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FOREWORD 

Rocketdyne, a Division of North American Rockwell 

Corporation, has prepared this interim report which 

documents the work performed in fulfillment of the 

program, "Thermodynamic Improvements in Liquid 

Hydrogen Turbopumps,N during the period from 17 June 
1966 to 17 June 1967. This program is sponsored by 
the National Aeronautics and Space Administration 

under Contract No. NAS8-20324. The work was per- 

formed by the Advanced Turbomachinery Unit of the 

Turbomachinery Department and by the Heat Transfer 

Unit of Advanced Projects Department. The program 

was administered by M r .  J. Suddreth of NASA Head- 

quarters and by Messrs. T. W. Winstead, J. Vaniman, 
L. G r o s s  and R. R. Fisher of Propulsion and Vehicle 
Engineering, NASA Marshall Space Flight Center. 

Mr. R. R. Fisher, as technical Project Manager, pro- 
vided overall technical direction for the study. 

ABSTRACT 

Analytical and experimental results are presented of 

an investigation to develop engineering criteria to 

analyze and improve liquid hydrogen turbopumps f o r  

rocket engine applications from the standpoint of 

alleviating the constraints of extensive pump thermal 

preconditioning and a narrow starting region envelope. 

i i i/iv 
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INTRODUCTION 

Advanced cryogenic oxygen/hydrogen rocket engines for present and future 

mission applications must incorporate rapid start capability free of com- 

plex start and preconditioning sequences. To achieve this goal, the turbo- 

pump, as well as other related engine components, will require development 

of designs which allow rapid conditioning o r  chilling to cryogenic tempera- 

tures o r  which allow ingestion of vapor without serious loss in performance. 

Factors influencing rapid chilldown are numerous and include vehicle mission, 

space environment, engine design, and the basic structural configuration and 

hydrodynamic design of the turbopump. 

The problem of chilldown of the liquid hydrogen pump arises as a result 

of the extremely low temperature to which the pump must be reduced before 

the pump can develop the required pressure and flow for an engine start. 

If the pump were insufficiently chilled, large vapor formation would 

result at subcritical pressures and large density changes would occur 

at supercritical pressures. 

develop the required pressure with vapor, and the large vapor resistance 

downstream of the pump, the pump.wil1 stall, cavitate o r  surge and will 

prevent rapid engine start. An outline of the approach taken in the 

study program just completed to develop thermal design criteria for 

liquid hydrogen turbopumps is described below and is delineated into 

four task study areas. 

Because of the inability of the pump to 

For 'all applicable missions where single altitude start and restartable 

vehicles are involved, the primary problem to be considered is the degree 

o f  pump chilldown and conditioning required. Upon development of design 

and environmental criteria under Task I (Pump Thermal Design) and Task I11 
(Preconditioning and Thermal Protection), alternative pump design approaches 

are established and a basis for design of an optimum pump is obtained. Dur- 

ing Task I and Task I1 (Materials) both the severity of the heat transfer 
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problem ( i n  terms of vapor t ime-rate gene ra t ion ) ,  and t h e  pump vapor swallow- 

ing c a p a b i l i t y  a r e  explored. This  a n a l y s i s  provides  t h e  c r i t e r i a  f o r  estab- 

l i s h i n g  s ta r t  time r equ i r ed  by va r ious  pump conf igura t ions  assoc ia ted  wi th  

d i f f e r e n t  s ta r t  sequences and permits  t h e  e f f e c t  of t u r b i n e  d r i v e  cyc les  

t o  be evaluated.  S t rength  and chil ldown c a p a b i l i t i e s  of m a t e r i a l s ,  includ- 

ing both metal  and nonmetal coa t ings , a re  compared under Task 11. 

develops a l t e r n a t i v e  and "system" s o l u t i o n s  f o r  a l l e v i a t i o n  of t h e  pump 

chilldown p rob le s  e i t h e r  through precondi t ion ing  by hydrogen b leed  through 

t h e  pump be fo re  s t a r t  o r  through ex te rna l  thermal i n s u l a t i o n  f o r  environ- 

mental p ro tec t ion .  

Task 1x1 

With t h e  d e f i n i t i o n  of t h e  s e v e r i t y  of t h e  problem combined with develop- 

ment of t h e  approach-solutions,  e i t h e r  as redes ign  o r  system s o l u t i o n s ,  

a c r i t i c a l  examination of e x i s t i n g  and proposed LH turbopump designs i s  

made during Task I V  (Study of Ex i s t ing  LH2 Pumps). Both a gross  examina- 

t i o n  on t h e  b a s i s  of average thermal s c a l i n g  f a c t o r s  and d e t a i l e d  thermal 

network computer s imula t ion  a r e  completed on s e v e r a l  turbopumps. Where 

e x i s t i n g  experimental  d a t a  on chilldown a r e  a v a i l a b l e ,  they a r e  compared 

wi th  a n a l y t i c a l  r e s u l t s .  

2 

The s tudy  of thermodynamic improvements f o r  LH turbopumps provides r e s u l t s  

t h a t  c a n ~ b e  used f o r  eva lua t ing  t h e  chilldown problem f o r  a range of engine 

t h r u s t  and chamber pressure.  S p e c i f i c  improvements can be d i r e c t e d  toward 

t h e  fol lowing e x i s t i n g  and advanced l i q u i d  hydrogen turbopumps: 

2 

5-2, J-2X, and J-2s NASA 

NASA 

Advanced Engine Design Study, AEB NASA 

RL-10 NASA 

M-1 Engine NASA 
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Advanced Development Program (ADP) Engines 

Advanced Engine Design Study, AFA 
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During Task I V  of  t h e  s tudy ,  d e t a i l e d  a n a l y s i s  of  s eve ra l  of t hese  pumps 

is provided. 

experimental  and a n a l y t i c a l  s tudy data, the  r e s u l t s  from t h e s e  programs 

were a l s o  appl ied .  

Since s e v e r a l  cu r ren t  engine programs have provided some 



SUMMARY 

The analytical study effort reported in the content of this volume is 

directed toward development of criteria for examination of the thermal 

problems associated with a liquid hydrogen turbopump. Delineation of I_ 

the separate study areas associated with the- pump._a_qd-tprhiae-and Llw-.- - 
r%5@EFC~e-~~p&ts of-start , shutdown, coast 

_ - _  - - - '  

undertaking, the approach used was to develop basic criteria and to pro- 

vide supporting analysis which can be applied to a specific turbopump design. 

Development o f  

wherever poss i pproaches wi roportionalities were 

provided. The thrust base assumed is representative of H2/02 fueled engine 
L--."- _--- ------ --- ____ 
systems and-apzli-cation to nuclear 
be as a consequence obtained by a simple flowrate conversion. 

parameter and rating groups was made 
"_I__^_,_ I. 1.1 I 1 r l  ~ -- ~ 11.. - __ I ~ -_ ____ - - __^I-.--"---"-- II 

- I  
1- ~ ~ 

--- _- d H -f'@--- pFBp e-1-1 e d---cEgTn e --Sy stems-" can _- -~ 2 2  

Wherever possible, application of specific existing experimental data is 

made to compare with analytical values and trends. Moreover, a wide range 
of literature was surveyed to support the indicated representative experi- 

mental cases outlined in this report. 

The complexity of the turbopump when analyzed by closed form heat transfer 

and fluid dynamic analysis approaches results in the use of two specific 

techniques. These were the employment of numerous simplifying assumptions 

for the closed form analysis cases and geometrical discretizing approaches 

for computer solutions. In the latter the wide variety of geometrical 

sections inherent in a turbopump design, coupled with computer case time 

limitations, resulted in a less than ideal flow network for some analysis 

circumstances. 

A summary of results for four definitive tasks is shown below. The tasks 

outlined in the summary and r e p o r t  inc1ude:Task I.-Purnp Thermal Design; 
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Task 11.- Mate r i a l s ;  Task 111.- Pump Precondi t ioning and Thermal P ro tec t ion ;  

and Task 1V.-Analysis of Ex i s t ing  Turbopumps. 

undertaken is  shown i n  Fig.  1. 

A capsule  view of programs 

TASK I. PUMP THEBMAL DESIGN 

Task I of t h i s  s tudy  developed t h e  c r i t i c a l  r e l a t i o n s h i p s  € o r  h e a t  t r a n s f e r  

c o e f f i c i e n t s ,  l i m i t i n g  f low and temperature  r e l a t i o n s h i p s ,  c r i t i c a l  t ime 

f a c t o r s  involved i n  engine s ta r t  and a p p l i c a t i o n ,  and an eva lua t ion  of t h e  

two-phase f low pumping problem. 

Analysis  of t h e  wide range of hydrogen temperature  and p res su re  condi t ions  

l e d  t o  t h e  review of t h e  r e l a t i o n s h i p s  f o r  a l l  modes of convect ive and 

b o i l i n g  h e a t  t r a n s f e r .  S e l e c t i o n  of appropr i a t e  equat ions i n d i c a t i v e  of 

b o i l i n g  and/or forced  convection was based on c u r r e n t l y  a v a i l a b l e  l i t e r a -  

t u r e .  I n  t h e  circumstance of subc r i t i ca l -p re s su re  LH f i l m  b o i l i n g  with 

forced  convect ion,  f u r t h e r  examination must  be made due t o  apparent  f i l m  

c o e f f i c i e n t  s e n s i t i v i t y  t o  wal l  temperature.  

2 

Limit ing hydrogen flow mass v e l o c i t y  condi t ions  f o r  chilldown o r  a t  pump 

start  were shown t o  be based on a choked vapor  l i m i t a t i o n  o r  a l i q u i d  t o  

k i n e t i c  energy conversion. As a r e s u l t ,  enlargement of a r e a s  throughout 

t h e  c r i t i c a l  f low components coupled wi th  higher  tank  o r  i n i t i a l  l o c a l  

pressures  w a s  seen t o  be advantageous. 

A s tudy  of engine system and v e h i c l e  t ime f a c t o r s  developed t h e  r e l a t i v e  

importance of t h e  soakback of t u r b i n e  h e a t  and compared t h e  time f o r  radia-  

t i o n  of t h e  t u r b i n e  h e a t  content  t o  t h e  environment. Large t h r u s t  t u r b i n e s  

were shown t o  r e s u l t  i n  a longer r a d i a t i o n  cooldown due t o  t h e  smal le r  r a t i o  

of  su r face  a r e a  t o  mass. Addi t iona l ly ,  t h e  g r e a t e r  l eng th  of t h e  l a r g e r  

turbopump des igns  r e s u l t s  i n  a longer per iod  f o r  t u r b i n e  h e a t  soakback t o  

t h e  pump inducer, Severa l  e a r t h  o r b i t  and lunar and Mars excursion mission 
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t ime cases  were pos tu l a t ed  with l a rge  var iances  noted i n  t h e  time elapsed 

between t h e  successive r e s t a r t s .  

approaches f o r  thermal condi t ion ing  employed must be s u i t a b l e  f o r  a wide 

time range. 

As  a r e s u l t ,  it w a s  seen t h a t  t he  general  

An i n v e s t i g a t i o n  i n t o  two-phase flow inges t ion  i n  the  pump w a s  made. 

case of vapor en te r ing  t h e  pump impel ler  through t h e  i n l e t  l i n e  w a s  examined. 

The t w o  types  02 flow processes  t h a t  were developed and analyzed were 

f o r  hydrogen wi th  cons tan t  q u a l i t y  and equi l ibr ium flow. 

determine t h e  quan t i ty  of vapor generated on t h e  pumping su r faces  w a s  in- 

i t i a t e d .  

they were s tud ied  along wi th  t h e i r  poss ib l e  e f f e c t s  on pump performance. 

This s tudy  a l s o  provided background as t o  how a pump should be modified 

t o  handle two-phase flow, and provides mathematical d e s c r i p t i o n s  of t h e  

two flow processes  t h a t  form t h e  boundaries of t h e  a c t u a l  f low process .  

The l ack  of adequate experimental  da t a  made it impossible t o  s e l e c t  t he  

a c t u a l  f low process ,  

The 

An a n a l y s i s  t o  

Although shock wave e f f e c t s  were no t  considered i n  t h e  a n a l y s i s ,  

TASK 11. MATEEtIAL 

An eva lua t ion  of both metals  and nonmetals w a s  made during t h i s  s tudy  from 

the  s tandpoin ts  of s t r e n g t h  t o  dens i ty  r a t i o ,  thermal shock c a p a b i l i t y ,  

and chilldown time behavior.  

ab ly  compared t o  experimental  t e s t s  on tubes  of va r ious  ma te r i a l s .  

The r e s u l t s  of a n a l y t i c a l  s tudy  were favor- 

Considerat ion of both t h e  s t r e n g t h  and shock c h a r a c t e r i s t i c s  of t h e  var ious  

ma te r i a l s  w a s  made. 

s t r e n g t h  t o  d e n s i t y  r a t i o  m a t e r i a l s  with t i t an ium g r e a t e r  a t  l o w  tempera- 

t u r e s .  The high s t r e n g t h  charac te r  of t h e  t i t an ium would appear t o  allow 

a good thermal shock c h a r a c t e r i s t i c  providing t h e  thermal s t r e s s e s  remain 

below t h e  y i e l d  value.  

a poor d u c t i l i t y  a t  lower temperatures.  

Titanium and Inconel  were shown t o  be t h e  h ighes t  

A poor r a t i n g  based on p l a s t i c  behavior r e f l e c t s  
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Considerat ion of p a r t i a l  and complete chilldown of t h e  ma te r i a l s  was made 

by both  c losed  form a n a l y s i s  and numerous computer runs. For s l o w  c h i l l -  

downs where a minimum of coolan t  f low is t o  be used,  a l igh tweight  pump 

of high conduct iv i ty  aluminum is t h e  mos t  s u i t a b l e .  For this  circumstance 

the  e n t i r e  pump body w a s  assumed t o  be reduced t o  t h e  f i n a l  cryogenic 

temperature.  Fo r  more r a p i d  chil ldowns where the  hea t  content  i s  removed 

from t h e  wet ted su r faces  only ,  t h e  l o w  conduct iv i ty  of t i t an ium o r  s t a i n l e s s -  

s t e e l  m a t e r i a l s  appears  t o  o f f e r  advantage. For t h i s  l a t t e r  case t h e  pump 

hea t  content  is  b o t t l e d  i n  t h e  i n t e r i o r  reg ions  of t h e  pump and allowed t o  

b leed  i n  a t  a t o l e r a b l e  r a t e  during mainstage operat ion.  

Computer examples were s t u d i e d  f o r  both i n s u l a t e d  coated su r faces  and f o r  

su r faces  of f i n i t e  length .  F l ex ib l e  low conduct iv i ty  i n s u l a t i n g  coa t ings  

such as Kel-F can be used f o r  reducing t h e  coa t ing  su r face  r a p i d l y  t o  t h e  

nuc lea t e  b o i l i n g  temperature  where h e a t  t r a n s f e r  f i l m  c o e f f i c i e n t s  a r e  

la rge .  This  r e s u l t s  i n  a r a p i d  metal  chilldown. A l t e r n a t i v e l y ,  t h e  coat-  

ing can a c t  as a thermal b a r r i e r  t o  prevent  t h e  base metal  h e a t  from enter-  

ing t h e  coolan t .  

t h e  coa t ing  B i o t  number. 

Se l ec t ion  of t hese  cases  i s  provided by a s t i p u l a t i o n  of 

Pumps with long passage length t o  hydraul ic  diameter r a t io s  were shown t o  

cause a cons iderable  coolant  bulk temperature r i s e  which delays t h e  cool- 

down of  t h e  downstream regions  of t h e  pump f o r  f a s t  chilldown circumstances.  

For maximum u t i l i z a t i o n  of a s l o w  chil ldown flow wi th  a minimized pump mass, 

t h e  a l t e r n a t i v e  of long pump passage length  t o  hydraul ic  diameter r a t io s  

a l l o w s  t h e  g r e a t e s t  wet ted su r face  a rea  i n  r e l a t i o n  t o  t h e  pump weight. 

Trans ien t  cooldown t e s t  d a t a  f o r  K-monel, s t a i n l e s s  s t e e l ,  aluminum, t i t a n -  

ium, and copper tube elements was reviewed, 

per iod  r equ i r ed  and hea t  t r a n s f e r  f i l m  c o e f f i c i e n t s  correspondent t o  two- 

phase l i q u i d  hydrogen f low were v e r i f i e d .  

Confirmation of t he  time 
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TASK 111. PRECONDITIONING AND TIERMAL mtOTECTION 

Externa l  i n s u l a t i o n  type  and th ickness  requirements f o r  s to rage  of a c h i l l e d  

turbopump i n  space were e s t ab l i shed .  

t o  provide a s u b s t a n t i a l  improvement over foam insu la t ion  matr ices .  Sensi- 

t i v i t y  of t h e  mul t i l aye r  i n s u l a t i o n  t o  pene t ra t ions  and appendages and in- 

s t a l l a t i o n  approaches i s  t o  be expected. 

pump and tu rb ine  t o  e l imina te  hea t  soakback a f t e r  shutdown appears  t o  p resent  

a problem f o r  both (1) pump mechanical i s o l a t i o n  and (2 )  f o r  pump i n s u l a t i o n  

approaches. Designs f o r  minimum contact  between the  pump and tu rb ine  and 

Super insu la tor  a p p l i c a t i o n  w a s  shown 

Complete thermal  i s o l a t i o n  of the 

i s o l a t i o n  by cooled tu rb ine  t o  pump supports  were developed. Radia t ion  of 

tu rb ine  heat  content  by improved su r face  a rea  appeared a t t r a c t i v e .  Design 

concepts f o r  a r egene ra t ive ly  cooled tu rb ine  t o  lower tu rb ine  hea t  content  

and t o  provide f o r  a lower weight,  l e s s  mass flow turb ine  ind ica ted  f u t u r e  

promise . 

Minimum chilldown f low so lu t ions  f o r  complete pump c h i l l  were favorably  

compared wi th  M-1 and 350K chilldown €low requirements.  Coolant t o t a l  

weight flow f o r  slow c h i l l  condi t ions  was shown t o  be  d i r e c t l y  r e l a t e d  

t o  t h e  pump weight-heat capac i ty .  

TASK IV. STUDY OF EXISTING LH, PUMPS 
I 

During Task I V  s tudy ,  a p p l i c a t i o n  of t h e  a n a l y s i s  der ived  f o r  t h e  preceding 

t a s k s  w a s  made t o  e x i s t i n g  LHn turbopump designs.  Examination w a s  made 

o i  t h e  t h r u s t  

w a s  developed 

r e s u l t e d  i n  a 

pump 

L 

s c a l i n g  of turbopumps o n  t h e  chil ldown t ime requi red .  It 

t h a t  t h e  p ropor t iona te ly  g r e a t e r  mass of l a r g e  t h r u s t  pumps 

longer t ime per iod  r q u i r e d  t o  provide a completely c h i l l e d  

Study of t h e  5-2 MK-15 turbopump both  i n  o r b i t  and f o r  ground condi t ions  

w a s  accomplished. Good agreement of s i m p l i f i e d  a n a l y t i c a l  approaches f o r  

10  



orbital preconditioning and turbine cooldown with experimental Saturn AS203 

flight data was noted. A detailed chilldown and heat soakback study of the 
MU-15 pump was also made. 

of soakback and prcchill were analyzed. 

on an LH 
able comparison of analysis with experimental test data for preconditioning 

was also shown. 

Critical areas within the pump for varying periods 

A similar analysis was performed 
350K pump to provide heat soakback and cooldown criteria. A favor- 2 

For existing pump configuration limits, prcchill flow tests for maximum flow 

utilization were studied. 

thermal conductivity titanium pumps were shown to be substantially below 

those for aluminum pumps. 

metrical characteristics were also explored. 

Allowable prechill flowrate peTcentages for low 

Higher pump inlet pressures and better pump geo- 
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TASK I: PUMP T€IEIMAL DESIGN 

Task I s tudy a n a l y s i s  was aimed a t  e s t a b l i s h i n g  g u i d e l i n e s  f o r  the subse- 

quent t a s k  s t u d i e s .  I t  endeavored t o  provide t h e  b a s i c  c r i t e r i a  f o r  hydrogen 

h e a t  t r a n s f e r  c o e f f i c i e n t s  a s  a func t ion  of t h e  hydrogen thermodynamic s t a t e  

and h e a t  t r a n s f e r  r a t e  i n t e n s i t y .  Addi t iona l ly ,  p a r t i a l  d e f i n i t i o n  of t he  

t i m e  per iods  involved i n  engine and pump s t a r t u p ,  shutdown, o r b i t i n g ,  

e t c . ,  t o  e s t a b l i s h  the time bounds necessary was developed. The e f f e c t s  

of pump inducer  and impel le r  geometry were comprehensively examined during 

Task I and the pumping a b i l i t y  f o r  two-phase flow s i t u a t i o n s  was determined. 

HEAT TRANSFER COEFFICLENTS 

There a r e  numerous p o s s i b l e  h e a t  t r a n s f e r  c o e f f i c i e n t  regimes t h a t  may 

occur during t r a n s i e n t  turbopump opera t ion  during s t a r t u p  u n t i l  t h e  r e l a -  

t i v e l y  ho t  components r each  thermal equi l ibr ium w i t h  t h e  hydrogen. The 

poss ib le  flow regimes and h e a t  t r a n s f e r  condi t ions  a r e  l i s t e d  below. 

Boi l ing  ( S u b c r i t i c a l  P and T) 

P o o l  Boi l ing  (Zero V e l o c i t y 1  

1. Nucleate 

2 .  T rans i t i on  

3 .  Film 

Forced Convection w i t h  Boi l ing ,  

1. Nucleate ( l o c a l )  

2 .  T r a n s i t i o n  ( l o c a l )  

3 .  Film ( l o c a l )  

4.  Bulk Boil ing:  I n  order  of increas ing  g a s  content  - 
a .  

b. 

c .  Annular f low (vapor co re ,  l i q u i d  annulus) 

d .  M i s t  flow ( l i q u i d  d r o p l e t s  i n  gas  stream) 

Bubble flow (vapor bubbles i n  l i q u i d  stream) 

Slug  flow ( a l t e r n a t i n g  s l u g s  of vapdr and l i q u i d )  

R-7138 
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Forced Convection 

Boundary Layer Flow (Short  Lengths) 

Ful ly  Developed Channel Flow 

During the  course of turbopump s t a r t u p  per iods ,  a s e r i e s  of s equen t i a l  

events  occur a t  a given loca t ion  i n  the  pump which may be out l ined  a s  

follows: 

1. Large q u a n t i t i e s  of g a s  a r e  genera ted ,  decreasing wi th  time a s  

the  metal  cools  and hydrogen flow inc reases ,  which tend t o  r e t a r d  

t h e  r i s e  i n  hydrogen f lowra te .  During t h i s  phase of opera t ion  

l o c a l  f i l m  o r  t r a n s i t i o n  b o i l i n g ,  and poss ib l e  bulk  b o i l i n g ,  a r e  

the  more l i k e l y  flow regimes. 

2 .  A s  t h e  metal  sur face  cont inues t o  cool  down t o  a va lue  w i t h i n  

20 t o  40 R above the  s a t u r a t i o n  temperature ,  t he  hea t  f l u x  w i l l  

i nc rease  a s  t h e  flow passes  through the  t r a n s i t i o n  flow regime 

i n t o  nuc lea te  b o i l i n g .  I f  t h e  hydrogen pressure  o r  temperature 

+ has increased above t h e  c r i t i c a l  va lues ,  b o i l i n g  w i l l  cease and 

only forced convection cool ing w i l l  occur.  

3. The f i n a l  phase of t he  t r a n s i e n t  opera t ion  occurs  when the  forced- 

convection regime i s  encountered and u l t ima te ly  cools  t h e  sur face  

of t h e  metal  down t o  the  hydrogen bulk temperature.  The forced- 

convection regime may be reached by e i t h e r  passing through the  

b o i l i n g  regimes,  i f  t he  hydrogen pressure  and temperature a r e  

below t h e  c r i t i c a l  p o i n t ,  o r  by v i r t u e  of a s u p e r c r i t i c a l  tempera- 

t u r e  o r  pressure  condi t ion.  The f i l m  c o e f f i c i e n t  regime w i l l  vary 

a t  d i f f e r e n t  l oca t ions  i n  the  pump s ince  t h e  hydrogen pressure  and 

temperature r i s e s  and t h e  component temperatures change a s  the  flow 

progresses  through the  va r ious  components. I n  a d d i t i o n ,  t he  geome- 

t r y  presented t o  t h e  flow changes from loca t ion  t o  loca t ion  i n  

turbopumps. Thus, it i s  ev ident  t h a t  t he  problem i s  a func t ion  

of bo th  time and geometry, and i s  extremely complex t o  t r e a t  

p r a c t i c a l l y .  
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Pool  B o i l i n g  

P o o l  b o i l i n g  w i l l  occur  i n  t r a n s i e n t  turbopump o p e r a t i o n  d u r i n g  t h e  i n i t i a l  

phase of s t a r t u p  i f  t h e  hydrogen v e l o c i t i e s  a r e  low and passage l e n g t h s  a r e  

long.  The t h r e e  reg imes  of b o i l i n g ,  namely, n u c l e a t e ,  t r a n s i t i o n  and f i l m  

b o i l i n g ,  a r e  shown i n  F i g .  2 a t  a tmospheric  p r e s s u r e  a s  an i l l u s t r a t i v e  

example. A l l  t h r e e  reg imes  a r e  p l o t t e d  i n  F i g .  3 f o r  t h e  bulk  b o i l i n g  c a s e  

(TB = TsAT), t h a t  i s ,  w i t h o u t  subcool ing .  

c h a r a c t e r i z e d  by t h e  format ion  of many i s o l a t e d  vapor  bubbles ,  which m a i n t a i n  

t h e  w a l l  t empera ture  w i t h i n  about  20 R of t h e  s a t u r a t i o n  tempera ture  by an 

i n c r e a s e  i n  b o i l i n g  a g i t a t i o n  when t h e  h e a t  f l u x  i s  i n c r e a s e d .  The peak 

The n u c l e a t e  b o i l i n g  regime i s  

n u c l e a t e  b o i l i n g  h e a t  f l u x  marks t h e  o n s e t  of t r a n s i t i o n  t o  f i l m  b o i l i n g  

which r e s u l t s  i n  t h e  format ion  of a gaseous  f i l m  a t  t h e  s u r f a c e  of t h e  

w a l l .  Once t h e  maximum n u c l e a t e  b o i l i n g  h e a t  f l u x  i s  reached ,  t h e  h e a t  

f l u x  c a p a b i l i t y  of t h e  f l u i d  i s  d r a s t i c a l l y  reduced and the w a l l  tempera- 

t u r e  i s  f o r c e d  t o  i n c r e a s e  t o  a v e r y  h i g h  v a l u e ,  w e l l  w i t h i n  t h e  s t a b l e  

f i l m  b o i l i n g  regime.  P h y s i c a l l y ,  n u c l e a t e  b o i l i n g  can a c c e p t  a much l a r g e r  

h e a t  f l u x ,  f o r  a g i v e n  tempera ture  d i f f e r e n c e  (T  

case because of t h e  d e t r i m e n t a l  i n s u l a t i n g  n a t u r e  of t h e  gaseous  f i l m  t h a t  _,I- 

o c c u r s  d u r i n g  f i l m  b o i l i n g .  F i g u r e  2 r e p r e s e n t s  t h e  s i m p l e s t  c a s e  f o r  a . 

b o i l i n g  l i q u i d  s i n c e  i t  i s  p o s s i b l e  f o r  t h e  l i q u i d  bulk  tempera ture  t o  be 

a t  a v a l u e  below t h e  s a t u r a t i o n  tempera ture  (subcooled)  ,which r e s u l t s  i n  

l o c a l  b o i l i n g  only  a t  t h e  w a l l  s u r f a c e .  

- T B ) ,  t h a n  t h e  f i l m  b o i l i n g  
--- -- W 

F i g u r e s  3 and 4 d iagrammat ica l ly  show t h e  behavior  of b o i l i n g  hydrogen 

w i t h  subcool ing.  When a subcooled c o n d i t i o n  e x i s t s ,  t h e  b o i l i n g  i s  

l o c a l i z e d  a t  t h e  h e a t e d  s u r f a c e  and t h e  vapor  c o l l a p s e s  once i t  m i g r a t e s  

i n t o  t h e  bulk .  It may be seen i n  F i g .  3 t h a t  t h e  n u c l e a t e  b o i l i n g  regime 

e x t e n d s  over  a v e r y  narrow range  of subcool ing ,  which i n d i c a t e s  t h a t  the 

m a j o r i t y  of turbopump o p e r a t i o n  w i l l  be i n  t h e  f i l m  b o i l i n g  regime a t  sub- 

c r i t i c a l  p r e s s u r e s .  The e f f e c t  of e l e v a t i n g  p r e s s u r e ,  and consequent ly  

t h e  s a t u r a t i o n  t e m p e r a t u r e ,  i s  q u i t e  marked a l t h o u g h  t h e  f i l m  b o i l i n g  

h e a t  f l u x  c a p a c i t y  i s  r e l a t i v e l y  l o w .  
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Forced Convection w i t h  B o i l i n g  

The same b o i l i n g  regimes e x i s t  i n  a moving f l u i d  a s  i n  t h e  c a s e  of pool  

b o i l i n g .  

w i t h  b o i l i n g .  F i g u r e  5 i s  a p l o t  of some d a t a  f o r  t h e  b o i l i n g  c a s e .  The 

100 p e r c e n t  q u a l i t y  p o i n t  d a t a  appear  t o  be somewhat h i g h e r  than  t h e  two- 

phase f low d a t a .  I n  g e n e r a l ,  t h e  i n f l u e n c e  of f l u i d  v e l o c i t y  i s  t o  r a i s e  

t h e  h e a t  f l u x  c a p a b i l i t y  c o n s i d e r a b l y  above t h e  pool  b o i l i n g  v a l u e s ,  and 

use of pool  b o i l i n g  d a t a  f o r  p r e d i c t i n g  hydrogen f i l m  c o e f f i c i e n t s  would 

provide low v a l u e s  f o r  t h i s  c i rcumstance .  

Some d a t a  a r e  a v a i l a b l e  (Hefs.  24,  41) f o r  f o r c e d  convect ion 

The s e l e c t i o n  of t h e  d imens iona l  c o r r e l a t i n g  parameter  shown i n  F ig .  5 
( hdo 2/G, o'8) was made f o r  s i m p l i f i c a t i o n  purposes  i n  t h e  near  c r i t i c a l  

t empera ture  r e g i o n  due t o  t h e  s t r o n g  f l u i d  p r o p e r t y  v a r i a t i o n  w i t h  v a r y i n g  

w a l l  t o  c o o l a n t  tempera ture  r a t i o s .  Confirmation of t h i s  s e l e c t e d  parameter  

was Seen under Task 11 s t u d y  where cooldown s t u d i e s  of i n d i v i d u a l  m e t a l  t u b e s  

were examined. 

Within t h e  c r i t i c a l  t empera ture  r e g i o n  a s u b s t a n t i a l  lowering of t h e  

S t a n t o n  number (based on f r e e s t r e a m  p r o p e r t i e s )  i s  noted .  

h i g h l y  s u p e r c r i t i c a l  p r e s s u r e  and tempera ture  a t  a reasonably  h i g h  Rey- 

n o l d s  number, a v a l u e  of x . 0 0 2  i s  r e p r e s e n t a t i v e ,  f o r  f i l m  b o i l i n g  w i t h  

f o r c e d  convec t ion ,  r e d u c t i o n s  o f  4 t o  5 can occur .  Further a n a l y t i c a l  

s t u d y  i s  n e c e s s a r y  t o  compare exper imenta l  S t a n t o n  number behavior  w i t h  

b o t h  w a l l  t o  b u l k  tempera ture  changes and f l u i d  q u a l i t y  i n  t h e  n e a r  

c r i t i c a l  t empera ture  r e g i o n .  

Whereas f o r  

Boundary Layer Flow 

Boundary l a y e r  t h e o r y  can be used t o  c a l c u l a t e  hydrogen h e a t  t r a n s f e r  

c o e f f i c i e n t s  on a body w i t h  v a r y i n g  p r e s s u r e  g r a d i e n t s  i n  s h o r t  l ength-  

to-diameter  passages .  F i g u r e  6 i l l u s t r a t e s  t h e  c r o s s  s e c t i o n  of an 
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. . .  

Figure 6. Illustration of Boundary Layer Growth and 
Critical Regions of Pump Impellers 
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i m p e l l e r  b l a d e  f o r  t y p i c a l  a x i a l  and c e n t r i f u g a l  LH pumps. The boundary 

l a y e r  forms a t  t h e  l e a d i n g  edge of t h e  b l a d e s  w i t h  an i n i t i a l  f i n i t e  

t h i c k n e s s  and grows a long  t h e  l e n g t h  of t h e  b l a d e .  The boundary l a y e r  

growth depends upon t h e  contour  of t h e  b l a d e  s u r f a c e s  and on t h e  f l u i d  

v e l o c i t y  and p r e s s u r e  d i s t r i b u t i o n s .  Although e x a c t  s o l u t i o n s  of boundary 

l a y e r  e q u a t i o n s a r e  a s s o c i a t e d  w i t h  mathemat ica l  d i f f i c u l t i e s ,  approximate 

i n t e g r a l  methods of s o l u t i o n  have been developed f o r  p r a c t i c a l  a p p l i c a t i o n s .  

2 

The s o l u t i o n  which i s  obta ined  from t h e  boundary l a y e r  energy e q u a t i o n  

(Ref.  19) i s  based upon t h e  Von Karman i n t e g r a l  energy e q u a t i o n  f o r  laminar  

o r  t u r b u l e n t b o u n d a r y  l a y e r  f lows  w i t h  a p r e s s u r e  g r a d i e n t .  

i s  v a l i d  f o r  i n c o m p r e s s i b l e  o r  compressible  f l u i d s  w i t h  a n o n a d i a b a t i c  w a l l  

t empera ture .  I t s  a p p l i c a t i o n  r e q u i r e s  an e m p i r i c a l  d e s c r i p t i o n  of t h e  

S t a n t o n  number behavior  w i t h  energy thickness-based Reynolds number. 

T h i s  e q u a t i o n  

The i n t e g r a l  energy e q u a t i o n  can be w r i t t e n  a s :  

(1) 
dTW 1 d(pU)  + L 

dr] d s  pU d s  r d s  + -  

An e m p i r i c a l  e q u a t i o n  f o r  t h e  S t a n t o n  number ( C  ) w i t h  the i n t e g r a l  energy 

e q u a t i o n  w i l l  permi t  t h e  energy t h i c k n e s s  and h e a t  t r a n s f e r  c o e f f i c i e n t s  

t o  be determined a t  t h e  w a l l  boundary. 

H 

A f t e r  e v a l u a t i n g  t h e  i n t e g r a l  energy e q u a t i o n ,  t h e  smooth s u r f a c e  S t a n t o n  

c o e f f i c i e n t  i s  known. 

l e d  t o  the e q u a t i o n  f o r  h e a t  t r a n s f e r  i n  terms of h e a t  t r a n s f e r  c o e f f i c i e n t s  

f o r  f low i n  rough p i p e s :  

A r e c e n t  t h e s i s  by Dipprey (Ref.  14) f o r  p ipef low 

(2 
0 

CH 
- --- h - 

NST pV Cp 1 + )/q [f (€*, Npr) - 8 .481  
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where t h e  v a l u e  of f (e*, Npr) i s  dependent on g u r f a c e  roughness  <*. 
hydrogen Reynolds  number c o n d i t i o n s  encountered over  the b l a d e  s u r f a c e s  can 

r e s u l t  i n  s t r o n g  s u r f a c e  roughness  e f f e c t s .  

High 

T~~ T~~~ 

> T~~~ 

SAT TWc >> T 

F u l l y  Developed Channel Flow 

T~ 5 T~~~ 

I 

E x t e n s i v e  d a t a  e x i s t  on f u l l y  developed channel  o r  p i p e  f l o w ,  which a l l o w s  

a c c u r a t e  p r e d i c t i o n  o f  hydrogen f i l m  c o e f f i c i e n t s  i n  t h e  l iqu id-and  s i n g l e -  

phase forced-convect ion  regimes.  T y p i c a l  c o o l i n g  curves  a r e  shown i n  F i g .  7 
and 8, which encompass a wide range  of bu lk  t e m p e r a t u r e s  and p r e s s u r e s .  

The f o l l o w i n g  t a b l e  summarizes t h e  c o n d i t i o n s  r e q u i r e d  f o r  t h e  p o s s i b l e  

b o i l i n g  and n o n b o i l i n g  hydrogen f low regimes.  

