  p re s su re  

P '  = P' + AP' 
P ¶ e  P , i  P 

Pump d i scha rge  s ta t ic  p res su re  

' ' 2  144 SV 

P P ¶ e  = - \E-) 2 gp' 
P 

Main t u r b i n e  flow parameter 

Main t u r b i n e  i s e n t r o p i c  spout ing v e l o c i t y  
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Mai 

Main t u r b i n e  vel0 

Main 

Main 

Main 

t u r b i n e  t o t a l  e f f i c i e n c y  
r 

t u rb ine  t o t a l  enthalpy drop 

' 2  
- %T c0 mT - 

AhmT 2 g J  

tu rb ine  flow rate 

. 
= F PmT ( 

'mT *mT , i 
Main t u r b i n e  power 

- 'mT "mT 
550 S"PmT - 

Main t u r b i n e  torque 

33000 SHPmT 
= 

mT 2n Nm T 

(Subprogram TABIN) 

(Program opt ion  1) 

Eq. (37) 

r e l a t i o n ,  Program opt ion  1. 
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Main 

Main 

Main 

Main 

t u r b i n e  power (Program op t ion  2 )  

2a N T~~ m 
SHPmT a 33000 

t u r b i n e  flow rate (Program opt ion  2 )  

550 SHPmT - - 
'rnT AhmT 

t u r b i n e  i n l e t  t o t a l  p re s su re  (Program op t ion  2 )  

= 'mT K i  
'AT, i 'mT 

t u r b i n e  d ischarge  t o t a l  p re s su re  

- 1  

'AT, e - 'mT, i"'mT 

Inducer  i n l e t  t o t a l  p r e s s u r e  

= p' 
';T, i mT,e  

Inducer  t u r b i n e  d i scha rge  s t a t i c  p re s su re  

An incompressible  t rea tment  of t h e  t u r b i n e  exhaust sys  tern 
l o s s e s  r e s u l t s  i n  t h e  Darcey equat ion  f o r  head loss 

KV2 = -  
HLoss 2 g 

From con t inu i ty  

W = pUA 

then  
' 2  - K W  - 

HLoss 2 g p 2  A2 

and 

?Loss = i2 
2 AP = 

2 g 144 pA 
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Using t h e  i d e a l  gas equat ion  of state t o  compute exhaust  i n l e t  
dena i t y  

’IT, e 
P =  

TIT ,e  

t hen  

L e t  

K i2 R TIT e 
AP = Y 

2 g 144 PIT A2 
Ye 

= cons tan t  f o r  a p a r t i c u l a r  K R  

2 g 144 A2 
= 

exhaust  system ‘ex 

then 

AP = 

Solving f o r  inducer  t u r b i n e  exhaust  p r e s s u r e   PIT,^) i n  terms 
of exhaust  system backpressure  (Pex) 
t u r b i n e  exhaust  temperature   TIT,^), and exhaust system loss 
c o e f f i c i e n t  (CeX), t h e  r e s u l t i n g  r e l a t i o n s h i p  is  

t u r b i n e  flow rate (fi,,), 

2 * 2  

Eq* ( 4 6 )  
- - P ex 4 ex 4- ‘ex ‘IT T I T y e  

’IT,e 2 

Inducer  t u r b i n e  t o t a l  t o  s ta t ic  p r e s s u r e  r a t i o  

’;T i ” I T  e 
= 

I P r  

Inducer  t u r b i n e  flow parameter 

= f (PrIT) (Subprogram TABIN) WIT -\I T;T,i 
1 

= 
FPI PT, J 

Main t u r b i n e  exhaust  t o t a l  temperature  
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Inducer  t u r b i n e  i n l e t  t o t a l  temperature  

Inducer  t u r b i n e  flow rate 

The p r e s s u r e  r a t i o  s p l i t  between t u r b i n e s  must even tua l ly  be 
such t h a t  t h e  main t u r b i n e  and t h e  inducer  t u r b i n e  f low rates 
are equal  (w i th in  a to l e rance ) .  The main t u r b i n e  p re s su re  
r a t i o  i t e r a t i o n  is  c a r r i e d  ou t  as i n d i c a t e d  on Figure  No. 109. 
The fol lowing equat ions  are involved. 

On a f i n i t e  d i f f e r e n c e  b a s i s ,  t h e  rate of change of main 
t u r b i n e  flow rate wi th  main t u r b i n e  p re s su re  r a t i o  i s  

and t h e  rate of change of inducer  t u r b i n e  flow rate  wi th  
main t u r b i n e  p re s su re  r a t i o  i s  

Using t h e s e  two s l o p e s ,  a new p res su re  r a t i o  estimate can be 
made ( s e e  F igure  No. 109) from t h e  r e l a t i o n s h i p  

WIT ( 4  - WmT (n) 
PrmT (n+l) = PrmT (n) + Ea. ( 5 3 )  

' k T  "IT 

"'mT APrmT 
--- 

Inducer  t u r b i n e  gas p r o p e r t i e s  

S p e c i f i c  h e a t  r a t i o  

(Subprogram GAMMA) 
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\ Turbine 

I I 
I I f Turbine 

Main Turbine kessure Rat io  

Note: The s lopes  of t he  curves are for t h e  case of cons tan t  
main t u r b i n e  power 

Figure 109. Main Turbine Pressure Ratio 
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S p e c i f i c  h e a t  

Inducer  t u r b i n e  i d e a l  enthalpy change 

‘1T-l 

’IT 
T’ - 

AhIT,id - ‘p,IT I T , i  [i- - (&] ] Eq* (54) 

Inducer  i s e n t r o p i c  spout ing  v e l o c i t y  

“ I T  

Inducer  t u r b i n e  mean b l a d e  v e l o c i t y  

Inducer t u r b i n e  v e l o c i t y  r a t i o  

‘IT 

“ I T  
(U/Co>IT = - 

Inducer  t u r b i n e  s t a t i c  e f f i c i e n c y  

Inducer t u r b i n e  en tha lpy  change 

- 
AhIT - ‘IT AhIT,id 

Inducer t u r b i n e  exhaust  t o t a l  temperature 

Ah, 

Inducer  t u r b i n e  power 

E q .  (55) 

E q .  ( 5 7 )  

(Subprogram TABIN) 

E q *  (58) 

- ’IT AhIT 
550 SHPIT - 
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Inducer tu rb ine  torque 

33000 SHPIT 
= ‘c 

I T  2n NI 

Inducer speed cor rec t ions  are made using a technique similar 
t o  t h a t  discussed previously f o r  main turb ine  pressure  r a t i o  
cor rec t ions .  This leads  t o  t h e  following expression f o r  
successive inducer speed i t e r a t i o n s :  

SHPIT (n) - SHPI (n) 
Eq. (62) ASHPI ASHPIT NI (n+l) = NI (n) + 

-- 
ANI ANI 

Inducer tu rb ine  acce lera t ion  r e l a t ionsh ip  

The Main Program computational sequence is i l l u s t r a t e d  on 
Figure No. 110. 

2. Subprograms 

a. FILE 

A l l  of t he  hydrogen proper t ies  deck l i s t i n g  (Appendix B) 
i s  read-in by the  subprogram FILE. 
use i n  t h e  hydrogen proper t ies  Subprograms. Figure No. 111 is a flow cha r t  of 
t h i s  subprogram. 

These d a t a  are s to red  i n  t abu la r  form f o r  

b. INTAB 

The tabular  d a t a  representing the  turbopump component 
c h a r a c t e r i s t i c  curves are read-in and s to red  i n  appropr ia te  a r rays  f o r  use i n  
the  in t e rpo la t ion  subprograms. Cards 1 through 25 which are subsequently 
described i n  Section V I I , D ,  are t h e  cards read i n  t h i s  program. Figure No. 112 
is a flow cha r t  of t h i s  subprogram. 

c. INPUT 

The d a t a  pe r t inen t  t o  a p a r t i c u l a r  case (Cards 26 through 
36;  see Section V I 1 , D )  are read-in by t h e  subprogram INPUT. Figure No. 113 
is a flow cha r t  of t h i s  subprogram. 
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M A I N  PROGRAM 

LOSS COEFFICIENT 

TOTAL TEMPERATURE 

CALL DIAG 
WRITE ERROR MESSAGE 

GO TO NEXT CASE 

CALL OIAG 
WRITE ERROR MESSAGE 

GO TO NEXT CASE 

COMPUTE 
GAMM ITTIM, PTTIM) 

GAMM ITTIM, 100) 

SHAFTSPEED 
CALL TABIN 

CALL DIAG 
WRITE ERROR MEbSACE 

GOTONEXTCASE 

TIME, NI, TTEG 
TIME = TMINT 
NI NllNT 

I 

I 

CALL DIAG 

GO TO NEXT CASE 

I 
INITIALIZE SUCTION 

CONDITIONS I I 
1 

GO TO 110 

Figure  110. - Main Program Computational Sequence. 
(Sheet  1 of 7) 
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no 
RLTURN POINT 
TOR N L W  TlMC 

I 

a5 

WATER-HAMMCR 
SOLUTION INCL unco 1 

I 

COMPUTE SOV 

COMPUTE TIMC 

95 t 
COMPUTL NLW TlML 

TIME - T l M L  I DTlME 

i 
SAVE PARAMI TERS 

FROM PRCVIOUS 
TIME POINT 

I 
COMTUTE NEW TANK 

PRL SSURE 

CALL DlAG 
WRITE ERhOR MESSAGE 

COMPUTE NLW TURUINE 
INLET TLMITRATURE 

CALL DIAG 
WRITE ERROll MESSAGE 

GO TO NI YT CASE 

I 

COMPUTE NEW MAIN 
SHAFT SPEED 

I 

INLET PRLSSURt 

COMPUTE GAMM, CPM 
GAMM GAMMA I l l I M .  I’TlIMl 

SAVE OLD VALUE OF 

I 

I CALL DIAG 

GO TO NEXT CASE 

SET COUNlLRS 
SAVC MAIN TURBINE 

PRESSURE RlzTlO FROM 
PRCVIOUS TIMC POINT 

COMPUTE INDUCER INLET 
VAPOR PRESSURE 

SPECIFIC VOLUMC 
LQUAL TO SATURATION 
SPECIFIC VOLUME 
SVl l  = SVSL ITPII) 

115 
COMPUl t INDUCCR 
SPECIFIC VOLUME 

CALL HPROP IPII. TPII, SVII) 

120 

RLTUIlN POINT 
ArTL R W L L O  
COllRL CTION 

P l l l M  INPUT CA’iE 
I 

INCHLASL I l L R A T I  ON 

bid 
QMI EQ. 7 

U M  EO 33 

125 

RETURN POINT 
FOR NEW PUMP DENSITY 
BASE0 ON CORREClEO 
PUMP INLET PRESSURE + 

1 
INCREASE ITERATION 

COUNTER 1 
PVPMI - V P W N  ITPMII  

SET PUMP 

LOl IAL TO 5ATUIIATION 
SPLClFlC VOLUME 

SVMI = SVSL ITPMII 

122 c 
SVMI 

CALL HPROP (PMI, TPMI, SVMIl 

Figure 110. - Main Program Computational Sequence. 
(Sheet 2 of 7) 
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M A I N  P R O G R A M  ( C O N T )  

WP EQ. 8 
WI = WP 

I 

WATER-HAMMER SOLUTION -1 1 

NPSPI EQ. 11 
NPSHI EQ. 12 
NPSNI EQ. 13 

SET INDUCER SPEED 
POWLR RELATION 

RETURN POINT AFTER 
INDUCER SPEED 

CORRECTION 

RLSET ITCRATION 
COUNItRS,  SAVE 

MAIN TURBINE 
PRESSURE RATIO 

EQ. 14 
EQ. 56 

C A L L  TABP (NPSNI, QNI, OHNB w +-.-- 
VALUE 

VALUE SET OliNl 0.0 
WRITE ERROR MESSAGE 

C A L L  OIAG 

I 

, N O 0  POINT 

COMPARE 

DIFFERENCE EXCEEDS 
LIMIT, RETURN TO 

125 WITH CORRECTED 
PRESSURE 

I 2 

156 I 

DHNM 
CALL TABP INPSNM, ONM, DHNM) 

CALL OIAG 

GO TO NEXT CASE 

EATPM 
C e L L  TABP (NPSNM, QNM, EATPMI 

CALL DIAG 
WRITE ERROR MESSAGE 

G O T O N E X T C A S E  

165 

OHM EQ. 26 
DPM EQ. 27 
SHPPM EQ 28 
TORPM EQ. 29 
P T M E  EQ. 30 
PME Ea. 31 

Figure 110, - Main Program Computational Sequence. 
(Sheet 3 of 7) 
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M A I N  P R O G R A M  ( C O N T )  

v 4 FIRST PASS 

INITIALIZE MAIN TURBINE 
PRESSURE RATIO 

CALL PRATO (SHPPM, TTIM, UM, 

I 
CALL DlAG 

WRITE ERROR MESSAGE 

RETURN POINT 
FOR CORRECT PRESSURE 

RESETCOUNTERS 

195 4 
START POINT FOR 1 
PRESSURE RATIO 

CORRECTION LOOP 

RETURN POINT 
INDUCER PRESSURE 

F, C A L L  TABIN(PRM, FPM) 

WRITE ERROR MESSAGE 
GO TO NEXT CASE 

210 

COM EQ. 32 
UCOM EO. 34 

I 

1 
EATTM 

C A L L  TABIN (UCOM, EATTM) 

EQ. 36 
SIIPTM EQ. 37 

YES 
225 1 

SAVE MAIN SHAFT 
SPEED NMINT = N M  

I 

COMPARE MAIN TURBINE 
POWER WITH MAIN 

PUMP POWER 

WITHIN LIMITS DIFFERENCE EXCEEDS 

I 
CALL DIAG 

WRITE ERROR MESSAGE ITERATIONS < 30 

1 YES 

CORRECT MAIN SHAFT 
SPEED 

WITH CORRECTEO 

I 

COMPUTE NEW MAIN 
SHAFT SPEED FROM 

ACCELERATION RELATION 
EQ. 39 

SHPTM = SHPPM 

COMPUTE NEW MAIN 
TURBINE TORQUE FROM 

ACCELERATION RELATION 
TORTM EQ. 40 

1 '7 
F i g u r e  110. Main Program Computat ional  Sequence 

(Sheet  4 of 7) 
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M A I N  PROGRAM ( C O N T I  

310 I 
RETURN POINT FOR 

CORRECTEOEXHAUST 
TEMPERATURE 

1 
I SET 

TTEG = TTEI 

320 -1 
1 

PTEl EQ. 46 
PRI Ea. 4 7  

1-1 CHECK ITERATI ON 

WRITE ERROR MESSAGE 

WITH CORRECTED 
MAIN TURBINE 

7 1  
CALL TABIN IPRI, FPI) 

CALL DlAG 

GOTONEXTCASE 

Ea. 4 8  
TTII  =TTEM Ea. 49 

TURBINE AND MAIN 

I 

CORRECT MAIN TURBINE 
PRESSURE RATIO 

UM. PRMI 
CALL PRATO (SHPPM, TTEM, PTTEM, 

CALL DIAG 
WRITE ERROR MESSAGE 

RETURN TO 190 WITH 
CORRECTEDPRESSURE 

6 
CHECK ITERATON 

COUNTER 

CALL DlAG 
WRITE ERROR MESSkGE 

GOTONEXTCASE + CORRECTED 

COMPUTE RATE OF CHANGE 
OF MAIN TURBINE 
FLOW RATE WTH 

I MAIN TURBINE 
PRESSURE RATIO I SLOP 1 EQ. 51 

CHANGE OF INDUCER 

6 
Figure 110. - Main rogram Computational Sequence. 

(Sheet 5 of 7 )  
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M A I N  P R O G R A M  ( C O N T I  

P 

WITH CORRECTED 
PRESSURE RATIO 

GAM1 =GAMMA (1111, PTTII) 
cPI=cP(TTI I ,  PTTII) 

EQ 57 

EATTI  
CALL TABIN (UCOI, EATTI) 

CALL DlAG 

GO TO NEXT CASE 

EQ. 58 
EQ. 59 

t 
COMPARE INDUCER 

EXHAUST TEMPERATURE 
WITH PREWOUS VALUE 

I 

WITHIN LIMITS 
CONTINUE 

f 
DIFFERENCE EXCEEDS 

L I M I T  

I 
i 

RETURNTO310 
WITH NEW T T E l  

SHPTI EQ. 60 

SAVE INDUCER SPEED 
Nl lNT = N1 

COMPARE INDUCER AND 
INDUCER TURBINE POWER 

I 

CALL DlAG 
WRITE ERROR MESSAGE 

GO TO NEXT CASE 

AVERAGE INDUCER 
AND INOUCER TURBINE POWER 
SHPAV = SHPII + SHPTI 

SAVE INDUCER SPEED 

CALL TABIN (SHPAV, NU 

C A L L  DlAG 
WRITE ERROR MESSAGE 

GO TO NEXT CASE 

580  1 
COMPUTE RATE OF 

CHANGE OF INDUCER I 
POWER WITH SPEED 

SLOP 3 I 
I 

CHANGE OF INDUCER 
TURBINE POWER WITH 

SPEED 

EQ. 62 

RETURN TO 140 
WITH CORRECTED 

COMPUTE NEW INDUCER 
SPEED FROM ACCELERATION 

700  t 
SAVE DATA FOR 

PRINTING I 
I 

Figure  110. - Main Program Computational Sequence. 
(Sheet  6 of 7) 
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M A I N  P R O G R A M  ( C O N T )  

t 

I NEXT TIME POINT 
GO TO 80 I 

1 

NO WATER-HAMMER 
SOLUTION 

NEXT TIME POINT 
GO TO 80 

SAVE DATA FOR 

NO PLOT 

810 
I SAVE DATA FOR I 

PLOTTING 

50 DATA POINTS 

PRINT SUCTION DATA 
CALL OUT 2 

SET PRINT COUNTER 
EQUAL 0 

NEXT TIME POINT 
GO TO 80 

I ERROR MESSAGES 
CALL OlAG 

STEADY STATE 
CASE, GO TO 700 
WRITE CASE DATA 

I I 
t 

I GO TO 50 I I 
CHECK ANY DATA 
POINTS COMPUTED 

SUCCESSFULLY 

t 
I NEXT CASE 

GO TO 50 1 

F i g u r e  110. Main Program Computat ional  Sequence 
(Sheet  7 of 7)  
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SUBROUT I NE F I LE 

READ NUMBER OF TEMPERATURE 

POINTS ON EACH ISOBAR 
i 

1 7 
HYDROGEN PROPERTIES INPUT 

I 

.) 
READ SATURATION I 
TEMPERATURES AND CORRES 

~ RETURN 

Figure  111. - Subroutine FILE Flow Chart .  
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SUBROUTINE INTAB 

CtIARACTLRISTIC CURVE 

INPUT I 
t 

RrAD DATA WHITE F I R S T  

PAGE T l T l E  

I 
READ " X - Y "  DATA'PAIRS 

FOR TURBINE DATA CURVES 

1 
REAU "X-Y"  DATA PAIRS 

FOR PUMP ANU INDUCER 

CURVES 

I 

FOR PUMP HEAD R I S E  CURVE, 

FOR INDUCER HEAD R I S E ,  

FOR INDUCER E F F I C I E N C Y ,  

23 RETURN 

Figure  112.  - Subrout ine INTAB Flow Chart .  
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SUBROUTINE INPUT 

CASE DATA INPUT 

I 
READ CGNTROL FLAGS 

READ CONSTANT 

PARAMETERS 

I 
1 

READ "X-Y" PAIRS 

O f  TIME DEPENDENT 

DATA 

PRINT ABOVE DATA 

ON PAGE 6 OF OUTPUT 

ct, RETURN 

Figure  113. - Subroutine INPUT Flow Chart .  
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d. SHPIN 

This subprogram is used t o  e s t a b l i s h  a r e l a t ionsh ip  
between inducer  speed and s h a f t  power f o r  given values of inducer normalized 
suc t ion  head (NPSH/N2) and inducer flow rate. The speed-power r e l a t i o n s h i p  
is  used i n  the  inducer speed i t e r a t i o n  loop of t he  main program. 

This r e l a t i o n s h i p  is es t ab l i shed  using the  tabulated 
c h a r a c t e r i s t i c  d a t a  f o r  t he  inducer.  Corres onding values  of AH/N2, TI, and 

Q/N,  AH/N2 and rl are in t e rpo la t ed  between curves of cons tan t  NPSH/N2; then, 
speed is  computed f o r  t h e s e  poin ts  from the  r e l a t i o n s h i p  

Q / N  were input  f o r  curves of constant  NPSH/N 3 . For each tabulated va lue  of 

and power i s  determined from 
AH 

550 rl 
'p N2 SHP = 

(For a l l  Q/N) Eq. ( 6 4 )  

These corresponding speed and power po in t s  then are s t o r e d  as elements of an  
a r ray  f o r  f u t u r e  use (see Figure No. 114). For values  of NPSH/N2 which are 
e i t h e r  g rea t e r  o r  less than t h e  tabula ted  va lues ,  t h e  maximum o r  minimum 
curve i s  used, respec t ive ly .  

In t e rpo la t ion  equations used i n  t h i s  subprogram are 
as follows : 

Figure No. 115 is  a flow cha r t  of t h i s  subprogram. 

e. TABIN 

S ing le  l i n e a r  i n t e r p o l a t i o n  of t he  turb ine  character-  
i s t i c  curves and t h e  t abu la r  da t a  r e l a t i n g  inducer power t o  speed r e s u l t  from 
the  use of t h i s  subprogram. 
corresponding respec t ive  dependent v a r i a b l e  ( i . e . ,  flow parameter, FP; 
e f f i c i ency ,  r l ;  and inducer  speed) f o r  an independent parameter (i.e., pressure  
r a t i o ,  P r ;  v e l o c i t y  r a t i o ,  U/Co; o r  inducer s h a f t  power, SHPI). 
is a flow c h a r t  of t h i s  subprogram. 

The tabulated d a t a  are used t o  determine the  

Figure No. 116 
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S U B R O U T I N E  S H P I N  

FOR CORRECT SUCTION 
PCIWORMANCL CURVE 

RETURN POINT 
FOR NEXT CURVE 
INCREASE INDEX 

COMPARE TABULATED 
VALUE OF (NPSH/NZ) 

WITH COMPUTED 

TABULATE0 VALUE 1 

USE EFFICIENCY 
AND A H / N ~  VALUES 

1 

u 5 t  t r  I ICI~NCY 
AND A W N 2  VALUES 

CORRL 'WONOING 

CORRESPONDING 1 TO MAXIMUM I CURVE I 1 1 G O T ~ Z O O  1 
GO TO 200 

USE EFFIC'tNCY 

CORRESPONDING TO 
AND A H / N ~  VALUES 

LINEARLY INTERPOLATE 
BETWEEN CURVES 
FOR EFFICIENCY 

AND AHfi' 

EQ. 66 

EQ. 67 

I 

r u i t  AL L i n i t u i  AII o 

INUUCLR 5PLLD EO. 64 
CORRESPONDING 

STORE SPEED 

c 5  RETURN 

Figure  115. - Subroutine SHPIN Flow Chart. 



SURROUTINE TAPIN 

START TABLE LOOKUP FOR 

CORRECT INDFPENOENT 

PARAMFTER 
1 

250 

FRROR SET FLAG 

I 1 

80 + 
SET FLOW PARAMFTCR EOllAL 

TO MAXIMUM VALUE 

------I 

]EQUAL TO TARULATED VALUE I 

I 

VALUE OF DEPENDENT 

PARAMETER 

Figure 116. - Subroutine TABIN Flow Chart. 
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f .  TABP 

This i s  a double in t e rpo la t ion  subprogram use 
mine the  pump normalized head rise (AH/N2), inducer normalized head 
ef f ic iency ,  and inducer e f f i c i ency  i n  terms of t h e i r  respec t ive  normalized 
flows (Q/N) and normalized suc t ion  heads (NPSH/N2). 
t he  pump and inducer c h a r a c t e r i s t i c  curves are input and s tored  i n  f i l e s  by 
subprogram TABIN. The dependent va r i ab le s ,  normalized head rise (AH/N2) and 
and ef f ic iency  (q) , are tabulated with respec t  t o  two independent va r i ab le s ,  
Q/N and NPSH/N2. This is  accomplished by tabula t in9  d a t a  p a i r s  of q versus Q/N 
and AH/N2 versus Q/N along l i n e s  of constant NPSH/N . 
l i n e a r l y  both wi th  respec t  t o  Q/N and NPSH/N2 as shown on Figure No. 117. 

Tabular d a t a  based upon 

The t a b l e  is in te rpola ted  

I f  NPSH/N2 i s  g rea t e r  than t h e  maximum value f o r  which 
d a t a  i s  tabulated,  t he  curve of maximum NPSH/N2 i s  used; i f  i t  is  less than 
t h e  minimum tabulated value,  t h e  minimum curve is  used. Should Q/N be less 
than the  minimum t a b l e  value,  an e r r o r  is detected and cont ro l  is  returned t o  
the  main program f o r  a d iagnos t ic  message. 
t a b l e  value,  a similar d iagnos t ic  message r e s u l t s .  Figure No. 118 is a flow 
cha r t  of t h i s  subprogram. 

