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ABSTRACT 

This r epor t  presents  t h e  test r e s u l t s ,  procedures, and instrumen- 
t a t i o n  used during chilldown of the M - 1  engine f u e l  turbopump with l i q u i d  
hydrogen. 
General Sacramento, t he  turbopump bearings were c h i l l e d  from ambient tem- 
pera ture  t o  -418OF i n  0.9 hour with a l i q u i d  hydrogen flow rate of 29 
gal/min. 

During these  t e s t s ,  conducted i n  Test Stand El at Aerojet- 
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I. S m Y  

This r epor t  p resents  t h e  results of chilldown tes ts  conducted w i t h  t h e  
M-1 l i q u i d  hydrogen turbopump assembly a t  T e s t  Stand E-1, Aerojet-General 
Liquid Rocket Operation Test Area, Sacramentop Cal i forn ia ,  

The M-1 Model I l i q u i d  hydrogen turbopump c o n s i s t s  of an eight-stage 
axial flow pump preceded by an inducer and t r a n s i t i o n  s t a g e  driven by a 
s ingle-s tage impulse turb ine ,  
pellant-cooled a n t i - f r i c t i o n  bearings,  
t h e  radial loads and a tandem t r i p l e  set of b a l l  bear ings c a r r i e s  t h e  thrust 
load, 

The ro t a t ing  assembly is supported by pro- 
Rol ler  bear ings are used t o  car ry  

The only in su la t ion  appl ied  t o  t h e  turbopump f o r  chilldown purposes 
w a s  on t h e  pump end bear ing coolant l i n e s  and the  r e t u r n  l i n e s  from t h e  
downstream side of t h e  t h r u s t  balance p is ton  t o  t h e  t r a n s i t i o n  s tage ,  
i n s u l a t i o n  w a s  approximately one-half inch t o  one inch of g l a s s  wool wrapped 
with aluminum tape,  
There w a s  no in su la t ion  on any of the pump housings, 

This 

The pump suct ion and discharge l i n e s  were foam-insulated, 

The sk in  temperatures measured by the  thermocouples a t tached  t o  t h e  
inducer housing and pump discharge housing on uninsulated areas cooled down 
more r a p i d l y  than t h e  bearings,  

A series of 12 f u e l  turbopump tests(y9re conducted during t h e  period 
from 13 May 1965 through 22 December 1965 
turbopump w a s  p rech i l l ed  with l i q u i d  hydrogen which w a s  a l s o  used as t h e  
pumped f l u i d ,  

, For each of t hese  tests,  the  

The following is a summary of t h e  c h i l l  t es t  r e s u l t s ,  

A .  F a c i l i t y  operat ion during chilldown w a s  s a t i s f a c t o r y  f o r  t h e  
s e v e r a l  methods of chilldown used, 

B. Performance and operation of t h e  instrumentat ion and recording 
equipment were as required f o r  t h e  acqu i s i t i on  of data during t h e  chilldown 
operat  ions.  

C, During one of t he  chilldown tests, t h e  bear ings were c h i l l e d  t o  
l i q u i d  hydrogen temperatures i n  less than one hour at  an average l i q u i d  
hydrogen flow rate of 29 g a l / m i n .  

D. Component warpage or  d i s t o r t i o n  during chilldown w a s  neg l ig ib l e  
as evidenced by t h e  freedom of ro t a t ion  and post-test breakaway torque checks, 

( l ’B lak i s ,  R, Lindley, B. KO, R i t t e r ,  J. A, ,  and Watters, W. E,, I n i t i a l  
Test  Evaluation of the  M-1 Liquid Hydrogen Turbopump Including I n s t a l l a t i o n ,  
T e s t  Procedures, and T e s t  Resul ts ,  NASA Report CR 54827, 20 July 1966 
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E. No geysering ac t ion  was noted i n  t h e  pump suc t ion  l i n e  during any 
of t h e  chilldowns conducted. 

F. Chilldown flow rates were con t ro l l ed  t o  e l imina te  turbopump s h a f t  
r o t a t i o n  during chilldown. 

G. Chilldown of l a rge  l i q u i d  hydrogen turbopumps with heavy w a l l  
pump housings can be accomplished without extensive use of thermal in su la t ion ,  

No s i g n i f i c a n t  changes i n  t h e  design of t he  turbopump a r e  considered 
necessary f o r  the purpose of improving t h e  chilldown c h a r a c t e r i s t i c s .  

Any f u r t h e r  development t e s t i n g  should inc lude  a propel lan t  drop type 
of chilldown with r ap id  admission of l i q u i d  hydrogen t o  t h e  pump suc t ion  t o  
determine t h e  geysering e f f e c t s  and the  c h i l l  rates. 

11. INTRODUCTION 

Design and development of t h e  l i q u i d  hydrogen turbopump f o r  the M - 1  
l i q u i d  hydrogen/liquid oxygen rocket  engine ( see  Figure No. 1) w a s  conducted 
under cont rac t  with the  National Aeronautics and Space Administration. As a 
p r e r e q u i s i t e  t o  development t e s t i n g ,  i t  was necessary t o  c h i l l  t h e  turbopump 
t o  l i q u i d  hydrogen temperature. 

Liquid hydrogen was introduced t o  t h e  turbopump at  a s u f f i c i e n t l y  low 
rate t o  prevent s h a f t  r o t a t i o n  but i t  w a s  high enough t o  achieve a reasonably 
r ap id  p re - f i r e  chilldown. 
i n t e r n a l  and component sk in  temperatures throughout t h e  c h i l l  cycle.  

Instrumentation w a s  i n s t a l l e d  t o  record both 

A descr ip t ion  of the  turbopump conf igura t ion ,  t e s t  f a c i l i t i e s ,  i n s t r u -  
mentation, and procedures used t o  achieve t h e  test  r e s u l t s  as we l l  as the  
conclusions and recommendations f o r  f u r t h e r  t e s t i n g  are included i n  t h i s  
repor t .  

111. TEST OBJECTIVES 

The t e s t  object ives  r e l a t i v e  t o  chilldown were: 

Es tab l i sh  an acceptab le  procedure f o r  t h e  in t roduc t ion  of l i q u i d  
hydrogen t o  t h e  f u e l  turbopump i n  a manner which would minimize component 
thermal d i s t o r t i o n  and prevent pump windmilling ( s h a f t  r o t a t i o n )  with a 
minimum u t i l i z a t i o n  of propel lan t  . 

Determine whether a l a r g e  l i q u i d  hydrogen pump could be effec-  
t i v e l y  chilled-down without t h e  extensive use of thermal in su la t ion .  