TABLE 1 

COMPARATIVE HEAT TRANSFER REGIMES 

Ylode 

K P o o l  B o i l i n g  

1. Nuclea te  

2. T r a n s i t i o n  

3 .  Film 

11 B o i l i n g  and Forcec 
Convection 

1. Nuclea te  

2. T r a n s i t i o n  

3.  Film 

4. Bulk B o i l i n g  

I11 Forced Convect ion 

Q/A 

High 

Low 

High 

High 

Low 

High 

High 

Low t o  
High 

Low 

vH 

0 

0 

0 

? i n i  t c  

I 
? i n i  t e  

? i n i t €  

Bulk 

B o i l i n g  
i f  T =T B SAT 

Nonboil ing 
i f  TB< TSAT 

B o i l i n g  
i f  T =T B SAT 

Nonboil ing 
i f  TB<TsAT 

Nonboil ing 

Nonboil ing 

*WC 1 TB pB 

Sub- 
l r i t i c a l  

Sub- 
kit i ca 1 

Super- 
kit i c a  1 

Sub- 
, - .  
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Figure 7 .  Correlat ion o f  Liquid Hydrogen Straight-Tube 
Data w i t h  Rocketdyne Equation 
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LXMITING FLUD VELOCITY AND TEMF'ERATURF: CONDITIONS 

During the pump i n i t i a l  s t a r t  per iod  when the pump s u r f a c e s  a r e  warm and 

t h e  pump p r e s s u r e s  a r e  a t  t a n k  head v a l u e ,  an e v a l u a t i o n  of t h e  maximum 

l i q u i d  and vapor  mass v e l o c i t y  ( p  V ) i s  r e q u i r e d  f o r  d e t e r m i n a t i o n  of 

l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s .  For long f l u i d  passage c i r c u i t s  w i t h i n  

the pump ( a s  i l l u s t r a t e d  i n  Fig. 9 ) a t  t h e  beginning  of  f l o w  o n s e t ,  the 

pump f l u i d  o u t l e t  t empera ture  can be g r e a t e r  t h a n  50 p e r c e n t  of t h e  warm 

w a l l  t o  c o o l a n t  tempera ture  d i f f e r e n c e .  A s  a r e s u l t ,  f o r  pumps s u b j e c t  

t o  r e s t a r t  i n  a warm c o n d i t i o n ,  i n i t i a l  c o o l a n t  o u t l e t  t e m p e r a t u r e s  may 

approach 520 R.  

w i t h  a vapor  s t a t e  i s  t h e  choked c o n d i t i o n .  F igure  10 i l l u s t r a t e s  f o r  

i n l e t  p r e s s u r e  c o n d i t i o n s  of 14 .7  and 40 p s i a  t h e  s t a g n a t i o n  d e n s i t y  

a c o u s t i c  v e l o c i t y  p r o d u c t .  Over t h e  tempera ture  range  the l o c a l  s t a t i c  

t o  s t a g n a t i o n  d e n s i t y  r a t i o  may be determined from F i g .  11. The l o c a l  

maximum g a s  mass v e l o c i t y  may be e v a l u a t e d  by t h e  r e l a t i o n s h i p  

m m  

A l i m i t i n g  f low mass-ve loc i ty  c o n d i t i o n  f o r  the pump 

1 

('m 'm) choked (3) 

E v a l u a t i o n  of t h e  maximum l i q u i d  mass v e l o c i t y  was accomplished by assuming 

a convers ion  of the i n l e t  p r e s s u r e  head t o  a v e l o c i t y  head a s  shown i n  

F i g .  12. A range  of c o o l a n t  mass v e l o c i t y  which might  be expected f o r  a 
2 

40-psia i n l e t  c o n d i t i o n  would be 0.5 lb/in.*sec (200 R g a s )  t o  6 l b / i n .  sec 

(42 R l i q u i d ) .  

t h e  pump a t  s t a r t  can be c a l c u l a t e d  from t h e  minimum f low a r e a  l o c a t i o n  

(pump, t h r u s t  chamber o r  i n j e c t o r )  and l o c a l  S t a n t o n  number and h e a t  

t r a n s f e r  c o e f f i c i e n t s  may be t h u s  determined.  

E v a l u a t i o n  of l o c a l  maximum mass v e l o c i t y  c o n d i t i o n  w i t h i n  

\ 

Chilldown i n  the pump t o  the tempera ture  v a l u e  c o n s i s t e n t  w i t h  t h e  NPSH 

and pump performance i s  r e q u i r e d  d u r i n g  t h e  course  of  a s p e c i f i c  chi l ldown 

s t u d y .  For s u p p r e s s i o n  of n u c l e a t e  o r  f i l m  b o i l i n g ,  w a l l  s u r f a c e  and c o o l a n t  

tempera ture  a t  l o c a t i o n s  of p r e s s u r e  below the c r i t i c a l  (P = 188 p s i a )  c r i t  
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must be below 60 R (Fig .  13). 
w a l l  s u r f a c e  t e m p e r a t u r e s  must be reduced below 43 R. A s  a r e s u l t  any 

p r e c o n d i t i o n i n g  o r  c h i l l  t h a t  is p r e s c r i b e d  must be f a i r l y  complete b e f o r e  

a c o n d i t i o n  of no vapor  format ion  i s  provided .  Tolerance  of t h e  LH2 pump 

t o  l a r g e  and s m a l l  vapor  f l o w r a t e s  i s  provided i n  a l a t e r  s e c t i o n  of t h i s  

r e p o r t .  

For  i n i t i a l  t a n k  head p r e s s u r e s  of 40 p s i a  

CRITICAL TIME FACTORS 

I n  e v a l u a t i o n  of t h e  t r a n s i e n t  o p e r a t i n g  p e r i o d  f o r  a cryogenic  pump, a 

number of c r i t i c a l  t i m e  c o n s t a n t s  a f f e c t i n g  i t s  t h e r m a l  r e s p o n s e  must be 

thoroughly  c o n s i d e r e d .  These a r e :  (1) engine  s t a r t  t i m e ,  (2) lower time 

l i m i t  of pump s t a r t ,  (3 )  c o o l a n t  t r a n s i t  t ime through t h e  pump and l i n e  

plumbing, and (4) l i n e  plumbing and pump body t i m e  r e s p o n s e .  I n  a d d i t i o n ,  

f o r  an  engine  r e s t a r t ,  t h e  f o l l o w i n g  t ime f a c t o r s  must a l s o  be cons idered:  

space s t o r a g e  t i m e ,  space r a d i a t i o n  t i m e ,  and time between s t a r t s  f o r  

t u r b i n e  h e a t  soakback. The e v a l u a t i o n  of r e l a t i v e  c r i t i c a l  time c o n s t a n t  

a l l o w s  an immediate s t i p u l a t i o n  of t h e  r e l a t i v e  importance of e a c h  f a c t o r  

on t h e  pump o v e r a l l  mechanical  and hydrodynamic performances.  

Engine S t a r t  Times 

The g o a l  f o r  engine  s t a r t u p  i s  t o  a c h i e v e  minimum t i m e  from i n i t i a l  t o  

mainstage t h r u s t  w i t h  p r e s e n t  t a r g e t  t i m e s  f o r  t y p i c a l  02/% e n g i n e s  b e i n g  

i n  the range  of 1 t o  5 seconds.  L i m i t a t i o n s  t o  t h i s  minimum v a l u e  a r e  

encountered i f  e i t h e r  pump c a v i t a t i o n  o r  s t a l l  i s  i n i t i a t e d .  Absorp t ion  

of h e a t  by the cryogenic  p r o p e l l a n t s  from t h e  warm l i n e ,  v a l v e ,  pump, and 

t h r u s t  chamber s u r f a c e s  can r e s u l t  i n  an e v o l u t i o n  of h i g h  volume of low- 

d e n s i t y  g a s  d u r i n g  t h e  i n i t i a l  time per iod  when f low and p r e s s u r e s  a r e  low 
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The pump i s  only  one of many components i n  the engine  system t h a t  i s  

involved i n  a warm s t a r t ;  t h e r e f o r e ,  it must be s t u d i e d  o n l y  i n  terms 

of i t s  performance a s  i t  i n f l u e n c e s  the s t a r t  cyc le .  It should be k e p t  

i n  mind t h a t  the u l t i m a t e  o b j e c t i v e  i s  t o  a t t a i n  a r a p i d  and e f f i c i e n t  

s t a r t  t h a t  i s  n o t  pena l ized  by t h e  i n i t i a l l y  warm engine .  The i n t e r -  

r e l a t e d  e f f e c t s  of a l l  the engine  components on the engine  s t a r t  a r e  

i l l u s t r a t e d  by t h e  combined engine  and pump o p e r a t i n g  l i n e s  (Fig.  14). 

The h i g h  system r e s i s t a n c e  l i n e  shown i n  F ig .  14 can c o n t r o l  t h e  f low 

i f  t h e  pump, t u b e  bundle ,  and o t h e r  engine  p a r t s  a r e  a l l  warm. The 

r e a s o n  f o r  t h e  h i g h  r e s i s t a n c e  i s  t h a t  f low passages  a r e  s i z e d  f o r  dense 

l i q u i d  and a r e  t o o  s m a l l  f o r  t h e  l a r g e  volumes o f  g a s  genera ted  by t h e  

warm s u r f a c e s .  This h i g h  system r e s i s t a n c e  i s  u n d e s i r a b l e  s i n c e  i t  

r e d u c e s  t h e  f l o w r a t e  and pro longs  t h e  s t a r t  c y c l e .  Moreover, t h e  pump 

a l s o  o p e r a t e s  i n e f f i c i e n t l y  a t  o f f -des ign  c o n d i t i o n s .  

A low system r e s i s t a n c e  a t  s t a r t  w i l l  a c c e l e r a t e  t h e  warm s t a r t i n g  c y c l e  

because i t  p e r m i t s  t h e  f low of a l a r g e  q u a n t i t y  of f l u i d  i n  a s h o r t  time. 

T h i s  can promote r a p i d  c h i l l i n g  of t h e  pump. Low system r e s i s t a n c e  can 

be obta ined  by bypass ing  f low d i r e c t l y  t o  t h e  i n j e c t o r  i n s t e a d  of through 

t h e  h i g h  r e s i s t a n c e  tube  bundle .  

The curve l a b e l e d  " d e s i r e d  s t a r t  t r a n s i e n t "  i s  r e p r e s e n t a t i v e  of a r a p i d ,  

e f f i c i e n t  s t a r t  c y c l e .  The turbopump o p e r a t e s  i n  an  e f f i c i e n t  r e g i o n  of 

performance and w i l l  a c c e l e r a t e  r a p i d l y .  During a d e s i g n  s t u d y ,  turbopump 

parameters  should be i n v e s t i g a t e d  t h a t  w i l l  permi t  o p e r a t i o n  i n  a d e s i r a b l e  

r e g i o n  d u r i n g  warm s t a r t i n g .  The engine  s t a r t i n g  dynamics a r e  t y p i c a l l y  

shown on t h e  performance map of M2 turbopump i n  F i g .  16 w i t h  t i m e  i n t e r v a l s  

i n d i c a t e d .  The t i m e  sequence of e v e n t s  i s  summarized i n  Table  2 .  

Turbopump S t a r t  T ime  

The s t a r t  t i m e  of "dry" turbopumps, where a c c e l e r a t i o n  i s  l i m i t e d  on ly  by 

t h e  i n e r t i a  of t h e  t u r b i n e  r o t o r  assembly, i s  shown i n  F i g .  15. T h i s  s e t s  . 
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TABLE 2 

TlME SEQUENCE OF EVENTS FOR A M2/UI2 ENGINE 

Ehent 

Gas Generator Fuel Valve S t a r t s  t o  Open 

Gas Generator Oxidizer Valve S t a r t s  t o  Open 

G a s  Generator Fuel Primes 

Gas Generator Oxidizer Primes 

G a s  Generator Fuel Valve Ful l  Open 

Gas Generator Oxidizer Valve Ful l  Open 

Main Fuel Valve S t a r t s  t o  Open 

Main Oxidizer Valve S t a r t s  t o  Open 

Igni te r  Valve S t a r t s  t o  Open 

Igni te r  Primes Thrust Chamber 

Oxidizer Primes Thrust Chamber 

Fuel Primes Thrust Chamber 

Igni te r  Valve Fu l l  Open 

10-Percent Thrust 

Main Fuel Valve Fu l l  Open 

Main Oxidizer Valve Ful l  Open 

Igni te r  Valve Closed 

90-Percent Thrust 

Time o f  Even 

Tank He 

LO2 Tank 

A f t  

0 

0 

0.04 

0.04 

0.10 

0.10 

2.15 

2.15 

2.16 

2.16 

2.17 

2.25 

2.15 

2.20 

2.45 

2.45 

2.65 

3.98 

S t a r t  

LO2 Tank 

Forward 

0 

0. 

0.04 

0.04 

0.10 

0.10 

2.14 

2.14 

2.14 

2.16 

2.17 

2.19 

2.19 

2.24 

2.44 

2.44 

2.64 

3.97 

seconds 
~ 

Gas Spin Open 

M2 Tank 

Forward 

0 

0 

0.01 

0.01 

0.10 

0.10 

0 

0 

0 

0.03 

0.03 

0.05 

0.30 

0.04 

0.042 

0.30 

0.40 

1.04 
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the l i m i t  of t h e  f a s t e s t  s t a r t  time f o r  t h e  s t u d y  of the t r a n s i e n t  c h i l l -  

down problem. A c t u a l  s t a r t  t imes f o r  some e x i s t i n g  turbopumps a r e  shown 

i n  Table  3 and,  e x c e p t  f o r  geared turbopumps, t h e  s t a r t  t imes of L02/LH2 

turbopumps a r e  on t h e  o r d e r  of two o r  t h r e e  seconds.  The s t a r t  t r a n s i e n t  

f o r  a p r e c h i l l e d  5-2 L€$ turbopump i s  shown i n  F i g .  17. (S ince  the engine  

system g a s  g e n e r a t o r ,  mix ture  r a t i o  c o n t r o l ,  e t c . ,  i n f l u e n c e s  t h e  s t a r t  

time t o  a l a r g e  e x t e n t  a s  shown i n  t h e  f o l l o w i n g  s e c t i o n ,  a t y p i c a l  r e f e r -  

ence v a l u e  of 2.5 seconds was used f o r  most of t h e  ensuing  a n a l y s i s ) .  The 

engine  s t a r t  t i m e  w i l l  be one l i m i t e d  by system c o n s i d e r a t i o n s  which i n c l u d e  

t h e  pump downstream r e s i s t a n c e ,  pump i n l e t  f low c o n d i t i o n s ,  and pump c a v i t a -  

t i o n  or s t a l l  c r i t e r i a .  

The a b i l i t y  of a warm turbopump t o  deve lop  p r e s s u r e  d u r i n g  t h e  f i r s t  f e w  

seconds of a warm s t a r t  c y c l e  w i l l  be p r i m a r i l y  a f u n c t i o n  of t h e  h e a t  

i n p u t  t o  t h e  f l u i d  from t h e  warm m e t a l  s u r f a c e s .  For  t h i c k  o r  u n i n s u l a t e d  

s u r f a c e s ,  t h e  c o n t r o l l i n g  parameter  w i l l  be t h e  r e l a t i v e  amount of s u r f a c e  

t h e  f l u i d  w i l l  c o n t a c t  b e f o r e  pump p r e s s u r e  can be g e n e r a t e d .  For example, 

f o r  a g iven  m e t a l  t e m p e r a t u r e ,  i f  a pump i m p e l l e r  can g e n e r a t e  p r e s s u r e  

f a s t e r  t h a n  t h e  vapor  p r e s s u r e  can i n c r e a s e  due t o  h e a t  a d d i t i o n ,  the pump 

w i l l  deve lop  s u b s t a n t i a l l y  f u l l  d e s i g n  head and w i l l  n o t  reduce t h e  warm 

s t a r t  c a p a b i l i t y  of t h e  engine .  I n  o t h e r  words,  warm s t a r t i n g  would t h e n  

be e s s e n t i a l l y  an  engine  system r a t h e r  t h a n  a pump problem. 

Turbine D r i v e  and S t a r t  Method E f f e c t s  

I n  o r d e r  t o  evolve  an engine  s t a r t i n g  sequence o r  t o  s t u d y  t h e  t r a n s i e n t  

c h a r a c t e r i s t i c s  of major components, a complete engine  a n a l y s i s  must be 

conducted.  Examination of whether the s t a r t  i s  powered, o r  t a n k  head 

s t a r t  based on a t imer o r  on l e v e l  of engine  o p e r a t i o n ,  must be s p e c i f i e d .  
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TABLE 3 

COMPARISON OF TURBOPUMP STARTING TIMES 

Parame t e r  

Angular V e l o c i t y  

(Design P o i n t )  W r a d / s e c  

S t a r t  Time T 

( W  = 0 t o  Wd T e s t  D a t a ) ,  s e e  

Average A c c e l e r a t i o n ,  

rad/sec 

Mass Moment o f  I n e r t i a  (Wet 

R o t a t i n g  P a r t s ) ,  lb -see  - i n .  

Turb ine  P i t c h  Diameter 

Dm 9 

Turbine Nozzle Area,  i n .  

Turbine P r e s s u r e  Ratio 

d ’  

2 

2 

i n c h e s  

2 

F- 1 

M( 10 

D i r e c t  
Turbine 

Drive 

LO2 -+ IlPl 

581.9 

2.50 

232.8 

250.14 

34.9 

17.040 

16.7 

A t l a s  

MK3 - MA5 
Geared 
Turbine 

Dr ive  

LO2 + IlP 

3103.6 

0 .60  

5172.7 

0.530 

9 . O  

2.286 

15.7 

H- 1 

MK 3 H  
Geared 
Turbine 

Dr ive  

LO2 + LlPl 

3483.2 

0 . 6 0  

5805.3 

0.636 

9 .0  

2.214 

19.3 

J -2 

MK 15-F 

D i r e c t  
Turbine 

Drive 

LO2 i- m, L 

2717.5 

2 . 3 5  

1156.8 

2 .89  

12.5 

2.353 

0 . 5 
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LH 
The f i r s t  i s  one which u s e s  co ld  l i q u i d  o r  g a s  t o  c h i l l  the hardware and 

u s e s  a u x i l i a r y  power f o r  t u r b i n e  s t a r t i n g  (5-2 B a s i c ) .  

(5-25)  u s e s  a more powerful  sou rce  f o r  s t a r t i n g  t h e  e n g i n e ,  a l l o w s  f o r  

mixed-phase p r o p e l l a n t s  a t  the pump i n l e t  b u t  s t i l l  r e q u i r e s  some hardware 

c h i l l i n g  p r i o r  t o  s t a r t .  

t o  s t a r t  w i t h  no a u x i l i a r y  power supp ly .  I n  o r d e r  t o  a c h i e v e  s t a r t  the 

eng ine  i s  w e l l  c h i l l e d  b o t h  p r i o r  t o  s t a r t  and d u r i n g  t h e  long s t a r t  t r a n -  

s i e n t  i t s e l f .  R a t h e r  h i g h  main t a n k  p r e s s u r e s  a r e  r e q u i r e d .  A f o u r t h  

approach  employs o n l y  main t a n k  p r e s s u r e s  t o  s t a r t  b u t  i s  des igned  t o  

s t a r t  w i t h o u t  c h i l l i n g  p r i o r  t o  t h e  s t a r t  s i g n a l .  I n  any of t h e  f o u r  

systems t h e  s t a r t  sequence a l l o w s  f o r  s u f f i c i e n t  c h i l l i n g  d u r i n g  s t a r t  

t o  avoid pump s t a l l  o r  s u r g e .  I n  a d d i t i o n ,  a t y p i c a l  eng ine  must have 

a d d i t i o n a l  c h i l l i n g  and a d d i t i o n a l  t a n k  p r e s s u r e  s o  t h a t  i t  can produce 

e x c e s s  pump t o r q u e  a t  any o p e r a t i n g  p o i n t  w h i l e  a v o i d i n g  a d v e r s e  tempera- 

t u r e s  a t  t h e  t h r u s t  chamber w a l l  and on t h e  t u r b i n e  b l a d e s .  

e n g i n e s  can be c l a s s i f i e d  i n  g e n e r a l  c a t e g o r i e s  f o r  s t a r t  t r a n s i e n t s .  2 

The second t y p e  

The t h i r d  type  (J-2X) u s e s  main t a n k  p r e s s u r e s  

Hydrogen r e a d i l y  changes phase and w i l l  a lways e x p e r i e n c e  a s i g n i f i c a n t  

d e n s i t y  r e d u c t i o n  i n  f lowing  th rough  t h e  c o o l i n g  j a c k e t .  A t  f u l l  t h r u s t  
5 t h e  d e n s i t y  e n t e r i n g  t h e  t h r u s t  chamber j a c k e t  w i l l  be n e a r  4 . 4  l b / f t  

and d e c r e a s e  pe rhaps  an o r d e r  of magnitude b e f o r e  p a s s i n g  t h r o u g h  t h e  

i n j e c t o r .  During s t a r t  t h e  d e n s i t y  w i l l  be even more v a r i a b l e ,  d ropp ing  

a s  low a s  0 .05 l b / f t  . The s t a r t  d e n s i t y  v a r i a t i o n  i s  a f u n c t i o n  of 

e a r l y  m i x t u r e  r a t i o ,  i n i t i a l  t h r u s t  chamber t e m p e r a t u r e  and a b s o l u t e  

p r e s s u r e  l e v e l s .  V a r i a t i o n s  i n  t h e  d e n s i t y  show up a s  i n j e c t o r  and 

tube  bund le  p r e s s u r e  d r o p  and can r e f l e c t  back t o  the f u e l  pump p r e s -  

s u r e  t o  f o r c e  t h e  f u e l  pump i n t o  s t a l l  o r  s u r g e .  

3 

B a s i c a l l y  a high-energy s t a r t  s i m p l i f i e s  t h e  feedback c o n t r o l s  r e q u i r e d  

i n  t h e  eng ine  system. C r i t i c a l  problem r e g i o n s  can be t r a v e r s e d  q u i c k l y .  

A low-ene rgy  s t a r t ,  such a s  t a n k  h e a d ,  r e q u i r e s  a more s o p h i s t i c a t e d  f eed -  

back c o n t r o l  system. N e v e r t h e l e s s ,  a g r e a t  advantage i n  o v e r a l l  c a p a b i l i t y  
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such a s  m u l t i p l e  r e s t a r t s  and long n o n c r i t i c a l  c o a s t  p e r i o d s  can be 

r e a l i z e d .  S t a r t  s t u d i e s  conducted on a t y p i c a l  30K engine ana lyzed  a 

s t a r t  system which h a s  t h e  c a p a b i l i t y ’ o f  a c h i e v i n g  s a t i s f a c t o r y  s t a r t s  

under a wide range of f u e l  pump and t h r u s t  chamber i n i t i a l  t e m p e r a t u r e s .  

The i n i t i a l  t empera ture  of t h s  pump was found t o  be much more s i g n i f i c a n t  

t h a n  the tempera ture  of t h e  t h r u s t  chamber. The t ime t r a n s i e n t s  of chamber 

p r e s s u r e  a r e  shown i n  F i g .  18. 

S t a r t i n g  an  engine w i t h  gaseous hydrogen and a warm t h r u s t  chamber p r e s e n t s  

t h e  problem of h i g h  mixture  r a t i o  e x c u r s i o n s  and p o t e n t i a l i y  h i g h  t u r b i n e  

t e m p e r a t u r e s .  For  q u i c k  r e s t a r t s  a f u e l - r i c h  c u t o f f  w i l l  lower t h e  bulk  

t h r u s t  chamber tempera ture  and a l l e v i a t e  t h e  above problem. 5-2 exper ience  

w i t h  a 400-mil l isecond f u e l  v a l v e  c l o s u r e  shows f i n a l  t h r u s t  chamber tempera- 

t u r e s  below ambient.  S t u d i e s  of t h e  J-2X engine  u s i n g  c h i l l e d  hardware a l s o  

show t h a t  t h e  time t o  mainstage i s  a l s o  a v e r y  s t r o n g  f u n c t i o n  of  f u e l  t a n k  

p r e s s u r e  and t h a t  by v a r y i n g  the tank  p r e s s u r e  from 100 t o  30 p s i a ,  minimum 

s t a r t i n g  times from 3 t o  15 seconds could be achieved .  

Al though i t  is  y e t  t o  be shown i n  d e t a i l ,  i t  appears  t h a t  t h e  l o n g  stark- 

i n g  t i m e  i s  a l s o  dependent  on t h e  t i m e  r e q u i r e d  t o  p r e c o n d i t i o n  the t u r -  

b i n e  power supply  system. I t  i s  f i r s t  n e c e s s a r y  t o  c h i l l  the pump, o r  

t o  prov3.de a d e s i g n  s o  t h a t  even low speeds can  produce a p r e s s u r e  r ise  

through t h e  pump. I t  is  t h e n  n e c e s s a r y  t o  c h i l l  t h e  system t h a t  f e e d s  

l i q u i d  t o  the combustion d e v i c e  which s u p p l i e s  gas  t o  t h e  t u r b i n e .  I n  a 

system s ta r t ,  b o t h  c h i l l  t i m e s  are e q u a l l y  i m p o r t a n t .  These c h i l l  t i m e s  

may be c o n t r o l l e d  by c o n t r o l l i n g  h e a t  t r a n s f e r r e d  t o  t h e  p r o p e l l a n t ,  o r  

by c o n t r o l l i n g  the  amount of f l u i d  €lowing through t h e  warm hardware.  
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V e h i c l e  Mission T i m e  

The s t u d y  of h e a t  t r a n s f e r  i n  LH2 turbopumps depends upon a n  a n a l y s i s  of 

t h e  turbopump a p p l i c a t i o n  and a d e f i n i t i o n  of the turbopump environmental  

i n f l u e n c e s .  

systems,  and more a r e  expected t o  a r i s e  i n  f u t u r e  m i s s i o n s .  Miss ions  and 

v e h i c l e s  must be reviewed t o  s p e c i f y  t h e  o p e r a t i o n a l  requi rements  f o r  

turbopumps i n  te rms  of s t a r t s ,  l e n g t h  of o p e r a t i o n ,  and t h e  environment 

f o r  e a c h  o p e r a t i o n .  T y p i c a l  m i s s i o n s  r e p r e s e n t i n g  t h e s e  c o n s i d e r a t i o n s  

a r e  d e s c r i b e d  below f o r  e s t a b l i s h i n g  c r i t e r i a  n e c e s s a r y  € o r  w e r a l l  

thermal  a n a l y s i s  a s  a f u n c t i o n  of time. 

A v a r i e t y  of u s e s  c u r r e n t l y e x i s t s  f o r  c ryogenic  p r o p u l s i o n  

Apollo Miss ion .  The m i s s i o n  p r o f i l e  p o r t i o n  f o r  landing  on t h e  moon i s  

shown on F i g .  19 and t h e  a s s o c i a t e d  p r o p u l s i o n  system o p e r a t i o n s  d u r i n g  

f l i g h t  are d e s c r i b e d  on Table 4. 

d e l e t e d  f o r  b r e v i t y  on Table  4 and only  space o p e r a t i o n s  a r e  d e p i c t e d .  

Thermal a n a l y s i s  i n  de te rmining  turbopump t e m p e r a t u r e s  h a s  a l r e a d y  been 

conducted c o n s i d e r i n g  p r e l a u n c h  and b o o s t  f l i g h t  t o  o r b i t .  These 

r e p r e s e n t a t i v e  t e m p e r a t u r e s  a r e  shown on F i g .  20.  Continued a n a l y s i s  

f o r  t h e  complete miss ion  w i l l  t h e n  de termine  t e m p e r a t u r e s  r e s u l t i n g  a t  

any t ime f o r  the p r o p u l s i o n  modules r e q u i r e d  f o r  miss ion  accomplishment.  

F l i g h t  p r i o r  t o  t h i r d - s t a g e  o p e r a t i o n  i s  

As c o n d i t i o n s  f o r  t h e r m a l  a n a l y s i s  depend g r e a t l y  on a c t i v e  o r  p a s s i v e  

thermal  c o n t r o l ,  i n t e r r e l a t i o n  w i t h  s p a c e c r a f t  and o t h e r  component i n f l u -  

ences ,  engine  o p e r a t i o n s ,  s p a t i a l  l o c a t i o n ,  sun exposure ,  and m a t e r i a l  

thermal  p r o p e r t i e s ,  a complete h e a t  ba lance  i s  r e q u i r e d .  For  example, 

m a t e r i a l  thermal  c h a r a c t e r i s t i c s  and s u r f a c e  exposure can dominate 

r e s u l t i n g  tempera tures  a s  shown on F i g .  21. These tempera tures  r e s u l t  

i n  n e a r  e a r t h  space t h a t  would be e x p e r i e n c i n g  a s o l a r  h e a t  f l u x  of 

444 B t u / h r - f t  . Other  l o c a t i o n s  i n  space w i l l  r e q u i r e  c h a n g e d ' s o l a r  

h e a t  f l u x e s  a s  shown on F i g .  22.  S i n g l e  s u r f a c e  t e m p e r a t u r e s  can be 

2 
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TABLE 4 

APOLLO MISSION PROFILE 

(14-Day M i s s i o n )  

Module 

S-IVB 

S e r v i c e  
Module 
(SM) 

Lunar  
Excur  s i 01 

Module 
(m) 

F u n c t i o n  

T h i r d - S  t a g e  
Boos t  t o  Low 
E a r t h  O r b i t  

T r a n s  l u n a r  
I n  j e  c t  i o n  

&.d c o u r s e  
C o r r e c t i o n s  

Lunar  O r b i t  
I n s e r t  i o n  
( a l s o  r e t u r n  
f l i g h t )  

Lunar  Descent  
f rom Orb i t  

Lunar  Land 

P r o  pu 1 s i on System 
Opera ti on 

145 S e c o n d s  a t  F u l l  
T h r u s t  

325 Seconds  a t  f i l l  
T h r u s t  

S h o r t  - I n  t e r v a  1 
Thru s t Bur s t s 

Main Eng ine  Burn 
f o r  5 M i n u t e s  f o r  
Lunar  Orb i t  

R e t r o  T h r u s t  
Burn f o r  S h o r t  
Dura t i o n  

D e s c e n t  Eng ine  
F i r i n g  f o r  8 
M i n u t e s  

S t a r t s  

1 

1 

4 u l t i p l e  

1 

1 

vlu 1 t i p  l e  

Remarks 

V e h i c l e  r e m a i n s  i n  o r b i t  
(100 n m i )  f o r  1.5 t o  
4 .5  h o u r s  a f t e r  c u t o f f  

C u t o f f  a t  approxima t e  l y  
1,029,000 f e e t  f o l l o w e d  
by 1 - t o  3-hour  c o a s t  
where t r a n s p o s i t i o n  and 
d o c k i n g  maneuver performec 
and S-IVB j e t t i s o n e d .  SM: 
LEN, and command module 
(CM) c o n t i n u e  t o  moon 

P e r i  od i ca 1 l y  o p e r a t e d  
d u r i n g  60-hour  c o a s t  
p e r i o d  

E s t a b l i s h m e n t  of 80 n m i  
l u n a r  o r b i t  and t h e n  
c o a s t  f o r  a b o u t  2 h o u r s  

CM and SM remain  i n  
l u n a r  o r b i t  

Land and e x p l o r e  f o r  
10 t o  1 4  d a y s  on l u n a r  
s u r f  a ce* 

*Return f l i g h t  w i l l  l a u n c h  and r e n d e z v o u s  i n  l u n a r  o r b i t ,  c o a s t ,  t r a n s e a r t h  
i n j e c t ,  c o a s t ,  and r e - e n t e r  E a r t h  c o r r i d o r .  
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TIME, HOURS 

Figure 20. Predicted Turbopump Temperatures i n  Orbit 
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e s t i m a t e d  f o r  o t h e r  space l o c a t i o n s  by employing t h e  e q u a t i o n  

T space  = (Ispace)'/ '  

T e a r t h  ' ea r th  

i s  h e a t  f l u x  r a t i o  from F i g .  22. where I space/  ' ea r th  

Mars Flyby Miss ion .  Many Mars m i s s i o n s  can be chosen f o r  a n a l y s i s  and 

w i l l  v a r y  a s  a f u n c t i o n  of m i s s i o n  purpose and launch  d a t e .  Mission 

d u r a t i o n s  can v a r y  from f a s t  t r i p s  (450 days)  t o  a s  long a s  1000 days  

depending upon s t a y  time a t  Mars. The miss ion  t r a j e c t o r y  shown on 

F i g .  2 3  r e p r e s e n t s  a f a s t - t r i p  powered f l y b y  of Mars. 

a n a l y s i s  s t a n d p o i n t  t h e  t r a j e c t o r y  flown i n v o l v e s  v a r y i n g  s o l a r  h e a t  

f l u x  i n p u t s  r e l a t i v e  t o  v e h i c l e  and sun p o s i t i o n .  For  t h e  t r a j e c t o r y  

flown t h e  v e h i c l e  r e t u r n  f l i g h t  w i l l  p a s s  c l o s e  t o  a Mercury o r b i t  and 

r e c e i v e  f a i r l y  h i g h  s o l a r  h e a t  f l u x  v a l u e s  due t o  n e a r n e s s  t o  t h e  sun. 

P o s s i b l e  p r o p u l s i o n  system o p e r a t i o n s  f o r  t h i s  miss ion  p r o f i l e  are shown 

on Table  5. Temperatures  w i l l  r e q u i r e  o v e r a l l  h e a t  ba lance  d e t e r m i n a t i o n s  

a s  a f u n c t i o n  of t ime.  

From a t h e r m a l  

An a n a l y s i s  w i l l  a l s o  r e q u i r e  t h e  d e t e r m i n a t i o n  of e f f e c t s  of turbopump 

p r e c o n d i t i o n i n g ,  p o s s i b l e  p r o p e l l a n t  l o s s  i n  p r e p a r i n g  f o r  engine  s t a r t ,  

and thermal p r o t e c t i o n  methods on the c a p a b i l i t y  of t h e  v e h i c l e  and 

p r o p u l s i o n  system t o  complete the m i s s i o n  s u c c e s s f u l l y .  T h i s  e v a l u a t i o n  

w i l l  i d e n t i f y  t h e  advantages  o r  p e n a l t i e s  of t h e  v a r i o u s  methods of e l imi-  

n a t i n g  o r  reducing  turbopump p r e c o n d i t i o n i n g  r e q u i r e m e n t s .  The e f f e c t  of 

p r e c o n d i t i o n i n g  time on the i n i t i a t i o n  and completion of t h e  miss ion  must 

be weighed a g a i n s t  any component weight  o r  p r o p e l l a n t  p e n a l t y .  
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Mare Flyby 
Point 7 

@ Launch from Earth Orbit 

@ Arrival a t  Mars - 180 Days 

@ Venus Orbit Encounter - 357 Days 

@ Near Mercury Orbit Encounter - 387 Days 

@) Second Venus Orbit Encounter - 420 Days 

@ Return t o  Earth - 450 Days ( T o t a l  Tr ip  Time) 

Figure 23. Mars Powered Flyby (1973- Time Period) 
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TABLE 5 

Module F u n c t i o n  

Midcourse  T r a j e c t o r y  
and Power O r i e n t a t i o n  
Turn  S t a g e  

Power Turn  

T r a j e c t o r y  
O r i e n t a t i o n  

MARS POWERED FLYBY MISSION PROFILE 

(450-Day M i s s i o n )  

P r  opu 1 s i  on Sy s tem 
Opera t i o n  

10K t h r u s t  f o r  160 s e c o n d s  
o r  5OK t h r u s t  f o r  32 second 
e v e r y  50 d a y s  

10K t h r u s t  f o r  3200 s e c -  
onds  o r  5OK t h r u s t  f o r  640  
s e c o n d s  a t  160-day t r a j e c -  
t o r y  p o i n t  

10K t h r u s t  f o r  60 s e c o n d s  
o r  5OK t h r u s t  f o r  12 second 
a t  50-day i n t e r v a l s  

S t a r t s  

3 

1 

6 

Rem a r k s  

Outbound F l i g h t  

F lyby  a t  Mars 

R e t u r n  F l i g h t  
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Coolant  T r a n s i t  T i m e  

The h e a t  i n p u t  from t h e  warm m e t a l  s u r f a c e s  t o  t h e  c o o l a n t  ( p r o p e l l a n t )  

a r e  g r e a t e s t  d u r i n g  t h e  c o o l a n t  t r a n s i t  t ime through the pump and l i n e  

passages  i n  t h e  i n i t i a l  pump priming p e r i o d .  

p e r i o d s  can be d e r i v e d  from a summative r e l a t i o n s h i p  through a j number of 

p a s s a g e s  o f  l e n g t h  t, a s :  

Comparison of c o o l a n t  t r a n s i t  

For  long passage  l e n g t h s  and low c o o l a n t  mass v e l o c i t y ,  the c o o l a n t  

t r a n s i t  t ime w i l l  be long and w i l l  r e s u l t  i n  h i g h  h e a t  i n p u t  t o  a u n i t  

of f low.  Coolant  t r a n s i t  t i m e s  through t h e  pump were e v a l u a t e d  d u r i n g  

Task I11 s t u d y  and found t o  be s m a l l  a s  r e p o r t e d  i n  a l a t e r  s e c t i o n .  