I f  Q/N is  g rea t e r  than t h e  m a x i m u m  

g. Hydrogen Proper t ies  Subprograms 

(1) HPROP 

This subprogram is used t o  determine proper t ies  
da ta  f o r  l i q u i d  o r  s u p e r c r i t i c a l  hydrogen. 
(Ref. 19) are u t i l i z e d .  The temperature range covered i s  from t h e  l iquid- 
s o l i d  phase boundary t o  t h e  s a t u r a t i o n  temperature o r  72'R, whichever is g r e a t e r  
f o r  a given isobar.  The pressure range goes from one atmosphere t o  100 atmo- 
spheres. The following proper t ies  are tabulated as a function of temperature 

Existing tabular  hydrogen proper t ies  

f o r  the  i sobars  

These tabulated 
deck l i s t i n g  of 

of t h i s  ind ica ted  pressure  range: 

- Speci f ic  Volume 
- Enthalpy 
- Entropy 
- Sonic Velocity 

d a t a  c o n s t i t u t e  t he  major por t ion  of t he  hydrogen proper t ies  
Appendix B. Thus, given a pressure  and one of t h e  f i v e  _ _  

parameters (viz., temperature, s p e c i f i c  volume, enthalpy, entropy , o r  son ic  
ve loc i ty) ,  t he  t a b l e  can be  u t i l i z e d  t o  supply any one of t h e  three  remaining 
proper t ies .  I n  the  Twin-Spool Program, t h i s  computer subprogram w a s  used 
only t o  determine the  s p e c i f i c  volumeand sonic  ve loc i ty  of the  f l u i d  as a 
function of pressure  and temperature. Figure No. 119 is the  flow cha r t  f o r  
t h i s  subprogram. 
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u( 
Y(2, 

Y( 

Y(1, 

2 (Tabulated 

DH = NPSH/N 2 (Comput 

X(2, J-1) X(1, J-1) Q/N 

2 (Tabulated 
/-  NPSH/N Curve 

2 I DH = NPSH/N (Comput 

2 
jy &/N2 (Computed) 

NPSH/N = Z (  1-1) 
t ed Curve ) 

' I  
I I  

Q/N (Computed) L 

Interpolation Equations 

2 The above example is for &I/N ; however, it also is 
applicable f o r  the efficiency calculation. 

Figure 117. - TABP Interpolation Procedure. 
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SUBROUTINE T A B P  

FOR CORRECT SUCTION 

RETURN POINT 
FORNEXTCURVE 
INCREASE INDEX 

BY 1 

c 
COMPARETABULATED 
VALUE OF NPSHD' 

WITH COMPUTED 
VALUE 

I I I 
I I c 

TABULATEOVALUE > 
COMPUTED VALUE 

I 

TABULATED 

USE EFFICIENCY 

CORRESPONDING 
OR AH$ CURVE 

MINIMUM 

USE EFFICIENCY 

CORRESPONDING 
OR AIH/N*CURVE 

1 T O M A ,  , I Np:o TABULATED NPSH/N* 

TABULATED NPSH/N? 

USE EFFICIENCY 

CORRESPONDING 
TOTABULATEO 

OR A H / N ~  CURVE 

TABULATED 

ERROR 
SET FLAG 

150 

155 
RETURN POINT FOR 

NEXT QD INCREASE 
INDEX BY 1 

MMPARE TABULATED 
VALUE OF PiN 

WITH COMPUTED 
VALUE 

I I I 
'1 

TABULATEDVALUE > 

TABULATED 

ERROR 
SET FLAG 

I 
1 I 

INTERPOLATE BETWEEN 
P D  POINTS FOR 
EFFICIENCY OR 

I I 

TABULATEOVALUE = 

t 
TABULATED VALUE < 
COMPUTED VALUE 

I 

EFFICIENCY OR 
AWN2 VALUE EQUAL 

TOTABULATEOVALUE 

VALUE 

ERROR 
SET FLAG 

Figure  118. - Subrout ine T U P  Flow Chart. 
(Sheet 1 of 2) 
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INTERPOLATE BETWEEN 
CURVES FOR FINAL 

EFFICIENCY OR 

P r RETURN 

Figure 118. - Subroutine TABP Flow Chart. 
(Sheet 2 of 2) 
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START TARLF LOOKUP 

FOR CORRFCT ISORAR 

I 
50 
RFTURN POINT FOR 

NFXT ISOPAR 

COMPARE TARULATEO PRESSURE 

1 
TARULATEO PRF SSURE> 

COMPUTfO PRESSURE I 
TARULATEO PRFSSUREZ 1 
COMPUTFO PRFSSURE 

TAPULATfD PRFSSURf < 
COMPUTFD PRESSURE 

]200 IYES , 
FRROR SET FLAG 

FRROR SET FLAG 

L-37-J -6 
80 c 
USF ISOPAR CORRESPONDING 

TO COMPUTED VALUE 

4 
I N I T I A L I Z E  INDEX EOUAL 0 

INOFPENDENT PROPERTY 
I 

COMPARE TPRULATEO VALUF 

ITH COMPUTED VPLUF 

@ 100 I 

TARULATfO TAPULATFD NO 

fRROR SET FLAG 

1 IO 

INTEHPOLATE RETWEEN 

POINTS FOR I OFPFNOENT,PROPFRTY 1 
J 

N 

ALUE OF OEPENOfNT PROP. 
I- 

INTLRPOLATE P I  TWl t N  INT I  HMIOIATE 

VALUES FOR FINAL VALUE or 

Figure 119. - Subprogram HPROP Flow Chart .  
(Sheet 1 of 2) 
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[ 5 2 O  J"' , 
SFT FLAG FOR ALTf RNATE 

INTFRPOLATION TECHNIOUE 3E 
RFTURN FOR ISOBAR AROVE . COMPUTE0 PRESSURE 

YES 

610 

F INO VAPOR PRESSURE 

F I N D  SATURATCO VALUE 

OF DEPENOENT PROPERTY 

CORRFSPONOING TO TEMP. 

SATURATED PROPERTY AS 

ALTERNATE FOR INTERPOLATION 

NEAR VAPOR OWE ' 
3 RETURN 

F i g u r e  119. - Subprogram HPROP Flow Chart. 
(Shee t  2 of 2) 
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(2) SVSL 

T h i s  subprogram i s  used t o  f i n d  t h e  s p e c i f i c  volume 
of s a t u r a t e d  l i q u i d  hydrogen, which is g iven  by 

is  g iven  by t h e  equat ion  of s ta te  sat. l i q  where t h e  s a t u r a t e d  l i q u i d  d e n s i t y  p 

4/3  'sat. l i q .  - - Pcrit.  + A1 ( T c r i t .  -T)O 38 + A2 (Tcri t . -T)  + A3 (Tcrit. -0 

Eq9 (72) 
2 3 -0 5/3 + A5 (Tcrit. -T) (g/mole c m  ) 

+ A4 (Tcri t .  

which is taken from Reference 19. 

The cons t an t s  A A , A3, A and A are l i s t e d  i n  1' 5 Appendix B as p a r t  of t h e  hydrogen p r o p e r t i e s  Zeck. T k e  c r i t i ca l  d e n s i t y  
) is taken as 

(Pcrit .  3 = 0.01559 (g/mole c m  ) 'crit. 

and t h e  c r i t i ca l  temperature  is  

Tcr i t .  = 59.357"R = 32.976"K 

Figure  No.  120 inc ludes  t h e  flow c h a r t  of t h i s  
subprogram. 

(3) VPm 

This subprogram is  u t i l i z e d  t o  f i n d  hydrogen vapor 
p re s su re  as a func t ion  of temperature.  Reference 20 g ives  vapor temperature  
as a func t ion  of p re s su re ;  t h e r e f o r e ,  a numerical  method w a s  used t o  f i n d  a 
so lu t ion .  

Vapor temperature  is g iven  by t h e  r e l a t i o n s h i p  

2 = { - (B3 B4 + B - 0.4342945 Ln(P)) + [(B3 B4 + B1 - 0.4342945 Ln(P)) TVP 1 

- 4 B4 (B3 B1 + B 2 - 0.4342945 Ln(P))]1/2}/2 B4 Eq. (73) 
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FUNCTION SUPPROGRAM SVSL 

RETURN POINT FOR NEXT 

ITERATION 

INCREASE COUNTER BY 1 
i 

FINO SATURATtO SPECIFIC 

VOLUME 

t 
CHANGE TEMPERATURE TO 

OFGRFFS KELVIN 
I 

I 
t 

COMPUTE SATURATED 

L l Q U l O  DENSITY EQ. 72 

I 
CHANGE TO ENGLISH UNITS 

t 
I COMPUTE SATURATED 1 

SPECIFIC VOLUME EQ. 71 

c 
RETURN 

FUNCTION SURPROGRAM VPFUN 

i-I-1 NEW VAPOR PRESSURE VALUE 

COMPARE NEW VALUE WITH 

OLD VALUE 

CHANGE VAPOR PRESSURE FROM 

Figure 120. - Subprograms SVSL and VPFIIT Flow Charts. 
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where: - % - 
B2 = 

- 
B3 - 

B4 - 
- 

Ln = 

P =  

r e l a t i o n s h i p  f o r  

2.00062 

-50 -09708 

1.0044 

0.01748495 

n a t u r a l  logar i thm 

p r e s s u r e  i n  atmospheres 

To i n i t i a t e  t h e  numerical  s o l u t i o n  of t h e  above 
vapor p re s su re ,  a n  approximate polynominal w a s  der ived:  

,-. 
= (301.2628 - 17.1219 T + 0.2549671 TL)/14.696 (ATM) pvP 

Eq. (74 

F igure  No. 120 inc ludes  t h e  flow c h a r t  f o r  t h i s  
sub p r o  gram. 

(4) cp 

S p e c i f i c  h e a t  d a t a  have been curve f i t  f o r  hydrogen 
gas as a func t ion  of temperature  and pressure .  These r e l a t i o n s h i p s  are used 
i n  t h i s  subprogram t o  provide s p e c i f i c  h e a t  d a t a  f o r  t u r b i n e  c a l c u l a t i o n s .  
For temperatures below 800"R, t h e  r e l a t i o n s h i p  i s  

C = 4.696 + 2.18 x loe4 P 
P 

- 1.0 x (0.3179 + 4.853 x P)  T 

+ 1.0 x loe5 (0.2051 + 2.80 x P) T2 Eq. (75) 

and f o r  temperatures above 800°R, t h e  appropr i a t e  equat ion  is  

C = 3.5628 + 4.453 x P 
P 

- 1.0 (0.2151 + 4.773 x P) T 

+ 1.0 x (0.1258 + 1.293 x lom5 P) T2 Eq* (76) 

subprogram. 
Figure No. 1 2 1  inc ludes  t h e  flow c h a r t  f o r  t h i s  
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FUNCTION SUBPROGRAM CP 

FIND SPECIFIC HEAT 'T7 
TEMPI ERATURE -C 

AflO OR )--------1 
V COMPUTE SPEC1 F I C  HEAT 

EQ. 76 COMPUTE SPECIFIC HEAT 

EQ. 75 

1 

CL. RETURN 

FUNCTION SUBPROGRAM GAMMA 

FINO SPFCIFIC HFAT RATIO T 

t 
RFTURN 

Figure 121. - Subprograms CP and GAMMA Flow Charts.  
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A curve f i t  of t h e  s p e c i f i c  h e a t  r a t i o  (y) as a 
func t ion  of p re s su re  and temperature  has  been e s t a b l i s h e d  over  two temperature  
ranges f o r  hydrogen gas .  
s p e c i f i c  h e a t  r a t i o  d a t a  t o  t h e  main program f o r  t u r b i n e  c a l c u l a t i o n s .  
temperatures below l l O O O R ,  t h e  equat ion  used i s  

These curves are used i n  t h i s  subprogram t o  supply 
For 

y = 1.2737 + 6.286 x P 

r + 1.0 x (0.2876 - 1.32 x P)  T 

+ 1.0 x (-0.164 + 6.92 x P) T2 

and f o r  temperatures above l l O O O R ,  t h e  equat ion  used is 

y = 1.4032 + 1.05 x P 

+ 1 .0  x (0.629 - 1.490 x P) T 

+ 1.0  x (-0.1074 + 4.40 x P) T2 Eq* (78) 

F igure  No. 1 2 1  inc ludes  t h e  flow c h a r t  f o r  t h i s  
subprogram. 

h. PUT0 

The f u n c t i o n  of t h i s  subprogram is t o  e s t a b l i s h  a n  
i n i t i a l  va lue  f o r  t h e  main t u r b i n e  p re s su re  r a t i o  based upon t h e  power requi re -  
ment (SHPp) , i n l e t  temperature  (Ti )  , es t imated  backpressure (P;) , and mean 
b lade  speed (U). The i n i t i a l  p re s su re  r a t i o  is  co r rec t ed  as ind ica t ed  i n  t h e  
d i scuss ion  of t h e  main computer program. 
t h e  main t u r b i n e  p re s su re  r a t i o  (Ref. 18) w a s  found t o  be uns t ab le  i n  c e r t a i n  
cases; the re fo re ,  i t  has  been rep laced  by t h e  method descr ibed  here in .  

The o r i g i n a l  method f o r  " i n i t i a l i z i n g "  

A t r ia l -and-er ror  approach is appl ied  by us ing  the  
t abu la t ed  main t u r b i n e  flow parameter curve. Beginning with t h e  minimum 
tabu la t ed  p res su re  r a t i o ,  t h e  i d e a l  en tha lpy  drop i s  computed from t h e  
r e l a t i o n s h i p  

y-l 
= C T i  ~1 -1s) Y 

p 

and t h e  i s e n t r o p i c  spout ing  v e l o c i t y  
I 
i s  

Co =./2 g J Ahid 
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Then, t h e  ve loc i ty  r a t i o ,  U/Coy can be  determined and t h e  corresponding main 
tu rb ine  e f f ie iency ,n ,  i s  found by in t e rpo la t ion ,  from t h e  tabulated curve. 

The a c t u a l  enthalpy drop then is  

Ah = rl Ahid 

and the  main turb ine  i n l e t  pressure i s  

P; = (PL) 

Using t h e  flow parameter (FP) va lue  corresponding t o  
t h e  pressure r a t i o ,  t h e  weight flow rate is  found 

and the  corresponding s h a f t  power i s  

Ah J 
5 50 SHPT = 

I f  t h e  r e s u l t i n g  turb ine  power, SHPT, is  less than t h e  
spec i f i ed  pump power, SHPp, t h e  next higher pressure  r a t i o  i s  u t i l i z e d  u n t i l  
SHPT > SHPp. Linear i n t e rpo la t ion  between t h i s  f i n a l  value and t h e  previous 
one then i s  made t o  provide the  necessary i n i t i a l  p ressure  r a t i o  ( P r  ). i n  

(Prn - Pr ) 
(SHPT - SHP ) n- 1 Pr = P r n  + 

i n  SHP - SHPTPnel P TYn 

Figure No. 122 i s  the  flaw cha r t  of t h i s  subprogram. 

i. INLET 

This subroutine i s  used f o r  t h e  waterhammer so lu t ion  
i n  the inducer suc t ion  l i n e ,  with some of t h e  log ic  being handled i n  t h e  main 
program. 

For t r a n s i e n t  flow i n  p ipes ,  t h e  equation of motion can 
be w r i t t e n  i n  the  following form 

a H + - + -  av f v  Jvl  = 0 
g Bx a t  20 

and the  cont inui ty  equation is 
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S U B R O U T I N E  P R A T O  

FIRST TABULATED 
MAIN TURBINE 

PRESSURE RATIO 

~ a . 7 9  

EQ.80 

u/co 

f 
q = f i U/Cd 

CALL TABIN (U/Co, q ) 

SET FLAG 
RETURN TO THE 
MAIN PROGRAM 

FOR ERROR MESSAGE 
GO TO NEXT CASE 

Ah Ea.  81 
P'I EO. 82 

1 EQ. 83 
SHPT E a .  84 

TO TABULATED 
VALUE 

INTERPOLATE FOR 
Ea.  a5 

RETURN 

Figure 122. - Subroutine PRATO Flow Chart. 
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A f i n i t e  d i f f e r e n c e  s o l u t i o n  t o  t h e s e  equat ions  i s  
g iven  i n  Reference 2 1  as 

H e ( t )  = H . ( t - A t )  - - a [ V e ( t >  - vi(t-At)I - 2 g ~  V . ( t - A t )  IVi( t -At)  I 
1 g 

Eq* (88) 

L 
where t h e  t i m e  increment A t  is given by A t  = a  and t h e  s u b s c r i p t s  are as 
shown be  low : 

I b L -  > 

I -.- - ----- 77 
l \  

/ Suct ion  Line D 

vi 

Hi 

e V 

e H 

I n  t h i s  case, t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n  g iven  by 

The s o n i c  v e l o c i t y  used i n  t h i s  subprogram 
Equations (88) and (89) i s  based upon a known i n l e t  head ( H i )  o r  p re s su re  
and a known e x i t  v e l o c i t y  (V,). 
is  f o r  a r i g i d  pipe.  F igure  No .  123 is t h e  flow c h a r t  f o r  t h i s  subrout ine .  

j .  DIAG 

Diagnos t ic  messages expla in ing  problems a s soc ia t ed  wi th  
t h e  t a b l e  i n t e r p o l a t i o n  subrout ines  are generated by us ing  t h i s  subprogram. 
The messages suppl ied  are considered t o  b e  se l f -explana tory .  

k. OUT1 

A l l  of t h e  computed d a t a  generated by t h e  program is  
w r i t t e n  by t h i s  subprogram a t  t h e  s p e c i f i e d  t i m e  i n t e r v a l s .  An example of 
t h e  informat ion  suppl ied  is included i n  Appendix B. 

1. OUT2 

In te rmed ia t e  s u c t i o n  and inducer  d a t a  generated between 
s p e c i f i e d  p r i n t  i n t e r v a l s  i s  writ ten by t h i s  subprogram f o r  t r a n s i e n t  cases 
involv ing  a waterhammer s o l u t i o n .  
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BOUNDARY CONOITIONS 
AND PRCVIOUS 

TIME POINT 
CONOITIONS ARE 

ESTABLISHED 

1 
H, ( 1 -  A t l  = 1 4 4  SV P l ( t - A t l  

Hi ( 1 I = 1 4 4  SVPI ( t ) 

H e ( I - A t )  = 1 4 4 S V P c ( t - A t l  

VI ( t -  At1 W, SV/Al, 

Ve (1 - A tl = W SV/Al, 

V, ( t )  = W SV/AI, 

SUCTION LINE DISCHARGE 
HEAD 

EQ I E8 

I 
SUCTION LINE INLET 

VELOCITY 

EQ E9 

SUCTION LINE DISCHARGE 
PRESSURE I 

P,lO = H e ( t I /  1 4 4  SV I (5 RETURN 

Figure 123. - Subroutine INLET Flow Chart. 
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m. PLOT 

The l o g i c  of t h e  main program is  such t h a t  a program 
option (see Section VI1,D) w i l l  cause t h e  d a t a  generated by the  program t o  be  
transmitted t o  t h i s  subroutine f o r  processing so  t h a t  a p l o t  can b e  generated 
from it. The subroutine PLOT supplied with t h e  program is only a dummy one 
which produces a d iagnos t ic  message should an attempt b e  made t o  exerc ise  t h i s  
option. This dummy subprogram can be replaced by an appropr ia te  subprogram 
which is compatible with t h e  p a r t i c u l a r  computer f a c i l i t y  wherein the  program 
is  being run. The arguments of t h e  subprogram are as follows: 

(1) 
(2) Data a r r ay  
(3) Branch sequence number 

Number of parameters t o  be  p lo t t ed  

This argument l i s t  may b e  changed providing a corre- 
sponding change is made i n  the  MAIN program cal l  sequence. 
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C. PROGRAM USE 

This  program is w r i t t e n  i n  FORTRAN I V  language and is s u i t a b l e  f o r  

Approxi- 
u s e o n  I B M  360 system machines. 
u t i l i z e d  which permits  t h e  use  of lower level  IBM FORTRAN compilers.  
mately 100,000 b y t e s  of co re  are needed t o  execute  t h e  program wi thout  us ing  
over lays .  Appendix A i s  a complete l i s t i n g  of t h e  program whi l e  t h e  FORTRAN 
and a n a l y s i s  nomenclatures are included as Appendix C. 

Only t h e  more b a s i c  f e a t u r e s  of FORTRAN were 

1. Program Loading 

The format f o r  each ca rd  descr ibed  i n  t h i s  s e c t i o n  is  
i l l u s t r a t e d  on t h e  load  s h e e t s  included as Figure  No. 124. General ly ,  f l o a t -  
i ng  p o i n t  format is  used f o r  a l l  rea lnumbers  except  f o r  some of t h e  hydro- 
gen p r o p e r t i e s  da ta .  A l l  i n t e g e r  d a t a  must b e  r i g h t  ad jus t ed  i n  t h e  f i e l d .  
The fol lowing f i e l d  s p e c i f i c a t i o n s  are shown on t h e  load  s h e e t s  (Figure 
No. 124) : 

. BCD - Any l i t e r a l  Alpha-numeric d a t a  . FP - Floa t ing  p o i n t ,  decimal r equ i r ed  
, I - I n t e g e r ,  r e q u i r e s  r i g h t  adjustment i n  t h e  f i e l d  

The necessary  hydrogen p r o p e r t i e s  deck, which is  shown on t h e  
load  shee t s ,  i s  included i n  Appendix B ,  a long wi th  an  example case. This  deck 
i s  t h e  f i r s t  d a t a  f o r  a case. 

Card 1 

Col. 1-2 

3- 4 
5- 6 

Card 2 

Col. 1-3 

4- 8 

9-80 

Card 3 

Data f o r  each of t h e  remaining ca rds  i s  as fol lows:  

This card is used f o r  t h e  d a t e  which is p r i n t e d  a t  t h e  top  of each 
page of ou tput .  

I M  - Month 

I D  - Day 

I Y  - Year 

I d e n t i f i c a t i o n  card  f o r  t h e  main t u r b i n e  flow parameter curve.  

K( l )  - The number of "X" - "Y" p a i r s  of d a t a  used t o  desc r ibe  t h e  
flow parameter curve.  

Blank. 

Any i d e n t i f y i n g  l i t e ra l  da ta .  

A maximum of 30 p a i r s  can be  used. 

"X" - "Y" p a i r s  of d a t a  from t h e  flow parameter curve.  
is d iv ided  i n t o  f i e l d s  of 10 columns and can be  repea ted  as many 
t i m e s  as necessary  t o  inpu t  a l l  po in t s .  
i n  t h e  ascending o rde r  of p re s su re  r a t i o .  

This ca rd  

The p o i n t s  must be  inpu t  
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... . 0s). 
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Card 3 (cont . )  

Col. 1-10 

11-20 

21-30 

31-40 

Card 4 

Col. 1-3 

4- 8 

9-80 

Card 5 

Col. 1-10 

Card 6 

Col. 1-3 

4- 8 

9-80 

Card 7 

Col. 1-10 

11-20 

XT (1, 1 )  - f i r s t  p re s su re  r a t i o  po in t  ( t o t a l - t o - t o t a l ) .  

YT (1,  1) - f i r s t  f low parameter po in t .  

XT (1 ,  2) - second p res su re  r a t i o  p o i n t .  

YT (1, 2) - second flow parameter po in t .  

I d e n t i f i c a t i o n  card  f o r  t h e  main t u r b i n e  e f f i c i e n c y  curve.  

K (2) - The number of "X" - "Y" p a i r s  of d a t a  used t o  i d e n t i f y  t h e  
main t u r b i n e  e f f i c i e n c y  curve.  A maximum of 30 p a i r s  can be  used. 

Blank 

Any i d e n t i f y i n g  l i teral  da ta .  

"X" - "Y" p a i r s  of d a t a  from t h e  main t u r b i n e  e f f i c i e n c y  curve. 
This card is  d iv ided  i n t o  f i e l d s  of 10 columns and can be  repea ted  
as many t i m e s  as necessary.  
o rde r  of v e l o c i t y  r a t i o  (U/Co). 

XT (2,  1) - f i r s t  v e l o c i t y  r a t i o  po in t  (based upon t o t a l - t o - t o t a l  
p re s su re  r a t i o ) .  

YT (2 ,  1) - f i r s t  e f f i c i e n c y  p o i n t  ( t o t a l ) .  

Input  d a t a  must be  i n  t h e  ascending 

I d e n t i f i c a t i o n  card  f o r  t h e  inducer  t u r b i n e  flow parameter.  

K (3) - The number of "X" - "Y" p a i r s  of d a t a  used t o  i d e n t i f y  t h e  
inducer  t u r b i n e  flow parameter curve.  

Blank. 

Any i d e n t i f y i n g  l i t e ra l  d a t a .  

"X" - "Y" p a i r s  of d a t a  from t h e  inducer  flow parameter curve.  
The same format as Card 3. 

XT (3 ,  1) - f i r s t  p re s su re  r a t i o  po in t  ( t o t a l - t o - t o t a l ) .  

YT (3,  1 )  - f i r s t  flow parameter po in t .  
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Card 8 

Col. 1-3 

4-8 

9-80 

Card 9 

Col. 1-10 

11-20 

Card 10 

Col. 1-3 

4- 6 

7-8 

9-80 

Card 11 

Col. 1-10 

11-20 

Card 12 

Col. 1-10 

11-20 

Card 13 

Col. 1-10 

11-21 

I d e n t i f i c a t i o n  card  f o r  t h e  inducer  t u r b i n e  e f f i c i e n c y  curve.  

K ( 4 )  - The number of  "X" - "Y" p a i r s  of  d a t a  used t o  i d e n t i f y  
t h e  inducer  t u r b i n e  e f f i c i e n c y  curve.  

Blank. 

Any i d e n t i f y i n g  l i t e r a l  da ta .  

'lx" - II I 1  

The s a m e  format as Card 5. 

XT ( 4 ,  1) - f i r s t  v e l o c i t y  r a t i o  po in t  (based upon t o t a l - t o - t o t a l  
p re s su re  r a t i o ) .  

YT ( 4 ,  1) - f i r s t  e f f i c i e n c y  po in t  ( s t a t i c ) .  

Y p a i r s  of d a t a  from t h e  main t u r b i n e  e f f i c i e n c y  curve.  

I d e n t i f i c a t i o n  card f o r  t h e  main pump normalized head rise curves.  

L (1)  - t h e  number of suction-dependent,  normalized head curves.  

K (5) - t he  number of "X" - "Y" p a i r s  f o r  each head rise curve.  

Blank 

Any i d e n t i f y i n g  l i t e r a l  da ta .  

2 Suct ion  condi t ions  (NPSH/N ) f o r  each main pump head rise curve i n  
ascending o rde r .  A maximum of 10 curves can be  used. 

ZP (1, 1 )  - f i r s t  curve 

ZP (1,  2) - second curve 

Normalized flow rate (Q/N) p o i n t s  f o r  t h e  main pump head rise 
curves.  The s a m e  Q/N p o i n t s  serve as t h e  a b s c i s s a  f o r  a l l  of t h e  
head curves.  Repeat card as many t i m e s  as necessary.  

X P  (1,  1) - f i r s t  Q/N po in t .  

XP (1, 2) - second Q/N po in t .  

Ordina tes  of t h e  main pump normalized h e a t  r i s e2curves ,  correspond- 
i n g  t o  the  Q/N of card 12 ( i . e . ,  va lues  of AH/N ) .  
card  as many t i m e s  as necessary.  
t h e  ca rd  f o r  each curve.  

YP (1, 1, 1) - f i r s t  p o i n t ,  curve 1. 

YP (1, 1, 2) - second p o i n t ,  curve 1. 