I V .  T S T  FACILITIES 

A. L I Q U I D  HYDROGEN SUPPLY SYSTEM 
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The l i q u i d  hydrogen supply system f o r  Test Stand EL1 is comprised 
of a ser ies  of ves se l s ,  l i n e s ,  valving,  and o the r  equipment as depicted i n  t h e  
system schematic shown i n  Figure No. 2 and the  photographic view of Figure 
NO. 30 

Vessel V-Ul (Figure No, 4)  is an 18,000 ga l lon  vacuum-jacketed 

It was designed f o r  u se  as t h e  t r a n s i e n t  run 
l i q u i d  hydrogen vessel with t h e  o u t l e t  f lange e l eva ted  39 f t  above t h e  suct ion 
flange of t h e  f u e l  turbopump. 
vessel during f u e l  turbopump assembly operation, Two 18-in. b a l l  valves and 
a n  18-in. t u rb ine  flow meter are loca ted  between t h e  f u e l  turbopump, A l l  of 
t h e  propel lant  l ine  between V-E21 and t h e  f u e l  turbopump assembly suct ion is 
i n s u l a t e d  with six-inch t h i c k  polyurethane foam which is covered with alumi- 
nized f ibreboard, 

Vessel V-E2 (Figure No. 5 )  is a 370,000 ga l lon  vacuum-jacketed 
l i q u i d  hydrogen v e s s e l  designed f o r  use as t h e  l i q u i d  hydrogen catch v e s s e l  
f o r  f u e l  turbopump assembly t e s t i n g  of extended durat ion,  

Vessel V-El, which was not a c t i v a t e d  f o r  use i n  t h i s  t e s t i n g  
program, is a 370,000 gal lon vacuum-jacketed l i q u i d  hydrogen v e s s e l ,  s i m i l a r  
t o  V - E 2 ,  designed f o r  use as the  off-stand run v e s s e l  f o r  f u e l  turbopump 
assembly t e s t i n g  of extended duration. 

Vessel V-E34 (Figure No,6) is a 28,000 ga l lon  l i q u i d  hydrogen 
s to rage  vesse l  intended as t h e  supply f o r  the  l iquid-to-gas hydrogen con- 
v e r t e r s ,  which, i n  tu rn ,  supply t h e  gaseous hydrogen f o r  t h e  cascadeso 
vesse l  w a s  a l s o  used f o r  t r a n s f e r r i n g  l i q u i d  hydrogen t o  t h e  start t r a n s i e n t  
v e s s e l  ( V - U l )  and t h e  gas generator s to rage  v e s s e l  (V-E9), 

The 

Prior  t o  t h e  in t roduc t ion  of l i q u i d  hydrogen t o  t h e  turbopump, 

e!) v e s s e l s  V-E2 and V - 2 2 1  were c h i l l e d  and p a r t i a l l y  f i l l e d  with l i q u i d  hydrog 
The desc r ip t ion  of t he  f a c i l i t y  chilldown is  presented i n  a sepa ra t e  r epor t  

B. DEHUMIDIFICATION AND PURGE SYSTEM 

PPovisions were made t o  supply gaseous helium, hydrogen, and 
nit rogen f o r  purging purposes. 

k decontaminator u n i t ,  designated as t h e  M-440 (Figure Noo 71, 
w a s  provided as part of t h e  ground system handling equipment f o r  t h e  purpose 
of hea t ing  gaseous ni t rogen f o r  dehumidification of t h e  turbopump, A vacuum 
pump was a l s o  provided f o r  the  evacuation of t h e  c a v i t i e s  where flow of t he  
heated purge gas could not be induced. Residual moisture i n  t h e  f u e l  turbo- 
pump assembly cavi ty  w a s  determined by reading t h e  dew point  of a gas  sample 
obtained from the  low point  on t h e  propellant-wetted i n t e r n a l  su r f ace  of the  
turbopump 

(2)Schwartz, M. He and Commander, J. C. , Cooldown of h r R e  Diameter Liquid 
Hydrogen and Liquid Oxyaen Lines,  NASA CR-54809, 20 Apr i l  1966 
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Figure 4 

y e s t  Area "E" Showing Location of the 

Liquid Hydrogen Trans ien t  Vessel ,  V-n21 
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Figure 5 

370,000 Gallon Liquid  Hydrogen St orage Vessel 9 V-G? 
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F i g u r e  0 

Tes t  Area E-1 Showing L o c a t i o n s  of L iqu id  Hydrogen 
V e s s e l s ,  V-E l .  V-L?.. V-E34, and t h e  Cascade B o t t l e s  
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1. Flow of F i l t e r e d  Purge Gases 

Lines were routed t o  turbopump purge p o r t s  t o  provide a 
flow of f i l t e r e d  purge gases as follows: 

a. Dry gaseous nitrogen w a s  provided at a temperature 
of from W°F t o  140°F and at a pressure of 30 f 5 ps ig  f o r  t h e  purpose of 
dehumidifying the  turbopump. 

b. D r y  gaseous helium a t  ambient temperature and 30 2 5 
ps ig  w a s  introduced t o  the  turbopump purge p o r t s  a t  the  completion of the  
dehumidification f o r  the  purpose of replacing t h e  ni t rogen i n  the system 
with helium. 
spec i f ied  as an a l t e r n a t i v e  purge gas t o  be used i n  t h e  place of helium,) 

( D r y  ambient temperature gaseous hydrogen a t  30 2 5 psig w a s  

c. After the  nitrogen gas e l iminat ion purges, a low 
pressure l e v e l  (approximately 2 psig)  continuous ( t r i c k l e )  purge w a s  
maintained u n t i l  turbopump chilldown. 
hydrogen were s p e c i f i e d  as the  t r i c k l e  purge media. 
c o s t ,  most of the  t r i c k l e  purging w a s  accomplished with gaseous hydrogen. 

Ei ther  gaseous helium o r  gaseous 
To minimize propel lant  

2. Introduct ion of Purge Gases I n t o  Turbopump 

The purge gases were introduced i n t o  the  turbopump at  t h e  
following p o r t s  and as i l l u s t r a t e d  i n  Figure No. 80 

a, Pump-side bearing ventur i  meter and the four f i l t e r  
pressure ports .  

b. Turbine-side bearing ventur i  meter and the  two 
f i l t e r  pressure ports.  

C. Lift-off seal bellows ac tua t ion  pressure por t ,  

d, The two th rus t  balance r e t u r n  flow manifold ( i n t e r n a l  
system) pressure po r t s  , 

e, Pump suc t ion  l i n e  port .  

f .  Turbine end bearing cavi ty  pressure port. 

g. During chilldown, a gaseous helium t r i c k l e  purge w a s  
introduced at a point  j u s t  downstream of the  l i f t - o f f  seal t o  prevent i c e  
from forming on the  labyr in th  seals. 
s e a l  purge port .  