Turbopump Wall Time Response 

The c r i t i c a l  thermal  t i m e  response  per iod  f o r  t h e  turbopump body s t r u c t u r e  

can b e  developed from t h e  t r a n s i e n t  heat-conduct ion e q u a t i o n s  f o r  t h r e e  

extreme c a s e s  u s i n g  one-dimensional h e a t  c o n d u c t i o n , c o n s t a n t  f i l m  coef- 

f i c i e n t  assumpt ions .  

t h i c k n e s s  (t) w i t h  an  i n f i n i t e  thermal  c o n d u c t i v i t y  ( k ) ,  ( 2 )  a n  i n f i n i t e  

w a l l  t h i c k n e s s  w i t h  f i n i t e  thermal  c o n d u c t i v i t y ,  and (3)  a n  i n f i n i t e  

f i l m  c o e f f i c i e n t .  The e v a l u a t i o n  of the w a l l  response  i s  comprehensively 

covered under  Task I1 d i s c u s s i o n .  

These l i m i t i n g  c a s e s  a r e  f o r  (1) a f i n i t e  w a l l  

Heat  Conduction C r i t i c a l  T i m e  

P e n e t r a t i o n  o f  h e a t  from t h e  t u r b i n e  housing t o  t h e  c o l d e r  pump body 

d u r i n g  o r b i t a l  f l i g h t  a f t e r  i n i t i a l  s t a r t  was examined on a s i m p l i f i e d  
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b a s i s  assuming no i s o l a t i o n  of the pump from t h e  t u r b i n e  body, 

case  t h e  s o l u t i o n  of the F o u r i e r  conduct ion  e q u a t i o n  becomes 

For  t h i s  

X erf (2 NF: ' I2) 
TT - T 

= e r f  
2 6  TT - T 

P i  

For  a tempera ture  r ise  a t  a d i s t a n c e  x of  1/e of the t o t a l  t empera ture  

d i f f e r e n c e  of the t u r b i n e  t o  pump v a l u e  

TT - T 
= 1/e 

T~ - TPi  

the above s o l u t i o n  becomes 

2 
- - = -  e (conduct ion  t i m e )  N F - 2  T 

o Q  

(7)  

It is seen t h a t  t h e  l e n g t h  of time f o r  h e a t  p e n e t r a t i o n  from t h e  t u r b i n e  . 

t o  t h e  pump i n d u c e r  s e c t i o n  becomes a f u n c t i o n  of t h e  pump l e n g t h  squared 

and t h e  m a t e r i a l  thermal  d i f f u s i v i t y .  

r e s p e c t  a r e  seen t o  a l l o w  a conduct ion t i m e  of 10 t o  15 times s h o r t e r  t h a n  

a n  e q u i v a l e n t  I n c o n e l ,  n i c k e l  o r  t i t a n i u m  pump body. 

a r e s u l t  t h a t  t h e  i s o l a t i o n  requi rements  of  the pump from t h e  t u r b i n e  a r e  

c o n s i d e r a b l y  more severe w i t h  the aluminum pump body s e l e c t i o n .  

Aluminum pump hous ings  i n  t h i s  

It would appear  a s  

F i g u r e  24 i l l u s t r a t e s  a summary of the pump r o t o r  l e n g t h s  f o r  v a r i o u s  

a x i a l  and c e n t r i f u g a l  f low machines l i s t e d  i n  Table  27. Approximate 

agreement w i t h  the square  r o o t  w i t h  t h r u s t  s c a l i n g  r u l e  i s  shown a l t h o u g h  

i n  g e n e r a l  t h e  c e n t r i f u g a l  f low pumps w i l l  have a s h o r t e r  r o t o r  conduct ion 

l e n g t h  and pose a more s e v e r e  problem i n  t h i s  r e g a r d .  

it i s  seen  t h a t  a s  a r e s u l t  the c r i t i c a l  time dependence f o r  conduct ion  

R e f e r r i n g  t o  Eq. 8 
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o f  h e a t  from t h e  t u r b i n e  t o  t h e  pump i n d u c e r  s e c t i o n  i s  

T C  

2 = (2)  (conduct ion  t ime)  
T C  2 

w i t h  t h e  c r i t i c a l  conduct ion  time l i n e a r l y  dependent  upon t h r u s t .  

O r b i t  t o  Conduction Time Comparison 

E a r t h  o r b i t  p e r i o d s  were compared t o  t h e  t ime of h e a t  soak through t h e  

r o t o r  o r  pump housing l e n g t h .  E a r t h  o r b i t a l  t i m e s  may be expressed  i n  

terms of t h e  o r b i t  and e a r t h  r a d i i  a s  

3/2 
70 = 1.41 (:) (hours )  

The r a t i o  of o r b i t  t o  conduct ion t ime t h e n  becomes 

where r i s  t h e  r a d i u s  of t h e  o r b i t  measured from t h e  e a r t h  center ,  cc i s  

t h e  thermal  d i f f u s i v i t y ,  and 4, i s  t h e  l e n g t h  of t h e  pump. A comparison o f  

t h i s  t ime,  r e q u i r e d  f o r  h e a t  p e n e t r a t i o n  from t h e  t u r b i n e  t o  t h e  i n d u c e r  

0 

s e c t i o n ,  w i t h  t h e  per iod  of a 200-mile s i n g l e  o r b i t  i s  shown i n  F i g .  25. 
T h i s  i n d i c a t e s  t h a t  a l a r g e - t h r u s t  pump w i l l  n o t  come t o  thermal  e q u i l i b -  

r ium w i t h i n  t h e  p e r i o d  of a s i n g l e  o r b i t  and,  f o r  m i s s i o n s  where r e s t a r t  

o c c u r s  w i t h i n  t h e  t i m e  p e r i o d  of a s i n g l e  o r b i t ,  any p r e c o n d i t i o n i n g  

r e q u i r e m e n t s  f o r  t h e  pump could be minimized i f  e x t e r n a l  thermal  i n s u l a -  

t i o n  t o  p r e v e n t  envi ronmenta l  h e a t  i n p u t  i s  employed. 
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The above a n a l y s i s  r e p r e s e n t s  t h e  s h o r t e s t  time p e r i o d  f o r  h e a t  conduct ion 

through t h e  pump. I n  r e a l i t y  e x h a u s t i o n  o f  t h e  t u r b i n e  h e a t  t h r o u g h  r a d i a -  

t i o n  t o  environment ,  conduct ion t o  t h e  i n l e t  and o u t l e t  t u r b i n e  d u c t i n g ,  

and t h e  a b s o r p t i o n  o f  t h e  t u r b i n e  h e a t  c o n t e n t  by the h e a t  c a p a c i t y  of the 

pump, w i l l ,  combined w i t h  pump t o  t u r b i n e  i s o l a t i o n ,  l engthen  t h e  p e r i o d  

of t h e r m a l  conduct ion a s  d e s c r i b e d  under  Task 111. 

balance  e q u a t i o n  

Wri t ing  t h e  h e a t  

A s i m p l i f i e d  s o l u t i o n  i s  allowed when 

It i s  seen t h a t  the t u r b i n e  chi l ldown time i n  space becomes d i r e c t l y  

p r o p o r t i o n a l  t o  the weight  h e a t  c a p a c i t y  p r o d u c t ,  i n v e r s e l y  a s  t h e  

e m i s s i v i t y  and s u r f a c e  a r e a  and i n v e r s e l y  a s  t h e  cube of t h e  s p e c i f i e d  

f i n a l  t empera ture .  

I n t e g r a t i o n  of the e x a c t  s o l u t i o n  t o  Eq. 12 y i e l d s  

T + T  Ti + Ts 1 
- l o g e ( T  2 - T:) - $ l o g e  ( T ~  - T ~ ) J  
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An e x p r e s s i o n  f o r  the achievement of a 

be made by the f o l l o w i n g  r e l a t i o n s h i p  

T - T S  - -  1 - 
T i - T  e 

S 

n e a r  e q u i l i b r i u m  tempera ture  can 

For  T./T 

developed i n  terms of the time f u n c t i o n  a s  

-, co the 1/e e q u i l i b r i u m  tempera ture  v a l u e  of the t u r b i n e  can be 
1 s  

Z 

An e x p r e s s i o n  of t h e  f u n c t i o n  6 f o r  o t h e r  f i n i t e  r a t i o s  of T./T 

seen  i n  F i g .  26. 

may be 
1 s  

C r i t e r i a  f o r  t u r b i n e  and pump s c a l i n g , a s  developed i n  a f o l l o w i n g  s e c t i o n ,  

i n d i c a t e  t h a t  l a r g e - t h r u s t  t u r b i n e s  r e q u i r e  a g r e a t e r  chi l ldown time ( e v e r y  

t h i n g  e l se  b e i n g  e q u a l )  due t o  a h i g h e r  compactness f a c t o r ,  i . e . ,  h i g h e r  

weight  o r  volume t o  s u r f a c e  a r e a  r a t i o .  

due t o  r a d i a t i o n  a long  the approximate s c a l i n g  r u l e  

This r e s u l t s  i n  a t u r b i n e  chi l ldown 

An example of the approximate time r e q u i r e d  f o r  t u r b i n e  ch i l ldown may be 

expressed  from s o l u t i o n  of &. 14 f o r  the f o l l o w i n g  c o n d i t i o n s  f o r  a 5-2 

t u r b i n e  

2 - wT = 0.534 l b / i n .  
S 

A 

€ = 0 . 8  

F = 1.0 

CPT = 0.12 

Ti = 1600 

= 3.31 

Btu/lb-F 

R 
x Btu/in.'sec I3 4 
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A v a l u e  of 10 .4  h o u r s  i s  computed f o r  a 0-degree s i n k  c o n d i t i o n .  I n  

r e a l i t y  c o n d u c t i o n o f  h e a t  t o  t h e  co ld  pump body and t o  t u r b i n e  i n l e t  and 

exhaus t  d u c t i n g  w i l l  r educe  r e q u i r e d  r a d i a t i o n  times below t h a t  p r e d i c t e d  

a n a l y t i c a l l y .  A comparison of t h e  p r e d i c t e d  5-2 f u e l  and t u r b i n e  c h i l l -  

down t i m e  w i t h  S a t u r n  f l i g h t  d a t a  i s  made i n  a l a t e r  s e c t i o n  of  t h i s  

r e p o r t  . 

Table 6 i l l u s t r a t e s  a summary of approximate pump and t u r b i n e  w e i g h t s  and 

e x t e r n a l  s u r f a c e  a r e a s  f o r  e x i s t i n g  turbopumps and f o r  some d e t a i l e d  paper  

d e s i g n s .  It i s  seen t h a t  l a r g e r - t h r u s t  turbopumps i n  g e n e r a l  have a l a r g e r  

weight  t o  s u r f a c e  a r e a .  I n  g e n e r a l ,  i f  t h e  c h a r a c t e r i s t i c  dimension of 

t h e  pump i n c r e a s e s  by t h e  square  r o o t  of t h e  t h r u s t  and t h e  percentage  of 

void w i t h i n  t h e  pump remains t h e  same w i t h  s c a l i n g ,  t h e  volume t o  s u r f a c e  

a r e a  can be t r a n s l a t e d  t o  a weight  t o  s u r f a c e  a r e a  a s  ( w i t h  r e f e r e n c e  t o  

Table 7)  

P cvv 
a J F  W 

S S v c h a r a c t e r i s t i c  
- - -  

- A z p C D  A 

Agreement w i t h  t h e  above r e l a t i o n s h i p  and Table  7 r e s u l t s  were found t o  

be good. 

A s  a consequence from t h e  r a d i a t i o n  r e l a t i o n s h i p  shown i n  Eq. 14,  small-  

t h r u s t  t u r b i n e s  w i l l  c h i l l  more r a p i d l y  and s m a l l - t h r u s t  pumps w i l l  warm 

t o  an e q u i l i b r i u m  tempera ture  more r a p i d l y  t h a n  l a r g e - t h r u s t  turbopumps. 

Consequent ly  a g r e a t e r  pump i n s u l a t i o n  t h i c k n e s s  i s  r e q u i r e d  on s m a l l  

turbopumps t o  p r e v e n t  warming from a p r e c h i l l e d  o r  f i n a l - s t a t e  c o n d i t i o n .  
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TABLE 6 

VOLUME TO SURFACE AREAS FOR VARIOUS SIMPLE GEOMETRIC SHAPES 

APF'ROXIMATING PUMP AND LINE SURFACES 

V A S  

C y l i n d e r  ( L  = CO) D/4 

- Geometry 

C y l i n d e r  ( L  = cCO) ~ / 4  (L/D + 1/2) 

Sphere  D/6 
S l a b  t /2  
Long Hollow Cyl inder  t 

F i g u r e s  2 7  and 2 8  i l l u s t r a t e  LO2 and U12 pump and t u r b i n e  w e i g h t s  from 

Task IV s t u d y ,  r e s p e c t i v e l y ,  w i t h o u t  r e g a r d  for  pump m a t e r i a l  o r  o p e r a t i n g  

p r e s s u r e .  A n e a r  l i n e a r  correspondence between pump and t u r b i n e  weight  

w i t h  t h r u s t  i s  shown. High-pressure pumps and l i g h t w e i g h t  t i t a n i u m  pumps 

would be expected t o  f a l l  above and below a s p e c i f i c  w e i g h t  r e f e r e n c e  l i n e .  

The g r e a t e r  weight  of  t h e  l a r g e r - t h r u s t  t u r b i n e s  and pumps coupled w i t h  a 

g r e a t e r  weight  p e r  u n i t  s u r f a c e  a r e a  r e s u l t s  i n  a more d i f f i c u l t  chi l ldown 

problem f o r  the l a r g e r - t h r u s t  turbopumps. 

R a d i a t i o n  t o  Conduction Time Comparison 

A n a l y s i s  was performed of  t h e  comparat ive t i m e  p e r i o d  f o r  conduct ion  a long  

t h e  pump l e n g t h  t o  the i n d u c e r  s e c t i o n  and the time p e r i o d  f o r  r a d i a t i o n  

from t h e  t u r b i n e  body w i t h o u t  s i g n i f i c a n t  t u r b i n e  tempera ture  d e t e r i o r a t i o n  

due t o  pump soak of the t u r b i n e  h e a t .  

r a d i a t i o n  ch i l ldown r e l a t i o n s h i p  was chosen r e p r e s e n t i n g  a n e a r  z e r o  

tempera ture  s i n k  and a h i g h  i n i t i a l  t u r b i n e  tempera ture .  The r a d i a t i o n  

time from this  e x p r e s s i o n  was compared w i t h  the conduct ion  r e l a t i o n s  

For t h i s  a n a l y s i s  a s i m p l i f i e d  
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F i g u r e  29 i l l u s t r a t e s  a t y p i c a l  s o l u t i o n  of t h i s  r e l a t i o n s h i p  f o r  aluminum, 

K-monel and t i t a n i u m  pumps w i t h  a t u r b i n e  of I n c o n e l  ( C  = 0.11 Btu/ lb  F) . 
For t h e  example chosen it i s  shown t h a t  a p p r e c i a b l e  chi l ldown of t h e  t u r b i n e  

h a s  occurred t h r o u g h  r a d i a t i o n  b e f o r e  conduct ion h a s  occurred through t h e  

l e n g t h  of the pump f o r  pump m e t e r i a l s  of low t h e r m a l  d i f f u s i v i t y  such  a s  

t i t a n i u m  and K-monel. Aluminum on t h e  o t h e r  hand conducts  the h e a t  t o o  

r a p i d l y  t o  a l l o w  a p p r e c i a b l e  r a d i a t i o n  chi l ldown of t h e  t u r b i n e .  The above 

a n a l y s i s  assumes no i s o l a t i o n  of t h e  pump and t u r b i n e  and a s  a r e s u l t  r e p r e -  

s e n t s  the w o r s t  c a s e  f o r  h e a t  conduct ion t o  the pump. Pump t o  t u r b i n e  

i s o l a t i o n  t e c h n i q u e s  a r e  reviewed i n  Task  111. 

PT 

TWO-PHASE FLOW PUMP ANALYSIS 

The o b j e c t i v e  of t h i s  s t u d y  was t o  maximize t h e  pump d i s c h a r g e  p r e s s u r e  

d u r i n g  i n i t i a l  mixed-phase o p e r a t i o n .  I f  t h e  pump can d e l i v e r  mixed-phase 

p r o p e l l a n t s  s a t i s f a c t o r i l y ,  t h e  problems of i n l e t  l i n e  chi l ldown and of 

p r o p e l l a n t  s e t t l i n g  can be g r e a t l y  a l l e v i a t e d .  I n  o r d e r  t o  f u l f i l l  t h e s e  

o b j e c t i v e s  the pump d i s c h a r g e  p r e s s u r e  must be r e l a t e d  t o  t h e  pump geometry,  

r o t a t i o n a l  speed ,  f l o w r a t e ,  i n l e t  p r e s s u r e ,  i n l e t  q u a l i t y ,  h e a t  t r a n s f e r  

c o e f f i c i e n t  between t h e  i m p e l l e r  and the f low,  f low passage t e m p e r a t u r e ,  

time fram s t a r t ,  e t c .  Such a p r e d i c t i o n  approach can t h e n  be used t o  

de te rmine  t h e  pump geometry and t h e  o p e r a t i n g  c o n d i t i o n s  t h a t  w i l l  

p rovide  t h e  optimum performance d u r i n g  mixed-phase o p e r a t i o n .  

During t h i s  s t u d y  t h e  pump i m p e l l e r  performance was r e l a t e d  t o  t h e  i m p e l l e r  

geometry and t o  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  e x t e r n a l  vapor  source  c a s e ,  

( i . e . ,  the c a s e  i n  which any vapor  t h a t  e x i s t s  e n t e r s  t h e  i m p e l l e r  th rough 

t h e  i n l e t  l i n e ) .  

t h e  d i f f u s e r  vanes  and the v o l u t e ,  were n o t  t r e a t e d .  S i n c e  t h e  p r o p e l l a n t  

was hydrogen, t h e  n e g l e c t i n g  of t h e  vapor  genera ted  on t h e  s u c t i o n  s u r f a c e  

of the inducer  l e a d i n g  edge ( a n  i n t e r n a l  vapor  source)  may be r e a s o n a b l e  

due t o  t h e  l a r g e  thermodynamic s u p p r e s s i o n  head p r o p e r t i e s  of hydrogen. 

Other  pump components downstream of t h e  i m p e l l e r ,  such a s  

66 R-7138 



7.0 

6 .O 

5 .o 

4.0 

300 

2*0 

1.0 

0 
400 

Turbine Temperature, TR, 

Figure 29. Turbine Radiation Time t o  Pump Heat Conduction Time Ratio 



However,  f o r  a n y  o t h e r  p r o p e l l a n t s ,  t h i s  i n d u c e r  v a p o r  would have t o  be 

c o n s i d e r e d  i n  o r d e r  t o  o b t a i n  a r e a l i s t i c  p r e d i c t i o n .  S i n c e  i n d u c e r  v a p o r  

g e n e r a t i o n  must  be t r e a t e d ,  a p p r o a c h e s  t o  a n a l y s i s  of  t h e  q u a n t i t y  g e n e r a t e d  

were  made. 

t e m p e r a t u r e ,  t h e r e b y  n e g l e c t i n g  t h e  v a p o r  formed 

h o t  i m p e l l e r  ( t h e  o t h e r  i n t e r n a l  vapor  s o u r c e ) ,  

n e g l e c t e d  and t h e  i m p e l l e r  t e m p e r a t u r e  b a s  assumed t o  b e  

b y  h e a t  

The two t y p e s  of i m p e l l e r  f l o b  p r o c e s s e s  t h a t  were d e v e l o p e d  and a n a l y z e d  

were  t h e  c o n s t a n t  q u a l i t y  and e q u i l i b r i u m  c a s e s .  Shock wave e f f e c t s  were 

e q u a l  t o  t h e  f l o w  

t r a n s f e r  f rom a 

This s t u d y  g i v e s  i n s i g h t  i n t o  t h e  two-phase pump ng p r o b  

a p p r o a c h e s  t o  pump m o d i f i c a t i o n s  f o r  two-phase f l o w ,  and 

t i o n s  of  t h e  two f l o w  p r o c e s s e s  t h a t  f o r m  t h e  b o u n d a r i e s  

e m ,  p r o v i d e s  

p r o v i d e s  de  s c r i  p- 

of  t h e  a c t u a l  

f l o w  p r o c e s s .  The l a c k  o f  a d e q u a t e  e x p e r i m e n t a l  d a t a  made i t  i m p o s s i b l e  

t o  s e l e c t  t h e  a c t u a l  f l o w  p r o c e s s .  d l t l i oug l i  shock  wave e f f e c t s  were  n o t  

c o n s i d e r e d  i n  t h e  a n i t l j s i s ,  the)  were r t u d i e d  ( R e f .  17) and a r e  d i s c u s s e d  

a l o n g  w i t h  t h e i r  p o s s i b l e  e f f e c t s  on pump pe r fo rmance .  S u b s e q u e n t  s t u d i e s  

w i l l  have  t o  i n c l u d e  shock  ~ ~ i i v e  a n a l y s e s  b e c a u s e  t h e y  can have  a l a r g e  

e f f e c t  on p e r f o r m a n c e .  

G e n e r a l  C h a r a c t e r i s t i c s  of  Mixed-Phase Flow 

One of t h e  two b a s i c  r e a s o n s  ~ 1 1 ~ .  a pump w i l l  d e v e l o p  l e s s  p r e s s u r e  r i s e  

u n d e r  two-phase f l o w  cond i  t i o n s  i s  t h a t  t h e  p r e s s u r e  r i se  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  d e n s i t y .  F o r  i 1 1 1  i n l e t  hydrogen q u a l i t y  of  5 p e r c e n t ,  

f o r  example ,  t h e  two-phase flov. de r i5 i ty  i s  o n l y  1,/4 t h e  l i q u i d  d e n s i t y  

( F i g .  30) and t h e r e f o r e  t h e  pump p r e s s u r e  can be  o n l y  a p p r o x i m a t e l y  1/4 

of  t h a t  o b t a i n e d  w i t h  l i q u i d .  llie o t h e r  r e a s o n  f o r  t h e  low-pres su re  r i s e  

i s  t h a t  the  f l o w  v e l u c i t l -  i n  t h e  pump cctti be much h i g h e r  t h a n  the a c o u s t i c  

v e l o c i t y  of t h e  two-phase f l u i d .  

d e v i c e  w h i c h  c o n v e r t s  k i n e t i c  ene rgy  t o  s t a t i c  p r e s s u r e  by i n c r e a s i n g  the  

S i n c e  t h e  pump i s  d l i q u i d  ( i n c o m p r e s s i b l e )  
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Fluid Condition: Saturation at Etzospheric pressure 
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Figure 30. Vapor Volume Frac t ion  and Densi ty  o f  Two-Phase Hydrogen 
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a r e a  of t h e  f l o w  p a s s a g e s ,  a f l o w  c o n d i t i o n  above a c o u s t i c  v e l o c i t y  w i l l  

i n c r e a s e  t h e  k i n e t i c  energy of the f low,  t h e r e b y  d e c r e a s i n g  r a t h e r  t h a n  

i n c r e a s i n g  the s t a t i c  p r e s s u r e  r i s e  a c r o s s  t h e  pump. 

The two-phase f low p r o c e s s  i s  a l s o  q u i t e  impor tan t  t o  pump d e s i g n  and 

performance. The two t y p e s  of f low p r o c e s s e s  which provide  t h e  boundar ies  

of the a c t u a l  f l o w  p r o c e s s  a r e  e q u i l i b r i u m  and c o n s t a n t  q u a l i t y .  

d i f f e r e n c e  hetween t h e  two p r o c e s s e s  i s  i n  t h e  assumption of t h e  v a p o r i -  

z a t i o n  and condensa t ion  r a t e s  w i t h  t h e  e q u i l i b r i u m  p r o c e s s  assuming t h a t  

these r a t e s  a r e  h i g h  enough t o  m a i n t a i n  e q u i l i b r i u m  between t h e  vapor  and 

t h e  l i q u i d  phases .  Conversely,  t h e  c o n s t a n t - q u a l i t y  p r o c e s s  assumes t h a t  

these r a t e s  a r e  v e r y  low and no v a p o r i z a t i o n  o r  condensa t ion  t a k e s  p l a c e .  

T h e r e f o r e ,  t h e  q u a l i t y  of t h e  f low i s  assumed t o  remain c o n s t a n t  a s  it 

p a s s e s  through t h e  pump. 

The 

A c o u s t i c  V e l o c i t i e s  

To de te rmine  the c o n d i t i o n s  under which a c o u s t i c  v e l o c i t y  can be exceeded 

i n  a c o n s t a n t - q u a l i t y ,  two-phase f low,  t h e  a c o u s t i c  v e l o c i t y  r e l a t i o n s h i p  

f o r  a c o n s t a n t - q u a l i t y  p r o c e s s  was d e r i v e d  and e v a l u a t e d  a s  a f u n c t i o n  of  

vapor  t o  l i q u i d  volume r a t i o  and compared t o  t h a t  f o r  e q u i l i b r i u m  two- 

phase flow. The c o n s t a n t - q u a l i t y  a c o u s t i c  v e l o c i t y  r e l a t i o n s h i p  

(Ref .  28) i s  expressed  by Eq. 20, 

The d e n s i t y  r a t i o  (Eq. 21) was obta ined  by e m p i r i c a l l y  c o r r e l a t i n g  the 

s a t u r a t e d  hydrogen d a t a  i n  Ref .  38. The c o r r e l a t i o n  and comparison w i t h  

d a t a  a r e  presented  i n  F i g .  36 and 37. The l i q u i d  t o  vapor  d e n s i t y  may 

be expressed  approximate ly  by 

- = - -  4( 805 1.75 (P = p s i a )  
% p  
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The a c o u s t i c  v e l o c i t i e s  of the l i q u i d  and t h e  vapor  phases  were obta ined  

from Ref .  38 and a r e  t a b u l a t e d  a s  fo l lows:  

I T ,  11 I P, p s i a  I cL, f t / s e c  I cV, f t / s e c  I 
(36.8 1 14.7 I 3610 I 1140 

The e q u i l i b r i u m  a c o u s t i c  v e l o c i t y  r e l a t i o n s h i p  i s  shown i n  Eq. 2 2 ,  2 3 ,  

and 24.  

[l + x(2 - l)]J. 

C =  I (22) 

where 

and 

The a c o u s t i c  v e l o c i t i e s  f o r  c o n s t a n t - q u a l i t y  and e q u i l i b r i u m  p r o c e s s e s  

i n  two-phase hydrogen were obta ined  a s  a f u n c t i o n  of' vapor  t o  l i q u i d  

volume r a t i o  by s o l v i n g  Eq. 20 and 22,  r e s p e c t i v e l y .  The r e s u l t s  a r e  

presented  on F i g .  31 and 32.  

A two-phase f l o w  w i t h  a c o n s t a n t - q u a l i t y  p r o c e s s  p r e s e n t s  less  of an  

a c o u s t i c  v e l o c i t y  problem i n  a pump t h a n  i f  i t  followed an  e q u i l i b r i u m  

p r o c e s s  a s  i l l u s t r a t e d  i n  F i g .  31 and 32.  

t h e  a c o u s t i c  problem w i l l  be encountered i n  e x i s t i n g  pumps between a 

For  a c o n s t a n t - q u a l i t y  p r o c e s s  
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Figure 32. Acous-kic Velocity i n  Two-Phase Hydrogen at 45.0 R, 48.0 psia  
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vapor  t o  l i q u i d  volume r a t i o  of 0 .1  and 10. Opera t ing  a pump i n  t h i s  

r e g i o n  would r e q u i r e  reducing  the i n d u c e r  t i p  speed t o  s t a y  below t h e  

a c o u s t i c  v e l o c i t y ,  o r  a low t ip-speed p r e i n d u c e r  can be p laced  upstream 

of t h e  main i n d u c e r .  I f  t h e  f low i n  the pump f o l l o w s  an e q u i l i b r i u m  

p r o c e s s  where t h e  a c o u s t i c  v e l o c i t i e s  a r e  even lower i n  t h e  same r e g i o n  

of vapor  t o  l i q u i d  volume r a t i o s ,  a r a t h e r  s e v e r e  a c o u s t i c  problem w i l l  

e x i s t  even a t  low q u a l i t y  o p e r a t i o n  (F ig .  33 r e l a t e s  q u a l i t y  t o  vapor  

t o  l i q u i d  volume r a t i o ) .  

The a c o u s t i c  v e l o c i t y  can be i n c r e a s e d  by i n c r e a s i n g  t h e  i n l e t  p r e s s u r e ,  

a s  i n d i c a t e d  by comparing F i g .  31 (14.7 p s i )  w i t h  F i g .  32 (48.0 p s i ) .  

Genera l  Hydrodynamic Equat ions  

To r e l a t e  i m p e l l e r  performance t o  i m p e l l e r  geometry and o p e r a t i n g  condi- 

t i o n s ,  t h e  f o l l o w i n g  one-dimensional e q u a t i o n s  f o r  i m p e l l e r s  were d e r i v e d .  

S i n c e  t h e y  have h e a t  a d d i t i o n ,  t h e s e  i n i t i a l  e q u a t i o n s  i n c l u d e  i n t e r n a l  

vapor source  terms. 

1. Energy e q u a t i o n  

2 .  Momentum e q u a t i o n  

3 .  C o n t i n u i t y  e q u a t i o n  

3 
P A  

w = -  
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I n  a p p l y i n g  t h e s e  e q u a t i o n s  t o  the e x t e r n a l  vapor  source ,  two-phase f low 

c a s e ,  t h e  f o l l o w i n g  assumptions were made: 

1. The f l o w  i s  one dimensional .  

2 .  The two phases  a r e  homogeneously mixed. 

3 .  
4. The i m p e l l e r  w a l l  t empera ture  e q u a l s  t h e  f low tempera ture .  

5. The f l u i d  f r i c t i o n  l o s s e s  a r e  n e g l i g i b l e .  

6. The f low i s  shock f r ee .  

The two phases  a r e  a t  the same p r e s s u r e  and v e l o c i t y .  

T h e r e f o r e ,  t h e  fo l lowing  a r e  the g e n e r a l  hydrodynamic equations! t h a t  

were used t o  a n a l y z e  the i m p e l l e r  f l o w  c h a r a c t e r i s t i c s  d u r i n g  o p e r a t i o n  

w i t h  e x t e r n a l  vapor  s o u r c e ,  two-phase flow: 

1. Energy e q u a t i o n  

2 .  Momentum e q u a t i o n  

3 .  C o n t i n u i t y  e q u a t i o n  

w w = -  
P A  

Constan t -Qual i ty  A n a l y s i s  

For the c o n s t a n t - q u a l i t y  a n a l y s i s ,  t h e  hydrogen p r o p e r t i e s  w e r e  ob ta ined  

from Ref .  38 by assuming an  i s e n t r o p i c  compression of e a c h  of  the two 

i n d i v i d u a l  phases  beginning  on the sa tura ' t ion  l i n e  a t  a tmospher ic  p r e s s u r e .  
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I n  t h i s  f low p r o c e s s  t h e  q u a l i t y  remains c o n s t a n t  w h i l e  the t e m p e r a t u r e s  

of t h e  two phases  d i f f e r .  A comparison of t h e  e m p i r i c a l  hydrogen p r o p e r t y  

e q u a t i o n s  d e r i v e d  (Eq. 31 through 34) w i t h  d a t a  obta ined  from Ref .  38 a r e  

shown on F i g .  34.  These c o r r e l a t i o n s  a r e  s i m i l a r  t o  the c l a s s i c a l  r e l a -  

t i o n s h i p s  of i n c o m p r e s s i b l e  f low f o r  l i q u i d  and of p e r f e c t  g a s  law f o r  

vapor .  

4, = 4 . 5  l b / f t 3  

5 = Cp Tv = 2 . 2 8  Tv 

= 1.685 R 
Y =  R 1 - -  

P 
J C  

(35) 

The f i n a l  c o n s t a n t - q u a l i t y  f low p r o c e s s  e q u a t i o n s  which r e l a t e  t h e  d i s c h a r g e  

s t a t i c  pressupe  t o  the d i s c h a r g e  t o  i n l e t  a r e a  r a t i o  (normal t o  t h e  r e l a t i v e  

v e l o c i t i e s )  f o r  g i v e n  v a l u e s  of i n l e t  f low c o n d i t i o n ,  geometry,  and t i p  

speed were o b t a i n e d  by s imul taneous ly  s o l v i n g  Eq. 2 8  through 38 and a r e  

p r e s e n t e d  below. 

The c o n t i n u i t y  e q u a t i o n  i s  
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The d e n s i t y  r a t i o  i s  
1 

1 - X 1  X I R T  
f 144 P1 

- -  Pl - PL 

and t h e  re 'a t ive v e l o c i t y  r a t i o  a t  t h e  pump mean d iameters  i s  

(37) 

, 91, W2/W1, and U Note t h a t  - a r e  a t  t h e  r m s  d iameters .  d2 

d l  1 

Equ i l i b r  ium Ana l y s i s  

For t h e  equ i l ib r ium a n a l y s i s  t he  hydrogen p r o p e r t i e s  along t h e  s a t u r a t i o n  

l i n e  were obtained from Ref .  38. The empi r i ca l  hydrogen proper ty  equat ions  

(Eq. 39 through 42) a r e  compared w i t h  t h e  da t a  from Ref ,  38 i n  F ig .  35 
through 37. 
s h i p s  f o r  vapors  and l i q u i d s .  

vapor p re s su re  v s  temperature  r e l a t i o n s h i p  (Eq.  45) from the  en tha lpy  and 

d e n s i t y  c o r r e l a t i o n s .  This  r e l a t i o n s h i p  i s  compared w i t h  t h e  d a t a  from 

Ref.  38 i n  F ig .  38. 

These r e l a t i o n s h i p s  a r e  n o t  s i m i l a r  t o  t h e  c l a s s i c a l  r e l a t i o n -  

Clapeyron 's  equat ion  was used t o  ob ta in  t h e  

- 

=L = -232 + 3.32 T (F ig .  35) (39) 

% = 4.6 - P/100 w 4.4  (F ig .  36, approximation i s  f o r  (41) 

= 82 (Fig .  35) (40) 

T < 45 R) 

= P/175 (F ig .  37) (42) 
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l/p 0.227 + 17Isx/P (For  T < 45 R) 

H = -232 + 3.32 T + X (314 - 3.32 T) 

10 14.7 (T/36.8) - lo - 0.001303 ( T / 1 0 )  

e 
( F i g .  38) - - 

T/ 10 T/10 - 3.68 P 
e 

(45) 

For t h i s  f l o w  p r o c e s s  t h e  v a p o r - l i q u i d  m i x t u r e  i s  compressed i s e n t r o p i c a l l y  

beg inn ing  a t  a tmosphe r i c  p r e s s u r e  and t e m p e r a t u r e .  During the compression 

t h e  q u a l i t y  v a r i e s  w h i l e  condensa t ion  ( o r  v a p o r i z a t i o n )  o c c u r s  t o  keep  the 

t e m p e r a t u r e s  of t h e  two phases  e q u a l .  

Assuming t h a t  the t e m p e r a t u r e  neve r  exceeds  45 R ,  which i s  a s a t i s f a c t q y  

assumption a s  long a s  t h e  i n l e t  q u a l i t y  neve r  exceeds  10 p e r c e n t  a t  a vapor  

p r e s s u r e  of 14 .7  p s i a ,  t h e  f o l l o w i n g  e q u a t i o n s  were ob ta ined  by s imul t a -  

neous ly  s o l v i n g  Eq. 2 8  t h r o u g h  30 and 39 t h r o u g h  45 and were used t o  

r e l a t e  two of t h e  most s i g n i f i c a n t  p a r a m e t e r s ,  the s t a t i c  p r e s s u r e  and 

the d i s c h a r g e  t o  i n l e t  a r e a  r a t i o .  

the i n l e t  p r o p e r t i e s  and t h e  d i s c h a r g e  t e m p e r a t u r e  by 

The d i s c h a r g e  q u a l i t y  i s  r e l a t e d  t o  

T 2 
'1 (" T1 - 3.32)- 3 .32 l n ( $ ) + e  

x, = z 

where t h e  l a s t  term i n  the numerator  i s  
f 
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The s t a t i c  pressure  and t h e  mixture dens i ty  r e l a t i o n s h i p s  a r e  expressed 

by Eq. 45 and 43, r e s p e c t i v e l y .  The r e l a t i v e  v e l o c i t y  r a t i o  a t  t h e  

impel le r  mean diameter i s  

and f i n a l l y ,  the  impe l l e r  a r ea  r a t i o  (normal t o  t h e  r e l a t i v e  v e l o c i t i e s )  i s  

The va lues  of W2/W1, and U a r e  a t  t h e  r m s  d iameters .  1 

Analysis  o f  R e s u l t s  

Flow c a l c u l a t i o n s  were made f o r  both  processes  a t  i n l e t  q u a l i t i e s  of 0 

( l i q u i d ) ,  0.01, 0.10, and 1.0 (vapor) and a t  inducer t i p  speeds o f  1000, 

600, 300 and 100 f t / s e c .  

inducer ,  a s  shown schemat ica l ly  on F ig .  39. The computed r e s u l t s  c o n s i s t  

of inducer  d ischarge  s t a t i c  pressure  v s  inducer d ischarge  t o  i n l e t  a rea  

r a t i o .  These parameters  were chosen because they  i n d i c a t e  the  magnitude 

of t h e  e f f e c t  of bo th  t h e  pump geometry and t h e  operaking condi t ions  on 

the  a c o u s t i c  phenomena and on the  r e s u l t i n g  low dens i ty .  To provide a 

comparison, t h e  l i q u i d  a n a l y s i s  i s  presented i n  Fig.  40 and 41. F igures  

42 and 43 a r e  cons tan t -qua l i ty  processes  a t  i n l e t  q u a l i t i e s  of 0 .01  and 

0.10, r e s p e c t i v e l y .  F igures  44 and 45 a r e  f o r  equi l ibr ium processes  a t  

i n l e t  q u a l i t i e s  of 0 .01 and 0.10, r e spec t ive ly .  The h igh-pressure  r i s e s  

and subacous t ic  v e l o c i t y  c h a r a c t e r i s t i c s  of inducers  while  opera t ing  i n  

a l i q u i d  a r e  shown i n  Fig.  40. The subacous t ic  v e l o c i t y  c h a r a c t e r i s t i c  

i s  ind ica t ed  by t h e  p o s i t i v e  s lope  of each curve a t  an a rea  r a t i o  of one. 