Repeat t h i s  
S t a r t  wi th  t h e  f i r s t  f i e l d  of 
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Card 13 (cont . )  

Col. 1-10 

11-21 

Card 14 

Col. 1-3 

4-6 

7- 8 

9-80 

Card 15  

Col. 1-10 

11-20 

Card 16  

Col. 1-10 

11-20 

Card 17 

Col. 1-10 

11-20 

1-10 

11-20 

YP (1, 2, 1) - f i r s t  po in t ,  curve 2. 

YP (1, 2, 2) - second p o i n t ,  curve 2. 

Main pump e f f i c i e n c y  curve i d e n t i f i c a t i o n  card .  

L (2)  - t h e  number of suction-dependent,  e f f i c i e n c y  curves.  

K (6)  - t h e  number of "X" - "Y" p a i r s  f o r  each e f f i c i e n c y  curve.  

Blank, 

Any i d e n t i f y i n g  l i t e r a l  da ta .  

Suc t ion  condi t ions  (NPSH/N ) f o r  each main pump e f f i c i e n c y  curve 
i n  ascending o rde r .  A maximum of 10 curves can be used. 

ZP (2,  1 )  - f i r s t  curve.  

ZP (2 ,  2) - second curve.  

2 

Normalized flow rate (Q/N) p o i n t s  f o r  t h e  main pump e f f i c i e n c y  
curves.  The same Q / N  p o i n t s  serve as t h e  absc i s sa  f o r  a l l  e f f i -  
ciency curves.  Repeat card as many t i m e s  as necessary.  

XF' (2 ,  1 )  - f i r s t  Q / N  po in t .  

XP (2 ,  2) - second Q / N  po in t .  

Ordinates  of t h e  main pump e f f i c i e n c y  curve corresponding t o  t h e  
Q / N  po in t s  of card  16  ( i .e. ,  va lues  of e f f i c i e n c y ) .  Repeat t h i s  
card as many t i m e s  as necessary ,  S t a r t  wi th  t h e  f i r s t  f i e l d  of 
t h e  card  f o r  each curve.  

YP (2,  1, 1) - f i r s t  p o i n t ,  curve 1. 

YP (2,  1, 2) - second p o i n t ,  curve 1. 

YP (2,  2 ,  1) - f i r s t  p o i n t ,  curve 2. 

YP (2 ,  2, 2) - second p o i n t ,  curve 2. 
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Card 18 

Col. 1-3 

4-6 

7- a 
9-80 

Card 19 

Col. 1-10 

Card 20 

Col. 1-10 

11-20 

Card 21  

Col. 1-10 

11-20 

1-10 

11-20 

Card 22 

Col. 1-3 

4- 6 

Inducer  normalized head rise curve i d e n t i f i c a t i o n  card.  

L (3) - t h e  number of suction-dependent, inducer  head rise curves.  

K (7) - t h e  number of "X" - "Y" p a i r s  f o r  each head rise curve.  

Blank. 

Any i d e n t i f y i n g  l i t e r a l  da ta .  

2 Suct ion  condi t ions  (NPSH/N ) f o r  each inducer  head rise curve i n  
ascending o rde r .  A maximum of 10 curves can be  used. 

ZP (3 ,  1) - f i r s t  curve.  

ZP (3 ,  2) - second curve.  

Normalized flow rate (Q/N) p o i n t s  f o r  t h e  inducer  head rise curves.  
The same Q / N  p o i n t s  are used f o r  a l l  head r ise curves.  Repeat card 
as many t i m e s  as necessary.  

XP (3 ,  1 )  - f i r s t  Q / N  po in t .  

XP ( 3 ,  2) - second Q / N  po in t .  

Ordinates  of t h e  inducer  normalized head rise curves corresponding 
t o  t h e  Q/N of card  20 ( i . e . ,  va lues  of AH/N2). 
as many t i m e s  as necessary.  S t a r t  w i t h  t h e  f i r s t  f i e l d  of t h e  
ca rd  f o r  each curve.  

YP (3, 1, 1) - f i r s t  po in t ,  curve 1. 

YP (3, 1, 2) - second p o i n t ,  curve 1. 

Repeat t h i s  card 

YP (3,  2, 1) - f i r s t  p o i n t ,  curve 2.  

YP (3, 2, 2) - second p o i n t ,  curve 2. 

Inducer  e f f i c i e n c y  curve i d e n t i f i c a t i o n  card .  

L ( 4 )  - t h e  number of suction-dependent,  inducer  head rise curves.  

K (8) - t h e  number of "X" - "Y" p a i r s  f o r  each e f f i c i e n c y  curve.  
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Card 22 (cont . )  

Col. 7-8 

9-80 

Card 23 

Col. 1-10 

Card 24 

Col. 1-10 

Card 25 

Col. 1-10 

11-20 

1- 10 

11-20 

Blank 

Any i d e n t i f y i n g  l i t e ra l  da ta .  

Suct ion condi t ions  (NPSH/N2) f o r  each inducer  e f f i c i e n c y  curve i n  
ascending order .  A maximum of 10 curves can be  used. 

ZP ( 4 ,  1 )  - f i r s t  e f f i c i e n c y  curve. 

ZP ( 4 ,  2) - second e f f i c i e n c y  curve. 

Normalized flow rate (Q/N) p o i n t s  f o r  t h e  inducer  e f f i c i e n c y  curves.  
The same Q/N po in t s  are used f o r  a l l  e f f i c i e n c y  curves.  
card  as many t i m e s  as necessary.  

X P  (4,  1 )  - f i r s t  Q/N po in t .  

XP (4,  2) - second Q / N  po in t .  

Repeat 

Ordinates  of t h e  inducer  e f f i c i e n c y  curves corresponding t o  the  
Q/N po in t s  of card 24 ( i . e . ,  va lues  of e f f i c i e n c y ) .  
card as many t i m e s  as necessary.  S t a r t  wi th  t h e  f i r s t  f i e l d  of 
t h e  card f o r  each curve. 

YP (4, 1, 1) - f i r s t  po in t ,  curve 1. 

YP ( 4 ,  1, 2) - second p o i n t ,  curve 1. 

Repeat t h i s  

YP (4, 2 ,  1 )  - f i r s t  p o i n t ,  curve 2.  

YP (4,  2,  2) - second p o i n t ,  curve 2. 
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Col. 1-5 

6- 10 

11-15 

16-20 

21-25 

Card 27 

Col. 1-10 

11-20 

2 1- 30 

31-40 

41- 50 

51-60 

61-70 

Card 28 

Col. 1-10 

11-20 

21-30 

This  is  t h e  f i r s t  card  of t h e  p a r t i c u l a r  case involv ing  a set of 
s p e c i f i e d  ope ra t ing  condi t ions .  The several program op t ions  are 
c o n t r o l l e d  by t h e  c o n t r o l  f l a g s  of t h i s  card.  

IFLAG - 1 i f  t u r b i n e  i n l e t  p r e s s u r e  is  i n p u t  as t h e  independent 
parameter;  2 i f  main s h a f t  speed is  inpu t  as t h e  independent 
parameter. 

JPRNT - t h i s  is  t h e  p r i n t  i n t e r v a l  f o r  t r a n s i e n t  cases (i.e.,  1 i f  
ou tput  f o r  every computed t i m e  po in t ;  2 i f  ou tput  f o r  every second 
computed t i m e  p o i n t ;  etc.). The f i r s t ,  second, and last  t i m e  
po in t s  always are p r i n t e d  r e g a r d l e s s  of t h e  va lue  of JPRNT. 

JFLAG - 1 i f  s u c t i o n  l i n e  waterhammer s o l u t i o n  is  t o  be  used; 
2 i f  no waterhammer s o l u t i o n .  

KFLAG - 1 i f  s t eady- s t a t e  p o i n t ;  2 i f  t r a n s i e n t  case. 

JPLOT - 0 i f  no p l o t s ;  1 i f  a l l  t i m e  p o i n t s  p l o t t e d ;  2 i f  only 
p r i n t e d  t i m e  p o i n t s  are t o  b e  p l o t t e d .  No p l o t  subrout ine  i s  
included w i t h  t h e  program because p l o t t i n g  is an o f f - l i n e  opera- 
t i o n ,  which is  unique t o  a p a r t i c u l a r  computer f a c i l i t y .  However, 
t h i s  program op t ion  can be u t i l i z e d  by r ep lac ing  t h e  dummy p l o t  
subprogram (PLOT) wi th  a subprogram s u i t e d  t o  t h e  p a r t i c u l a r  
f a c i l i t y  . 
This card  con ta ins  t h e  information p e r t i n e n t  t o  a c e r t a i n  set of 
ope ra t ing  condi t ions .  

TMINT - i n i t i a l  t i m e  f o r  a t r a n s i e n t  case o r  0.0 f o r  a s teady-  
s ta te  case. 

TMAX - f i n a l  t i m e  f o r  a t r a n s i e n t  case; 0.0 f o r  a s t eady- s t a t e  
case i f  another  case fol lows;  and any number >O.O f o r  t h e  f i n a l  
s t eady- s t a t e  case. 

PTTEM - Estimated main t u r b i n e  exhaust t o t a l  p re s su re  ( f o r  t h e  
i n i t i a l  t i m e  f o r  a t r a n s i e n t  c a s e ) .  This  va lue  w i l l  be modified 
t o  t h e  c o r r e c t  va lue  by t h e  program through success ive  i t e r a t i o n s .  

N I I N T  - es t imated  inducer  s h a f t  speed ( f o r  t h e  i n i t i a l  t i m e  i f  a 
t r a n s i e n t  case). 

QNM - main pump Q / N .  

TPII - temperature  of t h e  f l u i d  a t  t h e  inducer  i n l e t .  

DTIME - computing t i m e  i n t e r v a l  f o r  t r a n s i e n t  cases i f  t h e  w a t e r -  
hammer s o l u t i o n  is not  used. 

Geometry parameters.  

D - Suct ion  l i n e  diameter.  

XLINE - Suct ion  l i n e  l eng th .  

RM - Mean b l a d e  r ad ius  a t  main tu rb ine .  
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Card 28 (cont.)  

Col. 31-40 

41-50 

51-60 

61-70 

71-30 

Card 29 

Col. 1-10 

11-20 

2 1- 30 

Card 30 

Col. 1-5 

Card 31 

Col. 1-10 

11-20 

2 1- 30 

31-40 

Card 32 

Col. 1-5 

Card 33 

Col. 1-10 

11-20 

21-30 

31-40 

R I  - Mean b lade  rad ius  of inducer  tu rb ine .  

IMA - Main r o t a t i n g  assembly po la r  moment of i n e r t i a .  

I1 - Inducer r o t a t i n g  assembly po la r  moment of i n e r t i a .  

A I  - Inducer i n l e t  flow area. 

AM - Main pump i n l e t  flow area. 

Geometry, continued. 

AME - Main pump discharge flow area. 

XLOSS - Turbine exhaust system l o s s  c o e f f i c i e n t .  

FRI - Suct ion l i n e  f r i c t i o n  f a c t o r .  

F i r s t  card of t h e  t i m e  dependent opera t ing  parameters. 

K (10) - Number of "X" - "Y" p a i r s  of d a t a  used to desc r ibe  t h e  
tu rb ine  i n l e t  temperature as a func t ion  of t i m e .  

"X" - "Y" p a i r s  of da t a  f o r  t u rb ine  i n l e t  t o t a l  temperature-time 
r e l a t i o n ,  Repeat card as many t i m e s  as necessary.  

XT (6,  1 )  - f i r s t  t i m e  po in t .  

YT (6 ,  1) - f i r s t  temperature. 

XT (6, 2) - second t i m e  po in t .  

YT (6,  3) - second temperature. 

K (11) - Number of "X" - "Y" p a i r s  of d a t a  used t o  descr ibe  the  
tu rb ine  i n l e t  t o t a l  p ressure  as a func t ion  of t i m e .  

I'X" - I1  II 

r e l a t i o n .  

XT (7 ,  1) - f i r s t  t i m e  po in t .  

YT (7, 1 )  - f i r s t  p ressure .  

XT (7 ,  2) - second t i m e  po in t .  

YT (7 ,  2) - second pressure.  

Y p a i r s  of d a t a  f o r  t u rb ine  i n l e t  t o t a l  pressure-time 
Repeat as many t i m e s  as necessary.  
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Card 34 

Col. 1-5 

Card 35 

Col. 1-10 

11-20 

21-30 

31-40 

Card 36 

Col. 1-5 

Card 37 

Col. 1-10 

11-20 

21-30 

31-40 

K (12) - Number of "X" - "Y" p a i r s  of d a t a  used t o  descr ibe  t h e  
main s h a f t  speed as a func t ion  of t i m e .  A t  least one da ta  p a i r  
must be  input  corresponding t o  t h e  i n i t i a l  t i m e  po in t  i f  op t ion  
(IFLAG=l) is  being used. This amounts t o  an i n i t i a l  estimate 
of main s h a f t  speed and w i l l  be modified by t h e  program. 

"XI1 - 11 I1 

Repeat card as many t i m e s  as necessary. 

XT (8, 1 )  - f i r s t  t i m e  po in t .  

YT (8, 1 )  - f i r s t  speed poin t .  

XT (8, 2) - second t i m e  point .  

YT (8, 2) - second speed poin t .  

Y p a i r s  of da t a  f o r  main s h a f t  speed-time r e l a t i o n .  

K (13) - Number of "X" - "Y" p a i r s  of da t a  used t o  descr ibe  t h e  
tank pressure  as a func t ion  of t i m e .  

11x11 - 11 11 

Repeat card as many t i m e s  as necessary.  

XT ( 9 ,  1 )  - f i r s t  t i m e  po in t .  

YT (9,  1 )  - f i r s t  tank pressure  point .  

XT (9 ,  2) - second t i m e  po in t .  

YT (9,  2) - second tank pressure  poin t .  

Y p a i r s  of da t a  f o r  t h e  tank pressure- t iae  r e l a t i o n .  

2. Program Res t r i c t ions  

The tabula ted  da ta  used t o  represent  t he  turbopump character-  
istics must be in t e rpo la t ed  f o r  a l l  operat ing poin ts ;  t he re fo re ,  i t  i s  
necessary t h a t  t he  c h a r a c t e r i s t i c  curves be  extended t o  cover the  range of 
operat ing poin ts  as w e l l  as a l l  po in ts  reached i n  any intermediate  i t e r a t i o n  
loops. No provis ion has  been made f o r  extending the  tabula ted  da ta  and any 
condi t ion encountered which forces  a search f o r  da t a  ou t s ide  the  confines of 
t he  t a b l e  w i l l  r e s u l t  i n  a d iagnos t ic  message as w e l l  as termination of t he  
case. 
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It is  p o s s i b l e  t h a t  cases involv ing  extremely low speeds w i l l  
no t  be executed because an i n s u f f i c i e n t  number of s i g n i f i c a n t  d i g i t s  are 
a v a i l a b l e  t o  c l o s e  some of t h e  necessary  i t e r a t i o n  loops.  

This program is r e s t r i c t e d  t o  use wi th  hydrogen as t h e  t u r b i n e  
d r i v e  gas and pumped f l u i d  un le s s  t h e  f l u i d  p r o p e r t i e s  subprograms are rep laced  
wi th  ones s u i t e d  f o r  another  f l u i d .  Also, t h e  range of  ope ra t ion  i s  r e s t r i c t e d  
t o  t h a t  covered by t h e  p r o p e r t i e s  subprograms. 

D. COMPUTER PROGRAM VERIFICATION AND REFINEMENT 

1. V e r i f i c a t i o n  

V e r i f i c a t i o n  of t h e  a n a l y t i c a l  model used t o  p r e d i c t  t h e  
ope ra t ing  c h a r a c t e r i s t i c s  of twin-spool turbopumps w a s  demonstrated by comparing 
a n a l y t i c a l  r e s u l t s  wi th  t h e  test d a t a  obta ined  during twin-spool t e s t i n g  i n  
hydrogen. 

The c a p a b i l i t y  of  t h e  computer program t o  p r e d i c t  t r a n s i e n t  
performance which i s  t y p i c a l  of t h a t  experienced during engine start t r a n s i e n t s  
is  of primary i n t e r e s t .  Therefore ,  a comparison between a n a l y t i c a l l y  determined 
performance and a c t u a l  test performance i s  made he re  f o r  two t y p i c a l  engine 
start ramps of s ix  seconds and t h r e e  seconds,  r e spec t ive ly .  

The c h a r a c t e r i s t i c  curves  used i n  t h e  computer ana lyses  are 
shown on Figures  No. 125 through No. 130. These curves were der ived  from t h e  
test d a t a  obta ined  dur ing  the  twin-spool test series. The t u r b i n e  charac te r -  
i s t i c  curves (Figures  No. 125 through No. 128) are based upon t h e  b e s t - f i t  of 
t h e  t es t  d a t a  and should not  be confused wi th  t h e  p r e d i c t i o n  curves shown else- 
where i n  t h i s  r e p o r t .  The inducer  and pump e f f i c i e n c y  curves dev ia t e  from t h e  
r a w  test d a t a  inasmuch as an inducer  s t a t o r  d i scharge  temperature  c o r r e c t i o n  
w a s  made. The r ami f i ca t ions  of t h i s  c o r r e c t i o n  w e r e  d i scussed  ear l ier  i n  t h e  
pump and inducer  s ec t ions .  

Severa l  of t h e  more important parameters a s soc ia t ed  wi th  t h e  
twin-spool turbopump ope ra t ion  dur ing  t h e  6 s e c  ramp of T e s t  No. -003 are shown 
on Figures  No. 131  through No. 136 along wi th  a n a l y t i c a l  r e s u l t s  f o r  t h e  same 
parameters us ing  t h e  computer model. The computer a n a l y t i c a l  r e s u l t s  are based 
upon t h e  time-dependent test d a t a  ( tank  p res su re ,  t u r b i n e  i n l e t  t o t a l  temperature,  
and t u r b i n e  i n l e t  t o t a l  p re s su re )  shown on Figure No. 131. 

The main s h a f t  speed f o r  t h e  6 sec t r a n s i e n t  a n a l y s i s  shown 
on Figure No. 132 is h igher  than  it  a c t u a l l y  w a s  dur ing  t h e  i n i t i a l  phase of t h e  
t r a n s i e n t .  Th i s  i s  at least  p a r t i a l l y  a t t r i b u t a b l e  t o  t h e  t u r b i n e  i n l e t  p re s su re  
i n d i c a t i o n  r e s u l t i n g  from t h e  bear ing  coolan t  f low through t h e  t u r b i n e  p r i o r  t o  
s t a r t -up .  

i s  d i r e c t l y  r e l a t e d  t o  t h e  d i f f e r e n c e  between t h e  a n a l y t i c a l l y  determined speed 
and t h e  test  speed d iscussed  above. The computer model w a s  based upon t h e  assumption 
t h a t  normalized pump f low be maintained a t  a cons tan t  va lue  dur ing  t r a n s i e n t  
opera t ion .  Any d r i f t  from a cons tan t  va lue  dur ing  t e s t i n g  r e s u l t s  i n  some 
dev ia t ion  between t h e  a n a l y t i c a l  and a c t u a l  test r e s u l t s .  

The i n i t i a l  dev ia t ion  i n  pump p res su re  rise ( see  F igure  No. 133) 
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Figure 126. - Computer Model Charac t e r i s t i c  Curve, 
Main Turbine Total  Efficiency. 
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Figure  130. Refined Characteristic Curve, Inducer Turbine Eff ic iency  
and Normalized Head R i s e  
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There i s  a s l i g h t  d i f f e r e n c e  between t h e  pump Elow rate 
determined a n a l y t i c a l l y  and t h e  tes t  r e s u l t s  nea r  t h e  end of t h e  t r a n s i e n t  
shown on Figure  No. 134. Again, t h i s  i s  a r e s u l t  of t h e  d r i f t  i n  t h e  normalized 
pump flow. 

The inducer  speed f o r  t h e  6 sec ramp is p l o t t e d  on Figure No. 
135. I n d i c a t i o n s  are t h a t  t h e  h ighe r  a c c e l e r a t i o n  rate experienced dur ing  t h e  
test is  t h e  r e s u l t  of an i n a b i l i t y  t o  accu ra t e ly  o b t a i n  t h e  p o l a r  moment of 
i n e r t i a  f o r  t h e  inducer  r o t a t i n g  assembly because of t h e  inducer  vanes.  
s l i g h t l y  lower va lue  than  t h a t  used i n  t h e  a n a l y s i s  would y i e l d  r e s u l t s  more 
n e a r l y  i n  agreement wi th  t h e  test r e s u l t s .  

A 

It is  be l ieved  t h a t  t h e  erratic n a t u r e  of t h e  inducer  p re s su re  
rise (see Figure No. 136) obta ined  from t h e  test d a t a  w a s  t h e  r e s u l t  o f  instrumenta- 
t i o n  and v i b r a t i o n  inf luences .  
test r e s u l t s  f o r  t h i s  parameter w a s  no t  poss ib l e .  

An accura t e  comparison between a n a l y t i c a l  and 

Simi la r  a n a l y t i c a l  r e s u l t s  and test d a t a  f o r  t h e  3 sec 
t r a n s i e n t  test (-004) are provided on Figures  No. 137 through N o .  142. 

The d i g i t a l  d a t a  from t h e  6 sec a n a l y s i s  is included i n  
Appendix B as p a r t  of t h e  example. 

2. Refinements 

The 
computer model ( R e f .  
eva lua t ion :  

a. 

b. 

C .  

fol lowing minor ref inements  w e r e  made t o  t h e  o r i g i n a l  
18) as a r e s u l t  o f  program usage experience and test d a t a  

It w a s  found t h a t  t h e  numerical r o o t  f i n d i n g  technique 
used t o  i n i t i a t e  main t u r b i n e  p re s su re  r a t i o  w a s  uns t ab le  
i n  c e r t a i n  cases. Therefore ,  t h i s  program segment w a s  
rep laced  by a more s t a b l e  method. 

The assumption t h a t  t h e  time-dependent i npu t  da t a ,  t u r b i n e  
i n l e t  p re s su re  o r  main s h a f t  speed, depending upon t h e  
op t ion  be ing  exe rc i sed ,  and t u r b i n e  i n l e t  temperature  could 
be represented  by second o r d e r  polynomials i n  t i m e  proved 
inadequate  because of t h e  e r r a t i c  n a t u r e  of t h i s  d a t a .  
The problem w a s  solved by us ing  t abu la t ed  d a t a  as a func t ion  
of t i m e  t o  r ep resen t  t h e s e  parameters wi th  l i n e a r  i n t e r -  
p o l a t i o n  between t abu la t ed  p o i n t s .  

The c h a r a c t e r i s t i c  curves  used t o  represent  t h e  turbopump 
components were co r rec t ed  upon t h e  b a s i s  of test da ta .  
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F i g u r e  138. - Two-Spoll Turbopump Performance, Pump P r e d i c t e d  Speed 
vs Pump A c t u a l  Speed, T e s t  No. -004. 
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Figure  139 .  - Two-Spool Turbopump Performance, Pump Pred ic t ed  P res su re  
Rise vs Pump Actua l  P res su re  R i s e ,  T e s t  No. -004. 
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Figure 140. - Two-Spool Turbopump Performance, Pump Predicted Flow, 
Rate vs Pump Actual Flow Rate, Test No. -004. 
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Figure 141. - Two-Spool Turbopump Performance, Inducer Predicted 
Speed vs Inducer Actual Speed, T e s t  No. -004. 
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Figure 142. - Two-Spool Turbopump Performance, Inducer Predicted Pressure 
R i s e  vs Inducer Actual Pressure  R i s e ,  T e s t  No. -004. 
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E. CONCLUSIONS 

The turbopump t e s t i n g  v e r i f i c a t i o n  of  t h e  computer model i n d i c a t e s  
t h a t ,  a t  least f o r  t h e  type  of u n i t  t e s t e d ,  t h e  model is  q u i t e  adequate for 
p r e d i c t i n g  t r a n s i e n t  and s t eady- s t a t e  ope ra t ing  cond i t ions  providing t h e  
fol lowing information i s  a v a i l a b l e :  

1. Reasonably good c h a r a c t e r i s t i c  curves  f o r  t h e  inducer ,  
pump, and tu rb ines .  

2. Accurate va lues  f o r  t h e  r o t a t i n g  assembly p o l a r  moment 
of i n e r t i a s .  

3.  Good r e p r e s e n t a t i o n  of engine start ramp. 
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V I I I .  CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

I n  a d d i t i o n  t o  t h e  s p e c i f i c  conclusions r e l a t i n g  t o  i n d i v i d u a l  
a spec t s  of t h e  program t h a t  are included as p a r t  of t h e  test, t h e  fol lowing 
over -a l l  conclusions are p e r t i n e n t .  

1. The twin-spool turbopump e x h i b i t s  an  e s s e n t i a l l y  non-cavi ta t ing 
performance both i n  p re s su re  rise and flow range, wh i l e  ope ra t ing  at zero  NPSP 
and with moderate ( t o  30% by volume) vapor inges t ion .  

2. The flow c o e f f i c i e n t  range f o r  low o r  e s s e n t i a l l y  no system 
head l o s s  a t  a zero tank  NPSP exceeded t h e  design requirements .  

3. Based upon t h e  t r a n s i e n t  s tar t  ramp response,  t h e  concept is 
app l i cab le  t o  e i t h e r  chemical o r  nuc lea r  engine s t a r t i n g  requirements.  

4 .  There is  no problem connected with t h e  s e n s i t i v i t y  of t h e  
inducer  s t a g e  t o  reasonable  v a r i a t i o n s  i n  t h e  t u r b i n e  exhaust system area. 

5. Twin-spool turbopump performance can be p red ic t ed  and i s  a 
func t ion  of  t h e  accuracy of t h e  p red ic t ed  pump and t u r b i n e  c h a r a c t e r i s t i c s .  

6. The accumulated running t i m e  (45  min a t  f u l l  speed and over 
60 min t o t a l )  demonstrates t h e  b a s i c  mechanical concept t o  be a workable 
arrangement . 

7. The Q / N  range of t h e  inducer  i s  narrower than  found i n  most 
boost  pump concepts as a r e s u l t  of t h e  power being e x t r a c t e d  from t h e  t u r b i n e  
d r i v e  gas (i.e.,  as main pump flow and power rise, t h e  inducer  sees almost t h e  
same percentage of i n c r e a s e  i n  power). This  a l lows t h e  inducer  t o  ope ra t e  more 
c l o s e l y  t o  i t s  bes t  ope ra t ing  po in t  f o r  bo th  e f f i c i e n c y  and c a v i t a t i o n  
performance. 