This port  w a s  designated as the  turb ine  

h. A chilldown purge w a s  a l s o  appl ied  t o  the  e x t e r n a l  
c a v i t y  between the  turb ine  i n l e t  manifold and t h e  turb ine  diaphragm. 
purge (gaseous helium t r i c k l e  purge) w a s  introduced at the  i n i t i a t i o n  of 

T h i s  

Page 11 



/ 

Page 12 



turbopump chilldown and a t  a l l  times when the  pmp  w a s  c h i l l e d  t o  preclude 
moisture from condensing and f reez ing  i n  t h i s  cav i ty  and causing a poss ib le  
rupture  o r  cracking of t h e  diaphragm. 

V. TURBOPUMP CONFIGURATION 

The Model I f u e l  turbopump assembly, as depicted in Figures  No. 9 
through No. 12, cons i s t s  b a s i c a l l y  of a l i q u i d  hydrogen pump with two in- 
ducer stages and e ight  a x i a l  flow s t ages  driven by a s ingle-s tage impulse 
gas  turbine.  The r o t a t i n g  assembly (Figure No. 13) is supported by l iqu id-  
hydrogen-cooled a n t i f r i c t i o n  bearings.  Rol le r  bear ings are used t o  car ry  
t h e  radial loads and a tandem t r i p l e  set of b a l l  bearinga carries t h e  axial 
t h r u s t  loads. The e n t i r e  turbopump, as del ivered t o  t h e  test area, weighed 
approximately 7000 l b ,  which w a s  l a rge ly  t h e  r e s u l t  of t h e  c a s t  304 s t a i n l e s s  
s tee l  housings and volute. 

A.  PUMP 

The pump has  a l9-l/2-ino i n l e t  flow diameter and a 10-in. 
discharge flow diameter. 
i nd iv idua l ly  machined and i n s t a l l e d  i n  a drum-type ro to r .  The pump s t a t o r  
blades are i n s t a l l e d  i n  s t a t o r  r ings  t h a t  are stacked as i l l u s t r a t e d  by the  
t r ia l  assembly shown i n  Figure No. 14. The s t a t o r s  a r e  assembled with the  
bladed r o t o r  i n  place as shown i n  Figure No. 15. For t h i s  operat ion,  t h e  
pump r o t o r  is supported i n  a v e r t i c a l  pos i t ion  and t h e  s t a t o r  r i n g s  are 
lowered over t he  protected blade t i p s .  
i n t o  f u l l  r i n g s  i n  the  grooves of the s t a t o r  r ings.  
t inued ,  s t a g e  by s t age ,  u n t i l  a l l  of t h e  s t a t o r  r ings  are i n s t a l l e d  and 
bo l t ed  together.  

The mainstage r o t o r  blades (Figure No. 14)  are 

The s t a t o r  blades are then assembled 
This process is con- 

The pump mafnstage housing is i n s t a l l e d  over t h e  pump r o t o r  and 
s t a t o r  subassembly (Figure No, 16). The second-stage inducer s t a t o r  is 
a t t ached  t o  t h e  mainstage housing and t h e  titanium second-stage inducer 
r o t o r  (Figure No. 17) is bo l t ed  on t o  the  pump ro tor .  

The guide vane housing has i n t e g r a l  inducer s t a t o r  vanes ( s t r u t s )  
with passages designed f o r  l i q u i d  hydrogen coolant flow both t o  and from t h e  
pump s i d e  bearings,  The assembly i l l u s t r a t i o n ,  Figure No. 18, shows t h e  
guide vane housing i n s t a l l e d ,  
No. 19) has  a r a d i a l  d i f fuse r  and a volute-type discharge configuration. 

The cas t  304 pump discharge housing (Figure 

The o ther  major components of t h e  pump include the  t h r u s t  bal-  
ance p i s t o n ,  t h e  aluminum a l l o y  f i r s t - s t age  inducer (Figure No. 20) ,  t h e  
inducer  sp inner ,  t h e  inducer housing, and t h e  10-degree i n l e t  elbow. 

B. POWER TRANSMISSION SYSTEN 

1. Pump Side 

The pump-side power transmission assembly includes the 
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match-ground 110 mm tandem t r i p l e  s e t  of b a l l  bear ings f o r  t h r u s t  load ,  
a s i n g l e  110 mm r o l l e r  bear ing f o r  r a d i a l  loading,  and two s h a f t  r i d i n g  
s e a l s ,  The t h r u s t  bearings are i n s t a l l e d  i n  an  intermediate  housing as 
shown i n  Figure No, 21, The t h r u s t  bear ing housing is a t t ached  by a 
f l e x i b l e  housing t o  t h e  flow d i s t r ibu%ion  housing which, i n  t u r n ,  is 
a t t ached  t o  t h e  guide vane housing, The purpose of t h e  f l e x i b l e  bear ing 
housing is t o  assure  t h a t  s h a f t  r a d i a l  loads are supported by the  radial 
bear ings only for  bear ing l i f t  and s h a f t  c r i t i c a l  speed reasons,  
f l e x i b l e  bearing housing is s t r a i n  gaged t o  provide s h a f t  end t h r u s t  
measurement. 

The 

The f l e x i b l e  bear ing housing t h r u s t  instrument was bench- 
c a l i b r a t e d  a t  ambient, as wel l  as a t  l i q u i d  ni t rogen temperatures p r i o r  t o  
i n s t a l l a t i o n  i n t o  the  turbopump, Af te r  which, but p r i o r  t o  t h e  turbopump 
development t e s t i n g ,  t he  f l e x i b l e  bear ing housing t h r u s t  instrument was 
again ca l ib ra t ed  a t  ambient temperature and at l i q u i d  hydrogen temperature 
i n  t h e  t e s t  set-up shown i n  Figure No, 22, 
bear ings p lus  the r o l l e r  bear ing were instrumented with platinum resis- 
tance temperature t ransducers  and with c r y s t a l  accelerometers,  
bear ing package is shown i n s t a l l e d  on t h e  pump r o t o r  s h a f t  i n  Figure No. 
17. 
bearing package reduce coolant leakage. 

Each of t h e  th ree  t h r u s t  

The t h r u s t  

Segmented carbon s h a f t  r i d i n g  s e a l s  on each end of t h e  pump-side 

The l i q u i d  hydrogen used as t h e  coolant f o r  t he  pump- 
s i d e  bear ings i s  obtained by bleeding-off flow at t h e  t h i r d  mainstage of 
the  pumpe This  flow is routed through d r i l l e d  passages i n  the  mainstage 
housing (as indica ted  i n  the  coolant flow schematic,  Figure No, 23) .  The 
coolant flow then passes through f i l t e r s  and v e n t m i  meters t h a t  are ex- 
t e r n a l l y  mountedto f a c i l i t a t e  t h e  replacement of the  f i l t e r  i f  required.  
Figure No, 18 shows one of t he  ven tu r i  meter and f i l t e r  housings mounted 
on t h e  guide vane housing p r i o r  t o  wrapping it  with in su la t ion .  Coolant 
flow from the  f i l t e r s  passes through cored holes  i n  the  guide vanes and 
i n t o  t.he bear ing housing, 
suppl ied  with coolant from a l u b r i c a t i o n  j e t  r i ng ,  Scavenge flow passes  
through a separa te  s e t  of cored passages i n  the  guide vanes and is emptied 
back i n t o  the  pump at a point  j u s t  downstream from the  second-stage in -  
ducer r o t o r ,  