The geometry analyzed was a cons tan t  r m s  diameter 
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Figure 40. Effect of  the Geometry of  a Constant RMS Diameter Inducer on the 
Discharge Static Pressure When Pumping Two-Phase Hydrogen 
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F i g u r e  4 1  i l l u s t r a t e s  how a l i q u i d  would perform i f  t h e  f l o w  p r o c e s s  

were e q u i l i b r i u m .  The p o r t i o n  of t h e  curve t h a t  i s  above t h e  i n l e t  

s t a t i c  p r e s s u r e  of one atmosphere would be s i m i l a r  t o  t h e  same r e g i o n  

i n  F ig .  40. The r e g i o n  below one atmosphere i n  F i g .  4 1  i n d i c a t e s  t h a t  

e q u i l i b r i u m  f low i s  above t h e  a c o u s t i c  v e l o c i t y  a t  t i p  speeds  above 

100 f t / s e c .  

phere i n d i c a t e  t h a t  t h e  c o n s t a n t  q u a l i t y  case  i l l u s t r a t e d  i n  F i g .  40 

i s  the most a c c u r a t e  and t h a t  t h e  f low p r o c e s s  i s  e i the r  c o n s t a n t  q u a l i t y  

o r ,  i f  e q u i l i b r i u m ,  never  g e t s  i n t o  t h e  above a c o u s t i c  v e l o c i t y  r e g i o n  

i n d i c a t e d  i n  F i g .  41. 

However, t e s t  d a t a  a t  i n l e t  s t a t i c  p r e s s u r e s  of one atmos- 

For a c o n s t a n t - q u a l i t y  p r o c e s s  F i g .  42 and 43  show how i n c r e a s i n g  t h e  

i n l e t  q u a l i t y  d e c r e a s e s  t h e  s t a t i c  p r e s s u r e  r i s e  and causes  above a c o u s t i c  

v e l o c i t y  o p e r a t i o n  a t  t i p  speeds  above 500 f t / s e c .  

i n d i c a t e d  by t h e  n e g a t i v e  s l o p e s  of t h e  1000-and 600-f t / sec  l i n e s  a t  

a r e a  r a t i o s  of 1. T h e r e f o r e ,  i f  t h e  f low i s  c o n s t a n t  q u a l i t y  the u s u a l  

d e s i g n  w i t h  d i v e r g i n g  f low passages  w i l l  cause a s t a t i c  p r e s s u r e  d e c r e a s e  

i f  o p e r a t e d  a t  a t i p  speed g r e a t e r  t h a n  500 f t / s e c .  

a r e a  c o n t r a c t i o n  a t  these h i g h  t i p  speeds could c o n v e r t  t h e  f l o w  t o  a 

below a c o u s t i c  v e l o c i t y  c o n d i t i o n .  Such a converging-diverging approach 

would l i m i t  f l e x i b i l i t y  by choking and would i n t e r f e r e  w i t h  c a v i t a t i o n  

performance d u r i n g  normal o p e r a t i o n  w i t h  a l i q u i d .  V a r i a b l e  geometry 

i s  a l s o  a p o s s i b l e  s o l u t i o n .  Another p o s s i b l e  s o l u t i o n  would be t o  

provide  a h i g h  h e a d - r i s e ,  low t ip-speed  p r e i n d u c e r  a t  some d i s t a n c e  

upstream. 

below the a c o u s t i c  v e l o c i t y  of t h e  two-phase f low and t h e  s e p a r a t i o n  

between i t s  d i s c h a r g e  and t h e  main inducer  i n l e t  would a l l o w  t ime f o r  

the f low t o  condense t o  a pure l i q u i d  b e f o r e  e n t e r i n g  t h e  main pump. 
T h i s  s o l u t i o n  would have t h e  a d d i t i o n a l  advantage of s a t i s f a c t o r y  

o p e r a t i o n  d u r i n g  the normal pumping of a pure l i q u i d .  

This c o n d i t i o n  i s  

However, a s l i g h t  

This p r e i n d u c e r  could r a i s e  the s t a t i c  p r e s s u r e  by o p e r a t i n g  
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For an equi l ibr ium process  F ig .  44 i n d i c a t e s  t h a t  t h e  f low i s  always 

above the  acous t i c  v e l o c i t y  of the two-phase flow i f  the t i p  speed 

exceeds 100 f t / s e c  and i f  t h e  q u a l i t y  i s  0.01. A poss ib l e  des ign  t h a t  

could handle t h i s  case would b e  i n i t i a l l y  t o  c o n t r a c t  t h e  flow passage 

t o  convert  &he two-phase flow t o  l i q u i d  and then  d iverge  t o  recover  

s t a t i c  pressure .  However, a s  w i t h  t h e  cons tan t -qua l i ty  case ,  t h i s  

would r e s u l t  in 'decreased  f l e x i b i l i t y  due t o  choking and would s e r i o u s l y  

pena l ize  c a v i t a t i o n  performance dur ing  normal opera t ion  w i t h  a l i q u i d .  

Again, a p o s s i b l e  s o l u t i o n  would be a v a r i a b l e  geometry pump. 

For an  equi l ibr ium process  wi th  an i n l e t  q u a l i t y  of 0.10 the  flow would 

be above a c o u s t i c  v e l o c i t y  a t  t i p  speeds g r e a t e r  than  300 f t / s e c  and t h e  

s t a t i c  p re s su re  r i s e  a t  t i p  speeds l e s s  than 300 f t / s e c  would be exceedingly 

small  due t o  t h e  l o w  d e n s i t y  of the  f low,  a s  shown i n  Fig.  45. The a rea  

con t r ac t ions  requi red  t o  convert  the  two-phase f low t o  l i q u i d  a t  t i p  speeds 

g r e a t e r  than  500 f t / s e c  would be so g r e a t  t h a t  even v a r i a b l e  geometry would 

be a ques t ionable  so lu t ion .  Constant-qual i ty  and equi l ibr ium processes  

w i t h  s a t u r a t e d  vapor ( q u a l i t y  = 1.0) a t  t h e  pump i n l e t  a r e  i l l u s t r a t e d  i n  

F ig .  46 and 47, r e s p e c t i v e l y .  These curves i n d i c a t e  t h a t  both processes  

would be below a c o u s t i c  v e l o c i t y  over t h e  e n t i r e  t ip-speed range i n v e s t i -  

ga t ed ,  and the  flow d e n s i t i e s  a r e  s o  low t h a t  t he  p re s su re  rises obta inable  

i n  a pump would be q u i t e  small .  

Due t o  t h e  lack  of t e s t  d a t a ,  t h e  ques t ion  a r i s e s  of whether two-phase 

hydrogen f o l l o w s  an equi l ibr ium process ,  a cons tan t -qua l i ty  process ,  o r  

a process  somewhere i n  between. 

the cons tan t -qua l i ty  approach because a c o u s t i c  v e l o c i t i e s  i n  b o i l i n g  

water  agree w i t h  cons tan t -qua l i ty  theory .  Howevey, f i n i t e  amplitude 

p res su re  wave t e s t i n g  does n o t  s imulate  t h e  h igh  v e l o c i t y  flow s i t u a t i o n  

t h a t  occurs  i n  a pump impel le r .  

t o  two-phase hydrogen behavior.  

References 22 and 29 tend t o  support  

In a d d i t i o n ,  water  may no t  be s i m i l a r  
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Figure 47. Effect  of the Geometry of  a Constant RMS Diameter Inducer on the 
Discharge S t a t i c  Pressure When Pumping Two-Phase Hydrogen 
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The two-phase hydrogen pump t e s t i n g  conducted a t  NASA Lewis t e n d s  t o  

suppor t  the c o n s t a n t - q u a l i t y  case  because t h e  t e s t  pump produced a 

p r e s s u r e  r i s e  w i t h  15-percent  vapor  by volume a t  the i n l e t .  However, 

t h e  same r e s u l t  could probably have been obta ined  i n  e q u i l i b r i u m  f low 

i f  a shock wave had occurred  a t  t h e  r i g h t  l o c a t i o n .  

It may be concluded t h a t  t h e  t y p e  of f low p r o c e s s  and ,  consequent ly ,  the 

optimum two-phase pump d e s i g n  cannot  y e t  be e s t a b l i s h e d .  However, t h e  

two most l i k e l y  f low p r o c e s s e s  have been mathemat ica l ly  d e s c r i b e d  and ,  

i f  no s e v e r e  shock waves occur ,  t h e  upper  and lower l i m i t s  on i m p e l l e r  

performance can be e s t a b l i s h e d .  

Inducer  Experimenta 1 Resu I ts  

I n  o r d e r  t o  s t u d y  t h e  e f f e c t  of mixed-phase f low on engine s t a r t ,  t h e  

e f f e c t  of vapor  i n g e s t i o n  o r  vapor  g e n e r a t i o n  on pump performance must 

be a s c e r t a i n e d .  I n  t h e  case  where t h e  e f f e c t s  of vapor  a r e  assumed 

s i m i l a r  t o  t h e  e f f e c t s  of c a v i t a t i o n  on pump performance, a s t u d y  was 

i n i t i a t e d  t o  c o r r e l a t e  vapor  volume w i t h  inducer  c a v i t a t i o n  performance. 

For  t h i s  mixed-phase f low approach t h e  c a v i t y  t h e o r y  d e s c r i b e d  i n  Ref .  1 

was used t o  c o r r e l a t e  t h e  exper imenta l  d a t a  obta ined  from t h r e e  e x p e r i -  

menta l  i n d u c e r s .  

From t h e  r e l a t i o n s h i p  of the c a v i t a t i o n  c o e f f i c i e n t  w i t h  b l a d e  c a v i t a t i o n  

number ke , 
(50) 

2 
T = (ke + 1) (# + 1) - 1 

w2 

w1 
T h e r e l a t i v e  v e l o c i t y  r a t i o  R = - can be obta ined  from the f o l l o w i n g  

e q u a t i o n  based on cascade geometry and f low c o n t i n u i t y :  

- ( i / ~  + R) - 2 COS a 
cos  01 - R + s i n  O! c o t  (8-0) ke - 

R-7138 97 



From c a v i t y  t h e o r y  the c a v i t y  h e i g h t  h 

express ion:  

can be obta ined  from t h e  f o l l o w i n g  
C 

h C = d s i n  6 11 - "-1 s i n  

If  the assumption i s  made t h a t  t h e  amount of vapor ,  i n  p e r c e n t  of the 

t o t a l  volume, p a s s i n g  through the i n d u c e r  i s  h c / h ' ,  t h e n  t h e  p e r c e n t  of 

vapor  by volume can be computed f o r  a g i v e n  i n d u c e r  d e s i g n  and c o r r e l a t e d  

w i t h  i t s  e x p e r i m e n t a l  performance. Also by assuming t h a t  t h e  i n d u c e r  can 

be r e p r e s e n t e d  by a one-dimensional a n a l y s i s ,  t h e  c r i t i c a l  p o i n t  ( c o r r e -  

sponding t o  a g i v e n  head-loss  a s  a r e s u l t  of c a v i t a t i o n )  can be r e l a t e d  

t o  a c r i f i c a l  vapor  volume o r  f low q u a l i t y  p a s s i n g  through the i n d u c e r .  

The e x p e r i m e n t a l  performance of three c y l i n d r i c a l  hub and t i p  h e l i c a l  

i n d u c e r s  was b r i e f l y  s t u d i e d  and t h e  r e s u l t s  a r e  shown i n  T a b l e s  8 

through 11. 

i s  a l s o  shown i n  these t a b l e s .  F i g u r e s  48, 49, and 50 i n d i c a t e  the 

v a r i o u s  p o i n t s  a t  which the head was r e l a t e d  t o  the NPSH f o r  i n d u c e r s  
A, B and C, r e s p e c t i v e l y .  

c r i t i c a l  vapor  volume was t a k e n  a t  the 10-pekcent inducer  head- loss  

p o i n t  ( d e f i n e d  a s  the c r i t i c a l  p o i n t ) .  

The e f f e c t  of c a v i t y  volume growth on i n d u c e r  head- loss  

For  these performances i n  w a t e r  the computed 

98 R-71'38 



TABLE 8 

Point 

1 

2 

3 
4 

5 
6 
7 
8 
- 

9 
0.124 

0.124 

0.122 

0.1178 

0.1197 

0.1148 

0.1053 

0.061 

H, 

7 

0.37 

0.185 

0.148 

0.111 

0.074 

0.0629 

0.0592 

0.055 

l 

e k 

0.340 

0.159 
0.123 

0.0866 

0.0504 

0.0395 

0.0359 
0.0381 

% * 
inches 

0.252 

0.325 

0.349 

0.378 
0,420 

0.438 

0.444 

0.453 

b 

21.8 

28.2 

30.2 

32.8 

36.4 

38.0 

38.5 
39.3 

TABLE 9 

EXPERIMENTAL TEST RESULTS, INDUCER A (#t = 0.168) 

H 2 O  

Point 

1 

2 

3 
4 

5 
6 
7 
8 

3, 
10 

11 

9 
0.1067 

0.1054 

0.1041 

0.1002 

0.1028 

0.1043 

0.1035 

0.1017 

0.0971 

0.0897 

0.074 

7 

0.37 

0.185 

0.148 

0.111 

0.0925 

0.0832: 

0.074 

0.0703 

0.0666 

0.06491 

0.0629 

e k 

0.333 

0.152 

0.1167 

0.0808 

0.0628 

0.0538 

0.0448 

0.0412 

0.0376 

0.0378 

0.0340 

hc , 
inches 

0.169 

0.261 

0.282 

0.309 

0.327 

0.338 

0.350 

0.358 

0.362 

0.365 

0.368 

hc/h' 9 

3ercent 

14.7 

22.6 

24 5. 
26.8 

28.4 

29.3 
30.4 

31.0 

31.4 

31.7 
31.9 

- 
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b 

inches  

0.138 

0.176 

0.196 

0.208 

0.223 

0.236 

0.262 

0.266 

0.269 

0.272 

0.275 

100 

hc/h' J 

percent  

16.5 
21.0 

23.3 

24.8 

26.6 

28.1 

31.2 

31.8 

32.1 

32.4 

32.8 

T A B U  10 

EXPERIMENTAL TEST RESULTS INDUCER B (9, = 0.0955) 

9 
0.1063 

0.1058 

0.1082 

0.1082 

0.1045 

0.1017 

0.1032 

0.1008 

0.0936 

0.9841 

0.0693 

Po in t  

1 

2 

3 
4 

5 
6 
7 
8 

9 

- 

7 

0.370 

0.204 

0.148 

0.111 

0.0925 

0.0740 

o .o462 

0.0426 

0.0407 

0.0388 

0.037 

4 
0.0668 

0.0676 

0.0648 

0.0662 

0.0621 

0.0599 

0.0608 

0.0547 

0.0298 

H, 

7 

0.179 

0.119 

0.0994 

0 A795 

0.0596 

0.0398 

0.0338 

0.0328 

0.0326 

I 

e k 

0.168 

0 .  log 
0.0895 

0.0697 

0.0500 

0.0304 

0.0245 

0.0235 

0.0233 

J 

inches 

0.149 

0.167 

0.175 

0.185 

0.198 

0.215 

0.222 

0.223 

0.223 

hc/h' J 

percent  

18.1 

20.3 

21.3 

22.6 

24.1 

26.2 

27.0 

27.1 

27.2 

TABLE 11 

EXPERIMENTAL TEST RESULTS INDUCEB, C ($t = 0.116) 

Po in t  

1 

2 

3 
4 

5 
6 
7 
8 

-2 
10 

11 

e k 

0.350 

0.186 

0.131 

0.0955 

0.0766 

0.0583 

0.0310 

0.0273 

0.0255 

0.0237 

0.0219 
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A b r i e f  s t u d y  on t h e  e x p e r i m e n t a l  performance of a tapered-hub, c y l i n d r i c a f -  

t i p  model MK 15 f u e l  (5-2) inducer  i s  shown i n  Table  12. 

% d a t a  a r e  shown f o r  t h i s  inducer .  

t h e  i n d u c e r  head c o e f f i c i e n t  was r e l a t e d  t o  the c a v i t a t i o n  c o e f f i c i e n t  i s  

shown i n  F i g .  51. 

Both w a t e r  and 

Its cor responding  p o i n t s  f o r  which 

The c r i t i c a l  vapor  volumes of these i n d u c e r s  were p l o t t e d  a g a i n s t  the i r  

r e s p e c t i v e  i n c i d e n c e  t o  b l a d e  a n g l e  r a t i o  (a/@) and a r e  shown i n  F i g .  52. 
Maximum i n d u c e r  s u c t i o n  s p e c i f i c  speed (S ) v a l u e s  have been obta ined  

e x p e r i m e n t a l l y  when the cx/p r a t i o  i s  e q u a l  t o  about  0.426 ( d e s i g n  f l o w  

c o e f f i c i e n t  e q u a l  t o  B x From t h e  l i m i t e d  d a t a  examined the 

c r i t i c a l  vapor  volume of  about  36.5 p e r c e n t  was obta ined  a t ' t h e  maximum 

i n d u c e r  Ss (Fig.  52). Also  shown i n  F i g .  52 a r e  the cor responding  S of . 
t h e s e  i n d u c e r s .  Note t h a t  the c r i t i c a l  vapor  volume i s  n o t  dependent  on 

t h e  i n d u c e r  S b u t  i s  a f u n c t i o n  of the i n d u c e r  CY/b r a t i o .  

S 

S 

S 

Shock Wave E f f e c t s  

Reference  17 h a s  shown e x p e r i m e n t a l l y  t h a t  b o t h  normal and c o n i c a l  shock 

waves occur  i n  m i x t u r e s  of gaseous  n i t r o g e n  and w a t e r  ( e f f e c t i v e l y ,  t h i s  

i s  a c o n s t a n t - q u a l i t y  mixture)  and ,  g i v e n  the f low c o n d i t i o n s  upstream o f  

t h e  shock, h a s  a c c u r a t e l y  p r e d i c t e d  the shock l o s s e s  and the downstream 

f l o w  c o n d i t i o n s .  S i n c e  t h i s  v e r i f i e s  the e x i s t e n c e  of shock waves i n  

two-phase m i x t u r e s  and s i n c e  i n  many c a s e s  a two-phase mixture  w i l l  

exceed i t s  a c o u s t i c  v e l o c i t y  when p a s s i n g  through a pump, some s o r t  of 

shock waves a r e  probable  and,  depending upon the i r  t y p e ,  can f u r t h e r  

compl ica te  the two-phase pump a n a l y s i s .  

wave o c c u r s  somewhere i n  the d i v e r g i n g  i m p e l l e r  passage ,  t h e  l o c a t i o n  of 

the shock and, consequent ly ,  the i m p e l l e r  d i s c h a r g e  s t a t i c  p r e s s u r e  i s  

dependent  upon the s t a t i c  p r e s s u r e  a t  the impeller d i s c h a r g e .  

normal shock can be e s t a b l i s h e d ,  it would be of  g r e a t  b e n e f i t  because it 

would r a i s e  the f low d e n s i t y  and t h e r e b y  i n c r e a s e  the s t a t i c  p r e s s u r e  r ise 

between the shock wave and the i m p e l l e r  d i s c h a r g e .  

For  example, i f  a normal shock 

If  a s t a b l e  
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P o i n t  

1 

2 

3 

- 4 

TABU 12 

~ E X I M E N T A L  TEST RESULTS, MODEL MK 15 FUEL I N D U C ~  

(0, = 0.0935) 

%O L. 

IC, 7 e i n c h e s  

0.233 0.12 0.111 0.353 

0.231 0.08 0.072 0.331 

0.227 0.04 0.032 0.298 

0.225 0.03 0.022 0.286 

0.0041 

1 

2 

3 
4 - 0.2486 31.7 

p e r c e n t  

- 

~~ 0.0140 0.2152 
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C o n i c a l  shock waves may occur  a t  o t h e r  l o c a t i o n s  w i t h i n  a pump. F o r  

example, even if the r e l a t i v e  v e l o c i t y  l e a v i n g  t h e  i m p e l l e r  i s  s u b s o n i c ,  

the a b e o l u t e  v e l o c i t y  approaching t h e  v o l u t e  vanes  may be s u p e r s o n i c ,  

p a r t i c u l a r l y  i f  t h e  i m p e l l e r  i s  c e n t r i f u g a l ,  T h i s  would cause  a c o n i c a l  

shock wave and some t o t a l  p r e a s u r e  d r o p  a t  the vane l e a d i n g  edges .  I f  

t h e  f low e n t e r s  the i n d u c e r  s u p e r s o n i c a l l y ,  a c o n i c a l  shock wave w i l l  

form a t  the i n d u c e r  l e a d i n g  edge,  t h e r e b y  a l t e r i n g  the downstream f low 

c o n d i t i o n s  and,  consequent ly ,  a f f e c t i n g  t h e  pump performance. 

It i s  a p p a r e n t  t h a t  any complete a n a l y s i s  of pumps d u r i n g  two-phase 

o p e r a t i o n  must i n c l u d e  an  a n a l y s i s  of shock wave losses  and e f f e c t s .  

T h i s  can l e a d  t o  s e v e r e  compl ica t ions ,  p a r t i c u l a r l y  i f  t h e  pump p e r f o r -  

mance i s  dependent  upon t h e  system back p r e s s u r e .  
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The s e l e c t i o n  of a candidate  LH2 pump m a t e r i a l  must be based on a myriad 

of c o n s t r a i n t s  inc luding  s t r e n g t h ,  weight,  d u c t i l i t y ,  modulus, hea t  capac i ty ,  

thermal conduct iv i ty ,  e t c .  The purpose of Task I1 is t h e  comparative evalua- 

t i o n  of t h e  m a t e r i a l  candidates  f r o m  a s t r u c t u r a l  s tandpoin t  followed by a 

comprehensive evs lua t ion  of t h e  thermal response c h a r a c t e r i s t i c s  o f  t h e  

ma te r i a l s  under a wide range of chilldown condi t ions.  The confirmation 

of t h e  a n a l y t i c a l  c losed  form and computer p red ic t ions  i s  followed by experi-  

mental  t e s t  r e s u l t s  provided by a r e l a t e d  study, 

MATERIAL CHILLDOWN PHILOSOPHY 

The philosophy of m a t e r i a l  chilldown can be considered as composed of two 

a l t e r n a t i v e  p o s s i b i l i t i e s .  For engine s tar t  s i t u a t i o n s  where l i t t l e  o r  no 

precondi t ioning has been provided, a minimum prope l l an t  f low and minimum 

time per iod  of s ta r t  a r e  ind ica ted .  For  t h i s  circumstance t h e  ques t ion  of 

complete c h i l l i n g  o f  t h e  pump v s  c h i l l i n g  of only t h e  wet ted su r face  a r i s e s .  

For t h e  former condi t ion a high ma te r i a l  conduct iv i ty  and low-density hea t  

capac i ty  product a r e  ind ica ted .  I n  add i t ion  f o r  t h i s  condi t ion t h e  su r face  

coat ings which enhance t h e  b o i l i n g  a t  t h e  wetted su r face  without providing 

a s t rong  i n s u l a t i n g  inf luence  f o r  t h e  base ma te r i a l  w i l l  be  optimum. 

r ap id  c h i l l  s i t u a t i o n s  where only t h e  pump wetted su r faces  a r e  c h i l l e d ,  

t h e  i n t e r i o r  o f  t h e  pump m a t e r i a l  remains w a r m  and b leeds  a t o l e r a b l e  hea t  

l e v e l  s l o w l y  i n t o  t h e  pump during t h e  mainstage po r t ion  of opera t ion ,  For  

t h i s  condi t ion  t h e  use of thermally i n s u l a t i n g  su r face  coa t ings  w i l l  prevent  

t h e  h e a t  content  of t h e  pump from en te r ing  t h e  chilldown f l u i d .  

l a t te r  case  an  increased  i n s u l a t i o n  th ickness  can provide increased  bene f i t .  

For  

In  t h i s  

From a thermal shock and requi red  s t r e n g t h  s tandpoin t  cons idera t ion  of s ta r t  

with t h e  main i n t e r i o r  of t h e  pump i n  a warm condi t ion  must be assessed.  

Since m a t e r i a l s  gene ra l ly  increase  i n  s t r e n g t h  a t  l o w  temperatures ,  t h e  
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desirability of a completely cold pump o r  a warm pump with a chilled surface 

must be evaluated. 
both cases must be ascertained from these standpoints. 

taken during this study included both slow, moderate, and fast chill 
circumstances. 

During the course of a design study consideration of  

The analysis under- 

Design of a pump-from a chilldown standpoint regardless of material type 
should be tciward a lighter weight pump except under the singular case where 

turbine weight is large and a resultant high pump equilibrium temperature 
results prior to a restart condition. For conditions where a long period 

of preconditioning is allowed and where maximum utilization of the prechill 
flow is available, the spreading of the minimized LH 
long flow passage length (large length to hydraulic diameter L/D) is desir- 
able. 
acceptable, the pump weight should be toward obtaining a small flow passage 
length to hydraulic diameter ratio. 

capacity will be isolated from the hydrogen wetted surfaces. 

with this method, materials with low thermal diffusivity and thermal con- 

ductivity are to be selected. Materials of this type are titanium-nickel 

alloys and stainless steel as opposed to aluminum o r  high conductivity 
nickel materials. 

pump weight over a 2 

If the rapid start with only a chilled surface tondition present is 

In this latter approach the pump heat 
In accordance 

Material Strength to Density Ratio 

Minimization of the pump mass by employment of minimum thickness sections 
is a primary requirement to promoting a rapid chilldown. 
of maximum yield strength to density ratio indicated titanium and Inconel 

718 provide the highest values as shown in Fig. 53. 
strength increase with decreased temperature results in a necessary compari- 

son to be made of the desirability of (1) completely chilling a lightweight 

pump f o r  strength factors or ( 2 )  partial chilling of a heavier pump which 

A study review 

The effect of material 
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Temperature, R 

Figure 53. Candidate Pump Material Strength t o  Density 
Variation With Temperature 



, 

does not require the temperature-dependent strength. Under the assumptions 

made a consideration to what extent minimum thickness sections governs the 

pump weight must be included. 

Thermal Shock Characteristics 

The thermal shock character of materials studies was analytically assessed 
from the standpoints of allowing thermal strains to remain within the yield 
stress value o r  from a standpoint of allowing yielding due tc thermal strain. 
For  the former a high density to modulus ratio is desired; for the latter 

a high fracture ductility and plastic strain absorption capability is neces- 

sary. 

material desirability. 

ratings, 

The rating employed used the following relationships for assessing 
Table 13 illustrates the comparative parameter 

(elastic rating parameter) (53) 

(plastic rating parameter) (54) 

Further 'comparison of  thermal expansion differences of proposed insulating 
coating to base material properties and coating plasticity is necessary 
prior to final selection. 

MATEBIAL TIME RESPONSE 

The critical thermal time response period for the turbopump body structure 
can be developed from the transient heat-cqnduction equations for three 
cooling limit cases using one-dimensional heat conduction, constant heat 

transfer coefficient assumptions. These .limiting cases are f o r  (1) a 
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t 

f i n i t e  w a l l  th ickness  (t) with a n  i n f i n i t e  thermal conduct iv i ty  ( k ) ,  (2) 

an i n f i n i t e  hea t  t r a n s f e r  c o e f f i c i e n t ,  and (3) an  i n f i n i t e  w a l l  th ickness  

with f i n i t e  thermal conduct ivi ty .  The equations f o r  hea t  conduction may 

be expressed i n  terms of a nondimensional temperature r a t i o ,  a B i o t  number 

(a measure of coolant-side f i l a  c o e f f i c i e n t ) ,  and a Four ie r  number ( a 

measure of t ime) .  By a r ranging  t h e  s o l u t i o n  of Ref. 21 i n  terms of t hese  

dimensionless parameters,  t h e  equation f o r  hea t  conduction i n  a f i n i t e  

th ickness  s l a b  (k -‘a) becomes: 

-NFo NBi 
Q! = e  

T - T  

T .  - T 
W C 

1 C 
C Y =  

h t  - -  
NBi - K 

(55) 

(57) 

where t h e  subsc r ip t s  w,  c ,  and i a r e  f o r  w a l l ,  coolan t ,  and i n i t i a l  va lues ,  

respec t ive ly .  

A c r i t i c a l  time constant  can be def ined as t h e  time when t h e  wa l l - to -  

coolant $emperatwe r a t i o  ( o r  hea t  f l u x )  reduces t o  1/e of i t s  i n i t i a l  

va lue ,  i . e . ,  

amit  = (-9 = 0.367 

Solving t h e  t w o  above equat ions r e s u l t s  in :  

NFo Nsi = 1.0 (Case I s l o w  c h i l l )  

(59) 

A comparison of t y p i c a l  ma te r i a l s  may be made by comparing dens i ty ,  hea t  

capac i ty ,  and thermal conduct iv i ty  f a c t o r s  def ined  by t h e  t ime constant  

equations as w i l l  be  shown below. 
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Under conditions where very vigorous boi l ing is combined with forced con- 

vect ion,  the  w a l l  surface and propellant in te r face  i s  reduced t o  t h e  loca l  

bulk temperature i n  a very shor t  period of time. 

ness response f o r  an i n f i n i t e  coolant heat  t r a n s f e r  coef f ic ien t  may be 

approximately expressed by rap id  c h i l l  re la t ionship:  

Comparisons of w a l l t h i c k -  

2 
NFox (E) (Case I1 rapid c h i l l )  (61) 

Similar ly ,  f o r  t h e  case of the  i n f i n i t e  thickness s l a b ,  t h e  dimensionless 

form of the heat conduction equation becomes 

-1/2 
+ 1 a = erf 2 (NFo) 

2 -1/2 
[NBi + NBi NFo] erfc  NF o 112 

2 i- NBi NFo e 

For t h i s  case the solut ion may be developed f o r  

and t h e  r e s u l t  i s  

with NBi NFo> 1.0, c r i t  

(Case I11 moderate c h i l l )  (64) 

I n  terms of c r i t i c a l  time the  l i m i t s  f o r  t w o  cases become 

f i n i t e  s lab  K + B  (NBi+o) 

i n f i n i t e  f i lm coef f ic ien t  
(NSi’”) 

2 p C  k 
f i n i t e  s l a b  (N N FZ 1.0) e - -  

2 B i  Fo 
- 

7c m 
hC 
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A comparison of t h e  f i r s t  and t h i r d  time bounds with the exact solut ion 

t o  the  heat-conduction equation is shown i n  Fig. 54. For t h e  time con- 

d i t ions  (Fourier number) representat ive of rap id  pump and engine s t a r t u p  

time without p r e c h i l l ,  t h e  i n f i n i t e  s l a b  solut ion time constant is most 

c lose ly  representat ive of  t h e  ac tua l  time f o r  chilldown. For m o s t  turbo- 

pump mater ia ls  of reasonably large w a l l  thickness and small times (of approxi- 

mately 1 t o  5 seconds), t h i s  solut ion is approximately correct .  

Slow Chilldown Time Material  Response 

For conditions of l o w  hea t  t r a n s f e r  coef f ic ien t  with a long time period 

( s l o w  c h i l l )  o r  th icker  w a l l  (Nsi < 1.0, NFo > 1.0) , the  thermal conduc- 

t i v i t y  of the  w a l l  is of secondary importance as shown by Eq. 65. 
long c h i l l  periods t h e  t o t a l  heat capacity o r  enthalpy indicates  the time 

f o r  heat removal. 

For 

Two mater ia l  c h i l l  s i t u a t i o n s  were examined f o r  a range of mater ia ls  

(Table 14). These were a chilldown from ambient t o  36 R and a c h i l l  from 

180 t o  36 R. An examination of the  r e s u l t s  based upon the  mater ia l  prop- 

e r t i e s  of Ref. 8 and 18 show t h a t  t h e  l a r g e s t  f r a c t i o n  of heat content i s  

i n  the  temperature range of 540 t o  180 R with only 10 t o  15 percent remain- 

ing i n  the  180 t o  36 R due t o  a d r a s t i c  reduction i n  thermal heat capacity 

a t  l o w  temperatures. 

the e n t i r e  temperature range indicates  t h e  l i g h t  metals such as magnesium, 

beryllium, t i tanium, and aluminum indicate  t h e  b e s t  s l o w  c h i l l  character- 

i s t i c s .  

heat content . 

A comparison of t h e  chilldown c h a r a c t e r i s t i c s  over 

In the  nonmetals t h e  Teflon (and Kel-F) mater ia ls  have t h e  lowest 

Moderate Chilldown Time Material  Response 

From Eq. 67 where t h e  chilldown of t h e  cooleh surface i s  considered, t h e  

product of densi ty ,  heat  capacity and thermal conductivity i s  the  control l ing 
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TABU 14 

REXATIVE TIME FOR CHILLDOWN (NBi<<l,% >>1,0) 
0 

Materia 1 

Beryllium 
Chromium 
Magnesium 

Aluminum 
Molybdenum 

T it anium 

Steel 
Tungsten 
Nickel 

Manganese 
Tantalum 
Copper 

Carbon 
Teflon 
Polyethylene 

180 to 36 R 
P A H  

0.131 
0.668 
0.711 
0.744 
0,828 

0.852 

0.97 
1.11 

1.12 

1.23 
1.44 

1.51 

0.38 
0.68 
0.78 

Material 

Magnesium 
Beryl 1 ium 
T it an ium 
Aluminum 
Molybdenum 

T ant a 1 um 
Tungsten 
Chromium 

Steel 

Manganese 
Nickel 
Copper 

Teflon 

Carbon 
Polyethylene 

540 to 36 R 
P A H  
5.60 
6.68 
7.20 

7.25 
7.62 
8.2 

8.5 
8.8 

10.1 

10.3 

10.7 
11.1 

5.77 
6.6 
8.95 
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influence. 

and 60 F, 
and stainless steel due to a low thermal conductivity preventing heat soak 

from the pump interior. For normal forced convection circumstances this 
moderate chilldown criterioil is controlling. 

Table 15 indicates this product for a range of materials at -255 

It is shown that titanium is substantially better than K-monel 

.. 

Minimum Surface Chilldown Time 

For conditions where the applied heat transfer coefficient approaches a 

high value (Nsi-’ a, NFo < 1.0) the thermal diffusivity controls the dif- 
fusion of heat to the chilled surface. 

ivity values at temperatures of 400, 60, and -250 F is shown in Table 16 
for a range of pump materials. 
of Inconel, stainless steel, K-monel, and titanium appear about equal. 
Materials with high thermal conductivity are shown to have substantially 
higher thermal diffusivity values. 

A comparison of the thermal diffus- 

For this condition the common pump materials 

Table 17 compares the candidate pump metals on a qualitative basis from 
the previous charts. From fast and moderate surface chill standpoints 

the titanium is excellent. 

appears good. Materials such as aluminum exhibit good slow chill char- 

acteristics but poor fast chill characteristics. 

From a very slow chill standpoint it also 

Pump Internal Coating Materials 

From a materials study of thermal properties it appears that for the pro- 

vision of insulators on the pump internal wetted surfaces, ductile materials 
with a low thermal conductivity appear useful. 
thermal properties groupings it was indicated that Teflon and Kel-F materials 
have low thermal conductivity, density, and heat capacity with good low- 

temperature ductility. 

From a comparison of the 

A comparison of Kel-F and Teflon for a range in 
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TABLE 15 

CHILLDOWN THERMAL FACTOR FOR MODERATE 
FILM COEFFICIENT 

I_ Material 

T i tan ium 
Mangane s e 
K-monel 

347 CRES 
Inconel 

Magnesium 
Aluminum 
Beryl1 ium 
Tantalum 

Nickel 
Chromium 

Molybdenum 

Tungsten 
Copper 

p C K [Btu2/(hr ft 4 2  R )] 
P 
at 60 F 

139 
333 
534 
44 1 

559 
1,170 
2 , 350 
6 Y 530 
1 9 030 
2 930 
3,360 
3,410 
3,790 
11 , 300 

at -250 F 

37.3 
102 

273 

262 

365 
532 
778 
817 
980 

1,520 

1 Y 790 
2,430 
3 , 050 
10 ) 000 
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TABm 16 

REUTIVE CHILL PIDETRATION FOR FILM COEFFICIENT 
.. 