8. The twin-spool concept exh ib i t ed  good hydrau l i c  c h a r a c t e r i s t i c s  
i n  both s t eady- s t a t e  and t r a n s i e n t  app l i ca t ions .  Based upon t h e  r e s u l t s  
ob ta ined  t o  d a t e ,  t h i s  system appears t o  be  one of t h e  more promising a l t e r n a t i v e s  
f o r  two-phase hydrogen pumping. 

B. RECOMMENDATIONS FOR FUTURE WORK 

1. It i s  recommended t h a t  cons ide ra t ion  be  given t o  t e s t i n g  t h e  
twin-spool system wi th  a hot  gas t u r b i n e  d r i v e  t o  permit i ts  eva lua t ion  a t  
condi t ions  which more c l o s e l y  s imula te  an a c t u a l  engine a p p l i c a t i o n .  

2. I f  t h e  twin-spool system were s e l e c t e d  f o r  an engine appl ica-  
t i o n  i t  is recommended t h a t  start t r a n s i e n t s  which s imula t e  t h e  r e l a t i v e l y  
f a s t  starter of gas  gene ra to r  (bleed cyc le)  chemical engines  be inves t iga t ed .  
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3 .  The inducer system exhibits a better two-phase pumping 
capability than predicted by the design; therefore, it is recommended that 
consideration be given to extending the experimental data to the lower hydro- 
gen inlet temperatures (down to or including slush conditions). 

4 .  It is recommended that the twin-spool concept be evaluated 
for cryogenic applications in both nuclear and chemical rocket systems where 
relatively short system chilldown times are desired. This effort probably 
would involve an analytical study followed by an experimental verification. 
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6 1 J 9 L f F C , C A T P l ( 5 9 )  ) t  t D H T M v D A T A l l 6 O ) J  r ( C U I ' r L A T A l ( 6 1  I )  9 

7 ( b C C C , C A T A 1 ( 6 2  J j ,  I E A ~ T H I D A T A ~ ~ ~ ~  J J ,  ( S k P T Y t U A T A l ( 6 4 )  J 
8 ( T C R T P i E P T b l ( C 5 l 1  

C 
C*+** C A L L  F I L E  T L  k E P C  I N  HYDRCIGEIU P H O F E R T I E S  CATA 
C 

C 
C**** I N I T I C \ L I Z E  h C T = C i h C T  IS THL: CGUNTkR F C R  P P I N T I h G 9 k H f h  NCT=SC!,A 
C***o* F A G €  IS P R I A T E G  
c 

C A L L  F I L E  ( T s S V , l -  ,S tSdNiCetVtJM,SSL , JSL  ,P,AA,RHCX 98 1 

N C T = C  
GC TC 5 2  

5 C  1 F  I h F L A G J  5 1 , 5 3 8 5 2  
C 
C**** h F L P G J O v L b S T  CASE 
C 

C 
C**** h F L A C r O , b E X T  C A S E  dEUUIKtS NEh G h P H A C T E R i S T I C  C L R V t S  
C * * * *  C A L L  I k r T A E  T C  REPC I N  C H A R A C T € R i S J I C  CURVES 
C 

C 
C * * * *  h f L A & = O t h E X T  C A S E  R E O U I h E S  C A S E  C A T #  C N L Y  
C** * *  C A L L  A h P U T  TC H t A O  C A 5 E  U A T A  
C 

5 1  S T C F  

5 2  C A L L  I h T A E  ( I ~ r I G , I Y t K . L t X T , Y T r X P , Y P , ~ P )  

53 C A L L  I h P L T  (XT,YT,K,UNH.PATN r I N , I O , I Y J  
C T ~ 2 . * 3 2 . 1 7 4 * 7 7 8 . 1 6  

M A I N  0 3 1  
M A I N  032 
M A I N  033 
M A I N  034 
H A I N  035 
U A I N  036 
M A I h  037  
M A I N  038 
M A I N  039 
H A I N  040 
M A I N  0 4 1  
MAIk 342 
M A I N  343 
M A I N  044 
M A I N  045 
M A I N  046 
M A I N  347 
W A I h  948 
M A I N  049 
M A I h  050 
M A I N  051 
M A i h  052 
M A I N  353 
HAIN 054 
MPIh  055  
M A I N  056 
M A I N  957 
M A I N  0 5 8  
M A I N  059 
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C 
C 4 * 4 *  C C h P C T E  S L C T I C N  L l N E  C G N S T A N T  
C 

i 
C***+ C A L L  TA81h TC I h I T I A L I L E  T U R B I N E  I k l t T  TEWPEHBTUHE 
C 

R = F P I * X L I h E / ( ~ e * 3 2 e 1 7 4 * L )  

CALL T A e  IA ( T H I h T  ~ ~ , K ~ X T I  Y T r  l l I W ~  Jr  P b P M X r  PARHhJ 
I T P t 3 = 1 2  
C P I ; l = T I ? I h T  

(J -1)  5 5 r E 5 r E 5 C  
5 5  GC T C  ( t O r t k ) r I F L A C  

C 
c**** 
C 

C 
C**** 
c 
C 
C S * + *  

C 

J T = l  

JP=C 

S t T  I A i T I P L  G L E S S  CIF TUitBiNuE E X h A L S T  l E M P E R A T L H € = C a 7 5  LALET TCMP. 

LACL T A e i h  7C IhITIALiLE TAhK PRESSLRE 

M A I N  060 
N A I N  061 
MAAN 9bZ 
HAIN 063 
HAfN 064 
H A i N  365 
M A I N  066 
H A I h  r)67 
M A I N  068 
H A I N  964, 
H A I N  370 
HAIN Q 7 1  
M A I N  0 7 2  
H A I N  073 
M A I N  Q74 
M A I N  0 7 5  
M A I N  176 
M A I N  077 
M A I N  078 
M A I N  f379 
M A I N  3bG 
M A I h  3 8 1  

M A I h l  0 3 3  
M A l h  584 
M A I N  r?65 
M A l k  986 
M A I N  987 
M A I N  Q611 
M A I N  089 
MAIlsr Q90 
M A I N  0 9 1  
M A I N  092 
M A I h  093 
M A I N  394 
M A I h  095 
MAIN 396 
H A I N  097 
H A i h  098 
H A I N  399 
M A l h  Lnn 
M A I f v  101 
MAIIu l ? 2  
M A I N  105 
H A I N  104 
M A I N  165 
F A I N  106 
M A l N  l q 7  
A A I N  108 
M A I N  109 
M A I N  110 

M A I N  112  
M A I N  113  
M A I N  114 
M A I h  115 
M A I N  116 
M A i k  117 
M A I N  1 1 8  
M A I r d  119 

M A I N  6382 

H a m  111 
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C M A I N  1 Z Q  

C A L L  TAEIh ( 1 M l A T ~ 9 r K t X T t Y T t P f K t ~ ~ P ~ R ~ X i P A R n h )  M A I N  1 2 1  
I T A B = 1 k j  
P l rU l=T l r I tuT  
IF ( J - 1 )  7 5 t 7 5 9 8 5 0  

C 
C * * * *  S E T  L A L  S t C T i C A  L I N t  YKkSSLlHES I k I T i A C A Y  EQUAL TC T A A H  P R E S S U R E  
C 

7 5  F l ( l ) = P T I (  M A i N  123 
FSL i=PTK H A I N  129 
F l ( 2 j - P T K  M A I N  130 
P 2 (  1 )=PTK H A I N  1 3 1  
F I I = f T K  M A I N  132 

2 P A I N  133 
C4**+ S E T  F A I N  PbHP I h C E T  TtMP€HPTbRE A h 0  FHESSLRE L l V I T l A A L Y  EUUAL T 3  M A I N  134 
L**** I A L U C E R  I A C E T  CChOITIGNS M A X &  135 
c -  M A I N  136 

T F P i = T P I I  M A I N  137 
FP I = F  TK M A I N  131i 

f lAIN 139 L L L z = l P I x  
H C T = C  M A I N  140 
I P A G E = 6  M A I N  142 
lPS=C M A I h  142 
GC T C  110 M A I N  143 

C M A I N  144 
C * * * *  G E T U E h  P G I h T  FOR SUCCtbSIVk T l H t  FCXlrrlS GF T R A N S I E N T  CASES H A I h  145 
C M A I N  146 

EC kC TC ( t i S r 4 5 ) i J F L P G  M A I N  147 
C M A L &  14d 

L*4** V € L C C I T Y  M A I N  150 
C M A I N  LSl 

E 5 C A L  I. tPFCF 4 F I L T P I  I t  SUNICt T t 195 t NUH t P 1 8  t S O V t  J t PAl(t4k 8 P A R M X )  HAIlv 152  
I h P P =  1 M A I h  153 
F A R l = F A I  M A I N  154 
F I I R Z = T P I  I M A I N  1 5 5  

C M A I N  157 
C***o*  C L P P L T E  T I C €  l l \ i C F E H E N T  M A I N  1 5 8  
C M A I N  159 

€6 i T  1 M € =XL I h E  / S C V  H A I N  163 
C MAIh 161 
C+*** SkT I A A T I A L  S b C T I G l u  L l N t  C O N C I T I C h S  E C L A L  TL; F I h A L  S U C T I L N  L I N t  H A L N  lb2 
C * + * *  C C h C l T I C N S  F P C M  FUEYIucrS TIHt PCjIhT M A I N  163 
C H A I N  164 

k 2  ( 1  )=kP N A I N  1 6 5  
P241 ) = P I 1  M A I N  166 
k l ( 1  J = k l ( i  1 H A I h  167 

C M A I N  168 
(;*a** C C f i F L J t  hEk T I N E  M A I N  169 

M A I N  170 C 
55 T I C E = T I M E i C T I P E  H A I N  1 7 1  

c H A I N  1 7 2  
C * * * *  S E T  1 h C t C E R  SPkEC EQUAL T U  N E h  i l U l j U C k K  S P E E D  C G M P U T E O  FRUN ACCEL. M A I N  173 

M A I N  174 C*+* *  RELAT iCh 
H A I N  175 C 

h I = h i l h T  M A I E I  176 
c M A I N  177 
C * * * *  I h C R k P E h T  FCiIhT ANO TIME P C i h ?  C Q L N T E R S  H A I N  178 

C**44  J F L A & = l r k d T f i P t P M M E R  S O L U T I L N  X N C L L D k D i D t T E K M I h E  S L C T I C h i  A I h E  S U N I C H A I N  149 

IF ( J - 1 )  E f t k C t E 6 5  H a m  156 
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C ' W A I N  179 

J P =  J P + 1  
J T = J l + l  
J P R = i  
I P R t 2  

C 
C**** C P L L  T A E I A  FCk A E k  T A N K  PRESSbRE 
c 

C A L L  I A t l I A  ( ? ~ M E I ~ ~ K ~ X T ~ Y J I P T K I J , P A ~ ~ X , P A R ~ ~ )  H A I N  187 
I T A B = 1 9  H A I N  188 
P A P l = T  I R E  M A I N  188 
IF (J-1) FS.Sfr850 M A I N  190 

C M A I N  191 
c i s * *  C A L L  T A 8 I k  F C F  hEk TUkBINuE I h L E T  ? € C P E R A T L R E  M A I N  192 
c M A I N  193 

$9 C A L  l. TAB l h  4 T 1 H E  e 6rK. X T  Y T t T T IUI  J , P A W t X  * PlaRYlN J M A I N  194 
I T A 6 1 1 5  M A I N  195 
F P A  I=lIPE H A I N  196 
I F  (J-1) 1 0 1 ~ 1 0 1 t 8 5 0  M A I N  197 

1 C 1  G C  TC 4 1 0 5 , 1 0 b J , I F A A ~ a  H A I h  199 
C H A I N  199 
C * 4 * *  I F L A C = l e T b R B I A E  IlvLkT PRESSURE C A 5 E  M A I N  200 
C M A I N  201 

105 C A L L  T A E I A  I T ~ M € , ~ ~ K I K T ~ Y T , P T T I M ,  J, P A R H X e  PARHN) M A I N  202 
ITA€!=lo M A I N  203 
P A A l = T l M t  M A I N  204 
IF ( 4 - 1 )  1C7,1C7t850 M A I N  2 0 5  

c MAIIV 236 
< a * * *  CCMPLTE GCMM FCR hfk  T U H t l I N E  I N L E T  CChDITIONS W A I N  207 
C M A I N  238 

1C7 G A C C = ~ B ~ ~ A ( ? T I H , P T T I M ~  M A I N  209 
C N A I N  218 
C 4 * * *  CCMPLTE C P N  FCR hEln TUhbIluE i N L € T  C Z h O I T 1 0 N S  H A I N  211  
C HAiN 212 

C F N = C P L T T I F r F T T I H )  M A I h  213 
C H A I N  214 
C**** SET ) r A l l u  S h 4 F T  S P f t b  EQUAL rVEk SPEEO COHPbTEO F R C N  ACCEA. R E L A T I O N M A I N  215 
C 

AH=hlu I A T  
GL TC 110 

c 
(a*+*  I F L A G = i , P A I h  S h A F T  S P t E O  I N P b T  C A S E t S l a V E  W A I N  S h d F T  SPEkD FROM 
C * * * *  FHtVlCbS T I k E  P L I h T  
C 

C 
C * * * *  C P L L  T A 8 I A  FCR lvEk HAIN SHAFT SPEEO 
C 

106 AMIhT-AM 

C A L L  T A 6 I A  ( T i r E , B , K , X T . Y T I N M , J t P ~ R ~ X , P A ~ ~ N ~  
I T A E = l f  
F A R l = T I P E  
IF (J-1) 1 1 0 ~ 1 1 C , 8 5 0  

C 
C**** I T E R 2  IS ThE C A I &  SHAFT S P t E C  C O R R E C T I C A  LOCP I T E R A T I C N  CGUNTER 
C 

110 l T E R i * : O  

M A I N  216 
M A I N  2 1 7  
H A I k  218 
M A I h l  219 
M A I N  220 
M A I l u  221 
M A I N  222 
M A I N  223 
M A I N  224 
MAI lV  225 
M A I N  226 
M A I N  227 
M A I N  228 
M A I h  229 
M A I N  230 
M A I N  231 
M A I N  232 
M A I h l  233 
M A I N  234 

C M A I N  235 
C**** I T E P C  IS TI -E P P I h  T U R B I N E  PRESSbRE P A T I C  C O R R E C T I C N  LCOP I T E k A T I O h M A I N  236 
C**** C C U h l l E R  M A I N  237 
C H A I N  238 
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I T  E M = l  M A I N  2 3 9  

C M A I N  240 
C * 4 * +  S A V E  N P I l Y  7lrhEIhE P R E S S U R t  R A T 1 0  FRCM PWEbIL;lrS T I & &  Y C I h T  M A I N  241 
C N 242 

PRP(I)=PPCf M A I N  243 
I F  ( J T - 1 J  113,113r112 M A I N  244 

112 FIIlJ=FSLI M A I N  245 
c M A I N  246 
(I*** CCRFLTC: S L C T I L h  L i h t  I N L E T  S T A T I C  YRESSbRE M A I N  247 
C MAIN 248 

M A I N  2 4 9  
C M A I N  2 5 3  
C**** C C N P L T E  IhCLCEfi IhLET Y H t S S U A E  M A I N  251 

MAIN 252 C 
M A I N  253 

c M A I I v  254 
C***+ A T E R 4  IS ThE IlrtCUCEK SHAFT S Y E t U  C O H R E C I I C N  LCUP I T E H A T I G N  C O U N T E A M A I N  255 
C M A I M  2 5 6  

113 i l tFi4=1 M A I h i  257 
C M A I N  258 
C * * * *  C t T E P C i h E  L 4 F i h  FRESSdKt AT Ti-E ItUDLCEiri I h L t T  M A I N  259 
C M A I N  263 

P V P I I = U F F L h ( T P L I l  M A I N  261 
C M A I N  262  
C * + * *  CLCF6HE AhCI;CER IluLkT Y R t S S U W E  k I T H  IIvUIJCtR IAAkT V A P C R  PRESSURE M A I h  263 
C M A I N  264 

I F  ( F l I - F L F I I J lllr111t115 # A I &  265 
L M A A N  266 
L**** IhDbC€K IhLET P h t S S U K E  IS L E S S  ThAh Ck E L L A L  TO V A P C R  P H k S S U K E r  MAIN 267 
C**** LSE SATURPTEC L I L U l D  S P E C I F I C  V U L U M E  M A i N  268 
C M A I N  269 

111 s u i  I=SLSL I T C  I I r e  1 M A I N  270 
Gt TL 120 M A l N  2 7 1  

C M A I N  272 
L * * * *  LALL hPR13P FCk I h C U C t K  I&L€T S P t C I F I C  VOLLHE M A I h  273 
C M A I h  2 7 4  

115 CALL HPkCF ( F I I r T P I I ~ S V r T t l r 2 ~ N ~ M t P ~ @ ~ S ~ I I ~ J r f A ~ ~ h ~ P A ~ H X ~  H A I N  275 
I h P R = 2  M A I N  276 
F P R l = P I I  M A I N  277 
PPRZ=TPiI M A I N  278 
AF ( J - 1  J 1ZGr 1 2 C r  e65 M A I N  279 

M A I N  280 C 
C**** H E T L E A  G G I A T  FCH F A I N  L H A F T  S P E E C  C L H H E C 7  IC& L O C P s f M C R € M t h T  MAIN 281 
C**** I T  tfibTlLh CCbhT€H M A I N  282 
C M A l N  283 

12C I J E R 2 = l T E E Z + l  M A I h  284 
C H A I N  285 
C * * * *  C C P F L T t  P P I h  FLIUF 1 h i ~ E T  VuLUH€ThIC FLCw H b T E  M A f k  286 
C M A I N  287 

M A I N  288 
C HAIN 289 
C**4*  CLNPLTE M P I N  T I J R U I N E  A t A N  BLACE S P t E D  MAIh 290 
C M A I N  291  

L P t Z . * 3 0  1415S*hC*RM/12./6Or M A l h  292 
C M A I F (  293 
C * * * *  I T E R 1  l S  T k E  PbHP IEvLET PRESSLHE C O H R E C T I C N  LCUP I T E R A T I O N  C b U N T E H M A I h  294 
C HAIIv 2 9 5  

I T E R l - 0  H A I h  296 
125 I T € P l = I T E E l + l  M A I N  297 

P SL f = F T K- 4 k SL 1 / d I J **2*1%4. * S\r I I / 2 e/ 2 2 a 174 

P I I = F  SA I-CoOOG 174 F54*FH [ * X L I N E * S V  I 1 *  k P * * 2  / O S *  5 

c u = c n n * w  
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C M A I N  298 

C MAIN 300 
PLFPIoVPFbh(TPP1J MAIN 301 

c M A I N  30 
C * e + *  C C W P b R E  PLPP IhLET PKESSURE k I T H  VAPGR PeESSURE M A I h  303 
c MAIN 304 

I F  (CCI-PLFCII 1219121r122 MAIN 395 
C MAIN 306 
C***+ FUWP i k A E T  PRESSURE IS CESS ThAN CR EOUAA TCi LAPCjA PRkSSUREt HAIN 307 
C**** LSE S P T C l B b l f C  C I C U I O  S P E C I F i C  VULUWf MAIN 308 
C MAIN 309 

121 S L V I = S L S L I T C Y I t B J  MAIN 3 1 0  
GC TC. 123 MAIN 3 1 1  

C MAIN 312 

C * * * *  C E T t F l r i h r E  PbPP l h L f T  VAPOR PAtSSURE H a m  299 

c+**+ PUMP MET P R ~ S S U R E  is  GREATER THAN VAPOR P A E S S U R E ~ C A L L  HPRCP MAIN 3 1 3  

C 
C**** C C C F L ' l t  P W P  k€IGHT F U l J  RATE 

C 
C+*** It .  f I F S T  T I M E  PCIPJT AN0 FIRST PASS~IP~POIRETUHN TG STATEMENT 112 
C * * * 4  n I T b  SbCTICh LINE FLUw RATI: TC COHPLTE SLCTlUh LIhE PRESSURE 
C 

1 2 4  IF ( I P S )  1 2 6 t 1 2 7 1 1 2 8  
127 I P S = ]  

GC TC 112 
C 
C**** CChVERCEhCE T E S T  FOR SUCTIUN L I N t  IlvLET PRESSLRE 
C 

128 I F  (bBS(I.-PSLI/Fl(ll J-0.001) 131r13lg112 
131 Pl(ll-PSL1 

C 
C * * * *  S t T  I A C U C E G  k€IGtiT FAclkl HATE €QUAL PUWP hEIGHT FCCU R A T €  
C 

k I = h F  
GCI T C  ( 120 o 136 1 t JFLAG 

C 
C**** JFLbG=lrkbTERhANHEH SULUTICN US€D,GkECK F I R S T  T I M €  P O I N T  
C 

C 
126 16 (JT-1 )  lfCt130.135 

13C k l l Z J - h P  
GC T C  134 

C 
C * * * *  JT IS G H E P T E R  ThAPJ lrSET SUCTION LIhE OISCHARGE FLOU RATE EQUAL 

MAIN 314 
MAIN 315 

M A I N  3 1 7  
MAIN 318  
MAIN 319 
MAIN 320 
MAiN 321  
HAIN 322 
MAIN 3 2 3  
MAIN 3 2 4  
H A I h  325 
M A I N  3 2 6  
HAIIv 3 2 7  
MAX& 3 2 8  
MAIN 325 
M A I h  330 
M A I N  3 3 1  
MAIN 332 
MAIN 333 
M A I N  3 3 4  
M A I N  3 3 5  
HAIN 336 
MAIN 337 
M A I N  336 
MAIN 339 
MAIN 340 
MAIN 341 
MAIN 342 
MAIN 343 
MAIN 344 
NAIN 345 
MAilu 346 
MAIN 347 
HAIN 348 
M A I N  349 
MAIN 350 
M A I N  351 
MAIN 352 
M A I N  353 
MAIN 354 
MAIN 355 
MAIN 356 
M A i l v  35? 

266 



APPENDIX A 
C**** PUMf F L G k  R d T E  
C 

135 k L ( 2 ) = k P  
Q1(2 J = F S l  I 

C 
C * * * *  C A L L  1hLET f C l i  SLCTIUrY L I N E  kbTERhAPMER SGLUTIChtTHE F I h r I T E  
C * * 4 *  C I F f E R E k C E  5 C L U T I C N  I b  FOR A G l u t &  L I h E  l h t L k T  PRESSUR€ A N 0  
C * + + *  C I S C k A P G E  fLCk RATE WITH IkLE7 FLOU RdTE AND DISCHARGE P R E S S U R E  
C**** b l V E A  EY T t - E  S C t l r T I O N  
C 

C A L L  I h L E 7  ( C T I ~ E ~ Y l r d 2 r P l r Y 2 r S ~ V ~ S ~ I I ~ A I t K ~  
rSLI=kfdZJ 
f 1 I = F  i ( 2 1  

C 
f * * * *  C C M F C l k  IhCLCER IhLkT V L I A U M t 1 E I C  FLOk R A T E  
C 

1 3 6  fII=kF*SLIl*eOo~a.4806 

C C C F L T E  IhCtCkR I E i L t T  T L j T A A  P H t S S U R E  

F T I I ~ P 1 l + ~ k P / ~ 1 ~ * * 2 * 1 4 4 o * S V 1 1 / ~ ~ / ~ 2 ~ 1 7 4  

C G M F L T E  I h C L C E H  h E T  P u S i  r I V E  S W T  LOh YRESSUWt 

hPSPl=FTII-FUFII 

C C M P L T E  I A C L C € A  A t T  P O S I T I \ I E  SUCTILih kEAD 

hFShI=144.*hP5P I * S V I i  

CCFFLTE IACbCEH hORMAAILEL) S U C T I O h  F E A O  

h P S h J = A P S t = l l h I * * Z  

CALL SbPIk F C f i  I h L U C t k  S P E k U  PUkkW TAELE G E N t H A T l C N  

C P L L  S h P I h  (kF t L 1  I rNPSNIrKrLrLP r X P r Y P t X 7 t  Y T I  
GL TC 145 

C 
C**** H t T t E h  F L I h T  FLR 1htSUC;tA S P E t C  CORAECTICA A t i O P , I h C K t C E N T  CljbNTER 
C 

2 
C * * * *  R L S E T  F A I h  T L H e I h E  Y R k S S U R E  R A T I C  
C 

C 
C * * * *  H t S E T  M A I h  SkAFT S P E E D  1 T E H A T l C l v  COLNIER 

14C I T f P 4 = l T E R 4 + 1  

F&C(I)=PFC(ITERkJ 

C 
l T E R i = 1  
J P R = i  

C 
C**** RESE’l M A l h  TLReIhE PiiESbUkk R A T I U  I T E k A T I G N  LLjUhTEk 
C 

c 
C**** C L E P L T E  IhCLCtR h C R M A L I Z E U  FLCd R A T E  
c 

I T E R C E L  

145 ChI=Lll/kl 

MAIN 358 
W A I N  359 

N 360 
N 361 

W A I N  342 

M A I N  365 
1N 366 

M A I N  367 
M A I N  368 
M A I N  369 
M A I N  379 
M A I N  371 
M A I N  372 
M A I N  373 
M A l N  374 
M A I N  375 
M A I N  376 
M A X &  377 
M A I N  378 
M A I N  379 
M A I N  380 
M A I h  381 
M A l N  382 
M A I N  383 
M A I N  384 
M A I N  385 
M A I I v  386 
M A I N  387 

M A I N  389 
M A l N  3YP 
M A I h  3 9 1  
M A I N  392 
M A I N  393 
M A l h  394 
H A I N  3q5 
W A I N  39b 
M A I N  397 
M A I N  3911 
M A I N  399 
M A I N  400 
M A I N  401 
M A I h  402 
N A I h  403 
M A I h  404 
MAIN 405 
M A I N  406 
M A I N  497 
M A l N  408 
M A I N  409 
M A I N  410 
M A I N  411 
M A I N  r112 
M A I f Y  413 
M A X &  414 
H A I N  415 
M A I N  41b 

MAIN 388 

7 
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C WAIN 4%7 
C**** CElwPLTE INDUCER TURBINE WEAN ECAOE SPEEO 
c 

U I ~ S . * 3 0 1 4 1 5 F + N I * P I P 1 2 r / 6 0 .  
I T A @ = 7  

C 
C * * * *  C A L L  TA8P F t f i  IhEUCkR NQHWALIl  0 hEAC RISE 
C 

CALL TABP I h P S h l ~ Q N f r 3 r K r L r Z P r ~ P ~ Y P ~ ~ h ~ l ~ J ~ P A R M ~ ~ ~ A U ~ X )  
PrbRl=CNI 
I f  4 J- i  1 1 SO t € O G  8 151 MAIN 427 