Each of t h e  four  bear ings  a r e  ind iv idua l ly  

2. Turbine S ide  

The turbine-s ide power t ransmission assembly inc ludes  a 
120 mm r o l l e r  bearing f o r  r a d i a l  load. 
reduces t h e  leakage from the  bear ing cav i ty  i n t o  t h e  chamber a t  the  down- 
stream side of the t.hrust balance pis ton,  
strumented t o  permit recording of v ib ra t ion  and temperature during turbo- 
pump operat ion,  
hydrogen from the  bear ing cav i ty  i n t o  t h e  tu rb ine  manifold during t h e  
per iods when t h e  pump is c h i l l e d  down but  not ro t a t ing .  
t o  the  i n i t i a t i o n  of turbopump opera t ion ,  t he  l i f t - o f f  s e a l  is ac tua ted  by 
gaseous helium being suppl ied  t o  t h e  ac tua t ion  bellows a t  500 psig. ACtU-  
a t i o n  of t h e  seal causes a graphi te  nose p iece  t o  be  r e t r a c t e d  a x i a l l y  from 

A segmented sha f t - r id ing  seal 

The bear ing  ou te r  r a c e  is in-  

A l i f t - o f f  s e a l  is used t o  minimize leakage of l i q u i d  

A few seconds p r i o r  
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its running r i n g  perncftting l i q u i d  hydrogen t o  flow i n t o  t h e  manifold and 
mix with t h e  turbine dr ive  gas. 
bearing housing which, i n  t u r n ,  is a t tached  t o  the  pump discharge housing 
(Figure No. 24). 
s t a l l e d  i n  t h e  housing t o  measure s h a f t  r o t a t i o n a l  speed. 

The bear ings and s e a l s  a r e  i n s t a l l e d  i n  a 

Two reluctance-type speed pick-up probes are a l s o  in- 

Liquid hydrogen f o r  turbine-side bear ing coolant is 
obtained by bleeding-off flow at t h e  e ighth  mainstage of t h e  pumpo 
flow is routed ,  as i n d h a t e d  i n  Figure No. 23, through d r i l l e d  passages i n  
the  pump discharge housing. The coolant  is f i l t e r e d  and t h e  flow measured 
by passing it through combination f i l t e r - v e n t u r i  meter housings i d e n t i c a l  
t o  those used for  the  pump-side bearings.  
bear ing from a lubr ica t ion- je t  r i n g  and is scavenged by flowing past the  
opened l i f t - o f f  seal and i n t o  t h e  turb ine ,  

The 

Coolant is suppl ied  t o  t h e  

C, TURBINE 

The Model I f u e l  turbopump uses a s ingle-s tage f u l l  admission 
impulse tu rb ine  with a torus-type i n l e t  manifold and a cone exhaust. The 
i n l e t  manifold, shown i n  Figure No, 25, has an eight-inch diameter s i n g l e  
en t ry  pipe f o r  ducting the  hot gases from the  gas generator  i n t o  t h e  mani- 
f o l d ,  and i n t e g r a l  tu rb ine  nozzle vanes. The i n l e t  manifold is posi t ioned 
by th ree  frame segments t h a t  a r e  a l s o  used t o  t ransmi t  loading from the  
manifold t o  t h e  main turbopump supports.  The frame segments are shown in-  
d iv idua l ly  i n  Figure No. 25 and i n s t a l l e d  i n  Figure No. 26, 
r o t o r ,  Figure No. 27, cons i s t s  of a Renet 41 s h a f t  welded t o  an Inconel  718 
d i s c  which has integrally-machined blades.  External  s p l i n e s  on the  tu rb ine  
r o t o r  s h a f t  engage i n t e r n a l  s p l i n e s  i n  the  pump r o t o r  t o  t ransmi t  torque 
t o  t h e  pump, 
i n l e t  manifold t o  form a gas s e a l ,  and clamps a r e  i n s t a l l e d  t o  s t r u c t u r a l l y  
a t t a c h  t h e  i n l e t  manifold and t h e  exhaust cone t o  t h e  frame. 

The tu rb ine  

The turb ine  exhaust cone (Figure No. 28) is welded t o  the  

D. THRUST BALANCE SYSTEM 

The a x i a l  f o r c e ,  which the  t h r u s t  bear ings  m u s t  c a r r y  during 
operat ion of t h e  ModeJ I f u e l  turbopump, a c t s  pr imar i ly  toward t h e  pump 
suc t ion  because there  is e s s e n t i a l l y  no compensating axial t h r u s t  from an 
impulse tu rb ine  wheel, The pump t h r u s t ,  at t h e  design po in t ,  is approxi- 
mately fou r  times g rea t e r  than t h e  design capac i ty  of t h e  t h r u s t  bear ings 
r e s u l t i n g  i n  t h e  need f o r  a t h r u s t  compensating device. 

The system9 shown i n  Figure No. 29,  w a s  designed t o  funct ion 
as follows. 

High pressure l i q u i d  hydrogen is b l e d  from a point  at t h e  
e ighth  mainstage of the  pump and routed t o  t h e  upstream s i d e  of t he  bal-  
ance pis ton.  Flow past the  clearance between t h e  p i s t o n  and t h e  housing 
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Figure 25 

Turbine I n l e t  Manifold and Frame Segments 
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Figure 28 

Turbine W a u s t  Cone I n s t a l l e d  on Kodel I Fuel  Turbopump 

Page 35 



INSULATED TUUST BALANCE HANIlQLDS 
(INSTROHDPI'ATION: Prim, PftTm, Trrec) 

INSULATED THRUST U C E  R E T "  
FLOY LINES 

'f2IS.d 
p f m  

P m B C  

THRUST BALANCE PISTOW 

SECOND STAGE 1' 
INDUCER STATOR 

EIafmg WUNSTAaP STATOR 

' f h s d  

Figure 29 

Thrust Balance S yst ern 

Page 36 



produces a pressure drop r e s u l t i n g  i n  an axial th rus t  toward the  turb ine  
e x i t ,  which p a r t i a l l y  balances out t h e  l a r g e  pump t h r u s t ,  To ensure the  
lower pressure and hence, t h r u s t  balance, flow from the  downstream s i d e  
of t h e  p is ton  is routed e x t e r n a l l y  through severa l  thermally-insulated 
l i n e s  and  discharged a t  the  second-stage inducer s t a t o r ,  
l i n e s  were instrumented t o  determine the  balance flow rates and pressure 
levels  a t  per t inent  locat ions,  
i n  t h e  r e t u r n  l i n e s  should the balance p is ton  pressure drops be grea te r  
than a n t i c i p a t e d  and the  balance th rus t  become overcompensating. A t  the  
completion of the  chilldown phase and p r i o r  t o  t h e  i n i t i a t i o n  of t he  turbo- 
pump t e s t ,  the  t h r u s t  balance r e t u r n  l i n e s  were s o l i d l y  bled-in with 
l i q u i d  hydrogen as evidenced by observed temperatures i n  t h e  balance flow 
system , 