Material 

Manganese 
Inc one 1 
347 CRES 
K-mone 1 
Titanium 
T ant a lum 
Magnesium 

Nickel 

Aluminum 
Molybdenum 
Chromium 
Tungsten 
Copper 

Beryllium 

at 400 E 

0.140 

0.161 

0.217 

2.00 
0.410 

2.50 

1.74 

at 60 F 

0. I15 
0.132 
0.160 
0.191 
0.18 

0.933 
1.74 
0.678 

2.03 
2.07 
1.46 

2.38 

4.35 
2.21 

at -250 F 

0.12 

0.150 

0,179 
0.190 
0.21 

1.25 
1-27 

1.33 
1.86 

3.73 
4.22 

4.72 

6.75 
27.5 
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Material - 
T it an ium 
Beryl1 ium 

Aluminum 

Magnesium 
Inconel 

347 CRES 
K-mone 1 
Nickel 

Copper 

TAJ3JB 17 

RELATIVE COMPARISON OF MATERIAL 
CHILLDOWN C U C T E R I S T I C S  

Fast Chi1 1 

P (Low K h  c 1 

Excellent 

P o o r  

Po o r  

Fair 

Ex c e 1 1 en t 
Excellent 
Excellent 
Fair 

Poor 

Moderate Chill 
(Low p C K) 

P 

Excellent 
Poor 

Fair 
Fair 
Good 

Good 
Good 
Fair 
Po o r  

Slow Chill 
(Low P c 1 P 

Good 

Ex c e 1 1 en t 
Good 

Excellent 
Fair 
Fair 
Poor 

Po o r  

Poor 
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chilldown circumstances i s  shown i n  Table 18. For moderate chilldown times 

the  t a b l e  indicates  t h a t  Kel-F coatings require  approximately 50 percent 

of t h e  thickness required f o r  Teflon. 

metal coating candidates such as aluminum and zirconium oxide, e tc . ,  i s  

shown i n  Table 19. 
coating would apparently l i m i t  se lec t ion  t o  f l e x i b l e  s o f t  mater ia ls  and 

those which a r e  e a s i l y  a p p l i e d t o  t h e  l i n e  o r  pump p a r t .  Discussion of 

the  promise of ap2l ied o r  surface t r e a t i n g  techniques f o r  pump r o t a t i n g  

and s ta t ionary  p a r t s  is provided under Task I11 discussion. 

Comparative evaluation of other non- 

Adherence of t h e  coating and pump ingest ion of flaked 

L i m i t i n g  C r i t i c a l  Chilldown Time 

The c r i t i c a l  time f o r  w a l l  mater ia l  chilldown w a s  shown by solut ions f o r  

s l o w ,  moderate, and fas t  c h i l l  conditions by the  expressions: 

t pw cP w 
W - 

C 
Tc - h 

K 2 P W  cP 

rc = e( 7r h ;  "> 
C 

e _ -  
rc - 7r 

s l o w  c h i l l  (NZi-O) (68 1 

moderate c h i l l  (N N C 1.0) (69) B i  Fo 

I n  the l a t t e r  case with high f i lm coef f ic ien ts  where t h e  surface c h i l l s  

extremely rap id ly ,  the  penetrat ion of t h e  c h i l l  through t h e  body thick- 

ness becomes a function of t h e  thermal d i f f u s i v i t y  and thickness. 

the  f i n i t e  f i lm coef f ic ien t  cases t h e  f i lm coef f ic ien t  d i r e c t l y  a f f e c t s  

the  time t o  chilldown, 

For 

It can be shown t h a t  t h e  maximum flow mass ve loc i ty  (k V,) may be expressed 

for a gas condition based on the  choked vapor condition and f o r  a l iqu id  flow 
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TABLF: 18 

COMPARISON OF KELF AND TIZFLON 

HFAT TRANSF'EB EFFECTIVENESS* 

K 

T ,  R I P c p  1 p e p K  

500 
400 

300 

200 

100 

50 

500 

400 

300 

200 

100 

50 

Teflon 

27.6 

24.8 

20.7 

14.5 

8 

4.8 

4.06 

3.6 
2.9 

1.96 
0.99 

0.92 

Ke 1-F 

0.39 

0.00532 
0.00584 

0.00677 

0,00932 

0.0154 

0.0225 

0.00272 

0.00363 

0.0046 

0.0065 

0.00303 

0.0086 

*Values i n  Btu/hr-ft-R un i t s  
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based on t h e  conversion of t o t a l  p ressure  t o  a v e l o c i t y  head. The expres- 

s ion  f o r  t h e  f i l m  c o e f f i c i e n t  i n  terms of a r e l a t i v e l y  i n s e n s i t i v e  Stanton 

numb er becomes 

h 
NST = ~ a ,  V, Cp 

This may be r e l a t e d  t o  a choked gas flow condi t ion and a m a x i m u m  l i q u i d  

f low v e l o c i t y  

( l i q u i d )  (73) 

An expression f o r  t h e  l i m i t i n g  minimum c r i t i c a l  chilldown time f o r  €I2 

l i q u i d  and gas  is as shown i n  Table 20. F o r  condi t ions of f i x e d  pump 

geometry t h e  s tagnat ion  pressure  becomes t h e  s t ronges t  in f luenc ing  f a c t o r  

f o r  reduct ion of p r e c h i l l  time. Higher pump i n l e t  and tank pressures  w i l l  

p ropor t iona l ly  decrease t h e  chilldown time. For r a p i d  starts without pre- 

condi t ioning t h e  inf luence  is  seen t o  be propor t iona l  t o  t h e  square of t he  

i n l e t  pressure.  It i s  ind ica ted  t h a t  t h e  lower pressure ,  small flow a rea  

sec t ions  of t h e  pump such as t h e  inducer can provide t h e  l i m i t a t i o n  during 

e a r l y  pump speedup due t o  e x i s t i n g  low-pressure condi t ions.  

MATEZIAL CHIIJBOWN TIME EXAMPLES (ANALYTICAL COMPARISON) 

Comparisons of l o w  t y p i c a l  ma te r i a l  su r f ace  chilldown t imes as a func t ion  

of f i l m  c o e f f i c i e n t  a r e  shown i n  Fig.  55 t o  58 f o r  t i t an ium,  s t a i n l e s s ,  

copper ( re ference)  and Kel-F in su la to r .  For t hese  examples t h e  time t o  

achieve a temperature r a t i o  wi th  l /e  of t h e  f i n a l  value were compared 

using t h e  previously descr ibed l imi t ing  condi t ions  f o r  a f i n i t e  w a l l  
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TABLE 20 

LIMITING CRITICAL TIME (CU = l / e )  DEPENDENCE UPON .. 
MATERIU, E'RESSURE AND TliMPEUTURE PARAMETEEtS 

Par am e t  er 

Thin Wall (slow c h i l l )  

Thick Wall (rapid c h i l l )  

Liquid Flow Gas Flow 

p c  t'JTH 
pw 

N C P f(y,R) 
ST PH 

f(r,RI2 N2 c2 2 
ST pHp H 



Time, seconds 
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Figure 57. Copper Time t o  Chilldown of Surface (a = l / e )  
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thickness with a high thermal conductivity and a finite film coefficient 

for a thick wall. Material properties for this analysis were based upon 

an average between ambient and -210 F (a = l/e). 

conductivity materials a wide difference exists between the solutions for  

thin and thick wall surfaces. F o r  lower  conductivity wall materials a 
small thickness (<0.1 inch) acts similar to a thick wall due to the small 
chill penetration depth over the start time period. 
chilldown tjmeb to Q! = 1/e may be seen illustrated below for a low film 

coefficient case (LH 
efficient (choked vapor) case. 

It is seen that for high 

A comparison of the 

film boiling at 5 atm pressure) and a high film co- 2 

Material 

Titanium 
T it an ium 
S ta in1 e s s 

Sta in1 es s 

Copper 
Copper 
Ke 1-F 
Ke 1-F 

(0.1 inch) 
(t = a) 

(t = 05) 

(t = a) 

(t = a) 

(0.1 inch) 

(t = 0.1 inch) 

(t = 0.1 inch) 

Time, seconds 
2t hc = 1.5 x 10 -4 

9.5 
120 

. 18 

500 
17.5 

12,000 

1.2 
1.2 

at hc ='1.4 x 

1 

1.5 
2 
6 
1-75 

150 
0.1 
0.1 

NOTE: Surface chilldown ambient to 210 R 

It is shown that the material comparison charts previously shown are in 
agreement with the above results. The critical time relationship equa- 

tions can as a consequence be used for approximate estimate comparisons. 

MATERIAL CHILLDOWN FOR ZERO LENGTH SURFACES 

A more exact computer analysis considering variable material properties 

of  conductivity and specific heat was performed using the Tap I1 program 
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h 

(Ref. 48) with varying material properties with temperature and a variety 

of imposed coolant film coefficients. Chilldown was assessed from ambient 

to a chilled condition of -420 F with a coolant bulk temperature of -426 F. 

Figures 59 and 60 compare titanium with stainless material under a low film 
coefficient circumstance (pool film boiling at 5 atm pressure, h 
Btu/in. -sec) .. 
a more rapid surface chilling to -420 F .  For a 0.1-inch material thickness 

15 seconds are required for titanium compared with 60 seconds for stainless 

steel. 
As expected, the time f o r  chilldown is substantially reduced. 

it is indicated that the back side wall temperature lags the more rapid 
chilldown of the cooled surface. 
coefficients is shown in Fig. 62. 

4 

Comparison of the titanium with the stainless steel indicates 

= 1.5 x 10- 
C 2 

Figure 61 compares titanium chilldown with a higher film coefficient. 
In addition, 

A comparison over a range in coolant film 
The shorter time periods associated with 

higher film coefficients are shown. 

Material Coating Study 

Applications of insulating surface coatings such as Kel-F and Teflon over 
the base metal were examined with the aid of the Tap I1 program (Ref. 48) 

for transient heat transfer analysis. Wall thicknesses of 0.1 and 1.0 inch 

were evaluated with surface coatings of 0.010, 0.050, and 0.100 inch with 

film coefficients ranging from pool film boiling to strong forced convec- 

tion conditions. 
ing thickness and film coefficient on the chilldown time for a 1:O-inch 

titanium wall. 
effect of coating thickness is pronounced; however, within an acceptable 
time period the surface is not reduced to near the coolant bulk tempera- 

ture. 
temperature decrease is quite marked. The surface is shown to bleed into 
the coolant a low heat rate after the initial surface temperature reduction. 

The effect of increasing the forced convection coefficient is seen to pro- 

vide a quicker surface chill and to require a smaller coating thickness for 

Figures 62 to 68 illustrate the effects of surface coat- 

For low values of film,coefficient (pool film boiling) the 

For higher film coefficients (forced-convection I8 ) the surface 2 
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Figure 59. Wall Surface Chilldown vs Time 
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Figure 60. Wall Surface Chilldown vs Time 
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h, = 1.5 x 10.4 Btu/in?-sec-'R 
(Pool Film Boiling) 
1.0 inch Titanium 
I& Bulk Temperature - 425 F 

0 10 20 30 
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Figure 63. Wall Surface Chilldown vs Time 
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a given time period. Comparable f i g u r e s  f o r  1.0-inch thickness  s t a i n l e s s  

mater ia l  is  shown i n  Fig.  67 and 68. 
en t s  and th i cke r  sur face  coa t ings  t h e  e f f e c t s  of t h e  metal  base ma te r i a l  

p rope r t i e s  a r e  minimized. 

t u r e  vs hea t  t r a n s f e r  c o e f f i c i e n t  a f t e r  a 5-second period. 

increased coat ing th ickness  above 0.050 inch (Teflon) a r e  seen t o  be bene- 

f i c i a l  only f o r  low f i l m  c o e f f i c i e n t  values  ( < O ,  001 Btu/ine2-sec-F). 

t he  pump and l i n e  sur faces  as a consequence it i s  seen t h a t  t h e  requirement 

of a small coat ing thickness  on high f l u i d  v e l o c i t y  sur faces  and a la rge  

thickness  on l o w  f l u i d  v e l o c i t y  sur faces  i s  indicated.  As  a r e s u l t , t h i n  

pump blading need only be  coated with a minimum th ickness  in su la to r .  

For the  higher  app l i ed  f i l m  coe f f i c i -  

Figure 69 i l l u s t r a t e s  a graph of sur face  tempera- 

Benef i t s  of 

For 

MATEXIAL CHILLDOWN FOR FINITE LFXGTH SWACES 

A f u r t h e r  computer i nves t iga t ion  of t h e  chilldown c h a r a c t e r i s t i c s  of long 

pump f l u i d  passages w a s  made with seve ra l  candidate  pump ma te r i a l s ,  w a l l  

th icknesses ,  f i l m  c o e f f i c i e n t s  and wal l  coat ings t o  complete the  previous 

(L/D = 0) work j u s t  described. A sec t ion  of f l u i d  passage t y p i c a l  of a 

hydrogen pump w a s  analyzed t o  determine t h e  w a l l  and f l u i d  temperatures 

as a func t ion  of passage length  t o  equivalent  hydraul ic  diameter r a t i o  

(L/D). 
equivalent  diameter of l/lrr  inches. 

The thermal analyzer  computer program w a s  modified t o  include t h e  e f f e c t  

of  bulk temperature r i s e  along t h e  passage length  and w a s  employed f o r  t h i s  

parametric ana lys i s .  

The developed f l u i d  passage i s  assumed t o  t y p i c a l l y  have a nominal 

This i s  shown i n  t h e  sketch of Fig.  70. 

The var ious parameters were expressed i n  terms of t h e  Stanton,  B i o t ,  and 

Fourier  numbers l i s t e d  below: 

h Stanton number = 
Ga cP, 
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W 
h t  

- -  
W 

- k  B i  o t number 

Fourier number = o/7 

t 2  
W 

(75) 

(76) 

These nondimensional parameters a l l o w  a degree of general i ty  i n  the r e s u l t s  

by which moderate changes i n  some parameters may be predicted and compari- 

sons made f o r  d i f f e r ing  conditions. A typ ica l  value fo r  t h e  Stanton number 

i n  t h e  hydrogen-cooled passage w a s  taken as  0,00218 with the  hydrogen prop- 

e r t i e s  evaluated a t  an average temperature of 200 R. 

The f i lm coef f ic ien t  was varied by an order of magnitude from 0.001 repre- 

senting forced convection down t o  0.0001 Btu/sec-in.2-R representing p o o l  

f i lm boiling. 

cooled passage through an aluminum wall of 0.6-inch thickness. 

cases t h e  wall  was assumed i n i t i a l l y  a t  ap ambient temperature of 530 R. 

The coolant enters  a t  60 R and experiences a bulk temperature r i s e  along 

the  passage. 

a t  an L/D of zero near t he  i n l e t  has reached 225 R and, due t o  a higher 

f l u i d  temperature, r i s e s  rapidly with L/D t o  near t he  i n i t i a l  w a l l  tempera- 

t u r e  a s  shown i n  Fig. 71. Within 2 minutes time the  wall has completely 

ch i l l ed  t o  an L/D of 150 and within 50 degrees a t  an L/D of 300. 

A typ ica l  case chosen f o r  consideration was a hydrogen- 

I n  a l l  

A t  10 seconds a f t e r  s t a r t  of chilldown the  w a l l  temperature 

The corresponding bulk temperature of t he  coolant is  p lo t ted  in  Fig. 72. 

Far t he  high f i lm coef f ic ien t  of 0.001 

a dominant influence on chilldown with the  wall temperature following 

closely the f l u i d  temperature with increased time. 

t he  hydrogen bulk tempepature has 

The w a l l  surface temperature drops rap id ly  a t  an L/D of 300 and ra ther  

slowly a t  L/D values above approximately 100 due t o  t h i s  rap id  r i s e  i n  
the accompanying bulk temperature. 
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This indicates  t h a t  an L/D of 100 t o  150, modeling hydrogen pump and l ine  

passages, may require a considerably longer chilldown period. The predicted 

chilldown times by a t r a n s i e n t  analysis  of t h e  w a l l  without considering the  

bulk temperature r i s e  through %he passage (L/D = 0) w i l l  be shorter .  

The 0.1-inch aluminum w a l l  shown i n  Fig. 73 c h i l l s  much more rapidly a t  

l o w  L/D values but only s l i g h t l y  f a s t e r  a t  high L/D values. 

a l m o s t  completely down t o  bulk temperature a t  an L/D of zero within 10 

seconds and throughout f o r  an L/D of 300 within 2 minutes. 

the t h i n  w a l l  i s  of considerable advantage i n  c h i l l i n g  shor t  passages but 

of l i t t l e  benef i t  i n  c h i l l i n g  long passages. Similar curves a r e  p lo t ted  

f o r  347 CRES i n  Fig. 74 and t i tanium i n  Fig. 75. The 0.6-inch CRES w a l l  

c h i l l s  somewhat l e s s  than the  aluminum a t  high Fourier numbers and L/D 

values s ince i t s  heat content p C 

The t i tanium surface c h i l l s  more rap id ly  a t  l o w  L/D values ,  due t o  l o w  

thermal d i f f u s i v i t y  (a), and a t  the same r a t e  as aluminum a t  high L/D 

values s ince they have approximately the  same t o t a l  heat  content ( p  C ). 
These w a l l  temperatures a r e  a l s o  control led la rge ly  by t h e  bulk tempera- 

t u r e  which i s  similar t o  Fig. 72 f o r  high f i lm coef f ic ien ts .  

The c h i l l  i s  

This indicates ,  

is approximately 50 percent greater .  
P 

P 

For the  same thickness of w a l l  and high f i lm coef f ic ien t  t h e  mater ia l  selec- 

t i o n  has l i t t l e  bearing on chilldown r a t e  a t  high L/D and Fourier numbers 

and a moderate e f f e c t  a t  an L/D of zero and l o w  Fourier numbers. 

Decreasing t h e  B i o t  number o r  f i lm coef f ic ien t  by a f a c t o r  of 1/10 in- 
creases the  chilldown time appreciably as may be seen f o r  an 0.6-inch 

aluminum w a l l  i n  Fig. 76. 
f i lm coef f ic ien t  t h e  chilldown w i l l  be very s l o w  with high bulk tempera- 

t u r e  p e r s i s t i n g  throughout a long chilldown period as i n  Fig. 76. 
condition is t o  be avoided f o r  a rapid Is"2 turbopump s tar t .  

This indicates  under l o w  coolant f lowrates and 

This 
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A log ica l  a l t e r n a t i v e  when a rap id  chilldown i s  not possible f o r  l o w  flow- 

r a t e s  and large metal masses, is  t o  r e t a r d  the  heat input t o  f l u i d  through 

use of a high thermal res i s tance  coating. 

long f l u i d  passage, a Kel-F coating of 0.050 inch applied t o  the  0.6-inch 

aluminum w a l l  w a s  analyzed. This r e s u l t e d ,  as seen i n  Fig. 77, i n  a sub- 

s t a n t i a l  drop i n  w a l l  surface temperature a t  low L/D values and only a 

s l i g h t  decrease a t  high L/D and intermediate Fourier  numbers as compared 

with no coating case i n  Fig. 71. 

To determine t h e  e f f e c t  on a 

The optimum coating thickness f o r  the  operating conditions of Fig. 77 is 

indicated by the v a r i a t i o n  of w a l l  surface temperature with coating thick- 

ness p lo t ted  i n  Fig. 78. 
coating thickness of 0.010 t o  0.020 inch (h = 0.001 Btu/in.  -sec-R) appear 

t o  y i e l d  mos t  of the benef i t  avai lable  from a coating. 

coating a high L/D passage i s  of l i t t l e  advantage due t o  t h e  large f l u i d  

temperature r i s e  encountered. The coating is of considerable benef i t  i n  

providing a rap id  surface c h i l l  with l o w  f i lm coef f ic ien ts  and coolant 

f l o w .  This i s  seen i n  comparing the  surface temperatures of Fig. 79 with 

those of Fig. 770 

For l o w  L/D values from 0 t o  approximately 100, 
2 

It appears t h a t  

The thermal analyzer program employed d id  n o t  include the e f fec t  of varia- 

t i o n  i n  hydrogen s p e c i f i c  heat with bulk temperature. A b r i e f  hand calcu- 

l a t i o n  including the change i n  spec i f ic  heat serves t o  show i ts  e f f e c t  i s  

small and diminishes rap id ly  with time. 

t u r e  d i s t r i b u t i o n  along t h e  w a l l  f o r  an 0.6-inch CRES w a l l  i s  s5own i n  

Fig. 80 as calculated within t h e  program. 

i s  corrected f o r  C the  r e s u l t a n t  curve w i l l  be s h i f t e d  a maximum of 

approximately 8 percent higher i n  bulk temperature a t  the  lower L/D values 

as shown i n  Fig. 80. This diminishes the  hea t  t r a n s f e r  r a t e  only s l i g h t l y  

a t  t h e  i n i t i a l  time period. 

t u r e  becomes negl igible ,  thus introducing l i t t l e  e r ror  i n  t h e  time f o r  c h i l l -  

down. 

time increment f o r  bulk temperature change. 

The coolant i n i t i a l  bulk tempera- 

I f  each bulk temperature r i s e  

P'  

A t  20 seconds t h e  differences i n  bulk tempera- 

The e f f e c t  of C v a r i a t i o n  w i l l  be damped out e a r l i e r  with a smaller 
P 
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W S I F N T  TWO-PHASE HYDROGEN HEXT TRANSFER 

Under an a s soc ia t ed  program study, experimental t r a n s i e n t  two-phase hydro- 

gen flow hea t  t r a n s f e r  da t a  were obtained f o r  uncoated tubes made of t h e  

candidate pump ma te r i a l s ;  CRES 321 s t a i n l e s s  s t e e l ,  t i t an ium (5A1-2.5 Sn),  

aluminum a l l o y  (Tens 50), and K-monel, wi th  OFHC copper used as a reference 

ma te r i a l  (Table 21). A t o t a l  of 87 t e s t s  was run  with tank pressures  vary- 

ing between 25 and 150 ps ig  and i n i t i a l  tube  temperatures ranging from ambient 

t o  30 R. 

obtained a t  t h e  e x i t  of t h e  tube t e s t  sec t ion .  A minimum of t w o  t e s t s  was 

run f o r  each t e s t  condi t ion.  A t e s t  summary is shown i n  Table 21. 

thickness  of each tube chosen w a s  such t h a t  t h e  amount of hea t  d i s s ipa t ed  

The chilldown was considered complete when s teady l i q u i d  flow w a s  

(The 

when t h e  tube cooled from ambient t o  l i q u i d  hydrogen temperatures was  approxi- 

mately t h e  same f o r  a l l  f i v e  tubes . )  

A drawing of a t y p i c a l  t e s t  specimen i s  shown i n  Fig.  81. Photographs of 

a t y p i c a l  t e s t  specimen, t e s t  appara tus ,  vacuum chamber, and flow schematic 

a r e  shown i n  Fig.  82 t o  85. 

The experimental da t a  co l l ec t ed  during t h e  t e s t s  included: 

1. 'Temperature h i s t o r i e s  obtained from nine  chromel-constantan thermo- 

couples loca ted  on t h e  outer  sur faces  of the  tubes and t h r e e  chromel- 

constantan thermocouples loca ted  i n  1/8-inch-deep wel ls  f o r  t h e  

s t e e l  and t h e  K-monel tubes 

2. Temperature of t h e  l i q u i d  hydrogen i n  t h e  re ference  junc t ion  pool 

measured by a Rosemount platinum r e s i s t a n c e  thermometer 

3. Bulk temperatures of t he  hydrogen flow immediately upstream and 
immediately downstream of t h e  t e s t ,  s ec t ion  (These were measured 

by chromel-constantan thermocouples f a b r i c a t e d  from 0.003-inch- 

diameter wires.  ) 



TABLE 21 

SuMMAR;Y OF TEST CONDITIONS, JANUARY 1967 
a 

TEST SERIES 

Test Spec imen 
(tubes) 

Steel(CRES 321) 
0.500-inch ID 
0.750-inch OD 
L/D = 24 

Copper(0FHC) 

0.500-inch ID 
0.750-inch OD 
L/D = 24 

K - ~ O  ne 1 (, 29-~e r c en t c o p p e I 

0.500-inch ID 
0.750-inch OD 
L/D = 24 

T itanium( 5-Perc ent A l )  

0.500-inch ID 
0.850-inch OD 
L/D = 24 

Aluminum(Tens 50) 

0.500-inch ID 
0.850-inch OD 
L/D = 24 

Xun No. 

4 t o  12 

13 to 23 
24 to 29 

30 to 40 
41 t o  47 

63 to 82 
83 t o  87 

40 to 57 
58 to 62 

Initial T emperatur ( 
(Nominal*), 

R 

5 00 
160 

500 
160 

500 
160 

500 
160 

Tank Pressure 
(Nominal*-), 

R 

25 to 150 

25 to 150 
25 to 150 

25 to 150 
25 to 150 

25 to 150 
25 to 150 

25 to 150 
25 to 150 

*Nominal temperatures and pressures are the target test conditions. 
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4. Pressures records from Wiancko and Statham transducers located 

i n  t h e  l i q u i d  hydrogen tank, upstream pressure and pressure drop 

i n  t h e  l i q u i d  hydrogen flow ventur i ,  o r i f i c e  i n l e t  and o r i f i c e  

pressure drop i n  the  hydrogen gas flow downstream from t h e  t e s t  

sect ion 

5. Gas temperature upstream of t h e  o r i f i c e  measured by an iron- 

constantan thermocouple 

6. Pressure var ia t ions  i n  t h e  flow channel immediately upstream 

and immediately downstream of t h e  t e s t  sect ion recorded by 

K i s t l e r  transducers 

The above measurements permitted calculat ion of hydrogen flowrates,  Reynolds 

numbers and temperature-time curves f o r  the  hydrogen flow and f o r  the  t e s t  

specimens. 

Experimental Test Results 

Figures86 through 91 show t h e  chilldown r a t e s  f o r  t y p i c a l  t e s t  runs  of 

various tube mater ia ls  and r e f l e c t  t r a n s i e n t  backwall temperature h i s t o r i e s .  

A t rend  of chilldown r a t e  with hydrogen pressure i s  shown and a higher pres- 

sure  condition, indicat ive of higher hydrogen mass flowra-les, r e s u l t e d  i n  

a rap id  cooling of t h e  t e s t  specimen. 

res i s tance  f o r  heat  d i ss ipa t ion  was t h e  e f fec t ive  boundary layer  res i s tance  

(NBi 
peratures t h a t  show a s l i g h t l y  quicker chilldown r a t e  than d id  the  other 

t w o  thermocouples, No. 18 and 21. Thermocouple No. 18 and 21 were located 

a t  t h e  tube midpoint and e x i t  point ,  respectively.  These differences i n  

For  t h e  cases shown the  control l ing 

0.1). As expected t h e  entrance thermocouple (No. 15) recorded tem- 

chilldown r a t e  can be a t t r i b u t e d  t o  t h e  higher heat  t r a n s f e r  r a t e s  a t  the  

entrance region and lower coolant bulk temperature. 
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Figure 91. Cooldown o f  an OFHC Copper Tube i n  Hydrogen Flow 
(Backwall temperatures vs time; nominal tank 
pressure,  100 p s i ;  run 14) 
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Table 22 illustrates the selected seven film coefficient test runs based 
on slow chill (N Calculated low Biot numbers indi- 
cate that the wall responded as an entity for these tests. 

< 1.0) conditions. Bi 

Further testing with higher Biot numbers, longer L/D's and with coated test 
sections is presently in progress at the Rocketdyne research laboratory. 



TABLE 22 

TYPICAL TUBE CHILLDOWN PARAMETERS FOR LH2 TESTS 

p2 
psia Material Run No. 

7, 
seconds 

a t  a = ( l /e)  

97.3 
144.8 

56.9 

97.8 
101.3 

102.3 

86.8 

p1 
ps ia  

115.8 
163 9 3 
69.8 

123.3 
123.8 

123.8 

119.8 

8.3 
' 8.3 

13 
11.0 

10.4 

14 

8.5 

I 

0.154 

0.228 

0.0905 

0.186 

0.195 

0.177 

0.273 

0.273 

0.137 
0.182 

0.041 

0.22 

CRES (321) 

CRES (321) 

CRES (321) 

K-monel 

Tens 50 

Titanium 
(581-2.5 Sn) 

Copper (OFHC) 

1 

11 

6 
31 
49 
64 

14 0.187 
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TASK 111: P~CONDITIONING AND THERMAL PROTECTION 

During t h e  Task I11 study,  development of pump c r i t e r i a  f o r  ex te rna l  in- 

s u l a t i o n  requirements and tbicknesses as wel l  as o ther  i s o l a t i o n  methods 

t o  r e s t r i c t  heat input t o  t he  pump from sources including t h e  turb ine  

a f t e r  shutdown w a s  accomplished. Additional s tud ie s  included pump c h i l l -  

down requirements and a pump i n l e t  feed l i n e  chilldown evaluation. 

t e rna te  preconditioning approaches considered, other than those employed 

Al- 

present ly  with the  5-2 engine system, included the  evaluation o f  i d l e  node 

conditioning and continuous tank t o  pump venting. 

MTEEWAL INSULATION 

I n  addi t ion  t o  coatings f o r  i n t e rna l  wetted-surface in su la t ion ,  ex terna l  

coatings a r e  required f o r  t he  LR pump t o  maintain shutdown temperature 

o r  ground chilldown conditions. Prevention of heat r ad ia t ion  f r o m  sur- 

rounding tu rb ine ,  vehic le  s t r u c t u r e ,  solar ,  and e a r t h  heat inputs i s  im- 

portant between r e s t a r t s  and f o r  long o r b i t a l  o r  space storage periods.  

I n  add i t ion ,  f o r  ground prechi l led  pumps, t h e  na tura l  convention and 

r a d i a t i o n  during ground hold and forced convection during ascent make 

ex terna l  i n su la t ion  mandatory f o r  nea r ly  a l l  LR pumps and missions. 

2 

2 

The con t ro l l i ng  influences f o r  coatings on pump sur faces  were examined 

by equating t h e  heat ga in  of t h e  pump t o  heat conducted by ex terna l  in- 

s u l a t i o n  and heat r a d i a t i o n  from a source condition. A heat balance w a s  

made as follows: 

heat ga in  of pump + heat ga in  of i n su la t ion  .L conduction 

of i n su la t ion  = r a d i a t i o n  from source , 

The heat content of t he  in su la t ion  was allowed t o  be small with respect 

t o  t he  pump heat content,  and t h e  pump i n t e r n a l  thermal r e s i s t ance  w a s  

P 8 
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assumed negl ig ib le  due t o  t he  long time periods examined. 

pump, source,  and in su la t ion  conditions by p ,  s,  and i subsc r ip t s ,  

respec t ive ly ,  

Denoting the  

Ai Ki 
= A. u F F (Ts 4 - T . 4 )  (77) w c  pP (>)=- x1 (Ti - TP) 1 1 

The so lu t ion  a f t e r  i n t eg ra t ion  with respec t  t o  time and temperature 

be c ome s 

The temperature T 

temperature a t  time zero.  The two dimensionless con t ro l l i ng  parameters 

a r e  seen from the  above equation a s  t he  r e l a t i v e  in su la t ion  r e s i s t ance  

parameter: 

i n  t h i s  expression represents t h e  pump and in su la t ion  
P O  

3 CT E F TS Xi 

p r =  ICi (79) 



e 

and t h e  nondimensional time parameter: 

Ai 0 F Ts31 

@ = [  w c pP 1 
Figure 92 i l l u s t r a t e s  t he  r e l a t i o n s h i p  of PI and @ f o r  i n s u l a t i o n  outs ide 

sur face  temperature approaching 0.9 o f  t he  equi l ibr ium temperature (T ). 
The case of 9 = 0 rep resen t s  t h e  uninsulated case. Figure 93 r ep resen t s  

S 

a conversion cha r t  of  t h e  pump temperature from the  i n s u l a t i o n  tempera- 

t u r e  wi th  var ious  values  of g. 
Fig. 94 was developed. 

pera ture  wi th in  1/e of i t s  f i n a l  va lue ,  approximate va lues  of  t h e  con- 

t r o l l i n g  parameter requirements may be developed. 

purposes t o  w a r m  t h e  pump t o  w i th in  1/e of t h e  f i n a l  va lue ,  

For l a rge  r e l a t i v e  i n s u l a t i o n  th icknesses  

For a time per iod f o r  t h e  punp t o  achieve 8 tem- 

For rough e s t ima t ion  

3 A. 1 (5 E F Ts T~ 

pP 

0 < pl < 1.0 
w c M 1.5 l i g h t l y  in su la t ed  case 

Ai Ki Tc 
M 2.75 IJ c xi 

pP 

pr >7 1.0 
heavi ly  in su la t ed  case 

It is seen t h a t  t h e  t i m e  requi red  becomes d i r e c t l y  propor t iona l  t o  t h e  

pump hea t  content  and inve r se ly  t o  t h e  i n s u l a t i o n  sur face  a rea .  

r e s u l t  LH pumps which mos t  c l o s e l y  approach a s p h e r i c a l  shape w i l l  w a r m  

up t h e  s l o w e s t  from a p r e c h i l l e d  condi t ion.  For l i g h t l y  in su la t ed  cases  

t h e  t ime requi red  t o  w a r m  is inve r se ly  propor t iona l  t o  t h e  t h i r d  power 

of f i n a l  equi l ibr ium temperature.  

t i m e  requi red  becomes d i r e c t l y  propor t iona l  t o  t h e  i n s u l a t i o n  r e s i s t a n c e  

($ >> 1.0). 

Table 7 from t h e  empir ica l  s tudy  of  e x i s t i n g  pumps (Table 27) and from 

t h e  a n a l y s i s  of geometric shapes (Table 6). 

As a 

2 

For t h e  heavi ly  in su la t ed  case t h e  

Values of t h e  pump weight t o  sur face  a rea  a r e  shown i n  
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Insu la t ion  Thickness Requirements 

Analysis of i n su la t ions  f o r  t h e  pump and l i n e s  from heat sources indi- 

cated a wide range i n  t6ermal conductivity f o r  ava i l ab le  superinsulations 

under ground and a l t i t u d e  vacuum conditions. 

ground environments and subjec t  t o  atmospheric conditions genera l ly  be- 

come limited by the  a i r  conduction within t h e  in su la t ion  matrix. As a 

r e s u l t ,  most.  ground hold (non-evacuated type) i n su la to r s  approach (as a 

lower l i m i t )  t he  conductivity of a i r  o r  about 1.5 x 
Insu la to r s  f o r  vacuum conditions become r a d i a t i o n  o r  mater ia l  conduction 

l imited and super insu la tors  f o r  t h i s  purpose a re  genera l ly  composed of 

multiple t h i n  Layers of c lose ly  spaced aluminized Mylar separated by 

low-conducting g l a s s  mesh. In su la to r s  of t h i s  type approach conductiv- 

i t i e s  of 1.0 x Btu/hr-ft-l? but are very s e n s i t i v e  t o  s m a l l  loading 

pressures which can increase conductivity 25 t o  50 times the  nominal 

value,  and a l s o  t o  pene t ra t ions  i n t o  the  in su la t ing  mater ia l  by s t r u t s ,  

suppor ts ,  e t c .  A number of i n su la t ing  mater ia l s  of i n t e r e s t  and t h e i r  

conductivity values a re  l i s t e d  i n  Table 23. 

In su la to r s  employed i n  

Btu/hr-ft-F. 

Two rmte r i a l s  t h a t  could be considered f o r  use as e f f e c t i v e  turbopump 

externa l  i n su la t ion  a r e  polyurethane foam, which has a thermal conductiv- 

i t y  of k = 1.3 x loq2 Btu/hr-ft-R (ambient va lue ) ,  and Linde S.I.-91, 

with k = 1.0 x 

required in su la t ion  thickness f o r  a. given time and pump surface a rea  . t o  

weight r a t i o ,  f o r  any in su la t ion  ma te r i a l ,  is shown- i n  Fig. 95. The 

b a s i s  f o r  t h i s  curve i s  the  so lu t ion  t o  t he  equation f o r  heat balance 

between ga in  of t he  pump t o  heat conducted by ex te rna l  i n su la t ion  and 

heat rad ia t ion .  

from Eq. 78 a s  t h e  r e l a t i v e  r e s i s t ance  parameter 

Btu/hr-ft-R (vacuum value).  A general curve r e l a t i n g  

The t w o  dimensionless con t ro l l i ng  parameters a r e  seen 

CT € F Ts 3 Xi 
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L 

and t h e  nondimensional t ime parameter 

A .  a C F Ts3 T 
1 

+ =  w c 
pP 

The i n s u l a t i o n  th i ckness  r equ i r ed  f o r  corkboard and Linde as a f u n c t i o n  

of t ime is shown i n  Fig. 96. For  example, i f  Linde S . I . 4 1  is  used f o r  

t h e  l i q u i d  hydrogen pump f o r  a Mars t r i p  (24,000 hours ) ,  a t y p i c a l  insu- 

l a t i o n  th i ckness  of only 0.130 inch  would be r equ i r ed  i f  t h e  f i n a l  pump 

temperature i s  allowed t o  approach t o  w i t h i n  1/e of i ts  f i n a l  value.  