150 i T b B = d  MAIN 426 
C MAIN 429 
Car** C A L L  T b B P  F C P  IfLGUCEH EFFXCIEIUCY H A I N  430 
C HAIN 431 

C A L L  TABF 4 EcPSh 1 QNI s 4 s  K r Lr LP .XP 9 YP * E  ATPI  tJ  r PARHlv rPARbX J MAIN 432 
PARlZCNI MAIN 433 
I F  ( J - 1 )  1 E f s 1 5 S r 8 6 0  MAIN 434 

C MAIN 435 
&I+** IhCLCEA luCPIJALIZEC FLOW RATE IS GREITER TkAh PAXIHUM TABULATED MAIN 436 
C * * * *  YALUEsSET h E A C  R I S E  EUUAL ZERO AND EFFo €QUAL Lo MAIN 437 

M A I N  438 C 
1 5 1  f i h h l ~ C a O  MAIN 439  

€ A T P  I a10 HAIN 440 
MAIN 441 C 

C**** CCflPLiE IhCUCER bEAD RISt  MAIN 442 
c MAIN 443 

1 5 5  CkI=CHhI*hI**2 MAIN 444 
C MAIN 495 
C * * * *  C C P P L T E  IhCbCEH PRESSURE R I S E  MAIN 446 
c MALN 447 

CPI~Ch1/(144o*SU11J MAIN 448 
c ~~I~ 449 
( * *e *  CLHPLTE IACLCEN FGWEK MAIEJ 450 
c MAIN 451 

S ~ P F I ( I T E R 4 ) ~ k P * C H I / 5 5 0 . I E A T P 1  MAIN 452  
C MAIN 453 
C * * * *  CCIJFLTE XhCbCER TGHOUE W A I h  454 
c 

T G A F  I -SHPFI 4 I T E R 4  )+33QOQo/ (  20*30 1 4 1 W N  1) ~ A I N  456 
c MAIN 457 
t**** CCRPCTE PLFP I h L E T  TUTAL PRESSURE MAIN 4 5 8  
C MAIN 459 

PTP I =  F T I  I+CF i HAIN 460 
C HAIN 461 
C * * * *  SET IAGUCEH CiSChARGE TOTAL PRESSURE. EQUAL PUMP IkLET TOTAL M A l h  462 
C * * * *  PRES5LRE HALN 463 
C MAIN 464 

P T I E = F T M l  M A I N  465 
C MAIN 466 
C * * * *  S A V E  FUUP I b L E T  CPESSURE FUR ZUCCESSILE ITERATIGhS WAIN 467 
C MAXN 468 

P)r I F=f u I MAIN 469 
C M A I N  470 

Cl€ PUlUP INLET S T A T I C  PRESSURE MAIN 471 
MAIN 472 

F T N I - ( k f I A ~ ~ ~ + 2 + 1 4 4 r * S V W 1 / 2 ~ / 3 2 0 1 ~ 4  HAIN 473 
C W A I I V  474 
C * I * *  INCUCEA CISCkARGE S T A r i C  PRtSSURE EQUAL PUMP I N L t T  STATIC HAIN 475 
C * * * *  PRESSUHE MAIN 476 
260 
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C 

SUMP INLET P N E S S L H E I F I R S T  TIWE P 

1 5 4  iF ( 4 ~ S l l o - F Y l / Y Y I F ) - ~ O O l ~  1 5 ~ r l S t , 1 2 5  
C 
C * * 4 +  C C N P L T E  N P I h  FbNF N t T  P U S i T I V E  S U C T I C A  PRES 
c 

C 
C**** C C N P L T E  P P I h  FUMF N t T  P O S I T I L E  SClCTIL ih  ).EA0 
2 

hPSHC=l44o*APSFr*SVMI M A I N  491 
C M A I N  492 
( a * * *  C C M P L T E  F P I A  PUMP N U K M A L I L L C  SUCTlOh k E A D  M A I N  493  
C M A I N  494 

hFShC=NPS#-C/hY**2 M A I N  495 
I P S = C  M A I N  496 
I T A e = 5  M A I N  497 

C k A i N  498 
C * * * *  C A L L  T A B P  FCk R # I N  PUMP N G H M P L I L E U  k E A O  k I S E  M A I N  499 
c M A I N  530 

C A L L  T A e P  ( h G S h r  96hW1 l r  K r  L r L P I X P t  YP. ChNCr J t  P A H M N r  P A K C X )  M A I N  5 3 1  
P A R  1 = C hW M A I N  592 
1 F  ( J - 1 1  1CCr16Cs 860  M A I h  593 

16C I T A E = 6  M A I N  504 
C M A I N  5 7 5  
C a * * *  CALL T A E P  F G P  M A l h  P U M P  E I ; F I C I E N C Y  M A I N  5rJb 
C M A I N  537 

C A L L  TAbP 4 h f  SAM, ClLPlt21 KIL r L P  , X P t  YPtE P T P l  9J 9 P A R M h e P A R Y X  1 H A I N  538 
P A H l = C h N  M A I N  509 
I f  (64-11 lC5tlt5re60 M A I N  519 

C M A I N  5 1 1  
C * * * 4  C C P F L T E  MLIA PCINF hEAU H I S E  M A I h  512  
c M A I N  5 1 3  

1 6 5  i t N = C h h M * h Y * * 2  M A I N  514 
C M A I h  5 1 5  
C*+** CCEFLTE M P I h  FbPF P A E S S U K E  R I S t  WAIfU 5 1 6  
C M A I N  517 

DPF=CHN/I I44.*StlMI) MAIEJ 518 
C H A I N  519 
C * * * 4  C C P F L T E  H b I h  F L N F  PGwCH M A I &  5 2 0  
C M A I h  5 2 1  

F FP=hP*CC. )r/ 5 5G 0 / E A T  PN H A I N  522 

1 5 C  h P S F C = F T U I - P b F P K  

H 
L T E  P P I h  CLMF TGKUUE M 

M 
C ~ 3 3 @ C C o ~ S ~ F F H / 1 2 0 * 3 0 1 4 l ~ ~ * h f l ~  lu! 

M A I N  527 
F C T E  H P I h  P U P F  D I S C H A R G E  TLTAL PRESSURE M A I N  528 

H A I N  5 2 5  
= F T C I i C C Y  M A I N  530  

531 
bTE R P I h  FbUF OlSCHAWGlr S T A T I C  RE 5 32 

W A l N  5 3 3  
FTME- ( k P / A P E  )**2*144m*SVMI/2. /3i0 174  MAlh 5 3 4  
IFH-1) 1 8 G s  18Cp205 H A I N  535 

26 Q 
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G 
C+*++ IF F i R S l  PlrSSeCILL FRATO TO I k i T l A L l Z E  MAIN 
C 

1SbQPMrTTIUrPATW rUUrGA 
ILrJ) 

4 J-1) 14 s I) 1 cj 5 a as5 
C 

C * + * +  IhCRLMilVT CCLhTER 
C 

+* P I E T ~ I F ~  PCIN Fom n m  TuRaiw PRESSURE RATIO CORWECTICN L 

MAIN 549 
WAIN 5 5 0  
 AI^ 5 5 1  

2C5 I T A ~ r l  

* CALL T A 0 l  FCR HAik TURBINE FLOW PARAHETER 

CCILL TA8 I h  

I F  6J-1)  i lt3r214rBSO 

(PRlr l4  ITER6 I s I T A 8 9  K t a T  r VT eFP&e J t P A ~ ~ X r  PARMN 1 
~ A ~ 1 ~ P ~ H (  I T E R 6 )  

c * CCHPCTE H b I A  TUPeiNE CU M A I N  5 6 0  
C M A I N  561 

210 C C ~ ~ S C R T ( C T * C F N * T T I M * ( l . ~ ( l . / P R W ( 1 T E R t )  )**( (GAHR-l*)/GAHH)) 1 MAIN 5 6 2  
C  MA^^ 5 6 3  

P L T E  H b I h  TUReINE YEAOCITY R A T I O  M A I ~  5 6 4  
MAIN 5 6 5  

~ C C ~ = ~ ~ / ~ C ~  M A I N  566 
ITAEI=2  ai^ 567 

HAIN 5b8 
h FCR YLIk TURBINE: EFFICiENCV H A I l u  5 6 9  

C AIN 570 
A ( L C C Y e  I T A B I U ~ X T I Y T I E A T T ~ ~ J ~ P A R ~ X ~ ~ A R ~ ~ )  M A I N  5 7 1  

~ A I N  572 
I F  (J-1) ilS~21fv€50 ~ A I N  573 

C M A I ~  574 
C**++ CCHPlTE W41h TUNEIN€ ENTHALPY DRGP 
C 

215 C~IT~~~EATTY*CCH**Z/CT M A I N  577 
GC T C  (22C925OIr IFLAG 

C 
S l t T L R E l h E  IhLET PRkSSbRE UPTiCkrCCWPUTE M A I h  TURBihlE FLOW 

iTERt)=FPC+PTTIW/SORT(lTIM) 

PLTE M b I h  TUREINf POWER 

~r778 .16*bTM( ITER6) *OHT 
M A I N  5 8 8  

LTE WPIh  TbREINE TORQUE 

'I 1IHE PGINT 

(JT-1)  22ft225r230 ~ a I N  595  
2 70 
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C 
C * * * *  f 1R51 T I M E  FCINTvSAVE WAIN S h A F T  S P € f C  FOH S U C C E S S I V E  I T E R A T I O N S  
C+*** U F r T I L  C d J h  T C A e l h E  POMER EUUALS PUHP P Q k E E  
C 

225  h L I h l = h k  
C 
( a * * *  C L h L E C C E h C E  T E S T  FCR M A i h  S h P F T  PGkER 
C 

C 
C t * * *  hL  PChEA t P L P h C E r C h E C K  I T E K A T A C N  COLNTEK 
C 

C 
C * * * *  L k S S  T h A h  T h I E T ' I  I T E ~ ~ A T I ~ J N S ~ C C K R E C T  H P I h  SHAFT S P E I i U  
C 

I F  ( 4 E S ( l . - S ~ f T ~ / S H P P M ) - . 0 0 1 )  2 7 0 ~ 2 7 C 1 2 2 6  

226 IF 4 JlERZ-30) 227r900r900 

2 2 7  h H = ~ C * ( S h F T C / S h P P # ) ~ + 0 , 3 3 3 3 3 3 ~  
GL TC 120 

c 
C**** TIFL: IS G R E d T E F i  1bAN FIRST T I & €  P C I h T v C O H P U T E  N E h  S P E E D  F R O M  
C**** A C C E L E A A T I C h  AfLPTION 
c 

230 h M I h l = h ~ + 7 i C . * C T 1 M E * ( T U R T H - T O E P M ) / I Z . + 3 . ~ 4 i ~ 9 * l P A ~  
G C  T C  270 

C 
C * * * *  I F L A C - 2 , N A I h  ShAFT S P t E D  C P T I t i k , C t E C K  F I R S T  T I M E  PilIhrT 

c 
C 4 9 * *  FARSJ T l M t  kCAhJrSET TLlkBlhE F O n t A  ECLAL PUM? PCkEK 
C 

C 
C*+** S E T  C P I h  T L F E I h E  TORQUE EUCIAL FLMP 7 G R U L E  
c 

2 5 5  6 h P T b = S H F f t  

T C i ? T C = T C F F C  
tic T C  2 t 5  

C 
C**** TAWE I S  G R E P T E h  T k A h  f;IWST T I Y E  F C K h T v C L H F U T E  NEk T U H C b €  F R O M  
& * * * e  A i C E L k P A T A C N  R E L A T I L N  
C 

C 
C**** CLPFiTt R P I h  TCIABIhE PUhkR 
C 

26c I G A T C = T C E F P + i . * 3 .  1 4 1 5 9 * I N A * ( h & - N H I N T  I / (  7 2 C . * U T I P t )  

C 
C**** C C F F L T E  H b I h  T U R E l h f :  INLET T L l A L  PRESSURE 
C 

P T T I ) I - k T C (  I T E R t J t S ~ R T ( T T I M ) / F P H  
G B # ~ ~ E A ~ F b ( l T I ~ ~ P T T i H )  
C F W = C P ( T T i R r P T T I C J  

270 ITEFZ=O 
C 
( * * *e  C C F F L T E  P P I h  T U P E I N t  E X H A b S J  T U T A L  F R E S S L R E  

H A I N  596 
M A I N  597 
H A I N  598 

M A I N  601 
M A I N  602 
M A I N  603 
M A I N  604 
M A I N  635 
M A I N  606 
M A I N  607 

M A I N  699 
N A L h  610 
M A I N  611 
M A l N  612 
M A I N  613 
M A I N  614 
M A I N  615 
M A I N  616 
M A I N  617 
M A I N  618 
M A I N  615 
M A I N  620 
M A I N  6 2 1  
H A I I u  6 2 2  
M A I N  623 
M A I N  624 
M A I N  625 
M A I h  6 2 0  
M A I N  6 2 7  
M A I N  6 2 8  
W A i R l  629 
M A I N  6 3 0  
H A I N  631 
M A I N  632 
HAI IY 633 
M A I N  634  
M A I N  635 
M A I N  636 
M A I N  637 
H A I N  638 
M A I h  639 
M A I N  649 
M A I R I  641  
M A I N  642 
M A I N  643 
M A I N  644 
M A I N  6 4 5  
M A I N  640 
H A A l v  647 
h A I N  648 
M A I N  649 
MAIN 450 
M A I N  6 5 1  
M A I N  652 
M A I N  5 5 3  
M A I N  654 

MAIN m a  
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c 

C 
C****  SET lNCUCLE T&REIWE INLET TOTAL PRESSliRE EQUAL WAIN TURBINE 
C** * *  EXhAGST TCTAL PRESSURE 
C 

P T l E L - ~ T l I C I P R ~ ( l l E R 6 ~  

P T l I  I=FTTLk 
GC TC 320 

C 
C**++ RETUPFv PC I h T  FCW INDUCER TURBINE EXkALrST PRESSURE CALCULATION 
C 

310 T?EG=TTEI 
JTElr.f=i 

C 
C * * * *  CCHPLTE IhLbCIEP T b R B I N E  EXhAUST PRESSURE 
C 

C 
C * * * +  CGWPLTE IACCICER TlrRBIEIE P R E S S L R E  R A T I C  
C 

C 
C** * *  CHECI( IkDbCER TURBINE PRESSbAE R A T I C  CESS THAA 10 
C 

320 P ? E I ~ ( P A T M + S C R T ( F A T M * * 2 ~ 4 ~ * X L G S S * b T ~ ( l T E A ~ ) * * Z * T T f G ) ) / 2 e  

PRI=CTTI IIFTEI 

IF (IFPI-1.) 3ZQr35Cr360  
C 

M A I N  655 
MAIN 636 

MAIN 663 
MAIN 464 
MAIN 665 

HAIIL 668 
HAIN 669 
HAIN 67rt 
MAIN 67 
HAIN 672 
HAIN 673 
MAIN 674 
MAIN 675 
MAIN 676 
H A I N  677 
MAIN 678 
MAIN 679 
MAIN 680 

C**** IhDbCER TUReIhE FRESSUKE R A T I G  IS LESS THAN l e ~ R E 0 U C E  MAIN TURBINEHAIN 48 
L * * * +  Fi4ESSbNE R b T I C  
C 

C 
C**** C k E C B  I T E H I l T I C h  CClJNTEHwIf L E S S  TtiAIU ZOrRETURl’r k I 7 H  REOUCED 
E@*+* PRESSURE R A T I C  
C 

350 PR#( ITER6 )rC.75*FPU( iT€R6)+0.25 

I f  4 ITEA5-3tl 4 2(3C r900w90O 
300 I T A e s 3  

C 
C**4*  CALL TAEIIL FCR IADUCkH TUHBIhE FLOH PdRAHETER 
C 

C 
C t * * *  
C 

3 70 
C 
C+**e* 
C**+*  
C 

C 
g****  
C 

c 
C*+44 
C** * *  
C 

CALL TABIh  
PAR l=PR I 

(PR I g  ITABw Kr XT rYTwFPI 9 J g  PARHX, PAWMN) 

I F  (J -P )  3 i c g 3 7 c r e s o  

CCMPLTE HdIh TURBINE EXHAbST 7OTAL TENPEAPTURE 

?TECaTTIP-Ci-TC/CPY 

SET IkGUCE8 TUREIhE I N L E T  TOTAL TEHPERATURE EQUAL M A I k  TURBINE 
E X k A C S T  TCTAL TEWPEAATURE 

TTI I=TTEB 

CCMPLTE IkCbCER TURBINE FLGY RATE 

tI7ER6~~FFI*PTTII/SORT(TTII) 

CChLEPGEhCE T€ST FOR TURBIkE FLCIk R A T E r 4 5 C  IF H A I h  TURBINE AN0 
CCER TLReIhE FLOW RATES ARE SUFFICIENTLY CLOSE 

IF ( 4  @S 4 1 .-kTC 4 11 ER6 1 /UTI  I I T € R 6  I-eOC 1 ) 4 30 r450 94GO 

H A I ~  682 
I N  68 
I N  68 
I N  68 

MAIN 686 
HAAN 687 
HAIN 688 

MAIN 690 
HAIN 691 
MAIN 692 

MAIN 695 

M A I ~  697 
MAIN 698 
~ A I N  699 

WAIN 7~~ 
WAIN 711 
MAI& 712 
RAIN 713 
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c WAIN 715 
Le*** F l L k  R b T E  C I f F E U E h C E  EXCEEGS Tt iLEHAhCEiCkECK FIWST P A S S  THROUGH HAIN 716 
C * * * *  N A I h  T b K 1 3 I h E  PRErSSURE R A T I O  C G R K E C T I C h  LOCP 
L 

C 
C * * * +  f I F S 7  P A S S  I h  CCLF C H t C K  F I k S l  P A S S  Pt-RGLGH PROGHAM M A I N  721 
C M A I N  722 

4 2 C  i f  ( ~ U l i - 1  j 4 2 1 9 4 2 1 9 4 4 5  M A I N  723 
C M A I N  724 
C a t * +  f I F S T  PASS TkHL7CICI. PRCGRAMeCtiORECT H A I N  T L R B I N t  PRkSSLWb R A T I O  H A I N  725 
C * * * *  k I T k  P R A T L  FCH h E w  bACK P K k S S t H t  M A I N  726 

M A I N  727 C 

l h r P A P E X , P A f i l r J )  K A I N  729 
I T P E = 1 1  M A I N  73n 
I F  ( ~ - 1 )  1 5 U , l S Q c 8 5 5  M A I N  731 

L M A I N  732 
C * * * *  h L T  T I - t  F I F S T  P A S S  THROUGH YH€SSUkE R A T I I ;  C l j K R t C T I U l u  CUCIPpIF M A I N  733 
C * * * g *  ITEliCTICfv CCCIlLTkP I S  LESS T H A h  30 C C A K f C T  PKESSUHk R A T I C  M A I N  734 
l. M A I N  735 

4 3 C  If- ( I T E H C - 3 C j  4 4 0 9 9 0 0 r 9 0 C  M A I N  736 
4 4 C  1F L J T E N P I  4 4 1 , 4 4 1 9 4 4 5  M A I N  737 

C M A l N  738 

C * * * *  C h A h G E L r C C C P b T t  hEk S L U P t S  M A I N  740 
C M A I N  741 

4 4 1  SLCPl=(hTCl I T k H C ) - W T M (  A T t k C - 1 )  )/(PliPt IT€W6J-PHH( I T E R & - 1 )  1 M A I N  742 
C H A I N  743 
C 4 * * *  SLLFI IS T h L  k h T E  LF L H A N C t  C F  H A I h  T t H B I A t  FLtiw P A T t  k l T H  M A I N  H A i N  744 
C * * * *  1IbHt!lhk P R E S S U R E  P A T I U  M A I N  745 
C M A l N  746 
c M A I N  747 
C***+ S L L F ~  15 TI-E & P T E  OF L h A h G f i  CF I h D U C t E  T C I F B I N k  FLCM H A T t  k I T H  M A I h M A I N  748 
(J**** TukBIhE P F E 5 S L R E  H A T I L )  h A l N  749 
C H k l N  750 

6 L L F i = ( k T l ( I T E ~ 6 1 - ~ T I ( I T E R ~ - l ) ~ / ( ~ R ~ ( i T E R ~ ~ - P ~ M ( i T t R b - ~ ) )  M A I N  751 
C M A 1 N  752 
C*r** C C F R € L T  F A I h  TuhE I h E  P H € S S b R €  K A T 1 6  M A I N  7 5 2  
C IUiAII\I 754 

4 4 5  FRP 4 I T E H 6 t l  ) = F R Y (  I T E k 6 J + ( h T l (  ITtRtl-k l c !  ( I ' l k R 6 ) )  / (SLCPl-SLCP2I M A l N  7 5 5  
I F  ( P R P (  I T t R & + l ) - l o O )  44tr446,190 M A I N  756 

44t: F F P  4 I T E R 6  +11=1 .C 1 k A l N  757 
GC T C  iso M A I N  758 

4 5 C  G A C 1 = ~ A M ~ P l T l f l , P T T I I )  M A I N  759 
C t I = C F ( T T l l r P T T I i J  H A I i v  760 

M A I N  761 C 
C * + * *  C C N F C T E  IhCLCEW T L H B I N E  EhThALPY CPCP kAIN 762 
C M A I N  763 

H A I h  764 
c H A l l u  765 
C**** C L C F L T E  IACLCER T C R E I N E  CG M A I N  766 
C M A I N  767 

C C I = ~ c f t T ( C T * L k T i A )  M A l N  768 
C M A I N  769 
C**** C L Y P L T E  I A G L C E I i  I b R B I N E  V t L O C I T Y  A A T I C  M A I N  770 
C M A I N  771 

LLC I = L I / C C I  M A I N  772 
I T A e = 4  M A I N  773 

40C IF ( I T E R 6 - I )  42Ci420.430 

4 2 1  C A L L  F R A T C  ( S ~ f Q ) , T T I M t V T T t M r ~ M . G A Y I 1 C P C 1 C T I X T , ~ T , K  tPRN12)~PAKCMAIN 729 

C * * * *  J T E C f = C i F f i t S S L R t  R A T i C S  A N D  FLU& R A T E S  CF B C T H  T b H B I I Y E S  H A V E  BkEN M A I N  739 

C h T  I I = C F  I * T T  i I* 4 10-4 1./PR i I * * (  I L A H I - I  e 1 / G h H  1)  1 
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C 
(*a++ CALL f 4 8 f h  FCR IkCUCER TURBINE EfFIC1L~CV 
C 

CAA L TAB I Ec 
P dR l = U C O  I 
IF 44-1)  ~ ~ ~ # ~ ~ C ' 8 ~ 0  

I UCC 1 g I T A 8  qK g XT I Y T I E A T T  I # J e P I R  WK e P ARMN I 

C 
e***+ CCFPLTE IhCUClER T U R B I N E  ENTl iALPY OACP 
C 

C 
C4***  CCMPLTE AhCbCER TURBINf  EXMAbST TEMPERATURE 
C 

c 
C+**+ C C ~ ~ E ~ G E ~ C E  I EST FOR INQUCtR TURBINE EXhALST TEHCERATURE 
C 

TTE 1 m T T  1 I-CkT I/CF I 

IF 

C C ~ ~ ~ T E  I ~ ~ ~ C E ~  ? U ~ 6 1 ~ E  POYER 

4 4 E S  4 10-11 E I / ?  TEG)-eO01 J 5 10 I 5 10 1 3  10 

C 
510 ShPTi4 ITER4 J = h T i (  I T € R s ) * D H T I * 7 7 8 0 1 6 / 5 5 0 0  

*** C C Y F L T E  INCLC€R I U R B I N E  T Q k O L E  
C 

TOHTl=3300Ce*SHPT I (  ITER4)/(2~+3el41SQ*NIl 
If (JT-1  J 55015501650 

c 
VEFitthLE TEST CjN ANOUCER SHAFT PGkER FOR S T E A O Y  STATE POINTS 

( b kS 4 f o- Skf F I 4 I T E R 4  1 /SHP TI ( ITER4 ) 4 - 0  00  1 J IF 

T t - E  C l F F E R E h C E  Ek?bEEN AhbUCEA TURBIAE A I I C  INDUCER POkER EXCEEQS 
TCLEPANCEITEST FCR F i R S T  P A S S  

700 9 560 1 560 
C 

C 
560 ILF 4 I T E R 4 - I  J 5 7 C  I) 5701 565 

C 
C**** A C T  l k f  FIl iST PhSStCHECK FCH 30 11EPPTIC)US 

HAIN 782 
M A I N  7 

M A I ~  790 
A I R  79 
A I N  79  

W A I N  7 9 3  
AIN 79 

UAIN 795 
 AIL^ 796 
MAIN 797 
WAIN 798 
MAAN 799 
M A I N  800 
MAIN 801 
M A I ~  802 
M A I N  803 
~ A A ~  804 
M A I ~  605 
MAIN 806 
MAIN a07 

WAAN 820 

M A I N  826 
M A I N  827 

M A I N  830 
UAIN 831 
M A I N  832 
MAIN 833 



APPENDIX A 
C**** C L P F L T E  R P l t  t F  C h A h G t  CiF IhUDUCER TCIREIhE PDWER k I T H  SPEEO 
C 

S L C F 4 = (  ShPT I 4  I T E R 4  )-SHPTI i ITER4-11 1 b 4 h i - h  IF IN ) 
hiFXh=luI 

c 
C * * * *  C L H H E C T  I h C b C t H  S P t E U  T U  U B T P i N  B A L A N C E  e E T k E E N  X h O U C E R  A N D  
C * * * *  I P ~ D ~ C E R V T ~ J R E I A E  P G U E R  
C 

h l = h i + ( S H P T  I 1  I T E H 4 J - S H D P I 4  ITER41 ) / ( S L C P  3 - S L O P 4 )  
GL T C  140 

C 
C*+** h C T  P S T E A L U  S T A T E  PUANTICUNP~JTE NEh XNbLCER S P € E C  B A S E C  CN 
L**** A G C E L E P A T I L h  F E L P T I O N  
C 

C 
< a * * *  C P S f  C1\ T I C €  F C i h T  C U M P L f i T E v S A V E  I N T E E M t C I A T E  VALbES F t i R  P R I h T I k G  
c 

k 5 Q  h l  I h T = h X + 7 2 C . * L T l P E * L  T O R T I - T G W P I  1 / t  i.*3.14159*i I J 