The r e t u r n  flow 

Provision was made f o r  t he  use of o r i f i c e s  

V I .  INSTRUlviENTATION AND DATA RECORDING SYSTEN 

A. INSTilUMENTATION Ix)CAT ION 

Provision w a s  made on t h e  turbopump f o r  instrumentation t o  
measure pressures ,  temperatures, flow rates, s h a f t  r o t a t i o n a l  speed, axial 
t h r u s t ,  and v ibra t ion  during turbopump operation, Figure No, 30 shows 
only the  instrumentation provided on t h e  turbopump, Including t h e  in- 
ternal instrumentation i n s t a l l e d  i n  the unit p r i o r  t o  de l ivery  t o  the  
test area, the re  w a s  provision f o r  the  measurement of 97 pressures ,  30 
temperatures,  four  sha f t  speeds, two a x i a l  t h r u s t ,  s i x  flow rates, and 
10 v ibra t ions .  

The test  f a c i l i t y  l i n e s ,  ves se l s ,  and valves a l s o  had pro- 
v i s i o n  f o r  t he  measurement of approximately 85 pressures ,  60 temperatures, 
f i v e  flow rates, 26 v ib ra t ions ,  24 s t r a i n  gages, four tank l i q u i d  l eve l s ,  
as w e l l  as vol tage,  cur ren t ,  and posi t ion ind5cations f o r  a l l  of the  con- 
t r o l l a b l e  valves i n  the  system, 

The gas generator ,  (Figure No. 31) used during a port ion of 
t h e  turbopump development t e s t i n g  had provisions f o r  approximately 50 
pressure  and temperature measurements, 

Instrumentation a c t u a l l y  i n s t a l l e d  and u t i l i z e d  during the  
turbopump t e s t i n g  was l i m i t e d  by the c a p a b i l i t i e s  of the  test  f a c i l i t y  
descr ibed below. Redundant as w e l l  as o ther  parameters not absolu te ly  
essential  f o r  t h e  evaluation of turbopump and f a c i l i t y  performance or f o r  
opera t iona l  s a f e t y  were e l imina ted .  
t h e  measurement and recording c a p a b i l i t i e s  of the t e s t  f a c i l i t y .  

Maximum u t i l i z a t i o n  w a s  made of all 

B. DATA RECORDING 

Test Stand E-1 has the following instrumentation measurement 
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and recording c a p a b i l i t i e s  f o r  use i n  t h e  M - 1  f u e l  turbopump development 
t e s t i n g  

1. Input (Acquis i t ion)  

a. 

b o  

CS 

Pressures  

(1) 

(2) 

(3) 

Turbopump Pressure Measurements - 84, 

F a c i l i t y  Pressure Measurements - 24. 

Turbopump Pressure o r  S t r a i n  Gage 
Patch Measurements - 12. 

Temperature 

(1) 

(2)  Chromel-Alumel Thermocouples - 36. 

(3)  

Miscellaneous 

(1) 

( 2 )  Flow Measurements - 24. 

( 3 )  Switch Traces - 48, 

(4) Valve Pos i t i ons  - 12. 

(5) 

Copper Constantan Thermocouples - 12. 

Resistance Temperature Transducers - 36. 

Spec ia l  Wide Band Measurements - 24, 

Plus  l i q u i d  l e v e l ,  speed, and time i n t e r v a l  
channels e 

2. Recording C a p a b i l i t i e s  

a. 

bo 

c. 

de 

e. S t r i p  Chart decorders 

D i g i t a l  Channels (AI)C) - 216, 

Wide mnd  Channels (Analog Magnetic Tape) - 32. 

Thirty-Six Channel Osci l lographs - 6, 

Four Shannel Uirect  Writing Osc i l lographs  - 2. 
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(1) Ten-Inch Recorders - 23. 

(2) Four-Inch Recorders - 4. 

( 3 )  Ten-Inch Dual Pen Recorders - 5. 

(4) E i g h t  Point Recorders - 3. 

f. Visual Gages (Electronic)  - 36 

Additional equipment used f o r  development t e s t i n g  included an 
X-Y p l o t t e r ,  tank l i q u i d  l e v e l  gages, infra-red and s tandard closed c i r -  
c u i t  t e l e v i s i o n  f o r  v i s u a l  observations,  and a portable  %-channel o sc i l -  
lograph recording system which was d i r e c t l y  connected f o r  recording s t r a i n  
gage measurements. 

C. TEST PARAMETERS 

The test  parameters observed and recorded during the chilldown 
phases including the  following: 

1. Suction Temperature (Tfs40-A Q-in. above the  pump 
i n l e t  f lange. 

2. Bearing Temperatures (TfBl-A , TfB2-A, TfB3-A, TfB4-A, and 

TfB5-A ) shown i n  Figure No. 30. 

3. Turbopump Component Skin Temperatures 

a. Inducer Housing (TSfl and TS >, Figure No. 32. f 2  

TSf4, TS >, Figure No. 33. 
f3  9 f5 b. Thrust Balance Lines (TS 

C. Pump Discharge Housing (TS TS ) , Figure No. 9 
d. Turbine End Bearing Housing (TS 

S t a r t  Transient  Tank Liquid Level (LLVE21)  

High Point Bleed Temperatures (Tmp) 

€6, f7 
shown i n  Figure No. 30. f8 

4. 

5. 

6. Shaft  Speed (NfTpA> 

During the  chilldown of the  turbopump, t h e  t e s t  parameters were 
measured and recorded at approximately 15-minute i n t e r v a l s  from the  time 
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Figure 32 

b c a t i o n  of Skin ‘fhermocouple, TS f2’ on Inducer Housing 
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when t h e  suc t ion  s a f e t y  by-pass valve w a s  opened u n t i l  chilldown w a s  v e r i f i e d  
by suc t ion ,  bear ings,  and high point  bleed temperatures. 
t u r e s  were recorded continuously on a d i r e c t  reading mult iple  point  s t r i p  
chart recorder  from ambient t o  -425OF. Suct ion temperature recorded on a 
s t r i p  char t  recorder  ranged from -400OF t o  -459°F. 
were recorded on s t r i p  c h a r t s  that were ranged f o r  +75"F t o  -459°F. 
l i q u i d  l e v e l  of t h e  start t r a n s i e n t  vessel ( V - E 2 1 )  was observed and re- 
corded from a v i s u a l  gage. The sha f t  speed (N ) w a s  amplif ied and re- 
corded on a s t r i p  char t  recorder  t ha t  w a s  rangs ' tor  zero t o  375 rpm t o  de- 
tect any tendency f o r  t h e  pump t o  windmill during the  c h i l l i n g  operation. 
The high point  bleed temperatures were displayed on s t r i p  char t  recorders.  