THERMAL ISOLATION OF PUMP FROM TURBINE 

An approach t o  inc rease  t h e  tu rb ine  hea t  r a d i a t i n g  c a p a b i l i t y  by (1) be t -  

t e r  i s o l a t i o n  of t h e  pump and (2)  i nc reas ing  t h e  hea t  rad iak ing  c a p a b i l i t y  

of t h e  t u r b i n e  i n l e t  and exhaust duc t s  w a s  analyzed by using a closed-form 

s o l u t i o n  f o r  r a d i a t i o n  and conduction hea t  t r a n s f e r  i n  t h e  duct ing.  The 

r e s u l t i n g  increase  i n  t u r b i n e  heak-radiat ing c a p a b i l i t y ,  over a n  un i so la t ed  

t u r b i n e  wi th  minimum duct ing ,  w a s  found t o  be q u i t e  l a rge .  For a t y p i c a l  

duct  t h i ckness  of 0.080 inch  a n  improvement i n  c a p a b i l i t y  of 14 percent  

w a s  obtained f o r  a t u r b i n e  temperature  of 1600 R ,  and 60 percent  w a s  ob- 

t a i n e d  f o r  600 R. 

f o r  hea t  t o  be conducted i n t o  t h e  d u c t ,  which would subsequent ly  be r ad i -  

a t ed .  

s i g n  t o  o b t a i n  a s i g n i f i c a n t  b e n e f i t  i n  hea t  r e j e c t i o n ,  through conduction 

and r a d i a t i o n  a t  t h e  lower t u r b i n e  tempera tures ,  t o  reduce s u b s t a n t i a l l y  

t h e  problem of pump ehilldown time. 

increase  and hydrogen flow requi red  t o  c h i l l  a w a r m  puinp, however, must 

be eva lua ted  f o r  a s p e c i f i c  pump design. 

A t  t h e  lower temperature  t h e r e  is a, g r e a t e r  tendency 

Both t h e  t u r b i n e  i n l e t  and exhaust duc t ing  can be modified by de- 

A t r adeof f  between duct ing  weight 

A t y p i c a l  a n a l y s i s  of the  hea t  t r a n s f e r r e d  t o  a long t u r b i n e  s h a f t  com- 

pared t o  t he  h e a t  r a d i a t e d  from the  t u r b i n e  body i s  i l l u s t r a t e d  i n  Fig. 97. 

184 R-7138 
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Heat t r a n s f e r r e d  by conduct ion a long  t h e  s h a f t  compared t o  hea t  r a d i a t e d  

f r o m t h e  t u r b i n e  body a f t e r  shutdown can range from 5 t o  11 percent  a t  

t u r b i n e  temperatures  of 1600 and 1000 R ,  r e spec t ive ly .  

r i v e d  f o r  t h e  r a t i o  of s h a f t  hea t  conduction t o  h e a t  r a d i a t i o n  from t h e  

t u r b i n e  body was determined as 

The equat ion  de- 

C 
A r n r  

(r E F T: (D/4)  

IC 

Figure 98 i l l u s t r a t e s  a t y p i c a l  (60MM) t u r b i n e  s h a f t  hea t  d i s s i p a t i o n  

r a t e .  Figure 99 i l l u s t r a t e s  s h o r t  t u r b i n e  s h a f t  hea t  conduction r a t e s .  

Fu r the r  i nc reases  i n  percentage hea t  conduction a r e  shown f o r  lower t u r -  

b ine  temperatures .  

duc t ion  through t h e  s h a f t  and suppor ts  re ,presents  t h e  m a j o r  t u r b i n e  hea t  

input  f o r  i n s u l a t e d  pump condi t ions .  For s h o r t  and in te rmedia te  mission 

t imes ,  where t h e  pump i n s u l a t i o n  is of b e n e f i t ,  t h e  i s o l a t i o n  of a n  unin- 

s u l a t e d  t u r b i n e  from pump suppor ts  and pump s h a f t  becomes important.  

Soaliback of hea t  from t h e  t u r b i n e  t o  t h e  pump by con- 

Turbine I s o l a t i o n  Sca l inP  S tud ie s  

Sca,l ing s t u d i e s  of s h a f t  and duc t ing  in f luences  on h e a t  d i v e r s i o n  t o  and 

away from t h e  pump were conducted. Turbine diameter  and s h a f t  s i z e  a s  a 

f u n c t i o n  of t h r u s t  were examined on t h e  b a s i s  of bea r ing  DN, pump NPSH, 

t u r b i n e  t i p  speed ,  and sha.ft  s t r e s s .  

The r e l a t i o n s h i p  der ived  f o r  h e a t  r a d i a t e d  from t h e  downstream duct ing  

of t h e  t u r b i n e  compared w i t h  t u r b i n e  body su r face  r a d i a t i o n  w a s  

‘duct 

‘body 

71 D d t  

k k 

R-7138 
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It i s  shown t h a t  t h e  g rea t e r  t h e  ducting thickness (t) is  i n  r e l a t ionsh ip  

t o  t h e  pump body length ( L ) ,  the  g rea t e r  the  percentage heat rad ia ted  by 

the  exhaust ducting. 

downstream ducting compared t o  t h e  heat rad ia ted  from the  turb ine  surface. 

Subs tan t ia l  percentages of heat can be removed by t h e  ducting a t  lower 

surface temperatures. 

Figure 100 i l l u s t r a t e s  t h e  hea t  t r ans fe r r ed  by 

Cases where t h e  turb ine  w a s  i so l a t ed  from t h e  pump body by a standoff 

housing i l l u s t r a . t ed  i n  Fig. 100 were also inves t iga ted  during the  concluded 

study. Typical ana lys i s  shown i n  Fig. 101 f o r  a 0.1-inch-Chick housing.of 

various mater ia l s  ind ica tes  a,n increase i n  i s o l a t i o n  length and a choice 

of a l o w  conductivity m t e r i a l  such as Inconel or  t i t an ium can r e s u l t  i n  

a considerable r a d i a t i o n  from the  housing and an i s o l a t i o n  of t he  heat 

from the  pump body. The r e s u l t a n t  increases i n  turbopump weight and t h e  

disadvantage oi long s h a f t  connections between the  pump and turb ine  re- 

quire f u r t h e r  de t a i l ed  study f o r  s p e c i f i c  design cases. 

Scaling of s h a f t  heat conduction area t o  turb ine  surface hea t  r ad ia t ing  

a rea  were conducted f o r  t h ree  s p e c i f i c  cases where imposed l imi t a t ions  of 

(1) s h a f t  s t r e s s  l i m i t s ,  (2) pump NPSH l i m i t s ,  and (3) turb ine  t i p  speed- 

l imited designs. The sca l ing  r e s u l t s  with t h r u s t  were as follows: 

A 
( $ ) G € P O  

S 
( sha f t  s t r e s s  l imi ted)  

A 
( " > -  1'2 (NPSH l imi ted)  

n 
S 

A 
( f ) -  ( tu rb ine  t i p  speed l imi ted)  

S 

For other than  s h a f t  s t r e s s  l imited designs,  it is seen t h a t  small t h r u s t  

turbopumps w i l l  s u f f e r  l e s s  from s h a f t  heat conduction. 

pumps with a large s h a f t  conduction a r e a  (Ac) t o  r ad ia t ing  surface a rea  

(As) wi l1 ,as  shown above, requi re  proportionately b e t t e r  i s o l a t i n g  approaches. 

Very large turbo- 
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TURBOPUW T€lXRHAL EQUrLIBRIUM CONDITIONS 

The case  f o r  turbopump equ i l ib r ium temperature  achievement wi thout  b e n e f i t  

of t h e  t u r b i n e  h e a t  r a d i a t i o n  t o  environmental  surroundings and where t h e  

t u r b i n e  and pump u n i t  a r e  i s e l a t e d  from t h e  surroundings w a s  examined. A 

heat  balance between t h e  pump warming and t h e  t u r b i n e  c h i l l i n g  t o  t h e  

f i n a l  equ i l ib r ium temperature  T became f 

The equ i l ib r ium temperature  T was f i n a l l y  expressed as f 

A s  would be a n t i c i p a t e d  a l i g h t e r  t u r b i n e  t o  pump weight r a t i o  and lower 

t u r b i n e  housing and r o t o r  temperature  w i l l  c o n t r i b u t e  t o  a reduced equi- 

l i b r ium temperature .  

A more exac t  hea t  ba lance  by employing en tha lpy  va lues  i n  a n  i t e r a t i v e  

s o l u t i o n  t o  a l low f o r  v a r i a b l e  hea t  capac i ty  w a s  performed f o r  e x i s t i n g  

pumps and des ign  l ayou t s ,  and t h e  r e s u l t s  a r e  i l l u s t r a t e d  i n  Table 24. 

It is seen  t h a t  t u r b i n e  t o  pump weight r a t i o s  va ry  i r o m  1.0 f o r  lower 

pressure  pumps t o  0.25 f o r  h igher  pressure  pumps. 

g r e a t e r  pump mass is  presenk t h e  equ i l ib r ium temperature  i s  reduced. 

pump equ i l ib r ium temperatures  a r e  i l l u s t r a t e d  i n  Table 24 t o  range from 

-120 t o  +378 F. E f f e c t i v e  i s o l a t i o n  of t h e  pump and t u r b i n e  s e c t i o n s  w i l l  

r e s u l t ,  of course ,  i n  much lower equi l ibr ium temperatures  due t o  t h e  allow- 

ance f o r  t u r b i n e  r a d i a t i o n  and duct  and s t r u c t u r a l  suppor t  hea t  conduction. 

A s  a r e s u l t  where a 

LH2 

193 



TABLE 24 

292 

630 

1500 

3000 

3000 

1000 

COMPARISON OF ISOLATED TURBOPUMP EQTJILIl3RIUM TEMPWmES 

435 

885 
2090 

6420 

6420 

1520 

Thrust  

Pressure, 
Data, Chamber 

lbs  x 10-3 p s  i a  

I 

11 

I11 

I V  

V 

V I  

V I  I 

V I 1 1  

I X  

X 

X I  

X I  I 

I 

I11 

I V  

V I  

V I  I 

Ix 

15 
30 

200 

250 

280 

350 

350 
365 

1500 

1500 

3000 

6000 

15 
200 

250 

3 50 

3 50 

1500 

I I 
Equi l ibr ium 

D is charge Temperature 
Af te r  ('Dl 7 Weight, pounds 

ps  i a  I Turbine I Shutdown, F 

' 

292 

1000 

630 

1500 

3000 

yo00 

1000 

1000 

1000 

1000 

1000 

1000 

LH, Turbopumps 

9 20 

1530 

1200 

2550 

1530 

5950 

5950 

1530 

1800 

1530 

1530 

1530 

-- 

18 

151 

196 
175 
122 

122 

171 

2110 

1900 

3900 

7800 

-- 
129 

199 
299 

299 

1240 

-- 

35 
378, 
23 5 
35 

-120 

-75 
255 
225 

255 

255 

255 

-- 

67 
575 
227 

3 53 
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Turbopump Trans ien t  Heat Conduction 

This  problem was analyzed t o  determine t h e  e f f e c t  of gene ra l  pump geometry 

on t h e  time t o  reach  a g iven  equ i l ib r ium temperature .  For  t h i s  case t h e  

turbopump assembly was assumed t o  be t o t a l l y  i n s u l a t e d  wi th  no hea t  con- 

duc t ion  t o  o the r  p a r t s  of t h e  engine through appendages. It w a s  f u r t h e r  

assumed t h a t  t h e  pump and t u r b i n e  have i n f i n i t e  conductances w i t h i n  each 

body such t h a t  the r e s u l t i n g  temperature  w i l l  be uniform tliroughout t h e  

t u r b i n e  and pump a t  any given t ime. The s h a f t  was a l so  assumed t o  have 

no hea t  s to rage  capac i ty .  A simple ske tch  of t h e  turbopump arrangement 

i s  shown i n  Fig.  102, and a hea t  balance equat ion  between t h e  pump and 

t u r b i n e  is  given by 

(92) 

When Eq. 92 is  i n t e g r a t e d  and t h e  l i m i t s  'are s u b s t i t u t e d ,  t h e  fo l lowing  

s o l u t i o n  i s  obtained i n  terms of a nondimensional t ime and hea t  conten t  

parameters as 

1 Tt - T  
1 i P i  

p t  f i p i  

- AlCT 
XI$ c --ln[(l 1 4- P + F )  Tt -FT t  - T  

where t h e  pump temperature  a t  any g iven  time is  given by 

T = P ( T t  - T t ) + T  
pf i f P i  

and t h e  turbopump parameter F and t h e  C2ra t ios  are de i ined  a s  

(93) 

(94) 

195 



Shaft 

Pump I n i t i a l  Conditions 

wP 

cpP 
T 
pi 

Turbine I n i t i a l  Conditions - 
*T 

pT 
C 

T 
,Ti 

Figure 102. Sketch of Pump, Shaf t  and Turbine for 
Derivat ion o f  Eq. 1 
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Under s p e c i a l i z e d  condi t ions  of vary ing  F va lues  t h e  above equat ion  may 

be s i m p l i f i e d  t o  

I1 F %  1.0 a= 0.5 

I11 F-00 ,'z+O 

It can be seen  t h a t  t h e  t ime f o r  hea t  conduction can be va r i ed  both by a 

v a r i a t i o n  o f  t u r b i n e  hea t  conten t  and by r e s i s t a n c e  c o n t r o l  i n  t h e  fol lowing 

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

The s o l u t i o n  represented  by Eq. 93 is  g r a p h i c a l l y  presented  i n  Fig.  103 

f o r  a n  i n i t i a l  t u r b i n e  temperature  of 1700 R and pump temperature  of 40 R 

f o r  var ious  va lues  of t h e  turbopump parameter F. 

i n  terms o f  t h e  l e f thand  member of Eq. 93 and t h e  r a t i o  of pump f i n a l  tem- 

pe ra tu re  t o  t u r b i n e  i n i t i a l  t empera ture ,  Tpt/Tti. From t h e  curves a small 

pump temperature  rise i s  obtained i f  t h e  d i s t ance  between t h e  pump and 

t u r b i n e  (X) is l a r g e ,  t h e  thermal conduc t iv i ty  (IC) is low ( o r  good insu la-  

t i o n  between pump and t u r b i n e ) ,  and t h e  c ross -sec t iona l  a r e a  f o r  conduction 

(A)  is  low. 

pe ra tu re  o r  t h e  t i m e  f o r  t h e  pump t o  w a r m  up due t o  t u r b i n e  hea t  soakback 

would be long. 

The r e s u l t s  are shown 

Thus, i f  X/kA i s  l a rge  t h e  t i n e  (7) t o  reach  any g iven  tem- 

Since it talres a n  i n f i n i t e  t i m e  f o r  t h e  pump t u r b i n e  temperatures  t o  equal- 

i z e ,  d o t t e d  curves a r e  shown i n  Fig.  103 t o  i n d i c a t e  p o i n t s  of near-equi l ibr ium 

temperature  ( l / e )  and p o i n t s  where t h e r e  would be only  a 10-degree d i f f e r e n c e  
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between t h e  f i n a l  pump and t u r b i n e  temperatures .  I n  g e n e r a l ,  minimum 

pump temperature  i s  obtained i f  t h e  turbopump parameter F is small  o r  

approaches zero.  

A d e t a i l e d  hea t  soakbaclr a n a l y s i s  of t y p i c a l  e x i s t i n g  LH, turbopumps using 

d i g i t a l  computer a n a l y s i s  was undertaken under Task I V  s tudy  t o  c o r r e l a t e  

wi th  ana lyses  developed under t h e  Task I11 study.  Good order  of magnitude 

agreement wi th  t h e  more complex a n a l y s i s  was obtained.  

L 

ENGINE PFLECONDITIONING 

The 5-2 engine r e q u i r e s  two bas i c  types  of precondi t ion ing .  One is c h i l l -  

ing of t h e  t h r u s t  chamber t o  reduce t h e  r a p i d  g a s i f i c a t i o n  which occurs 

when a t  start  t h e  l i q u i d  hydrogen is heated as it passes  through t h e  con- 

s i d e r a b l y  warmer t h r u s t  chamber j acke t .  The second type  of precondi t ion-  

ing  r equ i r ed  is  p r o p e l l a n t  f eed  duc t  and pump c h i l l i n g .  This  i s  requi red  

f o r  both t h e  LOX and U12 feed systems. Bleed va lves  below t h e  p rope l l an t  

pumps a l low p r o p e l l a n t s  t o  be r e c i r c u l a t e d  from t h e  s t a g e  p rope l l an t  tanks 

through i n l e t  duc t s  and 

and LH r e c i r c u l a t i o n  systems opera te  before  engine s ta r t  t o  assure t h a t  

p rope l l an t s  a t  t h e  pumps a r e  co ld  enough a t  s ta r t  t o  meet pump NPSH 

requirements.  

pumps and then  re turned  t o  t h e  tanks .  The LOX 

2 

For each ope ra t ion  of t h e  5-22 engine precondi t ion ing  i s  requi red .  

missions r e q u i r i n g  mul t ip l e  s t a r t s  a d d i t i o n a l  precondi t ion ing  requirements 

e x i s t .  The t h r u s t  chamber p r e c h i l l  requirement is met by GSE co ld  helium 

f o r  a second-stagc s ingle-burn a p p l i c a t i o n ;  however, f o r  a r e s t a r t  t h e  

co ld  helium must be suppl ied  by a s t a g e  co ld  helium system. A f t e r  a coas t  

(zero  g) phase t h e  s t age  duc t ing  is warm and f i l l e d  wi th  a l l  gas--a more 

severe  condi t ion  than  t h a t  f o r  t h e  f i r s t  burn. On t h e  S-nB s t a g e  the  

i n l e t  duc t ing  and pump chi l ldown is accomplished by s e t t l i n g  t h e  propel-  

l a n t s  us ing  a n  a u x i l i a r y  propuls ion  system and t h e n  us ing  t h e  same r e c i r -  

c u l a t i o n  systems used f o r  t h e  f i r s t  burn. The J-2s e l imina te s  t h e  a u x i l i a r y  

For 
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propuls ion system by incorpora t ing  i d l e  mode c a p a b i l i t y  i n  t h e  5-2. 

i d l e  mode opera t ion  moves enough propel lan t  through t h e  feed  systems s o  

that ,  wi th  a SPTS system, start  r e c i r c u l a t i o n  systems are not  required.  

For each restart ,  however, an add i t ion  SPTS c a r t r i d g e  must be added t o  

t h e  engine. 

The 

For app l i ca t ions  of t h e  5-2 where n e i t h e r  s t age  coas t  o r  s t age  restart 

are requi red  t h e  5-2 t h r u s t  chamber is c h i l l e d  before  launch using GSE 

suppl ied helium, and consequently no s t age  precondi t ioning hardware is 

required.  Applicat ions of t h i s  type a r e  use of one 5-2 in  t h e  S-IVB s t age  

when it is used as t h e  second s t age  of a S-LB, and use of f i v e  5-2 's  i n  

t he  S-I1 s t age  as t h e  second s t age  of a S-V. 

I n  t h e  same type of a p p l i c a t i o n ,  however, s t age  hardware is requi red  f o r  

t h e  precondi t ioning of i n l e t  duc ts  and engine p u p s .  On t h e  S-IVB s t age  

similar r e c i r c u l a t i o n  systems are used f o r  both LOX and LH 
has a tank-mounted c e n t r i f u g a l  pump dr iven  by a n  a-c e l e c t r i c  motor. 

v e r t e r s  are requi red  t o  convert  t h e  s t age  b a t t e r y  d-c power. From t h e  

pump t h e  r e c i r c u l a t i o n  p rope l l an t  is piped i n t o  t h e  i n l e t  duct ing j u s t  

below t h e  s t age  prevalves.  I n  t h i s  l i n e  between t h e  pump and in l e t  duct 

are a shutof f  va lve ,  flowmeter, f i l t e r ,  and check valve. Returning from 

t he  engine t h e  r e c i r c u l a t i o n  propel lan t  is re turned  t o  t h e  tank through 

a s t age  l i n e  and check valve.  

Each system 

In- 
2' 

On t h e  S-I1 s t age  wi th  f i v e  5-2 engines t h e  LR r e c i r c u l a t i o n  system uses 

f i v e  r e c i r c u l a t i o n  pumps d r iven  by a-c e l e c t r i c  moto r s .  A s  i n  t h e  S-TVB, 

i n v e r t e r s  a r e  used t o  convert  b a t t e r y  d-c power. 

system pumps, bypass l i n e s  pipe the  r e c i r c u l a t i o n  propel lan t  i n t o  t h e  en- 

gine i n l e t  duc ts  below t h e  prevalves.  Af t e r  f lowing through t h e  i n l e t  

ducts  and engine pumps t h e  LR 
manifold and f r o m t h e r e  by a r e t u r n  l ine i n t o  the  LH2 tank. For LOX r e c i r -  

c u l a t i o n  f i v e  r e c i r c u l a t i o n  duct  systems are used on t h e  s t age  but  no pumps 

are required.  

2 

From t h e  r e c i r c u l a t i o n  

r e t u r n s  t o  a s t age  LB 2 2 r e c i r c u l a t i o n  system 
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Engine Modifications t o  Eliminate Preconditioning 

I n  the  J-2s program engine improvement f ea tu res  were incorporated t o  elim- 

i n a t e  the  need f o r  engine preconditioning. 

c h i l l i n g  t h e  t h r u s t  chamber a duct and valve were provided t o  bypass f u e l  

around the  t h r u s t  chamber jacke t  d i r e c t l y  t o  t h e  i n j e c t o r  u n t i l  turbopump 

speed hfts been b u i l t  up. The buildup of back pressure from LB gas i f i ca -  

t i o n  i n  t h e  jacke t  w i l l  then  no longer cause turbopump s ta l l .  The elim- 

i n a t i o n  on the  J-2s of t h e  requirement f o r  LOX and LEI r e c i r c u l a t i o n  is 

pr imar i ly  made poss ib le  by a solid-propellant tu rb ine  s t a r t e r  (SITS). 

The SFl'S provides about t h ree  times t h e  energy f o r  start as the  5-2 hydrogen 

start tank b o t t l e .  The SFl'S duration is  such that.  a l a rge  por t ion  of t h e  

propellant i n  both ducts has been evacuated and burned i n  t h e  engine by 

the  time .the SETS burnout occurs. 

a t  t h e  in t e r f ace  a r e  such that steady-state NPSH has been obtained. 

e l imina t ion  of t h e  r e c i r c u l a t i o n  requirement on the  J-2s i s  a l s o  aided by 

To eliminate t h e  need f o r  

2 

2 

A t  t h i s  point t h e  propel lan t  conditions 

The 

the  use of a t h r u s t  chamber tapoff  cycle and i d l e  mode start. 

Elimination of t h r u s t  chamber c h i l l  requirement adds about 100 pounds t o  

each 5-2 engine because of t he  add i t ion  of t h e  t h r u s t  chamber bypass sys- 

tem. No engine hardware is de le ted  by t h i s  modification. The SPTS system, 

which is added t o  t h e  5-2 engine t o  eliminate the  r e c i r c u l a t i o n  systems, 

weighs about 114 pounds. It, however, eliminates t h e  start tank system 

and t h e  t w o  propel lan t  bleed valves- t o t a l  of about 153 pounds. This 

modification, t he re fo re ,  reduces each engine ' s  weight about 40 pounds. 

No change i n  stage hardware r e s u l t s  f r o m t h e  t h r u s t  chamber p r e c h i l l  elim- 

ina t ion .  

S-TVB and S-I1 s t a g e s ,  however. These systems on t h e  S-IVB weigh about 

230 pounds. 

LOX and LEI2 r e c i r c u l a t i o n  systems a r e  eliminated from both t h e  

A s tage  weight reduction of over 2000 pounds would r e s u l t  
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P 

from t h e  use of J-2s engines i n  p lace  of  5-2 engines .  Most of t h e  s t a g e  

harddare d e l e t i o n s  r e s u l t  from t h e  e l imina t ion  of t h e  p r o p e l l a n t  r ec i r cu -  

l a t i o n  systems. A value  of 80 percent  of t h e  t o t a l  weight r educ t ion  

(1600 pounds) can t h e r e f o r e  be assumed t o  r e s u l t  from t h e  r e c i r c u l a t i o n  

system e l imina t ion .  

CLOSED-CYCLE SYSTEM PRECONDITIONING FLOIZ REQIJIREMENTS 

Closed cool ing cycle  system a n a l y s i s  was undertaken f o r  the  development 

of the requi red  LH2 coolan t  weight flow r e l a t i v e  t o  t h e  pump weight t o  

achieve a condi t ioned pump. A closed-form a n a l y t i c a l  s o l u t i o n  w a s  de- 

veloped € o r  the case of a s l o w  b leed  through t h e  pump where equi l ibr ium 

of the  hydrogen and pump body occurred. An equated hea t  balance on t h e  

pump h e a t  t r a n s f e r r e d  and t h e  I,H coolant  temperature  r i s e  becomes 2 

I n t e g r a t i n g  t h i s  r e s u l t s  i n  

cP 

pw 

'H2 H2 - - 1 

W 
w c 

I n  e 

For a chil ldown t o  1/e o f  t h e  i n i t i a l  temperature  d i f f e r e n c e  

From t h i s  nna.lysis t h e  weight hea t  capac i ty  product  of t h e  hydrogen cool- 

a n t  f low becomes approximately 2.2 t imes t h a t  f o r  t h e  pump. 

t o  reduce t h e  amount of t he  coolan t  requi red  t o  c h i l l  t he  pump, the  s i z e  

o r  weight of t he  LH pump must be reduced. 

Therefore ,  

2 

2 02 



OPD+CYCLE SYSTEM PRECONDITIONING FLOW REQUImNTS 

A second d e f i n i t i v e  case  cons ider ing  a high w a l l  therma.1 conduc t iv i ty  m y  

be developed from the  r e l a t i o n s h i p s  

h dAs (Tlv - TIT) = 6 C dTH 
'H 

h d T  (Tw - TH) = pw C t dTw 
W 

PW 

I n t e g r a t i o n  of t h e  f i r s t  equa t ion  above y i e l d s  

which can be reduced t o  

The B i o t  Four i e r  product may be expressed as 

I n s e r t i n g  i n  t h e  above r e s u l t s  i n  
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A s  i l l u s t r a t e d  i n  Fig. 104 t h e  coolant flow required t o  c h i l l  t h e  pump 

t o  a given temperature becomes a func t ion  of t h e  Stanton number 4L/D 

product. Values of t h i s  product much l e s s  than  one r e s u l t  i n  a coolant 

which is dumped overboard without f u l l  usage. 

would appear t o  imply a n  excessive coolant temperature r i s e  r e s u l t i n g  

i n  a diminished e f f i c i ency  of cooling due t o  a decreased coolant t o  w a l l  

temperature d i f fe rence .  

Values g r e a t e r  than  one 

Further work comparing the  c h i l l  condition f o r  sur face  temperatures 

brought t o  t h e  minimum temperature and f o r  complete chi!-ling wi th  f i n i t e  

w a l l  thermal conductivity w a s  conducted under Task I1 study. 

para t ive  

Some com- 

experimental preconditioning t e s t  r e s u l t s  a r e  i l l u s t r a t e d  i n  a 

following sec t ion .  

Results of Ref. 42 were t r a n s l a t e d  in to  average flows and average weight 

heat capac i ty  ra t ios  f o r  M-1 s l o w  p r e c h i l l  t e s t  r e s u l t s  a.nd shown i n  

Table 25. 

temperature a r e  indicated.  

approximately twice t h e  s impl i f ied  equation values.  

Chilldown weight flow f o r  chilldown t o  1/e and t o  t h e  f i n a l  

Chilldown required flows were seen t o  be 

In tegra ted  weight heat capac i ty  r a t i o  values f o r  t h e  P-W 350K long pre- 

c h i l l  study (outlined i n  a l a t e r  s ec t ion )  were approximately 

w 
W$ (CP)& 

= 2.0 which agrees more favorably with s impl i f i ed  t h e o r e t i c a l  

P (cP)P p red ic t  i o n s .  

CHILDOWN OF FEED LINE COMPONENTS 

Assessment of t h e  time required for chilldown of pump feed l i n e s  w a s  

developed by considering the  heat input t o  t h e  t r a n s i t i n g  coolant. 

heat balance on t h e  coolant neglecting change i n  phase and assess ing  a 

constant heat capac i ty  becomes 

A 

h dA (T - Tc) = w c dT 
c 9 we c P, c 
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T e s t  No. 

27.2 
- 

14.7 
6.7 

10.5 

10.5 

7.95 

TABLE 25 

M-1 PUMP CHILLDOIW FLOW REQUIREWS 

- 

I 

7.6 
5-  1 
- 
- 

- 

"H2 ' 
lb/sec 

0.51 
- 

0.14 

0.29 

0.46 

0.52 

0.36 

2 
( t o t a l ) ,  
pounds 

% 

3860 
- 

2080 

950 

1780 

1480 

1130 

7 ,  
hours 

2 .1  

- 

- 
4.25 

0.9 

1.08 

0.80 

0.88 

C ++(e) S 48 
(Data f r o m  R e f .  42) 
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where the  wall temperature is considered a t  an average value wi th in  a time 

period. Defining t h e  nondimensional values 

the  above r e l a t ionsh ip  becomes 

AS Tc f 

NST 1 = 1 (T,f Y T c )  

Tc i 0 

I f  t he  r a t i o  of surface area (As) t o  cross-sectional area (Ac) i s  consid- 

ered f o r  a c y l i n d r i c a l  l i n e  component 

A - =  S ‘ D d s  ds 
= 4 (i+ 

Ac T/4 D2 

In t eg ra t ing  the  above r e l a t ionsh ips  r e s u l t s  i n  

L 4 jj NsT = I n  
w i  

A graph of  t h i s  r e l a t ionsh ip  f o r  a Stanton number of  0.0025 is shown i n  

F i g .  105. 

o u t l e t  value is maximum and diminishes as a function of time (a < 1.0) .  

The con t ro l l i ng  influences on a component chilldown are consequently seen as 

It is  seen t h a t  a t  time zero (a! = 1.0) t he  coolant temperature 



v) 

0 

N 

0 
* 
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where t h e  Stanton number is  a r e l a t i v e l y  in sens i t i ve  func t ion  of flowrate 

(Reynolds number) a 

Computer approaches aimed a t  d i s c r e t i z a t i o n  of t he  components, bo th  i n  

length and th ickness ,  were out l ined  under Task I1 study. This approach 

is a l s o  v a l i d  f o r  f eed l ine  study. 

Experimental l i n e  cooldown da ta  of Ref. 20 were reviewed and a re  shown typ- 

i c a l l y  reduced t o  nondimensional temperature i n  Fig. 106. For  t he  range 

i n  coolant v e l o c i t i e s  chosen during t h i s  experimental study (LN2 coolant)  

a low-wall  B i o t  number condition was prevalent during the  runs. Coolant 

v e l o c i t i e s  chosen (5  t o  9 f t / s e c )  were such t h a t  t he  f i lm  and nucleate 

bo i l ing  e f f e c t s  predominated over forced convection e f f e c t s  r e s u l t i n g  i n  

e f f e c t i v e  enhancement of t he  l i n e  chilldown wi th  coating by reduction of 

the  coating surface temperature t o  t he  nucleate b o i l i n g  range. Study 

with higher f i l m  c o e f f i c i e n t  conditions with hydrogen o r  s i g n i f i c a n t l y  

higher LN2 coolant v e l o c i t i e s  i s  necessary t o  produce the  case out l ined  

i n  Task I1 where surface c h i l l  and coating in su la t ion  e f f e c t s  occur t o  

r e s t r a i n  heat input t o  t h e  coolant f r o m t h e  w a l l  surface.  

I n  considering a r ap id  p u p  s t a r t  condition, de l ive ry  of a n  LH2 flow with 

a l o w  percentage vapor t o  t he  pump inducer i n l e t  is c r i t i c a l  due t o  t he  

low flow area present i n  the  inducer i n l e t  and c r i t i c a l i t y  of t h e  inducer 

t o  t h e  pump s tar t .  

capacity and a l l o w  f o r  i n t e r n a l l y  coated in su la t ion  surfaces.  

Future engine designs should l i m i t  l i n e  L/D and heat 

CONTINUOUS VENT SYSTEM BLEED CONDITIONING 

I n  add i t ion  t o  t he  pump preconditioning approach cu r ren t ly  employed by 

the  J-2 engine system (described under Task IV), two  a l t e r n a t e  approaches 

t o  pump p r e c h i l l  p r i o r  t o  s tart  a r e  availab'le. These include LE2 pump 
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p r e c h i l l  by ” i d l e  mode condi t ion ing”  where a small LH bleed  is  opened 

through t h e  pump and t h r u s t  chamber system f o r  p r o p e l l a n t  s e t t l i n g  o r  

o r b i t  c o r r e c t i o n  purposes.  

a l s o  be employed. A feed  system schematic of t h i s  approach is shown below: 

2 

A t ank  ven t  blowdown a l t e r n a t i v e  approach can  -- High-pressure Vent 

Low-Pressure 
Vent and 
Check 

I n  t h i s  p r e c h i l l  system w a r m  tank  u l l age  gases  would be vented through a 

low-pressure vent  and check va lve  i n t o  t h e  pump i n l e t .  

vent  va lve  would be employed f o r  tank over pressure  precaut ionary  purposes. 

Data from Sa tu rn  f l i g h t  AS203 (Ref e 56) on t h e  S I V  s t a g e  LH2 tanking  indi-  

ca ted  i n i t i a l  ground hold maximum and t h i r d - o r b i t  minimum hea t ing  r a t e s  

of 90 and 15 Btu /sec ,  r e s p e c t i v e l y ,  corresponding t o  approximately 20 t o  

145 Btu/hr-ft  

imate ly  250 pounds of LH, were vaporized and vented due t o  solar and e a r t h  

a lbedo hea t ing  t o  t he  LH t ank  which corresponds t o  168 lb/hr  vapor i za t ion  

r a t e .  

r e s t a r t  would be p o s s i b l e  employing t h i s  precondi t ion ing  technique.  

t i n u i n g  improvements i n  i n s u l a t i o n  techniques and t h e  l e s s e r  percentage 

tank hea t  input  f o r  l a r g e r - t h r u s t  s t a g e s  would i n d i c a t e  a poss ib l e  prob- 

lem employing t h i s  precondi t ion ing  approach f o r  l a rge- thrus t  s t ages .  

A high-pressure 

2 ( cy l ind r i ca  1 tank  a r e a ) .  During a 1.49-hour o r b i t  approx- 

2 
Based upon slow b leed  requirements l e s s  t h a n  1-hour i n t e r v a l  t o  

Con- 
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Assuming a n  equal  i n s u l a t i o n  r e s i s t a n c e  approach f o r  a cons t an t  run dura- 

t i o n  s c a l i n g ,  

O C ~ O C V D L  vapor . 
w 

It is consequent ly  i l l u s t r a t e d  t h a t  t h e  l a r g e r  tank diameter  a t t e n d a n t  

w i th  s i g n i f i c a n t l y  l a r g e r - t h r u s t  engines  w i l l  e i t h e r  r e q u i r e  r e l a t i v e l y  

longer  p r e c h i l l  per iods  by t h i s  technique o r  augmenting methods f o r  sup- 

plementing t h e  tank ven t  gas chil ldown approach. 

DESIGN STUDIES 

I n  support  of a n a l y s i s  e f f o r t s  a number of des ign  s t u d i e s  were undertaken. 

These des ign  s t u d i e s  included development of methods f o r  reducing t u r b i n e  

h e a t  conten t  by cool ing  and prevent ing h e a t  soakback from the  t u r b i n e  by 

thermal b a r r i e r s ,  s epa ra t ions  o r  j o i n t s .  Add i t iona l ly  a review of inLernal  

i n s u l a t i o n  coa t ing  progress  t o  d a t e  i s  presented.  

E f f e c t  of Turbine Cooling 

Turbine cool ing  i s  a n  e f f e c t i v e  method of improving t h e  chi l ldown char- 

a c t e r i s t i c s  of hydrogen pumps and i s  a l s o  a means of i nc reas ing  t h e  t u r -  

bopump performance. By using t u r b i n e  cool ing  t h e  a l lowable  ope ra t ing  

s t r e s s  a t  t h e  t u r b i n e  b lade  r o o t s  which g e n e r a l l y  s e t s  t h e  l i m i t  t o  t h e  

turbopump speed is inc reased ;  t he reby  h igher  des ign  speeds can be used 

t o  reduce pump flow passage L/D r a t i o s  and pump mass t o  be cooled. 

e f f e c t  is a reduced chi l ldown time f o r  t h e  pump. 

The 
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Since t h e  r o t a t i o n a l  speed,  weight , and t u r b i n e  f lowra te s  of t h e  turbopump 

can be r e l a t e d  t o  t h e  amount of t u r b i n e  cool ing  and t h e  t u r b i n e  i n l e t  tem- 

p e r a t u r e ,  t h e  advantages of t u r b i n e  cool ing  f o r  a hydrogen turbopump f o r  

a 250,000 pounds t h r u s t ,  1500-psia chamber pressure  t apof f  cyc le ,  L02/IB2 

engine was i n v e s t i g a t e d  f o r  a no-loss t u r b i n e  d r i v e  gas  system. For a 

g iven  t u r b i n e  i n l e t  temperature ,  i nc reas ing  t h e  amount of t u r b i n e  blade 

coo l ing  i n  t h e  l a s t  r o t o r  w i l l  increase  t h e  des ign  r o t a t i o n a l  speed and 

thus  decrease t h e  des ign  weight of t h e  turbopump. For example, a t  a n  

i n l e t  temperature  of 2000 R ,  cool ing  t h e  last r o t o r  blade t o  a tempera- 

t u r e ’ t h a t  i s  1000 R below t h e  uncooled b lade  w i l l  i nc rease  t h e  al lowable 

des ign  speed 40 percent  and,  consequent ly ,  decrease t h e  weight 20 percent .  