7 C C  PFEfF=PFlr . (  i T E l i t  I 
k T P F = b T W ( i T E H 6 )  
rllf=nlI( i T E R e J  
S H F I F = S h P F I 4 X T E M 4 )  
5 h F T F = S h P T I ( I T E W 4 1  

C 
C**** T t S T  EUH S T k P C Y  S T A T E  UK JHAhSikNT C P S E  
c 

C 
C**** K F L A C = 1 g S T E A C Y  S T A T t  C A S E r C A L L  C U T 3  F t k  C C T P U T  
C 

Gal TC ( ~ I C I ’ ~ ~ C ) I K F L A G  

7 1 C  C A L L  i L T ?  ~ C P T A ~ ~ ~ ~ V L U I I Y ~ I P ~ G E )  
GC TC 5c 

c 
C**** KFLAG=ZrTEPhSIEhT CAStrCOMPAPE TIHE k ITh F A X I M U M  T I P t  
C 

C 
C**+* T I P €  IS L E E S  Tt l lh  P A X i M U P  T I M E v C k E C K  FOR F I R S T  T i C E  P C I h T  

7 2 0  I F  (1 I H E - T Y A A I  7:5*76C,?6C 

C 

C 
C**** A C T  F l H S T  T I C E  P C I h T ~ C h E C K  P P i I J T  I N T k P V A L  
c 

C 
C**** T k A S  T X M t  PCXhT 76 t3t P k i N T E D I K E S E T  C C U N T E R  i C  0 
C 

7 3 5  IF ( J T - 1 )  7 5 C v i 5 C c , 7 4 0  

74G I F  f d F R h T - J C J  7 4 5 ~ 7 4 5 , 7 9 0  

745 JP=C 
C 
C**** IhLEX Y R l h T  C L L A T E H  
C 

C 
C**** S A L E  CCYPLTEC C A T P  FUN P R i k r T X h G  Xh C L L T A l  
C 

750 h C T = h C T + l  

CC 7 5 5  1 = l V i 5  
755  C A L C l ( l v h C T ~ = L A T 6 1 4 I J  

C 
C * * * *  CkECK F C P  F L C T I h G  

HAIN 8 3 4  
MAIN 835 
NAllN 836 
HAIN 83? 
PAIN  838 
MAIN 839  
M A I N  840  
M A I N  841 
H A I N  842 
M A I N  843  
M A X N  844 
M A I N  845  
M A I N  d46 
M A l h  847 
HALN 845 
M A I N  d4Y 
M A I N  8 5 G  
M A I N  8 5 1  
M a l &  8 5 2  
M A I N  853 
M A I N  8 5 4  
M A I N  855  
M A I N  856 
M A I N  E57 
M A I N  3 5 9  
M A I N  859 
M A I N  860 
N A i F r  8 6 1  
M A I N  862 
M A I N  8 6 3  
M A I h  8 6 4  
M A I N  d65 
h A I N  d66 
M A I N  867 
M A I N  868 
M A I N  869 
M A l N  570 
M A I N  871 
H A I N  8 7 2  
H A I N  873  
M A I N  874  
Y A l l v  675 
M A I N  876 
M A I N  877 
M A I N  87a  
NAIN 87’3 
M A I N  8 8 0  
MAIh 8 8 1  
M A I N  882 
M A X &  883 
M A I N  884 
M A I N  885 
H A I N  886 
& A I &  887 
M A I N  8 d %  
N A i N  889 
M A I N  899 
MAIRl 9 9 1  
M A I N  892 



APPENDIX A 
C 

C 
C4*** J P A E ?  IS G F E I l E A  THAN OrCALL FL07 SbBFiGlrTINE 
C 

IF ( J F L C I - 1 )  7581757r757 

7 5 7  C A L L  PLGT l t 4 r C # T A l r l B R A N )  
I @ R A h = l  

C 
C * * + *  ChECk FCP.50 T I Y E  POIlvTS S A Y E C  FOR PRlNlIkG 
C 

7 5 8  IF LhCT-fC1 eC ,756,756 
L 
C * * * *  50 T l r E  FCAhTZ hLUE 6EEN S A V € G  FOR PIINTIkG~CALL C U T 1  FCR GUTPUT 

M A I N  901 
M A I N  902 

M A I N  965 
r L 

7 5 6  CALL C C T l  ( C b L C l t h C T ~ I M r I C ~ I Y ~ I P A G E l  
hCT=C 
GL TC 80 

C 
C*+** This  J i P E  P L i h T  h C T  TO BE P R I N T E C , T E S l  FOR biATERHAMMER S Q L U T I Q N  
C 

c 
C**** J F L A G P I ~ ~ ~ T E R ~ A H F E R  S O L U T I U N  ).AS BEEN iNCLUUEU,SAbE S L C T I C N  
C * * * *  AIhE A h C  IhDllCER CATA FOA P R A h T I N G  
C 

790 GC TC 1 7 S l r B C J r J f L A G  

7 9 1  ) r C I = L C T + i  
CG 7 5 5  I t 1 9 1 2  

I F  1 J F L C T - 1 )  C20te10.820 

I E P A h = l  

7 5 5  CALC211,YCT J = C b T A l L  I J 

81C C A L L  F L C T  l t 4 r C A T A l 1 i I 3 R A k )  

C 
c*4* *  C ~ E C ~  FGA 5 0  I M E P W ~ O I A T E  T I N E  PGINTS CCMPUTED 
r 
L 

E20 I F  O C T - 5 C J  e C r 7 S C , 7 9 6  
C 
C*+** 5G I h T E R M E C I A T E  TIWE POIklS CCMPUTEC,CALL OUT2 FGR I N T E R N E G I A T E  
C*++* CbTPCT 
C 

756 C A L L  CLT2 ( C A L C ~ ~ ~ C T I I M , I D I I Y I I P A G E )  
XCT=O 
GC JC 80 

GG TC S l O  

GG T L  910 

GC TC 910 

GCi TC 910 

850 I C I P C = 1  

855 I C I A G = 2  

860 i&AAG=3 

805 X D I A E - 4  

900 I G I P C = S  
c 
C a r * *  CbLL C I A G  FCR CIPGNOSJIC M k S S I G E S  
I t 

910 C A L L  C I A G  ~ J C ~ ~ ~ ~ J I I T A ~ I I ~ P R ~ I T E ~ ~ ~ I T E R ~ ~ I ~ E ~ ~ ~ ~ T E R ~ ~ I T E ~ ~ ~ P A R ~ ~  M A I N  947 
1 P A R Z r P A R M h r P A R P X  J M A I N  948 

C M A I N  949 
C * * * *  AfTECi  DIAGhGSTIC NESSAGEePAIhl  DATA SbVEO FRGM P R E V I O U S  T I M E  M A I N  950 
C*+**  PCIhTS INCALIOIkG INCOHPCETE LAST CASE M A I N  951 
C M A I N  952 

M A I N  906 
M A I N  907 
M A I N  968 
M A I N  909 
M A I N  910 
MAlN 911 
M A I N  912 
M A I N  913 
M A I N  914 
M A I N  915 
M A I N  916 
M A I N  917 
W A I N  918 
M A I N  919 
HAItv 920 
M A I N  921 
M A I N  922 
M A I N  923 
M A I N  924 
WAAN 925 
M A I N  926 
M A I N  327 
M A I N  928 
M A I N  929 
UAXN 930 
M A I N  93 
M A I N  932 
W A I N  933 
MAAN 934 
M A l N  935 
W A I N  936 
M A I M  937 
M A I N  938 
M A I N  939 
M A I N  940 
M A I N  941 
W A I N  942 
M A I N  943 
HAIN 944 
M A I N  945 
M A I N  946 



M A i &  953 
MAIN 954 
MAIN 955 
M A I N  956 
HAIN 957  
MAIN 958 
HAIN 959 
HAIN 950 
M A I N  961 
M A I N  962 
H A I N  9 6 3  
M A I N  964 
M A I k  955 
HAIk 966 

277 
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F I L E  000 
F I L E  001 
F I L E  002 
F I L E  003 
F I L E  004 
F I L E  005 
f I L €  006 
F I L E  007 
F I L E  008 
F I L E  009 
F I L E  010 
F I L E  911 
F I L E  012 
F I L E  9 1 3  
F I L E  014 
F I L E  015 
F I L E  016 
F I L E  017 
F I L E  018 
F I L E  019 
F I C E  0 2 0  
F I L E  021  
F I L E  0 2 2  
F I L E  0 2 3  
F I L E  024 
F I L E  025 
F I L E  026 
F I L E  027 
F I L E  028 
F I L E  6 2 9  
F I L E  030 
F I L E  031 
F I L E  Q32 
F I L E  033 
F I L E  034 
F I L E  035 
F I L E  036 
F I L E  937 
F I L E  038 
F I L E  039 
F I L E  040 
F I L E  041 
F I L E  042 
f I L E  043 
F I L E  044 
F I L E  045 
F I L E  046 
F I L E  047 
F I L E  048 
F I L E  049 
F I L E  050 
F l C E  0 5 1  
F I L E  052 
F I L E  653 
F I L E  054 
F I L E  055 
F I L E  056 
F I L E  OS? 
F I L E  058 
F I L E  059 
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F I L f  060 
F I L E  061 
F I L E  062 
F I L E  063 
F I L E  364 
F I L E  065 
F I L E  066 
F I L E  067 

279 
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* I t 1  CAIh TbRBIhtC 
1-2 C A I h  T b R B I N F  
I= 3 
I=4 

P f A C  ( 5 . 5 )  I X r (  
c 
C * * * *  SET L(Ii=htPEER CF PUXNTS GN CURVE 
C 

l o a  K ( A J = S X  

La*** R E A L  i h C U C E R  A k C  PUMP TABULATED CLlRVES 
C 

C 
C**** I=5 FUMP NCCiHACIZED HEAI) A I S €  CURVE 
C * * * *  1-6 FCIHP E F F I C I E h C Y  CURVE 
C * W *  I = 7  IhUGbCER h13RHACIZED HEAD HIS€ 
C**** I = 8  IhGtrCER EF F IC IENCY 
C 
C**** R E A L  C U R V E  ICENTAFICATIUN AND V A l b f S  CF NPSH/N**2 

DL 120 1 = 5 r e  

I NTAB070 
1 NTAB07 1 

INTAB074 
INTAB075 
INTAB076 
I NTAB077 
INTAB078 
I NTAB079 
INTAB080 
INTAB081 
INTAB082 
INTAB083 
I PITA0084 
INTAB085 
I NTAB086 
I NTAB087 
I NTAtiO88 
INTAB089 
I NTAB091) 
INTAB091 
I NTAB092 
I NTAB093 
INTAB094 
I NTAB095 
I NTABQ96 
INTABQ97 
I NTAB098 
I NTAB099 
I NTAB 100 
I NTAB 10 1 
I NTAB102 

INTAB107 
INTAB108 
I NTA6109 
I NTAB 110 

INTAB114 
INTAB115 
I NTAB 116 
I NTABll7 
I NTAB 118 
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I NTA5 133 
I NTA5 134 

INTAB 131 

I ~ T A 5 ~ 4 ~  
INTAB141 
1 NTAB 142 
I NTA5 143 
I NTAB 144 
I NTAB 1 4 5  
I NTAB 14 
I NTAB 14 

INTA5149 
INTAB150 
I NTA5151 
INTAB 152 
INTA8 153 
I NTAB 1 5 4  
I NTA5155 

I N T A ~  148 

I NTAB 162 
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C 4 4 * *  SLBRCCTINE IEiPUT **** 
C * 4 * +  ThIS SUBEGUTIkE REAUS I N  THE GATA FOR A PARTICULAR C A S E  Ab40 L I S T S  
C*+** I ?  C h  PAGE 6 CF ?)?E UUTPUT 
C 

SLEECCITINE I hPbT  (XTIYTIKIONM~PATN r I N *  I O p I Y j  
R k A L  k I i N T r I C A r i I  
t 1hEhS ILE( 
CCMNCh I F L P G ,  J F L A G , K F ~ A G ~ J Q R ~ T I J P L U T ~  T M I ~ T , T M A X r X L I N E , N I I N T ~ f R I  

K ( 1 3  j r S T (  9.30) v Y T (  9 r  30 j 

1 X L C S S ~ R ~ ~ h I r I C A ~ I I ~ T P i I v A I ~ A M E , D I D T I N E ~ N ~ ~ A t i  

oC/(8FlO.Q1) 
1 5  FCRMPT (IS/(&f10oOJ) 
2C FCRHilT ( e l ' / '  DATE ' r A 2 r ' - ' r A 2 r ' - ' , A 2 , 2 5 X ~ ' T ~ ~ S P C O L  TURBUPUNP PER 

30 FGRRAT ( S i X r ' l N P L j T  CASk D A T A e / / '  CGhTflClL FLAGS- IFLAG='e, I l r  
1FCRMPkCE P P ~ C I C T l C N ' r 3 1 X r ' P A G E  't 1 3 / / 1  

24X ' JF L A G = '  I l r 4 X  @KFLALT=' 9 I 1  r 4 X 9  'JPRNT=e $1 1 t4X 9 JPLGTZ' e I 1  
3 94X ,'hFLAG=' 
3 '  I h I T I A L  7 1  6X1F1003r  "SEC'B9%,'F INAL T I f l E ' r 2 9 X r F l O o 3 r ' S t C ' / /  
4' I h C e  TUREI hAUST SYSe ~ A C ~  PRESS. ' ~ F L O o L ~ ' P S I A Q v 8 X w  
S'ktSTlMATEC I h i T I A L  IhrDUCtR SPE€D'rBXvFLOo l r  'RHPH'// 
6' ~ a 1 ~  PUMF FLUk-SPtkU KATIOrU/Eu@ r B X t F 1 0 0 3 r  ' G A L i R E V '  v5Xv 
7'TAhK T E ~ P E F A T U R E ' , 2 3 X r f 1 0 e l v v ~ € G  R ' l j  

1'SbCTLUh h I h E  C E A G ? ~ ' r 2 0 X r F 1 0 o 2 r * F T ' / /  
2 '  R A I A  TUREIhk MEAN t)LADE W A D ~ U S ' ~ ~ X I F ~ O O ~ ~ ' I I ~ ' , ~ O X ~  
3 0 ihCLCf R TL FE I fY E M kAh dLADt  RAB I b S ' e 5X F 10.3 ' IEJ '/ / 
4' HAIR FCTATIhG 6 S S Y .  MCMkEuT bt i h E 8 T I A  'vF1~03r'LB-IN-S€62'~2Xr 

3 1  FLFHPT 4 '  SLLTICh L l N L  U I A  ETER' t 1 7 X  r F l C o  31 ' f  T '  r 10x1 

C T A T I h G  P S S Y .  MLMEEuT UF I k E R T I A  ' rF10.3r 'LB-IN-S€C2'/ / )  
' IhCbCEP I h L t T  A R ~ A ' r 2 a X r F 1 C . 3 r 9 S S U - I h ' , 7 X r  

1'Pb)rF ihLkT A R E A g ~ 2 4 X ~ F Z ~ r 3 r * S S O - I h ' / /  
2 '  FGPF L ; I S C k L R G E  AREA' r 19XrF10031 'SC-IN',r7Xr 
3'TTLRElhE E X t P L S T  L I N E  LUSS C O t F F e ' r r t X r F l C r 4 / /  
4' SLCTICN L I h E  FRICTION F A C T t i H ' r l l X p f  1 0 e 4 / )  

4f? FLHF#T ( 5 X r 8 T T I H E ' r 5 X ~ ' T U R ~ e  lNLET'r4X~'TIYE'rSX,'TURde INLET',rSX, 
l ' T I N E ' ~ 4 X ~ ' ! 4 A I h  S H A F T e ~ 6 X ~ ~ T I M ~ ~ ~ r 8 X ~ ' T A h K ' / 1 4 X 1 ' T t f l P ~ R A T U ~ E ' ~ l 4 X ~  
Z'FRESSUAE'r ~ ~ X ~ ' S P E E U ' ~ L ~ X I ' P P R E S S ~ ~ E ' / S X ~  'SEG'98Xr'DEG R'  18x1 
3 ' b E C ' ~ r 9 X o  6 F ' S 1 A ' , 4 X ~ ' S E G '  rBXr 'RPM'rlOX,'SEC' 99x9 " P S I A ' / / )  

4 1  FCRPAT (F11 .4 rF1101)  
4 2  F C R P P T  ( ' + ' ~ 2 5 X ~ F 1 0 . 4 r F l Q e l )  
4 3  FCRNPT ('+I r 4 9 X ~ F 1 0 0 4 r F 1 0 0 1 ~  
44 FCGHPT ( ' + ' r 1 7 3 X r F 1 0 0 4 r F 1 0 0 1 )  
45 FCRHPT ( 1 x 1  

l F L b C = l  T L G E l h f  I h L E T  PKESSURE INPbl 
=2 M A I h  S h A f T  SPkEO iDtlPUT 

JPRA'l=l I F  kVERV T I M E  POINT PRIhTED 
=2 I F  E V E R Y  CTHEK POINT PKINJEO 

JFLAG=l I F  SUCTICA L X M  ~ A T t R H A ~ ~ ~ R  SCLLTION IS T G  BE USE0 
= 2  i F  hC kATERHAhMER SClLClTiON 

KFLAG=l I F  S T E A C V  STATE CASE 
= L  I F  TRPhSIENT CASE 

JPLC7=0 IF hC PLCTS 
=1 I F  ALL TIME POINTS PLGTTEC 

f N ~ U ? O ~ Q  
I NPUTOOl 
f NPUTOrl2 

NPU?OO~ 
NPUT004 

INPUTQ05 
I NPUT006 
I NPUTOO7 
I NPUTOOB 
INPUT909 
I NPUTO 10 
I NPUTr) 11 
INPUT012 
INPUT013 
INPUT014 
INPUT015 
I NPUTr! 16 
I N P U ~ ~ ~ ?  
I NPUTO 1 8  
I NPUTOL9 
I ~ P U T ~ 2 ~  
I NPUTO 2 1 
INPUT022 
INPUT023 
I NPUT024 
INPUT325 
INPUTrJ26 
I NPUT(l27 
IErPUT028 
I NPUT029 
I NPUT030 

I NPUT 0 36 
I NPUTO37 
IhlPUT038 
I hPUT039 
I NPUT040 
I luPUT341 
I NPUT042 
I NPUT043 

I NPU?047 
I N ~ U T Q 4 8  
i NPUTO49 
INPUT050 
I NPUTOSIL 
I NDUT052 
I &PUT053 
I NPUT054 
I NPUT 05 5 
I NPUT356 
I NPUTO57 
INPUT958 
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(e+++ =2 I F  C h l Y  FRI)YTLO POINTS PAOTTEO I 
C I 
C****  I U F C A C I O  IF LAST CASE I (*++* =LO IF h f x i  CASE ~NVOLVES CHAW€ o f  C ~ S E  OATA ONLY I 
C**** 90 IF hEXT CASE INVOAUES NEW TrURBOPUHP CHARACTERISTIC CURVES I 
C I 

REAG (5151 I f l A G r J P R ~ T t J F C A G . ~ F A A G t J P ~ O T ~ ~ L A ~  I 
C I 
C**4* REAC T I H E  IkCEPENGENT OATA I 
C I 

RkAC ( 5 s  10) T W I h T  ~TWAXIPITH v H I  I hTt  QNMt TP I 1  r D T I  HE t D t  XAIEJE rRHr RI t I 
1 iHA e I I A I  * A  ) re AHEt XLOS S t  F A I  

Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
U 
Y 

P 
IP 
19 
IP 
P 
P 
P 
P 
P 
P 
P 

'I 
'1 
'4 
'4 
'I 
'I 
'I 
'4 
'I 
14 

'I 

J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 

t043 
11064 
t065 
T 066 
T 867 
t068 
t069 

I NPUT070 
INPUT071 
I NPUT012 
I NPUT073 
I NPUT074 
I NPUT075 
I NPUTO? 
I NPUT07 
I NPUT078 
I NPUT079 
I NPUT08O 
I NP UT081 
INPUT082 
I NPUTO83 
I ~ P U ? 0 8 ~  
t NPUT 085 
INPUT086 
INPUT087 
I NPUT088 
INPUT089 
INPUT090 
I ~ P ~ T O 9 1  
I NPUT092 
INPUT093 
INPUT094 
iNPUT095 
INPUT096 
I NPUT097 
INPUT098 
I NPUTO99 
I NPUT 10 
INPUT 10 
INPUT 162 

INPUT IO4 
INPUT 105 
INPUT 106 
INPUT 107 



C 
C * * * *  C C P C L J E  L A S T  T J M L  Y & l i V T  SUCTICN L I N E  INLET VELUCiTY 

C 

C 
C * * * +  C L F F L T t  YFESthT T I M E  PU lNT S L C T l t h  L I h E  LiISCHAHGE V t L C C I T Y  
c 

c 
C**** C C R P C T t  P H E S E A T  T I M E  P G I h T  S L C T A C A  LXhE L i S C H P H G E  H E A L  

~ 2 ( 1 J = k 2 t l J ~ S t / P I * 1 4 4 0  

VS(ZI=k2(2 J * b V / P 1 * 1 4 4 0  

C 
C**** CCPFLTE PHESEAT l I M t  P U I k T  SLCTIUh L I h E  I h L t T  FLCn HATE 
C 

k l (  2 ) = V l  I 2  ) * A  1 / S V / 1 4 4 .  
P t T U F h  
EhC 

I NLETOOl 
I NLETOQ2 
I N L E T 0 0 3  
I N L E T 0 9 4  
I N L E T 0 0 5  
I NLET306 
INLET007 
IIULETClOB 
INLET909 
I NLkTOl‘l 
IPJLETOLl 
I N L E T 3 1 2  
I PILETQl3 
I N L k T 0 1 4  
I N L E T 0 1 5  
I N L E T 3 1 6  
I N L t T O 1 7  
I N L E T 0 1 8  
I h L E T O l 9  
IhLET02 ’3  
I N L E T 0 2 1  
l h L E T 0 2 2  
Ih rLET023 
I lVLETO24 
I N L E T 9 2 5  
I A L f T 0 2 6  
I NL E T 9 2 7 
I N L E T 9 2 8  
I NLET023 
I NLtT03r)  
I N L E T 3 3 1 
i IJLETO3 2 
INLETO 33 
I N L E T 0 3 4  
I &LET335 
I N L E T 0 3 0  
I N L E T o 3 7  
I h L t T S 3 B  
I N L E T 3 3 9  
I &LET!>40 
I & L E T 0 4 1  
I N L E T 9 4 2  
I NLE TO43 
i n r ~ E T q 4 c t  
I NLET945 
INLET043  
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C** * *  SUeRCbTINE T I I e I k  *e** 
C+*** ThlS SUBRCLtT E GOES SINGLE l N f E R P O  TIQN cw TABULA 
C 

SLBRCL 1 I N f  145 I h 
REAL h l l h T r k C ( 4 J r I H A 1 i I  
C IclElhS I C  N )I T 4 9 8 30 J 8 YT4 9 e30 1 9 K I 13 t 

4 A t NI K e XT Y T eCe J e X W l X r  %#I IN J 

C 
C+*** A T  IS ThE 1AGEPENOENT ARRAY 
C * * * *  Y T  IS ThE CEPENOENT ARRAY 
C**** A IS ThE IkOEPE&DENf VARIABLE 
C+**+ C IS TkE CEPENGENT VARIABLE 
C**+* N I S  THE TIIELE TG 6LE INTERPOLATED 
C**** J IS A k  EAPCR FLAG 
C * * * *  K IS TkE TABLE SIZE ARHAY 
C 

C 
C * * * *  SET P=TABL€ h S U E  

If  4 h-5 1 10 @ 15 r15 

C 
10 ir=K(hJ 

GC T C  20 
1 5  R=K(h&4) 

C 

C 

C 
C*+**  SET MAX=HAXIMUW TABLE VALUE 
C 

c-+* SET r r i h = r i n I w n  TABLE VALUE 

20 X M I N ~ & T ( h t l )  

X N A X o X T ( K e P J  
J = l  
I =0 

50 I = l + l  
C 
C**** SEARCC. TA@LE FOIi VALU€ GORHESPQNOING TO A 
C 

C 
C**** TA@UCATEO VdLLE IS GREATER THAN A r T E S l  FOR HINIUUU TABLE VALUE 
C 

C 
C * * * *  T A @ b C A T E O  IrALUE 1s LESS THAN A t T f S T  FCR NAXIHUH VALUE 
C 

C 

I F  (BTUMJ-AJ 6arao,5s 

55 I F ( I - 1 )  2 C G t 2 O O t F C  

60 IF 4I-U) 50r70r7C 

C*+**  HAXIFUM TABbLATED VALUE I S  sOR,A,IF FLOY PARAWETEA CURVE USE 
C*+**  WAXIPLU FLCk PAAAWETEReIF NOT FLOW PIRAWETER CURVErSET ERROR FLAG 
C 

C 
C**+* TA@liCPT€D YALLE = A tSET C a  T l 8 U L A T E t  VALbE 
C 

70 GG T C  L 8 0 r 2 S 0 , 8 0 r 2 S O t 2 5 0 r 2 5 0 ~ 2 5 O t 2 5 0 ) r N  

80 c = v ~ ( ~ , I J  
GG T C  400 

C 
C++*+ IhTEf iFCLATE FCR C 
C 

SO C a y  'I ( h r  1-1 t+(A-XT (N11-11 J I ( X T ( N 1  I J - l I T  1N.I-11 I * (  YT(Nt 1 I -YT (NI 1-1 1 I 
GO 7C 400 
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c 
C * * 4 *  MIN1)IbH TAeULATEL; VALUE IS G R E A T E R  T h A N  A 
c 

2C5 J=2 
GC TC 400 

C 
C * * * *  Y A X I h L H  T P E L L h T k G  VALUE 1s  LESS ThAN A 
c 

250 J=3 
rtC0 hfTLl;h 

thC 

TAB I N 0 6 0  
T A B I h r O 6 1  
TAB I N362 
TAB IN963 
T A B I N 9 6 4  
TABIN065 
TABIN1)66 
TA6 IN067  
T A B  I N96 8 
TAtj IN069 
TAt i IN079  
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~ C ~ T X ~ E  T b e P  **** 
EO FOR OOUBLE INTERPOLATIQL CF TABULATED 

S b 5 P ~ 4 T I N E  f A B P  ( ~ H ~ ~ V N V K I L , Z P ~ X P ~ Y ~ ~ C ~ J F ~ ~ ~ X ~ I N ~ X ~ A X )  