The skin tempera- 

Bearing temperatures 
The 

During the  f i r s t  chilldown conducted, a l l  of t h e  data with t h e  
exception of t h e  sk in  temperatures,  were recorded on t h e  analog-to-digi ta l  
system (ADC). A t  approximately 15-minute i n t e r v a l s ,  a sweep w a s  made by 
t h e  AL)C system of a l l  the  data channels, inc luding  t h e  parameters mentioned. 

VII. TEST PROCEDURES 

A. DMUMIDIFICATION AND PURGE 

The general  requirements f o r  purging the  turbopump were t o  
e l imina te  moisture and t o  e l imina te  any gases whose presence w a s  no t  con- 
s ide red  acceptable  i n  a l i q u i d  hydrogen system. 

If moisture is l e f t  i n  the  system it would f r eeze  and could 
e i t h e r  damage t h e  liquid-hydrogen-cooled bear ings and seals or c log  the 
coolant  f i l t e r s .  This  would result i n  t h e  bear ing overheating. The 
r o l l i n g  elements of t h e  bearings used i n  t h e  turbopump w e r e  f ab r i ca t ed  
from 440C material which is only mildly cor ros ion- res i s tan t  and will ox 
d ize  i n  t h e  presence of moisture. Therefore, it w a s  a l s o  necessary t o  
exclude moisture from t h e  turbopump at  a l l  times a f t e r  t he  build-up had  
been completed. 

H e l i u m  and hydrogen were considered t o  be t h e  only acceptable  

A l l  o ther  gases l i q u i f y  and 
gases which could be present i n  the turbopump c a v i t i e s  p r i o r  t o  t h e  in- 
t roduct ion  of l i q u i d  hydrogen f o r  chilldown. 
f r e e z e  i n  t h e  pressure of l i q u i d  hydrogen and o f f e r  p o t e n t i a l  problems 
s i m i l a r  t o  those f o r  moisture. 

P r a c t i c a l  l i m i t s  had t o  be es tab l i shed  f o r  both r e s i d u a l  
moisture and o the r  contaminant l eve l s  t h a t  were compatible with t h e  equip- 
ment, t h e  purge media, as wel l  as t h e  sampling and ana lys i s  methods. 

The i d e a l  purge procedure would have been t o  use e i t h e r  gaseous 
helium o r  hydrogen exclusively as t h e  purge gas. 
equipment was not designed f o r  use with hydrogen. 

The purge gas hea t ing  
Also, t h e  use of 



hydrogen gas exclusively could have c rea t ed  a s a f e t y  hazard, 
use of gaseous helium was imprac t i ca l  from an economic s tandpoint  because 
t h e  turbopump and t h e  en t i re  t e s t  f a c i l i t y  had t o  be purged, 
pump remained i n  an assembled condition f o r  approximately 10 months, during 
which per iod a considerable quan t i ty  of purge gas was used, 
was s e l e c t e d  as t h e  primary purge gas f o r  use during dehydration and t o  
maintain a pos i t i ve  pressure during s to rage  o r  i n a c t i v i t y ,  
down, t h e  nitrogen i n  t h e  system was displaced by introducing e i ther  gaseous 
helium o r  hydrogen. 

The exclusive 

The turbo- 

Gaseous ni t rogen 

P r i o r  t o  c h i l l -  

The turbopump w a s  i n i t i a l l y  del ivered t o  t h e  tes t  area i n  March 
During the  f i n a l  s t a g e s  of assembly, gaseous n i t rogen  w a s  maintained 1965. 

i n  t h e  turbopump at  a s l i g h t l y  p o s l t i v e  pressure. 
maintained during t r anspor t a t ion  t o  t h e  t e s t  area and u n t i l  t h e  i n i t i a t i o n  
of t h e  dehumidification when t h e  turbopump w a s  i n s t a l l e d  i n t o  t h e  t e s t  
pos i t i on  and connected t o  t h e  f a c i l i t y  propel lant  l i n e s ,  
shows t h e  M - 1  f u e l  turbopump i n s t a l l e d  i n  its t r a n s p o r t a t i o n  s t a n d  with t h e  
ni t rogen purge b o t t l e  system at tached,  

This  pressure pad w a s  

Figure No. 35 

After the  turbopump w a s  i n s t a l l e d  i n t o  t h e  t e s t  s t and ,  hot 
gaseous ni t rogen was introduced at t h e  purge p o r t s  a t  30 p s i a  and flow was 
continued u n t i l a  gas sample obtained a t  t h e  low point  i n  t h e  turbopump 
showed a clew point of - 8 0 0 ~  ( t h e  acceptable  l i m i t  had been se t  at -50°F), 

The actuat ion bellows of t h e  l i f t - o f f  seal  was dehumidified by 

The c a v i t y  w a s  then maintained with 
a l t e r n a t e l y  evacuating t h e  c a v i t y ,  then f i l l i n g  it with gaseous helium, 
This process w a s  repeated f i v e  times, 
a p o s i t i v e  helium pad pressure t o  exclude contamination. 

Following t h e  dehumidification, a p o s i t i v e  n i t rogen  pressure 
was maintained u n t i l  t h e  completion of t h e  leak cheeks and the  ambient 
t h r u s t  ca l ib ra t ion ,  

Ambient temperature gaseous helium at  30 p s i g  w a s  introduced 
to t h e  same purge p o r t s  used during dehumidification and flow w a s  continued 
u n t i l  a n a l y s i s  of a gas sample obtained from t h e  low point  i n  t h e  turbo- 
pump c a v i t y  indicated that.  t he  ni t rogen present amounted t o  less than 10 
p a r t s  per  mil l ion by volume, 
chromatograph. 

This a n a l y s i s  was performed using a gas 

During t h e  period following t h e  first chilldown, hydrogen gas 
w a s  used f o r  a pad pressure as long as t h e  turbopump was i n s t a l l e d  h t h e  
t e s t  posi t ion.  Subsequent purge operat ions were conducted us ing  t h e  des- 
c r ibed  method, The acceptable  l i m i t  f o r  r e s i d u a l  n i t rogen  i n  t h e  system 
p r i o r  t o  chilldown was increased t o  50 parts pe r  mi l l i on  t o  be cons i s t en t  
with t h e  amount of ni t rogen permitted i n  t h e  hydrogen gas used f o r  pUPgiW. 
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The instrumentation functioned properly without any s p e c i a l  
a t t e n t i o n  being e v e n  t o  t h e  dehumidification o r  purging of t h e  pulse  lines 
between t h e  pressure pick-up po in t s  on the  turbopump and t h e  pressure trans- 
ducers * 

Pr io r  t o  chilldown, i t  w a s  necessary t o  e l imina te  a l l  pressures  
i n  t h e  t e s t  system, including the  turbopump t r i c k l e  purgep f o r  a l s m i n u t e  
period t o  obtain a zero point  c a l i b r a t i o n  f o r  a l l  pressure t ransducer  i n -  
struments. 
cycle  t h e  turbopump with gaseous hydrogen and obtain an acceptable  gas 
sample p r i o r  t o  t h e  i n i t i a t i o n  of chilldown. 