This  e f f e c t  i s  shown i n  Fig.  106-a. Since t h e  pump des ign  s p e c i f i c  speed . 
is increased  by 40 pe rcen t ,  t h e  pump impel le r  L/D r a t i o  i s  decreased and 

t h e  pump chi l ldown time is  the reby  reduced. A l s o ,  s i n c e  t h e  weight i s  

down by 20 percent  while  t h e  p r o p e l l a n t  f lowra te  i s  t h e  same, t h e  propel- 

l a n t  f l owra te  t o  pump mass r a t i o  i s  inc reased ,  t he reby  f u r t h e r  reducing 

t h e  chi l ldown time. 

An added advantage of t u r b i n e  cool ing  is a r educ t ion  i n  t h e  t u r b i n e  flow- 

r a t e  w i th  a consequent increase  i n  engine s p e c i f i c  impulse. F o r  t h e  example 

prev ious ly  discussed,  1000 R of t u r b i n e  cool ing  (A T c )  reduces t h e  t u r b i n e  

f lowra te  by 5 percent .  However, f o r  t h e  same amount of cool ing  r a i s i n g  

t h e  t u r b i n e  i n l e t  temperature  t o  3200 R would reduce t h e  t u r b i n e  f lowra te  

by 13 percent  r e l a t i v e  t o  t h e  case  of t h e  uncooled t u r b i n e ,  bu t  t h e  ad- 

vantage of reduced turbopump weight would not  be obtained.  

From t h e  r e s u l t s  of t h e  s tudy  i l l u s t r a t e d  i n  F ig .  106-b, t he  t u r b i n e  flow- 

r a t e  is seen  t o  reach  a minimum w i t h  t u r b i n e  i n l e t  temperature  and t h e  

minimum po in t s  a r e  seen  t o  move t o  t h e  r i g h t .  This  r e s u l t s  from energy 

and lower gas p rope r ty  v a r i a t i o n s  w i t h  inc reas ing  t u r b i n e  i n l e t  gas tem- 

pe ra tu re  and from a decrease i n  pump e f f i c i e n c y  a t  l o w  speeds.  A t  low 

t u r b i n e  temperatures  t h e  e f f e c t  o f  a h igher  a v a i l a b l e  energy predominates,  



c 

Figure 106-a. Ef fec t  of Turbine Copling on % Turbopump Performance 
~ . - _ -  -r-- - -  _ _ _ _  - - 
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and f o r  a given amount of cooling t h e  turb ine  flowrate decreases with r i s i n g  

i n l e t  temperature. 

t i o n s  begin t o  reduce t h e  turb ine  gas ava i l ab le  energy and,since t h e  pump 

speed is l o w ,  the  pump e f f i c i ency  begins t o  drop off a t  a high r a t e .  

Therefore, a t  higher temperatures the  turb ine  flowrate r i s e s  wi th  increas- 

ing temperature. F i n a l l y ,  t he  reason why the  minimum turb ine  flowrate 

points occur,for higher amounts  of cooling, a t  higher i n l e t  temperatures 

than those with l e s s  cooling is t h a t  the turbopmp speed c m  be increased 

with increasing amounts of cooling (see dotted curves).  

A t  high turb ine  temperatures t h e  gas property varia- 

From t h e  above ana lys i s  

t o  pump designs t h a t  w i l l  have s i g n i f i c a n t l y  b e t t e r  chilldown character-  

i s t i c s .  However, t he re  is a t radeoff  between p u p  chilldown performance 

f o r  rap id  engine start and high engine performance obtained f o r  f u l l  

t h r u s t  operation. 

maximize t h e  pump chilldown performance and t o  ob ta in  improved engine 

performance. 

it may be concluded t h a t  t u rb ine  cooling can lead 

Turbine cooling can be used i n  an  optimum manner t o  

Cooled Turbine Design 

The operation of a hot-gas turb ine  i n  a cold environment can bes t  be 

solved with the  regenera t ive ly  cooled turb ine .  

ing and t h e  r o t o r s ) a r e  cooled by r e c i r c u l a t i o n  of a cryogenic f l u i d .  

housing is constructed s i m i l a r l y  t o  a regenera t ive ly  cooled combustion 

chamber whereby t h e  housing is  formed from a multiple stackup of tubes ,  

s t r u c t u r a l l y  reinforced. Cryogenic f l u i d  is  tapped off the  pump and piped 

in to  a n  annulus located downstream of the  turb ine  housing. From the re  

the  f l u i d  e n t e r s  t h e  tubes forming t h e  outer w a l l  o f  the  combustion cham- 

ber. It is then c i r cu la t ed  through t h e  hollow f i r s t - s t a g e  nozzle vanes 

and returned through t h e  tubes forming the  inner wall of t h e  combustion 

chamber. The flow then  en te r s  t he  i n j e c t o r  annulus from where it is in- 

jec ted  in to  t h e  combustion chamber, then  mixed with a propel lan t  and 

A l l  components ( t h e  hous- 

The 
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i gn i t ed .  The geometric contour  of t h e  combustion chamber i n d i c a t e s  a 

l a r g e  L* which means t h a t  complete and uniform combustion can be achieved 

before  t h e  gas reaches  t h e  nozzle  e x i t .  

The ske tch  of such a cooled t u r b i n e  a l s o  shows a coo l ing  method f o r  t h e  

r o t o r  and t u r b i n e  buckets  as shown i n  F ig .  107. The r o t o r  as shown is a n  

i n t e g r a l  p a r t  of the tu rb ine  assembly and is  connected t o  the  pump s h a f t  w i th  

a ba l l - sp l ine  d r ive .  Cryogenic f l u i d  is introduced i n t o  t h e  c e n t e r  of t h e  

s h a f t ,  t h e n  t r a n s f e r r e d  i n t o  t h e  hollow d i s c s  and i n t o  t h e  space between 

bo th  d i s c s  from where c e n t r i f u g a l  fo rce  w i l l  push it thyough t h e  t u r b i n e  

buckets  and t h e  i n t e r s t a g e  s t a t o r .  S e a l  r i n g s  on t h e  t i p  of t h e  i n l e t  

and e x i t  edge of t h e  buckets  which a r e  continuous prevent  t o  a l a rge  e x -  

t e n t  t h e  escape of t h e  coo l ing  f l u i d ,  enabl ing  recovery and t h e  poss ib l e  

in jec t ion .  i n t o  t h e  t u r b i n e  combustion manifold o r  ano the r  s u i t a b l e  po in t  

w i t h i n  t h e  system. Heat soaltback i n t o  t h e  pump from a r e g e n e r a t i v e l y  

cooled t u r b i n e  would be a t  a minimum o r  nonexis ten t .  

cooled t u r b i n e  would have o the r  advantages;  f o r  i n s t ance  it could opera te  

a t  a h igher  gas temperature  and h igher  p re s su re  which, f o r  t h e  same power 

ou tpu t ,  would mean sma l l e r  s i z e  and consequent ly  a l l o w  h igher  r o t a t i o n a l  

speed,  r e s u l t i n g  i n  a smaller o v e r a l l  envelope and l i g h t e r  weight.  

The r egene ra t ive ly  

Cooling of C r i t i c a l  Turbopump Components 

A des ign  i n  which t h e  m a j o r  turbopump components (such as the  f u e l  i n l e t ,  

t he  vo lu te  and the tu rb ine  housing)  a r e  enveloped by l i q u i d  hydrogen sup- 

p l i e d  f r o m  the tank i s  shown i n  F ig .  108. An i n s t a l l a t i o n  is provided 

whereby a s h e e t  metal  double wa l l  is welded t o  t h e  e x t e r i o r  of t h e  f u e l  

i n l e t  and vo lu te .  The double w a l l  is no t  r equ i r ed  on t h e  t u r b i n e  s i n c e  

t h e  reverse-flow conf igu ra t ion  lends  i t s e l f  i d e a l l y  t o  cool ing .  Liquid 

hydrogen flows i r o m  t h e  tank  i n t o  t h e  f u e l  i n l e t  envelope and through a 

crossover  l leedline t o  t h e  volu te  and i n t o  the  t u r b i n e  f i l l i n g  t h e  c a v i t y  

between the  pump v o l u t e  backpla te  and t h e  t u r b i n e  d i scha rge r  l i n e r .  The 

expanded hydrogen is t h e n  r e tu rned  t o  t h e  tank. 
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Thermal B a r r i e r  

Heat soakback from the  hot-gas turb ine  can be prevented e f f e c t i v e l y  wi th  

a thermal b a r r i e r  (Fig. 109) Designed l i k e  a spacer ,  it is clamped be- 

tween the  turb ine  and t h e  pump mounting f langes  (Fig. l l o ) .  
b a r r i e r  is a manifolding device with i n t e r n a l  passages through which cryo- 

genic f l u i d  is c i r cu la t ed .  Generating a cold in t e r f ace  between t h e  tu r -  

bine and the  pump, the  f l u i d  is  passed continuously through t h e  thermal 

b a r r i e r  o r  a f t e r  turbopump shutdown. Sui tab le  mater ia l s  f o r  t h e  construc- 

t i o n  of t h i s  b a r r i e r  a r e  aluminum, CRES, K-monel o r  titanium. 

The thermal 

B a l l  Spline Application 

Separate s h a f t s  €o r  t h e  turb ine  and pump r o t o r  a r e  necessary i f  heat t rans-  

f e r  from t h e  hot t u rb ine  in to  t h e  cryogenic pump is  t o  be prevented. A l -  

though r e t r a c t a b l e  s p l i n e  couplings o r  face sp l ine  couplings could be used, 

a b a l l  sp l ine  coupling o f f e r s  s eve ra l  d i s t i n c t  advantages. This coupling 

(Fig. 111) is  designed s p e c i f i c a l l y  f o r  minimum sur face  contact during 

operation and is capable of t ransmi t t ing  high torque and accommodates m i s -  

alignment due t o  thermal conditions. It is  an  i d e a l  thermal b a r r i e r  i n  

t h a t  t h e  b a l l s ,  f i t t e d  r e l a t i v e l y  loose ly  i n  t h e  r e t a i n e r  grooves, separate 

( f a l l  away) themselves from the  torque-contacting sur faces  when the  turbo- 

pump shuts  down. The b a l l  sp l ine  i s  constructed l i k e  a sprocket and can 

be made from AS1 9310 wi th  the  b a l l s  being similar t o  those i n  a b a l l  

bearing and a r e  usua l ly  made from 440C s t e e l .  

Thermal Separation of Turbine and Pump 

I n  addi t ion  t o  t h e  i n s t a l l a t i o n  of a thermal b a r r i e r  between t h e  hot t u r -  

bine and a cryogenic pump, addi t iona l  thermal p ro tec t ion  of t h e  pmp can 

be achieved by mechanical separa t ion  of t h e  turb ine  and pump with a s l o t t e d  
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PUMP WITH LOW HEAT CAPACITY 
FLUID FLOW SURFACES 

VANE DETAIL 

Figure 110. Schematic of Vented Flow Surface 
L i n e r  and Vane 

. ’ .  
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cylinder. .  Such a s l o t t e d  cy l inder  w i l l  increase t h e  thermal r e s i s t a n c e ;  

however it may increase t h e  length of t h e  turbopump assembly. Figure 112 

i l l u s t r a t e s  t h i s  concept. 

Coating and Insu la t ion  Methods f o r  Pump Passages 

To prevent l i q u i d  hydrogen from f l a sh ing  i n t o  vapor as it en te r s  a turbo- 

pump and contac ts  ambient-temperature metal sur faces ,  these  mater ia l s  may 

be t r e a t e d  by surface oxid iza t ion  o r  covered with organic o r  inorganic 

low-conductivity coatings.  

Metal sur faces  may be t r e a t e d  by chemical o r  e l e c t r o l y t i c  ox id iza t ion ,  of 

which the  l a t t e r  i s  an  anodizing process. Aluminum and i ts  a l l o y s  may be 

anodized i n  chromic, s u l f u r i c  and oxalic a c i d  e l e c t r o l y t e s .  A durable,  

porous sur face  w i l l  form as t h e  r e s u l t  of such treatment with a po ros i ty  

up t o  20 percent and a p o t e n t i a l  unlimited growth i n  thickness.  On the  

boundary between the  porous growth and the  meta1,a very f i n e  glass-l ike 

f i lm  forms which is of g rea t  hardness. 

oxide f i l m  is very high, and a separa t ion  of t h i s  f i l m  from the  metal is 

mechanically not possible.  Study of t h e  in su la t ion  thiclrnesses obtainable 

by t h i s  method is required. 

The bonding s t r eng th  of such an  

The use of KX635 as an  i n t e r n a l  i n su la t ive  coating had been evaluated i n  

the  " ins t an t  s tar t"  RLlO turbopump (Ref. 43) .  

p e l l e r  housings and impellers were coated and evaluated by a c t u a l  pump 

t e s t s .  The c a p a b i l i t y  of t h e  coating mater ia l  t o  withstand the  i n i t i a l  

t h e r m 1  shock and t h e  r e s i s t ance  t o  peeling makes t h i s  mater ia l  a n  excel- 

l e n t  candidate f o r  f u r t h e r  eva lua t ion  under f u l l  performance conditions. 

Components such as t he  im- 

The KX635 coating mater ia l  (Fig. 113) has been ex tens ive ly  t e s t e d  i n  the  

Rocketdyne Chemical and Nonmetallics sec t ion .  

f i l l e d  Kel-F d ispers ion  mater ia l .  

a 6 3 5  is a g l a s s  microballoon- 

Using KX635 as t h e  coating mater ia l  f o r  
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a 6 7 3  Top Coat 

a 6 3 5  

KX635 

-a643 Primer 

aluminum Alloy  

Figure 113. Photomicrograph (1OOX) of ~ ~ 6 3 5  Coated Aluminum With Top Coat 
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i n t e r n a l  turbopump components, t h e  development and eva lua t ion  included i n  

t h e  following e f f o r t s :  

1. Determination of t h e  bond s t r eng th  between m635 and K-monel o r  

Tens-50 aluminum by the  methods described below: 

a.  Flexural f a t igue  l i f e  of coated-metal specimens a t  -320 F 

b. S t a t i c  t e n s i l e  t e s t s  of coa,ted-metal specimens a t  e leva ted ,  

ambient and cryogenic temperatures 

c. Cyclic thermal shock t e s t s  of coated MK-10 i n l e t s  from 

ambient t o  -320 F 

2. Determination of t h e  thermal cont rac t ion  and thermal conductiv- 

i t y  of Eor635 from ambient temperatures t o  -423 F 

3. Development and modification of coating processes that were 

compatible wi th  t h e  l imi t a t ions  imposed by t h e  types of metals 

being coated 

4. Detailed inves t iga t ions  i n t o  t h e  causes f o r  and the  e l imina t ion  

of t h e  v a r i a t i o n  i n  t h e  a 6 3 5  ma te r i a l s  used during t h i s  period 

of time 

5. Inves t iga t ions  of t he  s e n s i t i v i t y  of m635 and its cons t i tuents  

t o  r eac t ions  with LO2 

The summary o f  t he  program and t h e  information obta,ined during t h e  inves- 

t i g a t i o n  of KX635 as an i n t e r n a l  coating f o r  l i q u i d  oxygen and l i q u i d  

hydrogen turbopumps is described below. 

Test specimens machined fromK-monel and Tens-50 aluminum ranging i n  
thickness from 0.065 t o  0.140 inch with coating thicknesses from 0.020 t o  

0.180 inch were t e s t e d  a t  ambient and cryogenic temperatures a t  4300 cpm, 

using a s p e c i a l l y  modified d e f l e c t i o n  f l e x u r a l  f a t i g u e  machine. 

de f l ec t ion  ranged from 0.030 t o  0.300 inch. The r e s u l t s  o f  these f a t igue  

t e s t s ,  whereby t h e  specimens were cycled 1 x lo5 a t  ambient temperature 
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6 f r o m  0.030 t o  0.300 inch and cycled 1 x 10 

of -320 F, 0.100 t o  0.200 inch, indicated no sepa ra t ion  between I<-monel 

and a 6 3 5  and Tens-50 aluminwn*and 1~x635. Tensile t e s t s  were performed 

a t  0.05 in/min a t  temperatures of 160, 75 and -320 F. 

t i o n  f o r  la635 o r  K-monel Mas 30, 26 and 12.5 percent,  respec t ive ly .  

There w a s  no separa t ion  between t h e  KX635 and t h e  Tens-50 o r  K-monel a t  

any temperature. 

and MK-15 f u e l  pump components such as i n l e t s  and s ta tors  coated with 

KX635. There w a s  no v i s i b l e  ind ica t ion  of cracking o r  separa t ion  of t h e  

coating from t h e  subs t r a t e .  Thermal cont rac t ion  da ta  f o r  t h e  K~635 from 

70 t o  -423 F a r e  0.00675 in./in. compared t o  0.0108 in./in. f o r  Kel-F 81. 

Thermal conduct iv i ty  da t a  f o r  t h e  m635 from 150 t o  -400 F show t h a t  K 

decreases from 1.01 t o  0.360 Btu-in./ft -hr-F 

a t  the  cryogenic temperature 

The average elonga- 

Cyclic thermal shock t e s t s  were performed with MK-10 

2 2 over t h a t  temperature range. 

An a l t e r n a t i v e  method of l i n i n g  the  pump passages is  with t h e  app l i ca t ion  

of a Kel-F and metal wire-enforced d ispers ion  coating. The l i n i n g  of t he  

passages is accomplished by spot welding t h e  wire mesh t o  t he  passage and 

then  spraying t h e  Kel-F with high pressure a t  elevated temperature. F ina l  

machining is done a f t e r  t he  spraying and deposit ing operation. Samples of 

coatings of t h i s  type have been successfu l ly  fabr ica ted .  

Thermal Liner f o r  Cryogenic Turbopumps 

Lining the  i n l e t  l i n e  and the  i n t e r n a l  pump flow passages with a t h i n  

metal s h e l l  should d e f i n i t e l y  improve t h e  warm-start c a p a b i l i t y  of a 

cryogenic turbopump. The double-wa,ll passage cons is t ing  of t h e  outer 

s t r u c t u r e  and sandwich- o r  honeycomb-type cons t ruc t ion  of t he  inner l i n e r  

separa tes  t he  flow from the  heavier metal w a l l s .  The t h i n  l i n e r  contacted 

by t h e  cryogenic flow w i l l  cool down very r ap id ly  and because of i ts  small 

c ross  s e c t i o n  t r a n s f e r  l i t t l e  heat i n t o  t h e  cryogenic propel lan t ,  thereby 

reducing t h e  formation of vapor during start .  Thermal exchange w i l l  t ake  

place gradually with a more uniform formation of vapor u n t i l  thermal equi- 

l ib r ium is reached. The l i n e r  mater ia l  should be t i t an ium i n  combination 

with e i t h e r  a t i t an ium o r  CRES o r  K-monel ou ter  s t r u c t u r e .  

228 



TASK IV: STUDY OF EXISTING LH2 PUMPS 

A detailed examination of- existing LH 
Task IV study. This included characterization of the flow, geometrical 

and heat transfer parameters f o r  available pump designs. Moreover, the 

5-2 MK 15 and a 350K pump were detailed and studied with the thermal analyzer 
prograx f o r  startup and shutdown behavioral characteristics. Study of exist- 
ing data for pump and turbine chilldown in orbit and under ground conditions 
was accomplished for the 5-2 MK 15, M-1, and a 350K tnrbopump. 

pump designs was undertaken under 2 

Existing pump limitations were shown based upon restrictive pump flow areas 
and upon the choice of material for slow and fast chill circumstances. 

PUMP CHARACTERBAT I ON 

Completion of characterization of both existing pumps a n d  pmp designs for 
geometric and flow parameters was accomplished during this study. 

tion to tabulation of the operating conditions, the flow passage overall 
length to hydraulic diameter ratio from the inducer inlet to the outlet 

flange was determined f o r  each of the pumps listed in Table 26. Discrete 
examination of the individual flow passages throughout each pump was also 
made. 

In addi- 

Analysis of the mean velocity weighted on a length basis and evaluation of 

average pump Reynolds number, flow transit time, mean hydraulic diameter 

and mass velocity was completed for 12 LH2 pumps and 6 LO2 pumps. A summary 
of  the characterization of the pumps f o r  these parameters is listed in Table 

27. 
mate average values for the pump nondimensional heat transfer parameters 

of Stanton number, Fourier number, Reynolds number, Biot number, and passage 

L/D ratio. 

The parameters were developed to provide an indication of  the approxi- 



Data 
Reference 
>ode Number 

1 

2 

3 

4 

5 
6 

7. 

8 

9 

10 

11 

12 

TABLE 26 

LIQUID HYDROGEN PUMPS 

Pump Descript ion 

Inducer p lus  t w o  cen t r i fuga l  impel lers  
( ex te rna l  preinducer submerged i n  propel lan t  tank)  
A l l  da t a  estimated. Model R L l O  

Inducer p lus  one cen t r i fuga l  impel ler  ( s c a l e  model) 

Inducer p lus  seven a x i a l  s tages .  Model 5-2 

Preinducer p lus  inducer p lus  hydraul ic  t u rb ine  
p lus  two cen t r i fuga l  impel lers  (preinducer and 
hydraul ic  t u rb ine  a r e  i n t e g r a l  i n  pump). Model ?OX 

Inducer p lus  one cen t r i fuga l  impeller.  Model 29X 

External  preinducer and hydraul ic  t u rb ine ,  plus  
inducer plus  t w o  cen t r i fuga l  impel lers  ( ex te rna l  
hydraul ic  t u rb ine  feed  l i n e  omitted).  A l l  da t a  
estimated. 

Same as V I  f o r  main pump only. 
Inducer p lus  t w o  cen t r i fuga l  impel lers .  
A l l  da t a  estimated. 

Inducer p lus  four  a x i a l  s tages .  Model 25X. 

Inducer plus  n ine  a x i a l  s tages .  
A l l  d a t a  estimated. Model M-1. 

Inducer p lus  four  a x i a l  s t ages  

Inducer p lus  four  a x i a l  s t ages  ( sca l e  model). 

Inducer p lus  four  a x i a l  s t ages  ( s c a l e  model). 

( s ca l e  model). 



TABLE 26A 

LIQUID OXYGEN PUMPS 

Data 
Reference 
Code Number 

1 

3 

4 

6 

7 

9 

Pump Description 

Inducer plus t w o  centrifugal impellers 
(external preinducer submerged in propellant tank). 
All data estimated. Model RL-10. 

Inducer plus one centrifugal impeller. Model 5-2. 

Preinducer plus inducer plus hydraulic turbine 
plus one centrifugal impeller (preinducer and 
hydraulic turbine are integral in pump). Model 30X. 

External preinducer and hydraulic turbine plus 
inducer plus one centrifugal impeller 
(external hydraulic turbine feed line omitted). 
All dxta estimated. 

Same as VI for main pump only. 
Inducer plus one centrifugal impeller. 
All data estimated. 

Inducer plus one centrifugal impeller. 
All data estimated. Model el. 
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Analysis of t he  r e s u l t s  i l l u s t r a t e d  i n  Table 27 i l l u s t r a t e s  t h a t  no spe- 

c i f i c  t rend  of coolant passage L/D r a t i o  is shown. 

r a t i o  of the LH2 pump passages ranges from a l o w  of 65 t o  a high of 205, 

with the  m a j o r i t y  of pumps i n  the  v i c i n i t y  of L/D = 100. 

i t y  and f l u i d  mass ve loc i ty  were a l s o  seen t o  remain f a i r l y  constant over 

a wide t h r u s t  range. Passage mean hydraulic diameter and Reynolds number 

were graphed i n  Fig. 114 and 115 and i l l u s t r a t e  an approximate square r o o t  

Length-to-diameter 

Mean pump veloc- 

. dependence with t h r u s t  increase. C o o l a n t  t r a n s i t  time values as shown i n  
Table 27 a r e  qu i t e  small. 

E3?FECT OF ENGINE THRUST SIZE ON mJMp CHILLDOWN 

The character izat ion of ex is t ing  pump designs in to  the  nondimensional heat  

t ransfer  parameters of Fourier and B i o t  numbers w a s  made based on mean pump 

w a l l  thickness values and on an average ve loc i ty  i n  t he  pump during an 

assumed 2.5-second s t a r t  t r ans i en t  (50 percent of through flow ve loc i ty  

a t  f u l l  design speed). The purpose of t h i s  study was t o  es tab l i sh  th rus t  

scal ing ru l e s  with regard t o  pump thermal design. Figure 116 i l l u s t r a t e s  

the  average pump B i o t  number obtained f o r  pump designs l i s t e d  i n  Table 27 

during the  start  t r ans i en t  without considering e i the r  pump mater ia l  o r  

operating pressure. The B i o t  number f o r  a l l  t h e  pumps shown was found t o  

be s ign i f i can t ly  grea te r  than one, thus indicat ing t h a t  t he  hydrogen film- 

coef f ic ien t  res i s tance  i s  l o w  with respect t o  t he  w a l l  thermal conduction, 

and a rap id  surface chilldown of t he  pump would r e s u l t  assuming pump tolera-  

t i o n  of vapor a t  start.  

t h rus t  was found. 

during t h e  assumed 2.5-second s t a r t , and  an inverse l i nea r  dependence of 

Fourier number with t h r u s t  was found. I n  a 2.5-second s tar t  period a l l  

but t h e  smallest-thrust  pumps a r e  seen t o  have a Fourier number l e s s  than 

one. This indicates  t h a t  f o r  large pumps complete ch i l l i ng  of t he  w a l l  

w i l l  not  occur during t h e  start period, and heat w i l l  continue t o  bleed 

i n t o  t he  propellant during mainstage operation. 

A square r o o t  re la t ionship  of B i o t  number with 

Figure 117 i l l u s t r a t e s  the pump average Fourier number 
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Figure 116. LE$ Pump Average B i o t  Number vs Thrust Level 
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The above analysis assumed neither a prechill prior to start nor  a 
"thermodynamic1' stall during the start transient. Within the simplifying 

constraint of using an average Fourier number, improvement in the pump 
warm-starting characteristics, i.e., a reduction in the film coefficient 
or Biot number, can be achieved by either enlarging the pump flow area or 

by reducing the length-to-hydraulic diameter ratios of the pump passages. 

Pump Blade Scaling 

In the examination of the chilldown time requirements for axial flow pumps, 
attention was directed to the blading surfaces which provide the pressure 

rise. 
a nonprechilled pump in order to prevent blade stall induced by gaseous 

hydrogen vapor formation from the warm blade surface. A scaling of the 
following heat transfer related nondimensional parameters was considered 
for the 5-2 type blade profiles typically illustrated in Fig. 118: 

Rapid chilldown of the blade surfaces is required as a result for 

For the definition of the approximate value of these parameters a selec- 

tion of a typical axial flow machine blade was made. Velocity change of 
the fluid with respect to the blade along the blade surface length was 

assumed as shown in Fig. 119. For approximate analysis purposes a 50 

percent of rated-flow velocity was considered as representing the trans- 
ient start period average velocity condition. 

conditions an alternative average-velocity weighting factor can be employed. 
For nonlinear pump start 

Blade Reynolds Number Scaling 

For blade Reynolds number scaling the length dimension chosen was the half- 
chord length. The reference viscosity chosen was a liquid,value at inducer 
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pressure conditions. 

found t o  scale  according t o  the following relationship: 

The blade chord length f o r  a n  ax ia l  flow machine i s  

As a r e s u l t  the blade Reynolds number can be shown t o  scale with thrus t  

as  

For nearly a l l  machines t h e  f r ee  stream mass veloci ty  remains nearly 

constant with thrus t .  

Stanton Number Scaling 

The Stanton number based on a chord 1engthReynoldsnurnber may be described 

as 

Fourier Number Scaling 

Evaluation of the Fourier number variat,on w i t  th rus t  was made consider- 

ing an equal pump start  time for  small and large thrus t  pumps as a refer- 

ence 5-second value. During fur ther  analysis ,  refinement of t h i s  assumption 

w i l l  be made. Basing the c r i t i c a l  dimension on the  half-blade thickness, 
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a var ia t ion of t h e  blade th ickness  with t h r u s t  from above r e s u l t s  i n  a 

f i r s t  order  dependence as 

Q: T-l.o 
NFo 

It may as a r e s u l t  be seen t h a t  l a rge r  a x i a l  f low machines w i l l  have a 

slower blade c h i a l i n g  time compared t o  s m a l l  t h r u s t  machines. 

Blade &/t R a t i o  Sca l ing  

The blade length  t o  th ickness  r a t i o  f o r  a x i a l  f low pumps remains t h e  same 

with t h r u s t  s ca l ing  due t o  a square r o o t  dependence of bo th  t h e  length  and 

thickness  with t h r u s t .  Therefore ,  

4 - = constant  t 

A s  a r e s u l t  t h e  Stanton number dependence upon t h r u s t  becomes 

B i o t  Number Sca l ing  

The B i o t  number represents  t he  r a t i o  of t h e  appl ied  f i lm  c o e f f i c i e n t  t o  

t he  blade i n t e r n a l  conduction a b i l i t y .  

dimension chosen was  t h e  ha l f  blade th ickness  a t  t h e  maximum th ickness  poin t  

due t o  the  f a c t  t h a t  flow i s  occurr ing over the  upper and lower sur faces  

and because the  t h i c k e s t  point  i n  the  blade c h i l l s  the  slowest.  

the  B i o t  number as 

For t h e  a n a l y s i s  t h e  c h a r a c t e r i s t i c  

Describing 

h ( t / 2 )  
NBi = ( k ) 
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and consider ing from t h e  Stanton number and blade geometric r e l a t ionsh ips  

t h e  s c a l i n g  of t h e  B i o t  number becomes: 

In  summary t h e  parameter dependences with t h r u s t  l e v e l  i s  shown below: 

V a r i a t i o n s  of t hese  parameters with t h r u s t  l e v e l  based on a 5-2 re ference  

blade i s  shown i n  Fig.  120 and 121. Consideration of t he  degree of blade 

c h i l l  accomplished wi th in  t h e  start  per iod can be  ca tegor ized ,  i n  terms 

of B i o t  and Four ie r  numbers, i n t o  a s l o w  and moderate f a s t - c h i l l  circum- 

s tance  as i l l u s t r a t e d  below: 

s l o w  c h i l l  (134) 

NBi NFo moderate c h i l l  (135) 

NBi NFo M 1.0 

e 

2 
NFo % - e 

77 
r a p i d  c h i l l  (NBi > 1.0) 
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From t h e  l a rge  values  of B i o t  and Four ie r  number ca l cu la t ed  f o r  t h e  blading 

it i s  apparent t h a t  r ap id  s h i l l i n g  of t h e  a x i a l  pump blades occurs unless  

upstream condi t ions r e s u l t  i n  low-density w a r m  hydrogen flowing over t h e  
. .  

surf aces.  

Treatment cf t he  cen t r i fuga l  f low pump impel ler  and pump inducers can be 

made t o  i nd ica t e  t h e  s e v e r i t y  of t h r u s t  s c a l i n  

pump. 
Stanton number behavior. B i o t  and Fourier  numbers become s t rong ly  dependent 

upon s p e c i f i c  design impel ler  pressure  w a l l  th icknesses .  It i s  expected 

t h a t  i n  general  t he  above sca l ing  approaches f o r  t hese  l a t t e r  t w o  non- 

dimensional parameters w i l l  apply f o r  cen t r i fuga l  pump impellers.  

problem f o r  t he  cen t r i fuga l  

A f i r s t  examination ind ica t e s  approximately t h e  same Reynolds and 

ORBITAL PRECONDITIONING OF 5-2 TURBOPUMP 

Telemetered da ta  f o r  engine 5-2019 during o r b i t a l  f l i g h t  AS-203 w a s  examined 

t o  determine the  5-2 turbopump chilldown c h a r a c t e r i s t i c s  during f l i g h t .  The 

f u e l  s ide  instrumentat ion and p r e c h i l l  flow c i r c u i t  used i n  t h i s  f l i g h t  a r e  

i l l u s t r a t e d  schematical ly  i n  Fig.  122. The e l e c t r i c a l l y  dr iven r ec i r cu la -  

t i o n  pump c i r c u l a t e s  f u e l  from t h e  tank ,  i n t o  t h e  main f u e l  l i n e  (downstream 

of t h e  wain f u e l  preva lve) ,  through the  f u e l  pump, i n t o  t h e  r e t u r n  l i n e  a t  

t h e  main f u e l  pump discharge,  and back i n t o  t h e  tank. 

pump is put i n t o  operat ion 5 t o  10 minutes before  engine start .  During 

t h e  f l i g h t  t he  condi t ions of t h e  f u e l  and t h e  f u e l  c i r c u i t  components were 

monitored by t h e  instrumentation. 

The r e c i r c u l a t i o n  

The te lemetered d a t a  f o r  t h e  i n i t i a l  four -orb i t ,  6-hour per iod  of f l i g h t  

AS-203 a r e  presented i n  Fig.  123 and 124. The instrumentat ion code shown 

corresponds t o  t h a t  ind ica ted  i n  Fig. 122. During t h e  f i r s t  o r b i t ,  a f t e r  

t h e  5-2 second-stage shutdown, hea t  inputs  by conduction from the  warm 

tu rb ine  and by solar r a d i a t i o n  r a i s e d  t h e  LH pump discharge temperature 2 
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Orbital Flight AS-203 
b g i n e  J2019 
Date: 5 July 1966 

COlO Zngine Gimbal 
Area Ambient Atmos. 
260 t o  960R 

c200 

35 t o  
5 60R 

Bulk ' 

e 

Injector In l e t  
Manif old 

: Injector I 
J 

Recirculation 
';3 Discharge to  Tank 

C161 
35 t o  50R 

A Recirculation 
N a i n  Fuel Inlet  

In le t  
35 t o  47R 

c373 
Main Prevalve 
C363 Earrow Range 
0 6 4  Wide Range 
75 to  47R 
28 t o  200R 

Star t  Recirc. 
Stop Recirc. Valve 

Jacket Wall 

C127, Wall 35 t o  60R 

150,Wall (NASA) Netal Jacket Outside 
of Insulation 35 t o  300R 

C144, Wall, 35 t o  460R 

Fuel Pump Flow f o r  Jacket C h i l l ;  
3leed. 'Jalve, CO12 bine GH Spin-Bottle Power; 2 
35 t o  85R Fuel Return t o  Tank 

CU4 Bulk, 35 to  60R 
/ 

I Thrust Chambe 

COO1 Fuel Turbine In l e t ,  
460 t o  2260B 

Val .ve 

-C3€6 Wall 25 to 6 i B  
Figure 122. Orbi ta l  Fl ight  AS-203 Code Schematic, Code: 

F = Flow, Fuel Side 
C = Temperature; 
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i r o m  163 t o  226 R. During t h e  e a r l y  p a r t  of t h e  second o r b i t  (at  approxi- 

mately 5600 seconds a f t e r  l i f t o f f ) ,  t he  f u e l  precondi t ioning r e c i r c u l a t i o n  

pump w a s  operated f o r  approximately 6 minutes and t h e  LH pump discharge 

temperature w a s  re turned  t o  a temperature of 38 R. During t h e  remainder 

of t h e  second o r b i t  t h e  LH pump recondi t ioning process w a s  repeated,  and 

t h e  temperature w a s  re turned  t o  near s torage  tank temperature of 40 R. 

t h e  end of t he  fou r th  o r b i t  both t h e  LH and LO pump discharge w a l l  tempera- 

t u r e s  were nea r ly  of equal value a t  280 and 260 R ,  respec t ive ly .  

2 

2 
A t  

2 2 

From f l i g h t  r e s u l t s , t h e  hea t ing  up of t h e  turbopurnps, due t o  solar  radia-  

t i o n  and turb ine  hea t  soakback of approximately 240 R temperature r i s e  f o r  

t h e  LH 

precondi t ioning i€ t h e  engine were t o  be r e s t a r t e d .  

pump and 100 R temperature r i s e  f o r  the  LO2 pump,would r equ i r e  pump 2 

From add i t iona l  te lemetered da ta  on t h e  f u e l  and oxidizer  t u rb ine  housing 

thermocouples, a graph of t h e  tu rb ine  temperature vs time is  shown i n  Fig.  

125. 

reduct ion i n  tu rb ine  temperature t o  near ly  equilibrium temperature. 

gimbal a r e a  ambient temperatures were taken as the  equi l ibr ium temperature 

With a four-orbi t  pe r iod , r ad ia t ion  and conduction of hea t  accomplished 

Engine 

(-90 F) .  