4 r 3 C ) s Y P ( 4 1 1 0 ~ 3 0 )  

F ARE THE INDEPENOENT ARRAYS CF kPSH/N**2 AND Q/N DATA 

MILED hEAD RISE AND EFFICIENCY 
ABLES NPSH/Nlc+2 AND G/N 

/N+*2 OR EFFICIENCY 

S I Z E  ARRAY 

c 
C 
C 
c 

c 
c 
C 

c 

C 

SE ~ N U ~ ~ E ~  OF G/N P O I N T S  

~ A X ~ B A X I ~ U ~  TABULATED Q/N 

* Z  TABLE FOR VALUE CORRESPOhDING TO OH 

I f  ( Z ~ ( ~ v I J - G ~ J  C0180.55 
C 

C 

C 
C * * ~ *  ? ~ a ~ l A T E D  VALIIE IS LESS THAN OH. 'TEST FOR HAXIMUU TABLE VALUE 
c 

C LA?€^ VAAbE IS GR€ATER ThAN DHITEST FCR HINIUbM TABLE VALUE 

5 5  IF 41-11 8C.80,150 

40 I F  ( IL -LY)  50,801CIO 
C 
C**** TAebLATEO LALUE=DH 
C * + * *  G R  745l~LAfEC VALLIES ARE ALL GREATER T M N  CHIUSE WINIMW CURVE 
C**** OW TPBULATEG VALUES ARE ALL LESS THAN DHvLISE HAXXWUM CURVE 
C 

' 8 0  J=O 
€ 5  J = J + l  

C 
C**** SEPIRCb C/h TAELE FOR VALUE CORRESCONOING 10 Q 
C 
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300 JFLG-2 
6G TI: 500 

c 
C 
c+*++ uAKxCun T A ~ C L A T E C  YUUE IS i . s s  THAN Q,SET ERROR FLAG 

350 JFL6=3 
500 RETUPN 

ENC 

TABP 119 
TABP 120 
TABP 121 
T A W  122 
TABP 123 
TABP 124 
TABP 12s 
T A W  I26 
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C * * * *  START CALCUAATiOhS UlTH HAXIHUH TABtLLlTEO Q I N  YHACH GIVES UXNXMUM SHP 
C**** POkEA SHP 
C S H P  

H*IX-J+l SHP 
C SHP 
C+*+* TEST C / k r i F  0 SET WINFICJITY AND P O k E R d  SHP 
C SHP 

IF o I F ( 3 9 W J )  21Oe210922O S H B  
2 10 Y T I  5 J 4 * 1 0 0 € + 7 0  SHP 

X T ( 5 r J ) = O o O  SHP 
GC TC 250 SHP 

C SHP 
C+*** G/h AS NUh ZEROsCOHPUTE N=Q/(Q/N) SHP 
C SHP 

T45rJ)rC/XP(3rHl SHP 
C SHP 
C * * * *  TEST E F F A C I E h C Y 9 l F  0 SET POYER=O SHP 
C SHP 

I F  I E A T d f f )  1 2309230r240 SHP 
230 X T  (SrJ)=O.O SH P 

GO TC 250 SHP 
SHP 

e** EFFICIEhCY IS NON LEAOICOHPUTE POhER SHP 
C SHP 

240 X T ( S ~ J J ~ k P * C h h 2 ( H ) / E A T ( M J / 5 5 ~ o * Y T ~ S ~ J ) * * 2  SH P 
250 CChTIhCfE SHP 

RETUFh SHP 
ElvD s w  

1 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
1 
1 
I 
1 
1 
1 
1 
I 

,n06~ 

, N O 6 2  
,n063 
1 N O 6 4  
. NO65 
n066 

: NO6 
n06 
.n069 
1 N O 7 0  
.n071 
:n072 
.n073 
, N O 7 4  
.n075 
: N O T 6  
:n077 
:n078 
.n079 
:n080 
:n081 
1n082 
:n083 
:n084 
:n085 
[ N O 8 6  
: NO87 
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C 
C * * * *  T u R E I A E  I n l t T  T C T A L  PRESSURE 
C 

F T T  I = P * P P  4 I J  
C 
< * * a *  T L K B I h t  FLCk RATE 
C 

C 
C**** T L R E I A E  PCkER 
c 
C 

C 

k T = F F * P T T I / S C P T ( T I  

SkP=k l *Cb*77Ee  1r5155Qo 

P A R E  TLiEeIhE P C k l f H  wiTH PbMP Y C k l E H  

0r)r)g 
0q1q 
0311 

PRATUrJ12 
P H A T O Q l 3  
PRATOr)14 
P H A T U 3 1 5  
P R A T U 9 1 6  
P K A T O ( 3 1 7  
P W A T 09 18 
P R A T U 0 1 9  
P K A TU 13 2 0 
P K A T U 3 2 1  
P K A T i r 0 2 2  
P R A T O 0 2 3  
P HAT 0.7 2 4 
P R A T O O 2 5  
P K A T U 3 2  
PRATUO2 
? R A T 0 0 2 8  
P R A T b f I Z 9  
PKATUO30 
PHATU031 

P H A T 0 0 3 5  
PHATOO3 
PRATO03 
PRATOQ38 
P A  AT0039 

PIXAT0043  
PR A T U 0 4 4  
P H A T O 0 4 5  

P R A T U 0 4  
P R A T 0 3 4  
P R A T 0 0 4 9  

P R A T O O 5 1  
PRATOQ52 
PRAT305 
PRATOOS 
P f l A T 0 0 5  
PRATO056  
P R A T U 0 5 
P R A T 0 0 5 8  
P R A T 0 0 5 9  

P h AT 0.34 

P R a m 9  50 
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C 

c ~ ~ + ~  RATIC 
c 

*+* T U ~ 0 1 ~ ~  PQkER I S  CW€ATER THAhr PbHQ F(3LERs INTERPGLATE 

Q PRF~PR(I~+4PR(I)-PR~I-l)l~(SHP-SHPFl*~S~P-S~PPWl 
GG TC 300 

250 P R F = F R (  11 
300 RETLFN 

t h C  

PRAT0064 
PRATOOQ5 

TA 6 ULA T ED PRATOQt2 
P R A T 0 0 7 3  
PHAT0074 
PRATOOl 
P A A T 0 0 7  
P ~ A T O Q 7 ~  

FOR PRESSURE P R A T ~ O ~ ~  
P R A T O 0 ~ 9  

PRAT0083 
P ~ A T 0 0 ~ 4  
P ~ A ~ O ~ ~  
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C 
C * Q * *  
C 

c 
C+**.* 
C 

5 G  
C 
C**** 
c 

UES T ~ E  F u L A u ~ I N G  HYCHOGEN PWO 

SLCTILh L lhE SFhIC WECUCITY A 0 
P f c  E S S b K E  
I A C L C E K  I h l E T  S P t C l F I C  VbLUME A S  A FLNCTILN 
Fk € S  SLHE. 

ET SPECIFIC VULUME A S  A FUNCTAON CF 

S L B F C L T I N E  hFK6JP ( A v & r Y I X v K J o K v N , P t C ~ C I J F L G 1 X M I N 1 X M A X J  
LIMtASIGh X ( 2 5 , 3 C ) r V ( Z 5 ~ 3 0 J r h ( 2 5 ) , P ( 2 5 )  r C P ( 2 )  v D ( 9 v 8 )  H P h O P O l I  

HPROPn12 
P I S  ThE FRESSUWE A W A Y  t iPROP313 
X IS TI-E 1 h C t  EhD€AIT PHUPERTY ARRAY HPHGPn l4  
V IS T k E  CEPE CflrtT PkUPtKTY AHWAY HPkUPr t l 5  
1\( 1s  T k t  C F  c T A  POIkTS F U R  EACH I S G E A H  ARRAY HPROPIJ 16 
A I S  VbitSSLkE HPHOPQL7 
tj 1 5  TI-E SECCI \C  I N O ~ P L N ~ E N T  v m i A e L E  HPKUP018 
K J  U E T E R M l A € S  Tht I W E P t N U k N T  PARAMETEK bSEU HPKUPq 19 
K J = l , t l  1.5 T t ~ ~ € ~ ~ T U R ~  HPRUPr)20 
K J  hCT=lvL: 15 S F E C I k I C  WOLUMtvthTHALPYvEhTRbPY CR SCINIC VELOCITY HPKUPO2L 
K ljETtHMIhfS 7 t E  LEPtlUDEiUT PARAMETER HEulrESTEO HYkOPn22 
h = l v C  IS T E C F t k P T L R t  H PROP32 3 
k = 2 v C  IS SPECIFIC VClCUMf HPHOPq24 
K = 3 t C  IS EATbALPV HPKOPq25 
K = 4 v C  IS EATbCPY t iPROP326 
1 ( = 5 ~ C  1s S C A I C  VEAUCITY H PROP927 
C I S  TI-E htCLESTEL uEPkNDtNT PHOPERTY HPRCP328 
i; 1 5  T I - L  A H k P Y  L F  EMPIRICAL CONSTANTS USEC A l l  THE SATURATE0 HPWUP') 2 9 
f'hESSbWk S L k F h C G F A M  bWSA HPkOP03fJ 

HPRUP331 
d F L G =  I HP ROP q3 2 
c = o  HPkUP333 
L l P l T = O  HPROP034 

HPWOP035 
S E T  2ClA-CIAlPtF TABULArEU PhESSUhk HPRUP036 

HPRGP037 
HPRCPO38 
HPRDP039 

S E T  ~ ~ a ~ = ~ A X I M ~ M  TAbULATEO PRESSURE ti PROP Q40 
I iPkUPQ41 

X M A X = F  4 25 hPKUPq42 
A = I + 1  HPKOP343 

t i  PKUP044 
S k P F C h  PR€SSLHE TA8LE FOR V A L b t  CUHRESPLhCING TLI A HPPUP345 

HPHOP046 
I F  f P 4 I I - A  1 eC EO 9 55 HPROP947 

HPROPn49 
T A E L L A T E C  P F E S S U R E  I S  GR€ATEK ThAhr A S T E S T  FUN MINIHUM TABLE VALUk HPhOPC)43 

HPffuP;)SO 
1F (1-1) 2 C C v 2 C O v 1 5 0  HPRUPOSI 

HPhOP052 
T A e b L A T E C  PRESSURE IS LESS THAN AvTEST OR HAXIMUP TABLE VALUE HPHUP053 

H PROP 354 
I F  11-251  5Cv25Gv250  HPRGP055 

HPRt iP056 
T A B t L A T t D  FPESSLiHE=A HPRJP057 

H PROP05 8 
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X ~ ~ ~ = M  4 1 9  1 J 

SET ~ ~ ~ % ~ ~ 4 ~ i M ~ U  TABULATE0 INDEPEkOENT PROP. 

A X ~ X  # I , # )  
0 

E 5  J=J+1 

h INCfiPENDEkT PROPERTY TABLE f & R  VALUE CURRESPONDING TO 8 
c 

c 
c 
c 

9-3  

4 
c 

c - 
G XES BETkEEh TkO TABULATED ISOBARS, INTERPOLATE 4AUNG EACH ISOBARHP 

c 
c 
c 

C ~ * * ~ *  
t 

155 
C 
C ~ * * *  
G 

C 

296 

FCR CFCjPER B 

=I-1 

i%(IK)  
dK= I&- I+  2 
J=O 

S E T  ~ ~ I A ~ ~ I ~ I ~ U ~  TABULATED IhDEPE&DEhT PROP. 

~ ~ i A = %  ( IC * 1 1 

SET $ # A # ~ U A X I & U P  TABULATED fNDEPENDEhT PRGP. 

X H A X t X (  1K,# J 

1 E C  IKPhP.1 

J = J + I  

S E b R C h  INCEfEADEtuT PROPERTY TABLE F C R  VALUE CORRESPONDING TO 8 

IF 

TAEULATEG FFGP. I S  GRfATER ThAN B9TEST FOR MINIHUH TABLE VALUE 

4 )r ( Ik 9 J ,-E) 1 C 5  9170, I60 

IF ( 3 - 1 )  3 c a t 3 0 0 t s 5 0  
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T A B L L A T E O  P F C P a  1 s  LESS THAN B I T E S T  FCR HAXIHUM TABLE VALUE HPROP 119 
HPROPL20  

J-h l  I K  J 1 1 5 5 r 5 1 0 r 5 1 O  H P R O P l Z  1 
HPROP 122 
HPhOP 12 3 
H P R U P l Z 4  

CPi J1< J = Y 4  A I (  r J  J HPRUP125  
G C  T C  180 HPRClPl.26 

H P K U P 1 2 7  
TPEbLATEC VALut IS L E S S  ThAN @,IF i S U t j A A  LESS THAN A S t T  H P H O P f 2 6  

L I M A I = 1  AhC GLIVTINUEeIF  ISUt3AK GHEATEH THAN A SET ERKCR FLAG AND HPHOPI.29 

l U E L L A T E l j  LPLUE=E,StT CP-TABbLATEC LAAUE 

C * * * *  K t T L F h  
C 

5 1 C  If- ( J K - 1 )  Ei iO,52c,359 
52'1 L 1 f f l . I  = 1 

G C  T C  180 
c 
C * * * *  ChECK L I M I T  S E J = 1  
C 

C 
C**** L I f ? I I = O ~ N t P C D L  I h T E h P i J L A T I G h  SECIU€NCE ON I S O B A K  
c 

550 I F  ( L I P I T )  1 7 5 8 1 7 5 , 6 0 9  

1 7 5 C F J I< j = Y t I I( r J- 1 1 + ( 8-X ( I K s 3- 1 J 4 4 X 4 I K J I - %  ( I K 1 J- 1 I J * 
1 8 Y i I K r J ) - Y  t I K e J- 1 1 

1 c C  CLhTlhlrE 
c 
C**** hCPPPL I h T E G F C A A T l C N  tUK C 
C 

1 * 4 P - F  4 I-  1 1 / 4 P 4 A A -P( I- 1 J J * I C P  4 2 1 -C P f 1 ) 
Gi T C  500 

C 
C**++ L I R i T = l , L k E C K  FCR I 'EMPtHATURE A S  INCEPENCENT PRUPEKTY 
c 

L 
C * * * *  IEHPERATUWE 1s I h C € t J € l ~ D k l b T  PRGP€kTY p f  I N L  CUKKESPUhDIhG VAPGR 
C**** PkES'SCIHE 
c 

t C C  I F  4KJ-f) 35Ci6lC1350 

E 1 C  P S L = V P f L h ( E )  
Gi TC ( 6 2 C 1 ~ 2 0 8 t 3 O r 6 4 9 8 6 4 5 ) e K  

C 
C**** f-IflLj STAUkPTEC L I C U i U  S P € L o  VGLI CORRESPChDlNG TO TEHPEAATURE=B 
c 

6 2 s  C P I 2 J = S k 5 L ( E , C )  
G C  T C  65C 

C 
C**** F I I l L  SATCIHLTEC L I c i U I U  ENTHALPY C O R R E S P U k C I h G  T i l  TEHPEPATURE=b 
C 

t 3 Q  C P ( 2 ~ = - 1 7 e 4 E ~ ~ 8 - 0 0 6 ~ 8 0 4 3 * ~ + . 1 1 2 4 5 4 5 * ~ * * 2  
GL T L  650 

C 
C * * * *  FIIVC SATUHLTEC L I l i U I O  ENTROPY C U R R E S P C N D I h G  TG TEMPERATURE-8 
C 

0 4 0  C F  4 2 J =  1 e t  4 4 5 5 7 - a C  3544848*8+000 118 22 12*8** 2 
GL TC 650 

C 
C****  S t T  LATUHATEC L I C U I D  SUEJIC V E L O C l T V  
C 

H P R U P l 3 @  
HPKOP 13% 
H P k O P 1 3 2  
HPkOP 1 3 3  
H PkOP f 34  
HPHUPL 35 
HPhOP136 
HPkOP L 37 
HPfiUP 138  
HPRCiP 139 
H P R O P I 4 C  
H PfiUP 14% 
HPROPl.42 
H P k O P 1 4 3  
H PROP 144 
tiPKUP 1 4 5  
i iPRUP146 
HPROP147  
HPkl jP l .48 
HPHOP 149 
HPHOP15(> 
H P R U P 1 5 1  
HYKuP 1 5 2  
HPKOP153 
HPROP 1 5 4  

HPKOPL56  
H P k O P l S 7  
HPROP 158 
H P k O P 1 5 9  

HPROP16 L 
H P h O P 1 6 2  
HPROP 163 
HPWOP164 
H P k U P l 6 5  
HPHUP 166 
H P k O P l 6 7  
HPROP168 
HPROP 169 
HPROP17p 
H P R U P 1 7 1  
HPHUP172  
HPROP 173 
H P K O P L 7 4  
H P R G P l 7 5  
HPRUP176  
HPRUP177  

HPROP L 55 
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c 
2CQ d f L G = 2  

GC; T C  so0 
G 

C 
~*~ ~ A X I ~ ~ ~  T68ULATED PRESSURk IS L E S S  THIN A r S E V  ERROR FLAG 

250  d f l G = 3  
GC T C  500 

C 
~ l J ~  T I B l J l A T € C  IND€PENDENT PROP. 1s GREATER THAN B r S E T  ERROR 

c 
300 J F L G z 4  

GG T C  500 
C 

AXIbUN Tb€isCATEC INDEPEhDENT PROPe I S  LESS THAN B t S E T  t R R O R  FLAG HPRQP2 
C HPROP 2 

350 JFLGx5 HPROP2 
500 AETUPk HPWQPZ 

EhO HPROP209 
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( . * *a*  5 b E P L L  J I l v E  GAHMA *+*e 
C**** ThIS SUBPRLGRLIM FAUV1L)kS S P E C I F I C  HEAT R A T I O  L A T A  TO THE M A I N  
L * $ * *  P R C G F A M  FCH kYCRCGEN G A S  
c 

C (.**** T t S T  FLH P B S t A U T E  T k M Q E K A T U R E  L E S S  T h A N  1100 DtG-W 
C 

F U h C T i C l L  G P C Y A ( T I Y I  

GAMMAOOO 
G AMHAO 0 1 
GAMWAOOZ 
G A M M A 0 0 3  
G A M M A 0 0 4  
G A M M A 0 0 5  
G A H M A 0 0 6  
G A M M A 0 0 7  
G A H M A 3 0 6  
G A M M A Q 0 9  
G A M M A 0 1 0  
G A M M A 0 1 1  
G A M M A 0 1 2  
GAMMAO 13  
G AHMAO 14 
G A M M A 0 1 5  
LAMMAQ 16 
GAMMA0 17 
C; AMMAO 18 
GAMMAO 19 
( ;AHMA020  
GANMAOLL 
G A M M A 0 2 2  
UAMMAO2.3 
G A M M A 0 2 4  
G A M M A 0 2 5  
G A M M A 0 2 6  
G A M M A 0 2 7  
G A M M A 9 2 8  
GAMMA0 29 
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* FUNCTlCN S U ~ ~ R O 6 R A ~  CP **+* * This SUBPRCGPAM PROVIOES CONSTANT PRESSUClf S P E C I P K  HEAT DATA T O  C P  * THE &&IN PRCGRAM FOR HYDROGEN GAS 
c 

F ~ ~ C T I ~ N  CP (T IP)  

** T E S T  FaR AescLun TEWPERATURE LESS WAN aao DEG-R 
c CP 007 

C 
I F  41-800el 50,50~100 

T E ~ ~ E ~ ~ ~ U ~ E  IS L E S S  THAN $04) OkG-RsCOWPUTE COEFFICIENTS A S  A 
FUR67 ICh C F  PGESSURE 

C 
50 C 1 ~ 4 o b S C Z + f e 1 B € - 0 4 * P  

C 2 ~ - l r 0 E ~ 0 2 * ( 0 0 3 1 7 9 + ~ 8 5 3 € ~ 0 S * P )  
~ 3 =  1 .OE-O 5 *  (0.205 ~2~ 43~-05*~ 4 
GL TC 154) 

C 
~ ~ P E ~ ~ ? U R E  IS GREATER THAN 800 DEG-RvCOMQUTE C O E F F I C I E N T S  A S  A 
U ~ ~ ? i C ~  CF PRESSURE 

C 
10 0 C 1 = 3 5 6 2 8 + 4 0 4 5 3 E- 0 S*P C P  0 2 1  

C 2 s - 1  e4)E-C 3940 e 2  151+40773E-OS+P ) C P  022 
C3= 1 eo€-C t+ 1 C e 12 5 85+1e 293€-05+P 1 C P  

C CP 
CCMPLTE CP CP 

C P  
50 C P = C l + C 2 * T + C 3 + T * * 2  C P  

RETUEh CP 020  
EhUC C P  029 
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SVSL 
S V S A  
SVSL 
SVSL 
s WSL 
S V S C  
SVSL 
S V S L  
SVSL 
SVSL 
S V S A  
SVSL 
5 vsc 
S V S L  
S V S L  
S V S L  
S V S L  
S V S L  
s VSL 
S V S L  
S V S L  
SVSL 
SVSL 
bVSL 
s VSL 
S V S L  
SVSL 
S V S L  
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S ~ ~ P ~ ~ G ~ A ~  IS USED TO COWPUTE SATURATION PRtSSURE AS A 
Y I ~ ~  OF T E ~ ~ ~ ~ A T U ~ E  

? S ~ ~ T € ~ P E R ~ T ~ ~ E e O E ~ ~  
~ = T € ~ P E ~ A ? U ~ E t ~ € ~ o K  

O H I A L  CURVE F I T  7 0  I N I T i A t l L E  S A T U R A T I O N  

P SA= 4 30 1 e 26 28- 17 e 1219*?SL+o 254967 la Y SL**2 ) 11 4.696 

SUCCESSIVE A P P R O X I M A T I C N S  TO O B T A I N  
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090 
70 1 
5 0 2  
3rJ 3 
004 
00 5 
nnc 
r)Q 7 
008 
0r)q 
1-1 19 
31 1 
Q12 
113 
nl.4 
Q 1 5  
316 
017 
Q l 8  
(3 19 
3 20 
"21 
322 
'123 
324  
325 
1 2 6  
027 
028 
029 
C)3Q 
3 3 1  
0 32 
0 3 3  
034  
135  
036 
Q 3 7  
938  
039 
840 
!I41 
042 
043 
044 
(345 
046 
047 
Q 4 9  
349 
O S Q  
3 5 1  
052  
3 5 3  
054 
0 5 5  
056 
357 
0 5 8  
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UclT3 061 
OUT3 961 
UbJ3 062 
UUT3 3 6 3  
UUT3 O b 4  
DU13 365 
UUJ3 Q66 
GUT3 367 
OUT:! 969 
UUT3 16'4 
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c*4*+ GUW PLGT sueRcuTiNE PLOT 001 

SliBPCUTIhE f L C f  iKCOnU~DATA1,IBAAh) PLOT 002 
10 F C A H b T  i'lNC PLCTTING PROGRAM HAS BEEh INCLUOE0,PLOT CPTION NOT PLOT 003 

A V A I i A 0 L E ' )  PLOT 004 
kAtTE ( 6 r l C )  PLOT 005 
WETCEII FLOT OOb 
ENC PLOT 047 
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C**** SLEFLbTIEVt DIAC; 000 
C**** T h I S  S G E S  FQW THE E N T I R k  D I A G  OOl 
C * * * *  PRCt iPA U I A G  002 
C D I A G  903 

4 v I T f R 5 , I T E R b ~  O I A G  004 
U I A G  005 

@ C A S E  T E R M I N A T E D '  1 O I A G  9r)6 
A B I N I C A L L E U  f H O M  M A O I A G  '307 

l 1 h  FFCGFA U I A G  908 
213 F ~ ~ ~ A T  44 A t 3 P q G A L L t D  FROM M A I U I A G  009 

U I A G  010 
A B I N v C A L L E O  FRGM S U U I A G  311 

OIAG 912 
T I h E  H P R L J P @ I  U I A G  913 

U I A G  014 
ER A S  A F U N C T I C N  OF M A I N  T U U I A G  315 

u I A G  016 
5 1  f C 8 ) V b T  i 9  PFESWhE: R A T I O  IS L E S S  T ~ A A  M I N I M U M  T A t l b L A T E D  ALC l t  t PUS SO I A b  3 17  

l i L 3 L E  SCLbTICh IS 5IEuE FLdW PARAMET€R CURVE T u D I A G  018 
2 L l ; k t R  PPk D I A G  019 

55  F C N P P T  ( 0  F U N C T l C N  OF M A I N  TURBIhDIPG 02r) 
It: \ r t l L i I T Y  R A T  D l A G  921 

1 I B L  t S C L l J T  I L N  E F F I C X E N C Y  CURVE TO L U w D I A G  923 
2ER L E L C C I T Y  H b  U I A G  024 

57 FCRFAT 4 '  b E L C  ABULATl r l )  W A L U E v P O S S I b L E  D I A G  0 2 5  
1 S C L L ? I C I \ I  I S  T C  C I E h C Y  CUtiWE T O  HIGHEk V D I A G  0 2 6  
Z t L L C I ' I Y  K A 7 I t S  D I A G  327 

E K  AS A F d N C T I O N  OF I N U U D I A G  028 
lCER TLIRbiht  P R E S S C R E  n A T 1 ~ ~ ' i  D I A G  029 

6 1  FCHPPT L a  P P E S S L N E  t( N I E u l M ~ ~  TAt3ULATED V A L U E v P G S S  
IIBLE S L L U I l L h  1 s  TU T U R B I N E  F L C k  P A ~ A M ~ T E ~  CURWt  
2 T C  LCkEh P P  

7 3  F C h P P T  L E  FC d I N t  k k F 1 C I E N C Y  A5 A FL1UCTiGk OF l h U U C E R  
1TUhElhk V € L G  

7 1  FURBAT 4 '  V E L C C l T V  A A T I U  IS L E S S  T H A h  ~ I ~ i M U ~  T A B L L A T E Q  VALUE,PGSSOIAG 935 
l l b ~ E  S C L L T I C N  1s TO ~ X ~ k ~ U ' 4 '  I N D L C E R  TURBI lUE E F F I C I E h C Y  C U h V E  TO U I n G  0 3 6  

V E L C C I T Y  R A I I U S  DIAG 037 
( '  V t L L C I T V  R A  ~~~U~ T A B U L A T E D  WALUtvPOSSIaL€ O I A G  038 

5t F L W P C l  t *  WELC MUM TAA3LLATED WALUE,PGSSOIAG 022 

l S C L L l I C &  IS TI. E ~ T E ~ ~ ~ / m  I ~ ~ U ~ ~ ~  T ~ R 5 A ~ E  E F f - I C I E l U C Y  CCIRVE T L  H I G H E  
2ci VELCCITY R A T I G S ~ B ' ~  

75  F C b M A T  ( '  F C P  I h C U G E k  S H A F T  SPtED AS A FUhCTICh OF I N D U C E R  POkER.' 
1) O I A G  042 

76 f -LPPPT IACb T A E ~ ~ A T E O  VALUS. e B 0 
77 F b R V L T  4 '  PGSS T I A L  GUESS OF I N D U C E R  0 

1 S P E t C  bhG CR E F IEuDUCER E F F I C I E N C Y @ / '  AlUD HEAU RISE L U I A G  045 
2 l i k V E S .  @ j 

(30 F O R R b T  ( e  LN T ~ ~ ~ A A T ~ ~  V A L U E * '  1 
€ 5  FORRbT I N L E T  T O T A L  TEMPERATURE AS A 

€ 6  F C k N b T  4 '  I A I T  T A 6 ~ L A T E D  T I  
e 7  FURNAT i@ T b A k  TABClCATEU FU 

1FUhCTILh Irf T I  

1TICIE.' I 
Et3 f C R N P f  4'  I A A J ~ A L  T I N E  E X C E E D S  ~ A % I ~ U ~  ? A 5 U l A T E D  T i t 4 E e ' i  

' T U P h I ~ E  INLfrT T A B U L A T E D  FOR I N I T I A L  T I M  
c l h E  I h L E T  PhESS ING USED.') 