Following t h i s  operat ion,  a requirement w a s  i n s t i t u t e d  t o  purge 

B e  BUED-IN AND CHILLDOWN 

1. Fuel Turbopump Assembly Chilldown Procedure 

The bas i c  f u e l  turbopump assembly chilldown procedure 
consis ted of the  following (Refer t o  t h e  t e s t  area propel lant  system sche- 
matic, Figure No. 2 ) :  

a. The l i q u i d  hydrogen catch v e s s e l  V-E2 w a s  previously 
chilled-down and p a r t i a l l y - f i l l e d .  

b. The l i q u i d  hydrogen start t r a n s i e n t  v e s s e l  V - Q l  w a s  
previously chilled-down and w a s  f i l l e d  above t h e  50% leve l .  

c s  The suc t ion  l i n e  pre-valve w a s  opened p r i o r  t o  i n i -  
t iat ion of chilldown e 

d. The suc t ion  s a f e t y  valve remained closed,  

e ,  The suc t ion  s a f e t y  by-pass valve was opened admit t ing 
hydrogen from the  s tar t  t r a n s i e n t  tank i n t o  t h e  s u c t i o n  l i n e .  

f .  Gaseous hydrogen w a s  vented off through t h e  suc t ion  
high point bleed and through t h e  discharge l i n e  high point  bleed. 

g. The four-inch discharge flow c o n t r o l  valve (FCV-El08) 
w a s  cycled as required t o  c h i l l  t h e  catch l i n e  without windmilling t h e  
turbopump ., 

h. The catch tank i n l e t  valve was opened t o  allow flow 
from t h e  catch l i n e  i n t o  t h e  catch tank ( V - E 2 ) .  

i. When chilldown was v e r i f i e d  by observing suc t ion  line 
temperatures, fue l  turbopump assembly bear ing temperatures,  and discharge 
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high point  bleed temperatures,  t h e  suct ion s a f e t y  valve w a s  opened and t h e  
s a f e t y  by-pass valve w a s  closed. 

j. Chilldown of the  system w a s  maintained up t o  t h e  
i n i t i a t i o n  of f i r e swi t ch  1 by cycl ing t h e  vents  and t h e  four-inch discharge 
flow con t ro l  valve ( F C V - E ~ ~ ~ )  . 

2, Fuel Turbopump Assembly Chilldown Test inq 

Fuel  turbopump assembly chilldown data were obtained from 
seven separate tests as l i s t e d  i n  Table I. 
(chilldowns No. 4 through No. 7) were accomplished i n  approximately t h e  
i d e n t i c a l  manner r e s u l t i n g  i n  an average hydrogen consumption of 2273 g a l  
i n  an average c h i l l  time period of 0.93 hr. For these  four  t e s t s ,  t he  
maximum propel lan t  usage w a s  3060 ga l  during a 1.083 hr period and the  
minimum propel lan t  usage w a s  1620 ga l  during a 0.917 h r  period. 
No. 36 shows t h e  turbopump i n  the  c h i l l e d  condition. 

Four of these  chilldowns 

Figure 

The o the r  t h ree  chilldowns were accomplished i n  times 

The wide discrepancy i n  the  data r e s u l t e d  from seve ra l  
ranging from 1,8 h r  t o  4.25 h r  a t  propel lant  consumptions of from 3500 t o  
15,000 gal lons.  
depar tures  i n  t h e  bas i c  chilldown procedure which are explained as follows: 

Chilldown No. 1 was conducted i n  accordance with t h e  pro- 
cedure; however, t h i s  chilldown was in t e r rup ted  because of a f a l s e  signal 
t h a t  t h e  pump w a s  windmilling, 
was considered t o  be detr imental  t o  t h e  bearings and/or s h a f t  r i d i n g  
seals. I n  add i t ion ,  whenever ro t a t ion  w a s  noted during chilldown or at 
any o the r  time, t h e  l i f t - o f f  seal was ac tua ted  t o  prevent damage t o  t h e  
carbon nose piece. 

Windmilling during t h e  chilldown phase 

Chilldown No. 2 was accomplished a t  t h e  expenditure of 
approximately l5,OOO g a l ;  however, t h e  data from t h i s  test  were not con- 
s i d e r e d  as v a l i d  because the  12-in. pump discharge flow con t ro l  valve 
(FCV-El03) was inadver ten t ly  opened during t h e  chilldown and most of t he  
hydrogen flowed back i n t o  t h e  catch tank ( V - U ) .  

Chilldown No. 3 required t h e  longest  time t o  accomplish. 
The primary cause f o r  this long chilldown r e s u l t e d  because t h e  catch tank 
i n l e t  valve had t o  be kept closed during t h e  chilldown s o  that t h e  catch 
t ank  (V-E2) could be pressurized and used as t h e  supply tank for both t h e  
t rans ien t  v e s s e l  (V-F.21) and t h e  hydrogen cascade l iquid-gas  converters.  
Normally, t h i s  funct ion w a s  performed by t h e  28,000 gal  l iquid-to-gas 
conver te r  s torage  vesse l  (V-E34). 
f o r  t h e  hydrogen flowing through the  catch l i n e  as we l l  as supply cold 
hydrogen gas f o r  p a r t i a l - c h i l l i n g  of t he  catch l i n e .  

Then, V-E2 could be used as a rece iver  

However, t he  ou te r -  
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vacuum jacke t  on V-E34 cracked and could no longer be used without ex- 
t ens ive  repairs. 
p l i shed  by opening t h e  four-inch pump discharge flow c o n t r o l  valve (FCV- 
~1081, which i s  t h e  high point bleed and t h e  catch l i n e  vent,  

Ch i l l i ng  of t h e  catch l i n e  and t h e  turbopump was accom- 

P r i o r  t o  Chilldown No, 4,  a sys t em was i n s t a l l e d  (see 
Figure No. 37) f o r  ex te rna l  t h r u s t  balance control ,  
t h i s  system was i n s t a l l e d  routed l i q u i d  hydrogen from t h e  downstream s i d e  
of t h e  t h r u s t  balance p i s ton  t o  t h e  annulus a t  t h e  pump t r a n s i t i o n  s t a t o r  
as depicted i n  Figure No, 29. 
were routed from t h e  downstream side of t h e  t h r u s t  balance p i s ton  t o  the  
s ix- inch in su la t ed  pipe 

The arrangement before 

For t h e  ex te rna l  system, i n s u l a t e d  l i n e s  

Chilldown No, 4 w a s  accomplished i n  less than one hour 
and used only 1600 g a l  from t h e  t r a n s i e n t  vessel .  
t h i s  t e s t  and i n  subsequent t e s t sp  t h e  use of t he  t h r u s t  balance system 
high point bleed r e s u l t e d  i n  a considerably more r a p i d  chilldown of t he  
tu rb ine  end bearings because of t h e  more d i r e c t  means f o r  venting-off the 
gas  i n  t h e  cavity. The remaining chilldowns were conducted i n  a manner 
similar t o  chilldown No, 4. 