Figure 126 i l l u s t r a t e s  t h e  r a d i a t i o n  equation so lu t ion  (Eq. 14) of t h e  c h i l l -  

down compared t o  o r b i t a l  da t a .  A longer per iod of time i s  predic ted  from 

a n a l y s i s  due t o  conduction t o  t h e  co ld  adjacent  pump and conduction t o  radia-  

t i o n  from t h e  tu rb ine  ducting. A comparison of t he  LO pump chilldown i l l u s -  

t r a t e s  much c lose r  agreement of t h e  a n a l y t i c a l  and experimental chilldown 

curve due t o  an apparent l e s s e r  hea t  conduction t o  t h e  pump and l i n e s  

(Fig.  127). 

2 

Comparison of t h e  ground opera t ion  cooldown temperature vs  t ime f o r  the  

turbopump i s  shown i n  Fig.  128. A considerably sho r t e r  time per iod of 

equilibrium r e s u l t s  due t o  combined r a d i a t i o n  and forced convection due 

t o  a i r  c i r c u l a t i o n .  A s  a r e s u l t  it i s  apparent t h a t  ground s imulat ion 

s tud ie s  of t u rb ine  chilldown would be inadequate f o r  pred ic t ion  of f l i g h t  

condi t ions.  
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Ti = 1570 R Ts = 370 B 
Fuel Turbine 

W = 151 l b s  
2 As= 283 in. 

e= 0.80 
F = 1.0 
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Time, hours 

Figure 126. 5-2 Turbine Cooldown Temperature vs Time 
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Steady-State Gas Temperatures a t  Cut-Off, I!' 
(1) 1200 OF 
(2) 855 OF 

8W 

6W 

400 

200 

0 

Elapsed Time, minutes 

Figure 128. 5-2 Turbopmps, Ebgine Test, Skin Temperatures at 
Sea Level Ambient, Average of 4 Tests 



~ ~ 1 5  m2 TZTRBOPW BEAT SOAKBACK ANALYSIS 

The thermal analyzer  descr ibed previously w a s  u t i l i z e d  t o  determine t h e  

temperature d i s t r i b u t i o n  i n  t h e  Mark-15 turbopump a f t e r  500 seconds of 

t e s t  f i r i n g ,  

In  t h e s e  ana lyses ,  forced  convection heat ing of t u rb ines  blades and tu rb ine  

p a r t s ,  forced  convection cool ing of pump p a r t s ,  r a d i a t i o n  from the  tu rb ine  

hot  cas ing ,  and conduction were considered. The r e s u l t s  of t hese  a n a l y t i c a l  

hea t  t r a n s f e r  s tud ie s  were i n  very good agreement with temperature of var- 

i o u s  l oca t ions  measured during a 500-second t e s t .  Using t h e s e  i n i t i a l  

temperature d i s t r i b u t i o n s ,  t h e  thermal analyzer  w a s  f u r t h e r  used t o  s tudy 

the  hea t  soakback condi t ion of t h e  Mark-15 LH 
s ive  computer machine run t ime,  t h e  complex geometry of t h e  5-2 turbopump 

w a s  s imp l i f i ed  by lumping small adjoining p a r t s  (using weighted average 

thermal p rope r t i e s ) .  

pump r o t o r ,  t a b l e s  of physical  p rope r t i e s  covering the  temperature range 

o€ i n t e r e s t  were used. Figure 129 shows t h e  5-2 a x i a l  f low turbopump with 

i t s  nodal po in t s  as used i n  t h e  thermal analyzer .  

r e s u l t s  of t h e  hea t  soakback ana lys i s  f o r  a per iod of 18 hours a f t e r  turbo- 

pump shutdown. 

turbopump. To avoid exces- 2 

For t h e  l a r g e r  p a r t s ,  such as tu rb ine  wheels and 

Figure 130 dep ic t s  t h e  

As  it can be seen,  t h e  temperature grad ien t  i s  very s t e e p  a t  t h e  beginning 

of t h e  heat  soakback, bu t  as t h e  time increases  t h e  temperature throughout 

t he  turbopump tends t o  become uniform. 

t ime, t h e  temperature var ia t ion is approximately 130 F (approximately 

50 F a t  t he  pump inducer and r o t o r  and approximately 180 F i n  t h e  tu rb ine  

wheel regions) .  

18 hours due t o  t h e  low-temperature dr iv ing  force .  

l ibr ium temperature i s  estimated t o  be approximately 100 F .  

down period increases  above t h a t  requi red  f o r  t he  establishment of t h e  

Af te r  18 hours of hea t  soakback 

The hea t  soakback r a t e  is very  l o w  a f t e r  approximately 

The h ighes t  f i n a l  equi- 

A s  t h e  shut- 
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equilibrium temperature,  t he  temperature of t he  turbopump w i l l  decrease 

through t h e  r a d i a t i o n  process t o  t h e  surrounding surfaces .  Therefore,  t he  

maxiqum temperature a t t a i n e d  by the  inducer and r o t o r  of t h e  5-2 turbopump 

is  expected t o  be approximately 100 F. 

MARK-15 LH2 TUl?J30PW CHILLDOWN ANALYSIS 

Following t h e  hea t  soakback analyses  s t u d i e s ,  t h e  boundary Conditions and 

the  i n i t i a l  temperature d i s t r i b u t i o n  of t he  turbopump were changed and t h e  

chilldown analyses  were begun using Fig.  129 as t h e  model. 

a 3-minute p r e c h i l l  followed by a 2.5-second s ta r t  t r a n s i e n t  were ccnsidered. 

The p r e c h i l l  condi t ions were v a r i e d  while t h e  s tar t  t r a n s i e n t  condi t ions 

were assumed t o  remain constant .  The p r e c h i l l  condi t ions considered were: 

I n  these  s tud ie s  

1. Zero percent of t h e  t o t a l  f lowrate  

2 .  1.44 percent of t h e  t o t a l  f lowra te  

3. 5 percent  of t h e  t o t a l  f lowra te  

Condition one assumes t h a t  t h e  l i n e s  and t h e  pump a r e  f i l l e d  with -420 F 

LH2. Although no LH2 i s  flowing through t h e  pump, nevertheless  t h e  pump 

p a r t s  w i l l  be c h i l l e d  down by means of LH 
and nuclea te  bo i l ing  processes. During the f i lm  bo i l ing  process,  the hea t  

f l u x  r a t e  i s  lower than during the  nuc lea te  b o i l i n g  process due t o  a l o w  LH2 

f i lm  coe f f i c i en t .  As t h e  f i lm  bo i l ing  converts t o  nuc lea te  boi l ing ,due  t o  a 

drop i n  temperature d i f f e rence  between t h e  LH2 s a t u r a t i o n  temperature and 

t h e  w a r m  pump sur faces ,  t he  h e a t  f l u x  r a t e  w i l l  increase.  The sur face  

temperature drops and t h e  hea t  w i l l  f low from t h e  i n t e r n a l  segment t o  t h e  

sur face  and from t h e  sur face  t h e  hea t  w i l l  be absorbed by t h e  LEI2. 

as the  LH2 goes through the  f i lm  2 

The determination of the  LH f i l m  c o e f f i c i e n t  f o r  b o i l i n g  condi t ions was 

based on the  work previously presented i n  Fig. 5. 
2 

The r e s u l t s  a r e  p lo t t ed  i n  

258 



Fig.  131 as temperature v s  t ime from t h e  s ta r t  of chilldown. It i s  seen 

t h a t  t h e  temperatures of some nodes (25 and 26) a r e  s t i l l  f a i r l y  high a f t e r  

3 minutes of p r e c h i l l .  However, a f t e r  2.5 seconds of start  t r a n s i e n t s ,  t h e  

2' sur face  temperature reaches a l m o s t  t h a t  of t h e  bulk temperature of t he  LI-I 
Node 25 is  an i n t e r n a l  node connected t o  t h e  sur face  node 26. 

of node 25 changes very l i t t l e  a t  t h e  s tar t  of chilldown,whereas t h e  tem- 

pera ture  of node 26 drops q u i t e  sharply.  

t h e  temperature of t h e  t w o  nodes decreases i n  similar manner up t o  3 minutes 

of t h e  p r e c h i l l .  

Temperature 

Af te r  approximately 2 seconds 

During t h e  2.5 seconds of s tar t  t r a n s i e n t ,  t h e  temperature of t he  sur face  

node 26 t akes  a sharp drop,whereas t h e  temperature of node 25 does no* 

appreciably change. This  is due t o  t h e  r e s i s t a n c e  between t h e  t w o  nodes 

caused by t h e  l o w  thermal conduct ivi ty  of t he  metal .  

on Fig.  132 and 133. 
tween nodes 25 and 26 is f a i r l y  high during the  e a r l y  p a r t  of t he  chilldown, 

bu t  t h e  t w o  nodes' temperatures approach one another near t h e  end of c l i i l l -  

down period.  The su r face  temperatures a r e  gene ra l ly  c lose  t o  t he  LH2 bulk 

temperature a t  t h e  end of t h e  2.5-second s ta r t  t r a n s i e n t .  

The r e s u l t s  a r e  p l o t t e d  

These f i g u r e s  show t h a t  t h e  temperature grad ien t  be- 

Other a reas  where t h e  r o t o r  w a l l  th ickness  i s  g rea t e r  than the  region in- 

ves t iga t ed  should be  analyzed. 

e n t i r e  study depends on t h e  type of LH2 cooling tak ing  place.  

important t h a t  t h e  LH 
gat ion  be  made. 

LH 

of the  chilldown) t o  the  time when the  f u l l  flow i s  es tab l i shed  should 

be f u r t h e r  analyzed. 

A l s o , a  g r e a t  dea l  of t h e  accuracy of t h e  

It i s  very 

cooling process be  i s o l a t e d  and a thorough inves t i -  2 
A d e t a i l e d  model which considers  t h e  very f i r s t  d r o p  of 

coming i n  contact  with the  pump p a r t  {within a s h o r t  time of the  s t a r t  2 
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MARK 29 TURBOPUMP 

The Mark 29 s ingle-s tage l i q u i d  hydrogen turbopump nodal d i s t r i b u t i o n  

(Fig- 134) and computer se tup  were i n i t i a t e d  during t h e  eleventh monthly 

r epor t  period. However, due t o  lack of t ime, no f u r t h e r  hea t  t r a n s f e r  

ana lys i s  w a s  c a r r i e d  out  f o r  t h i s  turbopump. This work can be c a r r i e d  

out i n  t h e  fu tu re .  

350K LH2 TURBOPUMP HEAT SOAKBACK STUDY 

The high-pressure,  5OOO-psi, 750K LH -pump nodal d i s t r i b u t i o n  is shown i n  

Fig.  135. 
order t o  be ab le  t o  use physical  property t a b l e s  f o r  each ma te r i a l .  I n  

a reas  where t h i s  i s o l a t i o n  l e d  t o  c r ea t ing  a s m a l l  node, t hus  increasing 

the  computing machine t ime,  t w o  o r  more ma te r i a l s  were lumped i n t o  one and 

t h e i r  weighted average p rope r t i e s  were used. 

t u r e  d i s t r i b u t i o n  f o r  t h e  end of 500 seconds t e s t  w a s  not  a v a i l a b l e ,  as 

i n  the  case of t he  5-2 turbopump, t h e  i n i t i a l  condi t ion of t h e  high-pressure,  

5000-psi LSI pump w a s  estimated based on t h e  5-2 r e s u l t s ,  weight r a t i o  of 

t he  t w o  turbopumps, t u rb ine  i n l e t  gas temperatures,  e t c .  The thermal ana- 

lyzer  program was aga in  used and t h e  h e a t  soakback a n a l y s i s  w a s  c a r r i e d  o u t  

f o r  a dura t ion  of 6 hours. The r e s u l t s  a r e  p l o t t e d  i n  Fig.  136. It can 

2 
Attempt was made t o  i s o l a t e  the  d i f f e r e n t  ma te r i a l s  involved i n  

Since experimental tempera- 

2 

be seen t h a t  t h i s  f i g u r e  resembles Fig.  l 3 O  which i s  t h e  soakback tempera- 

t u r e  d i s t r i b u t i o n  f o r  t h e  Mark-15 turbopump. 

of t h i s  turbopump can be est imated t o  be approximately 50 F.  

heat  t r a n s f e r  ana lys i s  can be c a r r i e d  out  f o r  t h i s  turbopump consider ing 

longer time per iods,  and turb ine  i s o l a t i o n  

The equi l ibr ium temperature 

Fur ther  d e t a i l e d  

and pump i n s u l a t i o n  approaches. 

R-7138 
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350K LH2 TURBOF" CHILLDOWN ANALYSIS 

For the  purposes of t he  chilldown analyses  t h e  nodal d i s t r i b u t i o n  shown 

i n  Fig.  135 w a s  modified and t h e  appropr ia te  boundary and i n i t i a l  condi- 

t i o n s  were used i n  conjunction with t h e  thermal analyzer.  

temperature w a s  assumed t o  be s l i g h t l y  d i f f e r e n t  a t  var ious  loca t ions  of 

t h e  pump such as the  i n l e t ,  impel ler ,  and vo lu te  region. A ?-minute pre- 

c h i l l  followed by a 2.5-second start  t r a n s i e n t  were considered. 

t h e  p r e c h i l l  per iod t h r e e  LH2 f i l m  c o e f f i c i e n t s  were used which were based 

on zero percent of f u l l  flow ( t h e  pump being j u s t  f u l l  of LH2), 1.44 and 

5 percent of f u l l  flow. 

determined based on t h e  experimental data of F ig .  4. For other  condi t ions 

t h e  f i lm  c o e f f i c i e n t  w a s  based on experimental da t a  of Fig.  5. 

The LH2 bulk 

During 

For zero percent f low t h e  f i l m  c o e f f i c i e n t  w a s  

The r e s u l t s  of these  analyses  a r e  p l o t t e d  on Fig.  137, 138, and 139. As 

w a s  explained previously the  e f f e c t  of d i f f e r e n t  ma te r i a l s  i s  q u i t e  evident.  

For example, Fig.  137 ind ica t e s  tha t  t h e  temperatures of nodes 30 and 52, 

which a r e  i n t e r n a l  node and sur face  node, r e spec t ive ly ,  a r e  very c lose  t o -  

gether .  The ma te r i a l  of these  nodes i s  aluminum with high thermal conduc- 

t i v i t y .  

( sur face)  a r e  q u i t e  d i f f e r e n t  even a t  t h e  end of 3 minutes of p r e c h i l l  

period. 

I s  very l o w  when compared t o  aluminum. 

mately 300 F e x i s t s  between nodes 29 and 15. 

On t h e  o the r  hand the  temperatures of nodes 29 ( i n t e r n a l )  and 15 

The ma te r i a l  of t hese  nodes is  t i t an ium whose thermal conduct ivi ty  

A temperature d i f fe rence  of approxi- 

Figures  138 and 139 e s s e n t i a l l y  t e l l  t h e  same s t o r y  a s  Fig.  137. The tem- 

pera ture  of nodes 30 and 52 (aluminum mate r i a l )  a r e  only approximately 25 F 

a p a r t  a t  t h e  end of 3 minutes of p r e c h i l l ,  whereas t h e  temperature d i f f e r -  

ence between nodes 15 and 29 ( t i t an ium mate r i a l )  is approximately 200 F. 

From t h e  r e s u l t s  of t h e  foregoing analyses  it can be concluded t h a t  f o r  

t he  purposes of a r ap id  chilldown a ma te r i a l  with very l o w  dens i ty ,  l o w  
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s p e c i f i c  h e a t ,  and extremely high thermal conduct ivi ty  i s  p re fe r r ed  f o r  

uniform chilldown. 

content ,  t h e  chilldown time i s  exceedingly s h o r t  and the  ma te r i a l  tempera- 

t u r e  w i l l  be uniform a t  a l l  t imes,  thus causing no thermal s t r e s s e s .  

When conventional ma te r i a l s  a r e  used t h e  s e l e c t i o n  should be based on l o w  

hea t  content  and very l o w  thermal conduct ivi ty .  

sur face  

and thus  a s h o r t  s ta r t  t r a n s i e n t  time w i l l  be  required.  

ma te r i a l  must be capable t o  withstand the  thermal shock which w i l l  be s e t  

up due t o  t r a n s i e n t  temperature va r i a t ions .  

Since t h e o r e t i c a l l y  such ma te r i a l  has neg l ig ib l e  hea t  

I n  t h i s  case t h e  wetted 

temperatures drop r a p i d l y  t o  t h a t  of t h e  LH bulk temperature,  

However, t h e  
2 

I n  order t o  e l imina te  t h e  s t r e s s  problem, t w o  methods of chilldown seem 

t o  be appl icable .  The f i r s t  one is a very s l o w  chilldown, causing a s l i g h t  

amount of t he  bo i lo f f  H t o  pass  through t h e  pump. 

and the  i n t e r n a l  p a r t  of the  pump w i l l  c h i l l  down a t  a very  s l o w  r a t e .  

f o r e ,  temperature grad ien t  w i l l  be s m a l l  causing no thermal s t r e s s .  

I n  t h i s  case the  sur faces  2 
There- 

The second method is t o  use a very l o w  thermal conduct ivi ty  ma te r i a l  and 

coat  t h e  wetted sur faces  of t he  pump. The coa t ing  i t s e l f  w i l l  c h i l l  down 

very  r ap id ly  and w i l l  a l s o  r e s i s t  t h e  flow of hea t  from t h e  base metal t o  

t h e  LH2. 

temperature grad ien t  e s t ab l i shed  i n  t h e  metal  and thus  no thermal s t r e s s e s .  

However, t h e  coat ings themselves might present  problems such as peel ing 

o f f ,  cracking,  e t c .  Coating app l i ca t ion  approaches were descr ibed i n  

Task 111. 

t h e  pump a l s o  appears advantageous even though a long p r e c h i l l  time i s  

necessary.  

Since t h e  hea t  f l u x  w i l l  be very l o w ,  t h e r e  w i l l  be no l a rge  

The method of passing t h e  requi red  amount of bo i lo f f  H2 through 

A f u r t h e r  conclusion t h a t  can be drawn from these  s t u d i e s  is t h a t  based 

on t h e  inf luenc ing  p rope r t i e s  (such as weight,  s p e c i f i c  h e a t ,  thermal con- 

d u c t i v i t y ,  y i e l d  s t r e s s ,  e tc . )  among t h e  conventional ma te r i a l s ,  t i t a n i u m  

seems t o  be a b e t t e r  ma te r i a l  than s t a i n l e s s  s t e e l s  and aluminum f o r  LH 2 



turbopump appl icat ion f o r  rapid s t a r t s .  This i s  due t o  i t s  l o w  thermal 

conductivity, l i g h t  weight and l o w  heat  content when compared t o  other 

mater ia ls  under similar conditions. 

The thermal analyzer program which was used t o  determine the  temperature 

d i s t r ibu t ion  i n  the  above-mentioned turbopumps solves N-dimensional (Ref. 

48) t rans ien t  heat  t r ans fe r  problems by t h e  analysis  of an analogous net- 

work of nodes joined by conductors. A capacitance, C ,  a heat generation 

r a t e ,  Q ,  and a temperature, T ,  a re  associated with each conductor. I n  

order t o  analyze the  temperature d i s t r ibu t ion  of an object due t o  changes 

of some boundary o r  i n t e rna l  condition( s) , the  pump under invest igat ion 

i s  divided into convenient volumes which a r e  ca l led  nodes. Identifying 

numbers a r e  assigned t o  these nodes. The required inputs t o  t h e  thermal 

analyzer a r e  the  i n i t i a l  conditions, the  boundary conditions,  the  capaci- 

tances (mass times spec i f ic  hea t ) ,  and t h e  resigtances (thermal conductivity 

mult ipl ied by t h e  r a t i o  of t he  heat  flow area  t o  the  distance the  heat 

t r ave l s ) .  The smaller t he  volumes the  la rger  the  number of nodes a par t  

can be broken in to  and thus the  greater  i s  the  accuracy of t he  analysis.  

However, as the number of nodes increases f o r  a given p a r t ,  the  higher w i l l  

be the  computer time consumption. Therefore, a compromise must be made 

between the  desired accuracy and the  expenses incurred. A l s o ,  options 

a r e  b u i l t  i n  t he  thermal analyzer that. can make use of t ab le s  f o r  var iable  

propert ies  ( spec i f ic  hea t ,  thermal conductivity,  f i lm coef f ic ien t ) .  These 

options were used i n  the  analysis  of the  turbopumps discussed. 

35CN LH2 TURBOPUMP GROUND PRECHILL STUDY 

A comparison of t h e  analysis  techniques and some exis t ing  t e s t  r e s u l t s  w a s  

accomplished. 

pressure hydrogen pump, preliminary t e s t  r e s u l t s  supplied by NASA a re  p lo t ted  

i n  Fig. 140 and were used i n  t h e  current study t o  compare experimental data 

with the  developed ana ly t ica l  model. 

In an e f f o r t  t o  determine the  chilldown time of a 350K high- 

272 



I n  the pump,hydrogen coolant passages were d r i l l e d  tangent t o  the  cylindri-  

c a l  contour of a r e l a t i v e l y  thick-wall aluminum pump housing. 

passages in te rsec ted  t o  form a c i r c u i t  around t h e  pump perimeter. 

such c i r c u i t s  were then connected i n  s e r i e s  p a i r s  by longitudinal passages 

t o  provide t w o  p a r a l l e l  flow paths as shown i n  Fig. 141. 

temperatures near t h e  i n l e t  and o u t l e t  a r e  shown i n  Fig. 140. 

conditions from this  t e s t  were input t o  the  modified Thermal Analyzer 

Program i n  an attempt t o  p red ic t  a n a l y t i c a l l y  t h i s  temperature dis t r ibu-  

t i o n  with time. 

i n l e t  and o u t l e t  temperatures, assuming coolant and w a l l  temperatures a r e  

c lose  f o r  t h i s  slow-chill case. The coolant temperature and t h e  corre- 

sponding hydrogen heat capacity a r e  p lo t ted  i n  Fig. 142. 

ve loc i ty  G w a s  determined from the  passage area and t o t a l  coolant f l o w r a t e ,  

given i n  Fig. 140 and p lo t ted  as a function of time i n  Fig.  143. 

The tangent 

Four 

Measured w a l l  

Operating 

Property values were based on t h e  average value of the  

Coolant mass 

Assuming a t y p i c a l  average Stanton number of 0.002, a hydrogen f i lm coeffi-  

c i e n t  h w a s  calculated as a function of chilldown time and p lo t ted  i n  Fig. 

143. 

coef f ic ien t  were calculated t o  represent operating conditions during t h e  

chilldown period. 

Integrated mean values of mass ve loc i ty ,  heat capacity,  and f i lm 

A mean coolant passage w a l l  thickness w a s  determined 

f o r  t h e  e n t i r e  passage length by summing t h e  average thickness of each 

passage sect ion weighted by length and dividing by t h e  t o t a l  length of 

t h e  e n t i r e  coolant passage. This resu l ted  i n  a mean w a l l  thickness o f  

approximately 1.5 t o  1.6 inches. 

is 400. 

Program including bulk temperature r i s e  t o  ca lcu la te  the  w a l l  temperature 

d i s t r i b u t i o n  with time. 

of t h e  c h i l l  period. 

ages i n  a th ick  w a l l  pump housing. 

f o r  the  pump configuration could have been predicted,  however, with f a i r  

accuracy with reasonable approximations included. Improvements i n  mini- 

mization of chilldown time f o r  t h i s  configuration would include t h e  addi- 

t i o n  of more p a r a l l e l  cooling paths,  l a rger  coolant i n l e t  pressure,  larger  

diameter c h i l l i n g  passages,smoother flow passages, and a smaller pump mass. 

The r a t i o  of passage L/D from Fig.  141 

The above values were input t o  t h e  modified Thermal Analyzer 

The r e s u l t s  a r e  p l o t t e d  i n  Fig. 144 f o r  a portion 

The design examined involved a long network of pass- 

Analysis indicates  t h e  chilldown time 
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For the  high-pressure p r e c h i l l  s tudy a comparison of t he  choked-flow re l a t ion -  

sh ip  f o r  hydrogen w a s  compared with t h e  flow a c t u a l l y  obtained i n  t h e  flow 

passages shown i n  Fig.  140. I n  the  descr ibed s tudy a choked-flow pressure 

r a t i o  (3.5) ex i s t ed  during the  e n t i r e  30 minutes of chilldown. 

r e t i c a l  value f o r  an i s en t rop ic  choked-flow f o r  gaseous hydrogen i s :  

The theo- 

= 0.139 
W y  T . 

A ' in le t  
y = 1.4 

( i s en t rop ic )  
(137) 

A comparative value f o r  t h e  measured parameter based on discharge tempera- 

t u r e  condi t ions and i n l e t  p ressure  value becomes 

= 0.032 (experimental  W "  Tou t l e t  

A ' in le t  measured va lues)  

o r  roughly 23 percent of  t h e  i s en t rop ic  value.  

Consideration of t h e  Fanno f r i c t i o n  e f f e c t s  i n  a passage with L/D = 400, 

temperature a t  t h e  o u t l e t  value and f = 0,0022 r e s u l t e d  i n :  

(flow with f r i c t i o n )  
(4fL/D = 3.5) = 0.0765 w d  Tout le t  

A ' inlet  
(139 

From Fig.  145 it may be seen t h a t  t h e  i n l e t ,  e x i t  and d r i l l e d  passage t u r n  

lo s ses  r e s u l t  i n  a f u r t h e r  flow reduct ion over t h a t  expected t h e o r e t i c a l l y .  

Figure 146 i l l u s t r a t e s  add i t iona l  s tudy da ta  on t e s t s  conducted on a 350K 

LH2 pump where a 1-hour s l o w  p r e c h i l l  ( w a l l  temperature reduced t o  200 R)  

w a s  followed by a shor t e r  per iod with t h e  pump i n l e t  va lve  open. 

6.01 t o  9.01 represent  successive t e s t s  where t h e  cooldown per iod  w a s  

reduced from an 80 t o  a 5-second period. 

Tes ts  
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Hydrogen Pressure Ratio = 3.5. 

Figure 145. Study of a 350,000 lbf 4 Pump Prechill 

280 



5: 
rt 8 

rl 

m 
+-, 

d 



M-1 PUMP CHILLDOWN STUDY 

Data were taken from Ref. 42 on t h e  M-1 pump cooldown study. 

reviewed as p a r t i a l l y  ou t l ined  i n  Task I11 where flow requirements were 

compared with t h e o r e t i c a l  values.  

3 and 4 where average p r e c h i l l  f lowra tes  were va r i ed  from 0.14 t o  0.29 

lb/sec. 

f o r  t e s t  4 with about t h e  same t o t a l  f low expended t o  t he  l /e  c h i l l  point .  

Further  t e s t s ,  however, were not  conducted with l a r g e r  c h i l l  f lowrates .  

This w a s  

Figure 147 compares t e s t  data f o r  t e s t  

A s u b s t a n t i a l  reduct ion i n  w a l l  temperature with time w a s  noted 

SLOW-CHILL REQUIREMENTS OF EXISTING PUMPS 

Examination of l imi t ing  p r e c h i l l  flow condi t ions t o  provide a s u i t a b l e  

p r e c h i l l  s t a t e  p r i o r  t o  engine start w a s  made based upon the  minimum flow 

passage a rea  f o r  e x i s t i n g  pumps shown i n  Fig.  148. An allowable choked 

vapor flow r e l a t i v e  t o  t h e  mainstage l i q u i d  flow is shown f o r  a s e l e c t e d  

80 R vapor temperature condition. Improvements i n  t h e  c h i l l  flow during 

l i n e  blowdown of t h e  hydrogen flow can r e s u l t  from increased tank pressure 

ve r i fy ing  t h e  pressure  e f f e c t  ou t l ined  under Task I. Limiting percentage 

c h i l l  flows t o  provide e n t i r e  pump c h i l l i n g  a r e  noted i n  Fig.  149 f o r  t h e  

var ious pump mater ia l s .  

the  p r e c h i l l  f low cannot be used t o  advantage with t h e  choice of l o w  thermal 

conduction ma te r i a l s  such as t i t an ium and s t a i n l e s s  s t e e l .  Figure 150 i l l u s -  

t r a t e s  t he  t h r u s t  dependence upon t h e  allowable p r e c h i l l  flow percentages.  

It i s  shown t h a t  t h e  l a r g e r  t h r u s t  designs a r e  somewhat l imi t ing  more i n  

regard t o  allowable chilldown flow. 

It is shown t h a t  a high s tagnat ion  pressure of 

Figure 151 i l l u s t r a t e s  a t r a n s l a t i o n  of t he  requi red  minimum time requi red  

f o r  c h i l l  v s  t h e  percentage chilldown flow. 

e n t i r e  pump is  t o  be  c h i l l e d ,  a long time with a small c h i l l  flow percentage 

i s  requi red  f o r  s t a i n l e s s  and t i t an ium pumps. 

allowable time is indica ted  f o r  t h e  aluminum pump mater ia l .  

It can be seen t h a t  i f  t he  

A high flow with a shor t e r  

282 R-7138 
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rmMp VAPOR TOLFflANCE 

Analysis of t he  pump vapor to l e rance  condi t ions was  conducted under Task I 

study. 

by the  pump, a s o l u t i o n  of the  equat ion der ived f o r  t he  r e l a t i o n s h i p  between 

hea t  t r a n s f e r  from the  wa l l  sur faces  and coolant hea t  absorpt ion is given by 

Based on t h e  c r i t e r i a  of a l i m i t i n g  35-percent volume vapor inges t ion  

Solu t ion  f o r  t h e  al lowable wetted w a l l  sur face  temperature r 
J-2 pump condi t ions is shown i n  Fig.  152. Allowable w a l l  temperature a t  

f o r  t y p i c a l  
W 

s tar t  is shown t o  increase  with s ta r t  condi t ion  s tagnat ion  pressure.  The de- 

creased wetted sur face  a rea  of t h e  pump is  shown t o  a l l o w  a propor t iona te ly  

less p r e c h i l l  p r i o r  t o  pump start. For proposed f u t u r e  designs f o r  l imi t ed  

c h i l l  p r i o r  t o  s ta r t ,  t h e  s e l e c t i o n  of conf igura t ion  s o n  these  c r i t e r i a  i s  

mandatory. 

A comparison of flow a reas  throughout t h e  5-2 engine system (Table 28) 

shows a l i m i t i n g  flow a r e a  condi t ion e x i s t i n g  i n  t h e  pump inducer and 

s tag ing  loca t ions .  

g r e a t e s t  f low a r e a  r e s t r i c t i o n  w i t h i n , t h e  feed  system. 

p r e c h i l l  t ime is increased and s ta r t  behavior becomes extremely s e n s i t i v e  ' 

f o r  obtaining l i q u i d  flow i n  t h e  inducer and f i r s t  s t ag ing  sec t ions  of 

t h e  pump. 

A s  a r e s u l t  t h e  pump i n l e t  i s  shown t o  provide t h e  

Consequently both 
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TABLE 28 

A Flow Area,  
2 C 

i n .  

41.2 

4.96 

4.45 

8.35 
12 .5  

13.4 

10.2 

19.1 
25.8 

COMPARATIVE 5-2 LJ& FEE3 SYSTEM FLOW A R , U  

Mainstage G 

l b / in .  -sec 
2 

1.87 
15.6 
17.3 
9.25 

6.17 
5.76 
7.57 
4.04 

3.0 

‘5 

Locat ion 

Pump I n l e t  (MK 15) 
Pump Inducer 

S tag ing  ( R o t o r )  

S tag ing  ( S t a t o r )  

Volute  E x i t  

Thrust  Chamber Tube I n l e t  

Thrust  Chamber Throat Tube 

Thrus t  Chamber Tube E x i t  

I n j e c t o r  O r i f i c e  Area 



NOMENCLATURE 

A 

B 

c 

C 

cf  

cH 

‘m 

cV 

C 
P 

D, d 

e 

e f f  

e r f  

E 

F 

f 

G 

h 

a r e a  

vapor-volume t o  liquid-volume r a t i o  

p e r i m e t e r  

a c o u s t i c  v e l o c i t y  

s k i n  f r i c t i o n  c o e f f i c i e n t  

S t a n t o n  c o e f f i c i e n t  

i n t e r n a l  node c a p a c i t a n c e  

c o e f f i c i e n t  of l i f t  

m e r i d i o n a l  v e l o c i t y  

spe c i  f i c h e a t  r a t  i o  

void  c o e f f i c i e n t  

h y d r a u l i c  d i a m e t e r ,  d i a m e t e r ,  d u c t i l i t y ,  b l a d e  spac ing  

e x p o n e n t i a l  

e f f e c t i v e  

e r r o r  f u n c t i o n  

e l a s t i c  modulus 

shape f a c t o r  f o r  r a d i a t i o n ,  t h r u s t ,  weight  h e a t  
c a p a c i t y  r a t i o  

f u n c t i o n ,  f r i c t i o n  f a c t o r  

mass v e l o c i t y  

a c c e l e r a t i o n  of g r a v i t y  

e n t h a l p y  , head 

f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t ,  c a v i t y  h e i g h t  



I 

i 

J 

ke 

L, .e 

K ,  k 

M 

M* 

m 

N 

n 

NPSH 

NBi 

NFo 

NPr 

NRe 

P 

'd 

Q 

Q/A 

R 

r 

i n d i c a t e s  a n  i n t e r n a l  node, d i m e n s i o n l e s s  

i n i  t i a  1 

J o u l e  c o n s t a n t  (778 f t - lb /Btu)  

c a v i t a t i o n  number 

c o n d u c t i v i t y  

l e n g t h  

summation l i m i t  

c r i t i c a l  Mach number 

exponent f o r  v e l o c i t y  p r o f i l e  

thermal  shock parameter ,  speed 

d i s t a n c e  normal t o  contour  w a l l ,  number o f  b l a d e s  

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

B i o t  number 

F o u r i e r  number 

Prand t 1 number 

Reynolds number 

S t a n t o n  number 

s tagna  t i o n  c o n d i t i o n  

p r e s s u r e  , pump 

pump d i s c h a r g e  p r e s s u r e  

h e a t  r a t e ,  i n t e r n a l  h e a t  g e n e r a t i o n  r a t e ,  volume f l o w r a t e  

h e a t  f l u x  

g a s  c o n s t a n t ,  r e l a t i v e  v e l o c i t y  r a t i o  

r a d i u s  
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S e n t r o p y ,  b l a d e  s u r f a c e  l e n g t h  

S d i s t a n c e  a l o n g  contour  w a l l ,  i n c h e s ,  s u r f a c e  

SAT s a t u r a t i o n  

s u c t i o n  s p e c i f i c  speed 
sS 

T t e m p e r a t u r e ,  t h r u s t  

t t h i c k n e s s ,  d e p t h  

t e m p e r a t u r e  a t  node i ,  F 

tempera ture  a t  node j ,  F 

E c k e r t  r e f e r e n c e  tempera ture  

Ti 

TR 

j 
T 

f l u i d  tempera ture  , F T1 

U l o c a l  f r e e s t r e a m  v e l o c i t y ,  t a n g e n t i a l  v e l o c i t y  of pump 
impe 1 l e  r 

U v e l o c i t y  i n  boundary l a y e r ,  i n t e r n a l  energy  

v v a p o r ,  v e l o c i t y  

W weight ,  f low v e l o c i t y  r e l a t i v e  t o  i m p e l l e r  

i weight  f lowra te  

W w a l l  

WG w a l l  g a s  s i d e  v a l u e  

passage v e l o c i t y  
wO 

X d i s t a n c e ,  vapor  f r a c t i o n  by weight  

Y r a d i a l  d i s t a n c e  of contour  

GREEK LETTERS 

ff t h e r m a l  d i f f u s i v i t y ,  t empera ture  r a t i o ,  i n c i d e n c e  a n g l e  

B b l a d e  a n g l e  

d" c a v i t a t i o n  parameter  



r 
Y s p e c i f i c  h e a t  r a t i o  

6 

6* d isp lacement  t h i c k n e s s  

vapor  energy  t o  l i q u i d  energy r a t i o  

pump h e a t  c o n t e n t  r a t i o ,  boundary l a y e r  t h i c k n e s s  

ri d i f f e r e n k i a l  

E s u r f a c e  e m i s s i v i t y ,  w a l l  roughness  

5 hub- to- t ip  r a t i o  

8 momentum t h i c k n e s s  

x pump i n l e t  hub- to- t ip  r a t i o  

I-1 v i s c o s i t y ,  P o i s s o n ' s  r a t i o  

P d e n s i t y  

cr Stephan  Boltzmann c o n s t a n t  

7- t i m e ,  c a v i t a t i o n  c o e f f i c i e n t  

cp t empera ture  r a t i o ,  nondimensional  r e s i s t a n c e  r a t i o ,  f low 
c o e f f i c i e n t ,  energy t h i c k n e s s  

pump i n l e t  f l o w  c o e f f i c i e n t  a t  t i p  ?IT 

4 nondimensional  t ime parameter ,  head c o e f f i c i e n t  

52 nondimensional  time parameter  

a, f r e e s t r e a m  c o n d i t i o n  

SUBSCRIPTS 

Aw a d i a b a t i c  w a l l  

b b u l k  c o o l a n t  

c c r i t i c a l  v a l u e ,  c o o l a n t ,  c r o s s  s e c t i o n ,  chord 

e e a r t h  

f f i n a  1 
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