4 1  FGRMAT 4 '  T A h K  PRESSURE 0 FOR I k I T I A L  TIME.') O I A G  Q56 

S 5  FOPPCIT i E T  T O T A L  PWESSUAt A S  A FUN 
92 F 5 R R b T  L' A T E 0  FOR I N I T I A L  T I N & . @ )  

l G T I C h  L f  T 
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1 FOHPCT ( / '  PRESSbRE IS bAtATEW TH 

l f v C  POINT = ',E 

L)4 TAtNLATEO PR 
1ABULPTk.C fRtSSUHE = ' rE13.6q' P 

k R I 7 E  1 6 r l C )  
GC T C  ( 2 0 C , 2 2 0 r E 1 0 , 2 3 0 r 2 4 Q J ~ ~  

200 k H I T E  4 6 . 1 5 )  
GC JC 300 

210 h H i T E  (6,204 
GC TC 3 0 0  D IAG 1 3 3  

2 2 0  LrftITE ( 6 , 2 5 1  D IAG 1 3 4  
GL T C  300 U I A G  1 3 5  

2 3 0  h P I T E  ( 6 ~ 3 0 J  U I A G  136 
GC TC 600 OIAC 137 

24Q k R I T E  ( 6 . 3 5 )  D I A G  1 3 8  
GI; TC 550 D IAG 139 

1 3 7 O r 3 7 5 , 3 8 C ~ 3 B 5 ~ 3 9 0 1 ~  ITA8 UIAG 141 
310 LRITL ( 6 . 5 0 1  D IAG 142 

O I A G  143 
bG TC 500 DIAG 144 

3 1 5  k f f l T E  ( 6 ~ 5 5 )  UIAG 145 
GC JC 4 3  16 8 3  1 6 9 3 1  7 r J  O i A G  146 

3 1 6  k R I T E  (0 ,561 O I A G  147 
GG TC 500 DIAG 148 

3 1 7  k H I T E  (6 ,571 U IAG 149 
GO T C  500 DIAG 150 

3 2 0  k R I T €  (6 r6C)  OIAG 1 5 1  
h R I T E  169611 DIAG 152 
GG TC 500 D I A G  1 5 3  

325 b R I T E  (6,701 D I A G  154 
Gb T C  ( 3 2 6 , 3 2 C , 3 2 7 ) , J  D IAG 155 

U I A G  1 5 6  
GC TC 500 O I A G  1 5 7  

5 2 7  k R I T E  16 ,721 O I A G  1 5 8  
GO TC 500 D I A G  159 

3 3 0  k R I T E  4 6 9 1 2 0 )  D IAG 160 
Gb T C  ( 3 3 1 r 3 3 1 ~ 3 3 2 J r J  O l A G  161 

3 3 1  hRITE (6,121) IJIAG 162 
GC T C  500 DIAG 163 

3OC GC T C  ( 3 1 0 ~ ~ 1 5 ~ 3 T 0 ~ 3 2 5 , 3 3 0 ~ 3 3 5 ~ 3 ~ C ~ 3 ~ ~ ~ 3 5 C ~ 3 1 5 ~ 3 1 5 ~ 3 5 5 ~ 3 ~ 0 q 3 6 5 ,  DIAG 149 

& K I T E  16 ,511  

326 L R I T E  (6971)  

O I A G  176 
GO T C  500 DIAG 177 

345 I r R I T E  (6 ,135)  O I A G  178 
31 1 
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O I A G  238 
OIA6 239 
OIAG 240 
OIAG 241 
0116; 242 
D I A G  243 
O I A G  244 
DIA6 245 
0 1 s  246 
O I A G  247 
OIAG 248 
O I A G  249 
D I A G  250 
D I A G  251 
0116 252 
D I A G  253 
D I A G  254 
O I A G  255 
D I A G  256 
D I A G  2S7  
D I A G  258 
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AND EXAMPLE CASE 
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The example case presented  h e r e  i s  t h e  s ix  second t r a n s i e n t  case d iscus-  

sed  i n  t h e  program v e r i f i c a t i o n  s e c t i o n  of t h i s  r e p o r t .  The i n p u t  d a t a  is  f o r  

test -003 of t h e  twin-spool test series. The d a t a  deck used f o r  t h i s  case i s  

shown on pages 341 and 342. 

appendix. 

The hydrogen p r o p e r t i e s  deck completes t h i s  

Information shown on the  computer ou tput  pages 295 through 340, i s  as 

fol lows : 

Page 295 

1. I d e n t i f i c a t i o n  of  t h e  e i g h t  c h a r a c t e r i s t i c  turbopump component 

2.  Main tu rb ine  flow parameter t abu la t ed  d a t a  (1) 

3 .  Main tu rb ine  e f f i c i e n c y  t abu la t ed  d a t a  (2) 

4. Inducer t u r b i n e  flow parameter t abu la t ed  d a t a  (3) 

5. Inducer t u rb ine  e f f i c i e n c y  t abu la t ed  d a t a  ( 4 )  

curves.  

Page 296 

Pump normalized head rise t abu la t ed  d a t a  (5) 

Page 297 

Pump e f f i c i e n c y  t abu la t ed  d a t a  ( 6 )  

Page 298 

Inducer  normalized head rise tabu1 t e d  d 

Page 299 

Inducer e f f i c i e n c y  t abu la t ed  d a t a  (8) 

317 



Appendix B 

Input case da ta  including the  four time dependent parameters. 

The above s i x  pages are simply a program l i s t i n g  of t he  input  data.  

The p r in t ing  of computed da ta  starts on page 301. T i m e  is always l i s t e d  

as the  f i r s t  parameter. 

PSLI - Suction l i n e  i n l e t  pressure 

P I 1  - Inducer i n l e t  pressure 

T I 1  - Inducer i n l e t  temperature 

SVI - Inducer i n l e t  s p e c i f i c  volume 

WSLI - Suction l i n e  i n l e t  mass flow rate 

Q I I  

W I  - Inducer i n l e t  mass flow rate 

PTII - Inducer i n l e t  t o t a l  pressure 

N I  - Inducer r o t a t i v e  speed 

Q / N I  - Inducer normalized flow rate 

DPI - Inducer t o t a l  pressure rise 

- Inducer i n l e t  volumetric flow rate 

Page 302 

PTIE - Inducer discharge t o t a l  pressure 

PIE - Inducer discharge static pressure 

DHI - Inducer head rise 
DHI/N**2 - Inducer normalized head rise 

NPSPI - Inducer n e t  pos i t i ve  suc t ion  pressure 

NPSHI - Inducer n e t  pos i t i ve  suc t ion  head 

NPSH/N**2 - Inducer normalized suc t ion  head 



Appendix B 

EATPI - Inducer  e f f i c i e n c y  

SHPI - Inducer  power 

TORQI - Inducer  t o rque  

Page 303 

PMI 

PTMI 

TMI 

SVM 

Q M I  
WP 

NM 

Q/NM 

DPM 

PTME 

PML 

- Pump i n l e t  p re s su re  

- Pump in le t  t o t a l  p r e s s u r e  

- Pump i n l e t  temperature  

- Pump in le t  s p e c i f i c  volume 

- Pump i n l e t  vo lumetr ic  flow rate 

- Pump weight flow rate 

- Pump speed 

- Pump normalized flow rate 

- Pump t o t a l  p re s su re  rise 

- Pump discharge  t o t a l  p re s su re  

- Pump d i scha rge  s t a t i c  p res su re  

Page 304 

DHM - Pump head rise 

DHM/N**2 

NP SPM 

NPSHM 

NPSH/N**2 - Pump normalized s u c t i o n  head 

EATPM - Pump e f f i c i e n c y  

SHPM - Pump power 

TORQM - Pump torque  

- Pump normalized head rise 

- Pump net p o s i t i v e  s u c t i o n  p r e s s u r e  

- Pump n e t  p o s i t i v e  s u c t i o n  head 
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Page 305 

PTTI I  - Inducer tu rb ine  i n l e t  t o t a l  pressure 

T T I I  - Inducer tu rb ine  i n l e t  t o t a l  temperature 

PTEI - Inducer tu rb ine  discharge pressure 

PRI - Inducer tu rb ine  to t a l - to - s t a t i c  pressure r a t i o  

WT - Turbine flow rate 

FPI - Inducer tu rb ine  flow parameter 

DHTI 

C O I  

- Inducer tu rb ine  enthalpy drop 

- Inducer tu rb ine  spor t ing  ve loc i ty  

* U C O I  - Inducer tu rb ine  ve loc i ty  r a t i o  

EATTI - Inducer tu rb ine  s ta t ic  e f f i c i ency  

SHPTI - Inducer tu rb ine  power 

TORQIT - Inducer t u rb ine  torque 

PTTIM - Main turb ine  i n l e t  t o t a l  pressure 

TTIM - Main turb ine  i n l e t  t o t a l  temperature 

PTTEM 

PRM 

WT - Main turb ine  flow rate 

FPM - Main turb ine  flow parameter 

DHTM 

COM 

UCOM 

EATTM - Main turb ine  t o t a l  e f f i c i ency  

SHPTM - Main turb ine  power 

TORQMT - Main turb ine  torque 

- Main turb ine  discharge t o t a l  pressure 

- Main tu rb ine  to t a l - to - to t a l  pressure r a t i o  

- Main turb ine  enthalpy drop 

- Main turb ine  spouting ve loc i ty  

- Main turb ine  ve loc i ty  r a t i o  

For add i t iona l  t i m e  po in t s  t he  d a t a  is pr in ted  on succeeding pages. 
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Appendix C 

I. INDUCER/MAIN STAGE PUMP DESIGN AND PERFORMANCE NOMENCLATURE 

ms (P 

cm2 

'2 

QP 

QpIS 
HSI 

HDIIS 

HDAIS 

HDI 

HDA 

'IS 

'TSL 

'TDS 

SVSL 

SVDS 

'ID 

'ms 

'DT 
SVD 

NPSHtk 

HSV or 
NPSHms 

Flow coefficient mainstage impeller discharge C,2/p2 

Volumetric flow rate/impeller discharge area 

Impeller tip velocity 

- x (100) HDAIS - HDA Mainstage pump efficiency 

HSI - HDIIS 
HSI - HDAIS Low speed pump efficiency (inducer-stator) 

Suction line enthalpy 

Stator discharge ideal enthalpy 

Stator discharge actual enthalpy 

Mainstage discharge ideal enthalpy 

Mainstage discharge actual enthalpy 

Low speed stage (inducer-stator) head coefficient 
0 

Suction line total pressure 

Stator discharge total pressure 

Specific volume in suction line 

Specific volume at stator discharge 

Acceleration of gravity 

Inducer rotor tip velocity 

(SVDS + SVD) 2 
[('DT - 'TDS) 2 1 d V 2  

Mainstage pump discharge total pressure 

Specific volume at pump discharge 

Net positive suction head within the run tank 

Net positive suction head at the inlet to mainstage pump 
(within the interstage) 
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'ID 

cmID 

$11 

CmII 

%I 

'I 

NPSHL 

Nms 

NI 

Q 

11. 

Symbol 

a 

A 

b 

C 

cO 

P C 

d 

Dh 

g 

h 

H 

38 2 

Flow coaf f icient at inducer rotor discharge CmU)/vID 

Volumetric flow rate/inducer rotor discharge area 

Flow coefficient at inducer rotor inlet CmII/vII 

Volumetric flow rate/inducer rotor inlet area 

Inducer rotor inlet tip velocity 

Suction specific speed at inducer rotor inlet 

Cavitation parameter = NPS%/pII/g 

Net positive suction head on the suction line 

Mainstage impeller rotational speed 

Inducer rotor rotational speed 

Volumetric flow at mainstage discharge 

2 

INDUCER TURBINE DESIGN AND PERFORMANCE NOMENCLATURE ,/ 

Description 

Local speed of sound 

Area 

Axial blade chord 

Blade chord 

Spouting velocity 

Specific heat at constant pressure 

Throat opening at mean radius 

Hydraulic diameter 

Acceleration of gravity (32.174) 

Blade height 

Specific enthalpy 

Units 
Eng 1 ish SI 

ft/sec m/ s 

2 cm 2 in. 

inch cm 

inch cm 

ft/sec m/s 

B t U/ lb - O  R J /kg - O K 

inch cm 

ft m 

2 m/ s 
2 ft/sec 

inch cm 

Btu/lb J /kg 
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Symbol 

J 

K 

M 

n 

N 

P 

Pt 

PRS 

r 

R 

R e  

S 

t 

T 

Tt 

Ttr 

'm 

V 

W 

tj 

a (a lpha)  

B (be ta )  

Y (gama)  

Desc r ip t ion  

Mechanical equ iva len t  of h e a t  ( 7 7 8 . 2 )  

Veloc i ty  c o e f f i c i e n t  

Absolute Mach number 

Number of b l ades  o r  vanes 

Ro ta t iona l  speed 

S t a t i c  p re s su re  

T o t a l  p re s su re  

To ta l - to - s t a t i c  p re s su re  r a t i o  

Radius 

Gas cons tan t  

Reynolds number 

Blade p i t c h  

Blade maximum th i ckness  

S t a t i c  temperature  

To ta l  

To ta l  

Wheel 

temperature  

re la t ive temperature  

v e l o c i t y  a t  b l ade  mean r ad ius  

Absolute v e l o c i t y  

Veloc i ty  re la t ive t o  r o t o r  

Mass flow 

Angle of abso lu t e  gas  v e l o c i t y  

Angle of re la t ive gas  v e l o c i t y  
C 

Rat io  of s p e c i f i c  h e a t s ,  y = 
cv 

Uni ts  
Engl ish S I  

f t -1b / B t u J 

r Pm 

l b / i n .  

l b / i n .  

2 

2 

inch  

lbm- O R 
l b f  -f t 

inch  

inch  

OB 

O R  

OR 

f t l s e c  

f t l s e c  

f t /sec 

l b / s e c  

degrees  

degrees  

r a d / s  

2 N / c m  

2 N / c m  

cm 

N-m 
kg-OK 

cm 

cm 

O K  

O K  

O K  

m/ s 

m/ s 

m / s  

kg l sec  

degrees  

degrees  
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Uni t s  
Symbol Desc r ip t ion  Engl i sh  S I  -- 

I A ( d e l t a )  P r e f i x  t o  i n d i c a t e  a change 
Deviat ion ang le  I. 

os ( e t a )  Turbine e f f i c i e n c y  based on 
t o t a l - t o - s t a t i c  p re s su re  r a t i o  

(5 

9 

A0 

E 

5 

Subscr ip ts  

0' 

1' 

2 '  

0 

a 

b 

C 

l b / f t 3  Densi ty  

Deviat ion angle  

Blade camber ang le  

Induced ang le  

Gas tu rn ing  angle  

Loss c o e f f i c i e n t  

Main t u r b i n e  f l a n g e  i n l e t  

Main t u r b i n e  f i r s t  s t a t o r  i n l e t  

Main t u r b i n e  l as t  r o t o r  exi t  

Inducer t u r b i n e  s t a t o r  i n l e t  

Inducer  t u r b i n e  s t a t o r  exi t  

Inducer t u r b i n e  r o t o r  exi t  

Inducer  t u r b i n e  exhaust  f l a n g e  

Blade annulus 

Blade 

Bearing coolan t ,  o r  b l ade  c l ea rance  annulus 

h Hydraul ic  

i I s e n t r o p i c  

m A t  mean r a d i u s  

n Nozzle 

r Rotor,  r ad ius ,  o r  relative 

kg /m3 
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Subsc r ip t s  

S S t a t i c  

t T r a i l i n g  edge, t o t a l ,  o r  t u r b i n e  

U Tangent ia l  component 

X Axial  component 

111. COMPUTER ANALYSIS NOMENCLATURE 

Symbol 

a 

A 

C 

C 
P 

co 

D 

f 

FP 

H 

I 

J 

K 

L 

D e f i n i t i o n  

Sonic v e l o c i t y ,  s u c t i o n  l i n e  

Area 

Loss c o e f f i c i e n t  

Constant  p re s su re  s p e c i f i c  h e a t  

I s e n t r o p i c  spout ing  v e l o c i t y  

Suct ion  l i n e  diameter  

F r i c t i o n  f a c t o r  

Flow parameter 

Grava ta t iona l  cons t an t  

Enthalpy 

Head 

P o l a r  moment of i n e r t i a  

Mechanical equiva len t  of h e a t  

Darey head l o s s  c o e f f i c i e n t  

Suc t ion  l i n e  length  

Uni t s  

f t l s e c  

2 i n .  

Btu/ lb-  O R  

f t l s e c  

f t  

i n .  2oR1/2/sec 

2 f tlsec 

Btu l lb  

f t  

in.-lb-sec 2 

f t - l b  778.16 - Btu 

f t  
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Symb o 1 

N 

NPSP 

NPSH 

P 

Pr  

Q 
r 

R 

SHP 

SV 

t 

T 

U 

v 

* 
P 

Y 

rl 

T 

a 

Subscr ip ts  

SL 

I 

i 

D e f i n i t i o n  

Ro ta t ive  speed 

N e t  p o s i t i v e  s u c t i o n  p res su re  

N e t  p o s i t i v e  s u c t i o n  head 

P r e s s u r e  

P res su re  r a t i o  

Volumetric flow rate 

Mean b lade  r ad ius  

Gas cons tan t  

Sha f t  power 

S p e c i f i c  volume 

T i m e  

Temperature 

Mean b lade  v e l o c i t y  

F lu id  v e l o c i t y  

Flow rate 

Density 

S p e c i f i c  h e a t  r a t i o  

Ef f i c i ency  

Torque 

Change 

Suct ion  l i n e  

Inducer  

I n l e t  

Uni t s  

rPm 

- 

P s i  

f t  

p s i a  

i n ,  

ft/OR 

HP 

f t 3 / l b  

s ec 

O R  

f t l s e c  

f t lsec 

l b l s e c  

l b / f t 3  

f t - lb  
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Subsc r ip t s  

TK Tank 

mT Main t u r b i n e  

I T  Inducer  t u r b i n e  

m Main 

P Pump 

e Exhaust o r  d i scharge  

n Index 

i d  I d e a l  

VP Vapor 

Supe r sc r ip t s  

T o t a l  s ta te  

I V  . FORTRAN NOMENCLATURE 

MAIN PROGRAM 

Symb o 1 D e f i n i t i o n  

A I  1 Suct ion  l i n e  flow area 

Inducer  t u r b i n e  i s e n t r o p i c  spout ing  
v e l o c i t y  

Main t u r b i n e  i s e n t r o p i c  spouting 
v e l o c i t y  

Main t u r b i n e  cons tan t  p re s su re  s p e c i f i c  
h e a t  

(CT) . Constant 

D) Suc t ion  l i n e  diameter  

(DHI 1 Inducer  head rise 

(DHM) Main pump head rise 

Uni t s  

2 i n .  

f t l s e c  

f t lsec 

B t u /  lb-  O R  

- 

f t  

f t  

f t  

387 



Appendix C 

(NI, NIFIN) 

NM 

(NPSHI) 

(NPSHM) 

(NPSNI) 

Def in i t ion  

Inducer normalized head rise 

Main pump normalized suc t ion  head 

Inducer tu rb ine  enthalpy drop 

Inducer t u rb ine  i s e n t r o p i c  enthalpy drop 

Main turb ine  enthalpy drop 

Inducer pressure  rise 

Main pump pressure rise 

Incremental t i m e  change 

Inducer e f f i c i ency  

Main pump e f f i c i ency  

Inducer tu rb ine  e f f i c i ency  

Main turb ine  e f f ic iency  

Inducer tu rb ine  flow parameter 

Main turb ine  flow parameter 

Suction p ipe  f r i c t i o n  coe f f i c i en t  

Main turb ine  s p e c i f i c  hea t  r a t i o  

Inducer r o t a t i n g  assembly moment of 
i n e r t i a  

Main r o t a t i n g  assembly moment of 
i n e r t i a  

Inducer s h a f t  speed 

Main s h a f t  speed 

Inducer n e t  p o s i t i v e  suc t ion  head 

Main pump n e t  pos i t i ve  suc t ion  pressure  

Inducer normalized suc t ion  head 

Units - 
ft/rpm 2 

ft /rpm 2 

Btu/lb 

B tu /  l b  

Btu/lb 

p s i  

sec 

2 in.-lb-sec 

2 in.  -1b-sec 

f t  

f t  

f t /rpm 2 
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Symbol 

(NP SNM) 

(NP SP I ) 

(NPSPM) 

P I I ,  P2) 

(PMI, PMIF) 

(PRI)  

(Pm, PRMF) 

(PTEI) 

(PTII) 

PTK, P I )  

(PTME) 

(PTTEM) 

(PTTII) 

PTTIM 

(PVP I I )  

(SHPPI, SHPIF) 

(SHPPM) 

D e f i n i t i o n  

Normalized n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  

Inducer  n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  

Main pump n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  

Inducer  i n l e t  p re s su re  

Main pump i n l e t  p re s su re  

Inducer  t u r b i n e  p r e s s u r e  r a t i o  

Main t u r b i n e  p re s su re  r a t i o  

Inducer  t u r b i n e  s t a t i c  exhaust  p re s su re  

Inducer  i n l e t  t o t a l  p r e s s u r e  

Tank p r e s s u r e  

Pump d ischarge  t o t a l  p re s su re  

Main t u r b i n e  exhaust  p r e s s u r e  

Inducer  t u r b i n e  i n l e t  t o t a l  p r e s s u r e  

Main t u r b i n e  i n l e t  t o t a l  p r e s s u r e  

Inducer  i n l e t  vapor p re s su re  

Main pump i n l e t  vapor p r e s s u r e  

Inducer  i n l e t  vo lumetr ic  flow rate 

Main pump i n l e t  vo lumetr ic  flow rate 

Inducer  normalized flow rate 

Main pump normalized flow rate 

Ar i thmet ic  average of inducer  and inducer  
t u r b i n e  power 

Inducer  s h a f t  power 

Main pump s h a f t  power 

Units 

f t / rpm 

p s i  

p s i  

ps i a  

p s i a  

2 

p s i a  

ps i a  

p s i a  

ps i a  

p s i a  

p s i a  

p s i a  

p s i a  

p s i  

gpm 

gpm 

gal/ rev 

g a l l r e v  

hP 
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Symbol 

(SHPTI) 

( S H p T M )  

(SLOPl) 

(SLOP 2) 

(SLOP3) 

(SLOP4) 

(SOV) 

(SVII) 

(SVMI) 

TIME) 

TMINT) 

(TORPI) 

(TORPM) 

(TORTI) 

(TORTM) 

TPII) 

(TPMI) 

(TTEM) . 

(TTEG, TTEI) 

(TTII) 

TTIM) 

Def in i t ion  

Inducer tu rb ine  s h a f t  power 

Main turb ine  s h a f t  power 

F i n i t e  rate of 
flow rate with 
r a t i o  

F i n i t e  rate of 
flow rate with 
r a t i o  

F i n i t e  rate of 
with speed 

F i n i t e  rate of 

change of main tu rb ine  
main turb i n e  pressure 

change of inducer tu rb ine  
main turb ine  p res  s u r e  

change of inducer power 

change of inducer t u rb ine  
-power with speed 

Sonic ve loc i ty  i n  suc t ion  l i n e  

Inducer i n l e t  s p e c i f i c  volume 

Main pump i n l e t  s p e c i f i c  volume 

T i m e  

I n i t i a l  t i m e  

Inducer torque 

Main pump torque 

Inducer tu rb ine  torque 

Main turb ine  torque 

Inducer i n l e t  f l u i d  temperature 

Main pump i n l e t  f l u i d  temperature 

Main turb ine  exhaust temperature 

Inducer tu rb ine  exhaust gas temperature 

Inducer tu rb ine  i n l e t  temperature 

Main turb ine  i n l e t  temperature 

Units - 
hP 

hP 

l b  /sec 

lb / sec  

hp 
rPm 

hp 
rPm 

f t /sec 

f t 3 / l b  

s e c  

sec 

lb-f t 

lb - f t  

lb-f t 

lb-f t 

O R  

OR 

O R  

O R  

O R  
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Symb o 1 

(UCOI)  

( U I  1 

(W 

(W1) 

(-fly w2) 

(WTI, WTIF) 

(WTM , WTMF) 

XLINE) 

XLOSS) 

D e f i n i t i o n  

Inducer  t u r b i n e  v e l o c i t y  r a t i o  

Inducer t u r b i n e  mean b lade  speed 

Main t u r b i n e  mean b lade  speed 

Tank out  weight flow rate 

Pump weight flow rate 

Inducer  t u r b i n e  flow rate 

Main t u r b i n e  flow rate 

Suct ion  p ipe  l eng th  

Exhaust s y s  t e m  l o s s  c o e f f i c i e n t  

units 

f t / s e c  

f t / s e c  

l b / s e c  

l b l s e c  

l b / s e c  

l b / s e c  

f t  

) Designates inpu t  va lue  

( ) Designates computed va lue  

NOTE: Only the  FORTRAN symbols of t h e  MAIN program are shown. Those symbols 
appearing i n  t h e  subprograms are dummy ones. 
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