It w a s  noted that f o r  

Chilldown curves were p l o t t e d  from data obtained during 

P l o t s  

one of t h e  pumpand 

two of t he  chilldowns. Figure No. 38 is t h e  data p l o t  f o r  chilldown No. 3 
which was conducted with t h e  i n t e r n a l  t h r u s t  balance flow system. 
are shown t o  compare t h e  r e l a t i v e  c h i l l  rates of t h e  inducer housing skin 
(TS 
ba l f lbea r ing  outer  race (T and t h e  t u r b i n e  end r o l l e r  bear ing ou te r  
r ace  (T 1. In  additio&Et2aAplot is shown of t h e  readings f o r  t h e  t ran-  
s i e n t  v6!%f l i q u i d  l e v e l  during t h e  same period of t i m e ,  Note that t h e  
inc rease  i n  t h e  tank l e v e l  shown a f t e r  approximately t h r e e  hours of c h i l l -  
down w a s  t h e  r e s u l t  of t.opping-off t he  tank, The i n l e t  f o r  t h e  s a f e t y  by- 
pass l i n e  is at approximately the  45% tank leve l  (or volume) pos i t i on ;  
consequently, t he  tank l e v e l  must be maintained above t h i s  l e v e l  t o  p r d t  
chilldown flow through t h e  s a f e t y  by-pass l i ne .  

t h e  turbine end bearing housing sk in  (TSfs) 

Figure No, 39 rep resen t s  chilldown No, 4 ,  wherein t h e  ex- 
t e r n a l  t h r u s t  balance flow system w a s  used, 
and t h e  tank l e v e l  readings were p lo t t ed ,  This w a s  done pr imar i ly  LO 
i l l u s t r a t e  t he  r ap id  c h i l l  rate experienced using t h e  e x t e r n a l  t h r u s t  
balance system f o r  venting the  gases i n  t h e  tu rb ine  bear ing and t h r u s t  
pis ton c a v i t i e s .  

Only t h e  bear ing c h i l l  rates 

True propel lant  consumption during t h e  chilldown w a s  not 
determined and the  propel lant  usage r ep resen t s  t h e  outflow of l i q u i d  hy- 
drogen from t h e  on-stand start t r a n s i e n t  v e s s e l  ( V - E 2 1 )  as determined bx 
observing readings from both a hot-wire l i q u i d  l e v e l  point  sensor  and a 
continuous capacitance type l i q u i d  l e v e l  sensor,  The l i q u i d  hydrogen used 
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Figure 39 

Uata P lo t  fo r  Chilldown Number 4 
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during t h e  f u e l  turbopump chilldown process was required t o  cool  not only 
t h e  suc t ion  l i n e  and t h e  turbopump elements, but a l s o  t o  c h i l l  t h e  catch 
l i n e  as w e l l .  

C. FREEDOM OF ROTATION CHECKS 

To be consis tent  with one of the  i n i t i a l  requirements f o r  
c h i l l i n g  down the turbopump without excessive thermal d i s t o r t i o n ,  a pro- 
cedure was es t ab l i shed  t o  determine i f  d i s t o r t i o n  had taken place,  
index t o  thermal d i s t o r t i o n  of t h e  assembly would be t o  determine t h e  
breakaway torque of t h e  r o t a t i n g  assembly with t h e  pump i n  t h e  c h i l l e d  
condition, Safety considerat ions prevented t h e  measurement of s h a f t  
torque with l i q u i d  hydrogen i n  t h e  turbopump; consequently, another  
approach w a s  taken, Calculat ions were made of bearing drag, pump shutoff  
torque,  and turbine s ta l l  torque t o  determine breakaway torque by flowing 
gaseous nitrogen through t h e  tu rb ine  under con t ro l l ed  conditions,  Figure 
No. 40 is a composite curve showing t h e  ca l cu la t ed  r e l a t i o n s h i p  between 
tu rb ine  d i f f e r e n t i a l  pressure and weight flow and observed r o t a t i o n a l  
speed. 

One 

The schematic i n  Figure No, 41 r ep resen t s  t h e  gaseous ni t rogen 
tu rb ine  d r ive  sys tem used f o r  low power t e s t i n g  of t h e  f u e l  turbopump. 
For the  purposes of t h e  freedom of r o t a t i o n  checks, as w e l l  as t o  prevent 
un in t en t iona l  overspeeding of t he  turbopump, t h e  start b o t t l e s  (V-E35 
through v - ~ 3 8 )  were pressurized t o  50 p s i g  and then i s o l a t e d  from t h e  rest 
of t h e  system, Appropriate valves  i n  the  system were shut  of f  and t h e  
gaseous ni t rogen manifold vent was opened t o  prevent f u l l  cascade pressure 
(5000 ps ig)  from being appl ied t o  t h e  tu rb ine  start  valve (PRV-El06). The 
turbopump instrumentation was modified t o  measure s h a f t  r o t a t i o n a l  speed 
(expanded s i g n a l  with a zero t o  375 rpm range) and the d i f f e r e n t i a l  pres- 
s u r e  ac ross  the turbine,  

The following condi t ions are necessary p r i o r  t o  i n i t i a t i n g  t h e  
freedom of r o t a t i o n  check: 

1, Turbopump c h i l l e d  down, 

2 ,  Suction s a f e t y  and prevalves opened. 

3 .  Pump discharge flow c o n t r o l  valves  c loseda 

4. On-stand start b o t t l e s  charged t o  50 p s i g  and i s o l a t e d  
from t h e  gaseous nitrogen cascade. 

5. Turbine start valve (PRV-E106) c losed  and with a con- 
t r o l l e d  opening rate. 
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Before opening the  turb ine  start valve,  t he  instrumentation 
records are turned on and t h e  l i f t - o f f  seal is ac tua ted  t o  prevent damage 
from ro ta t ion .  

A s  soon as s h a f t  r o t a t i o n  is indica ted ,  t h e  turb ine  start valve 
is r a p i d l y  closed and the  start b o t t l e  pressure is vented-off. 

The turb ine  d i f f e r e n t i a l  pressure and the s h a f t  r o t a t i o n a l  
speed a t t a i n e d  are then used i n  conjunction with t h e  curve p lo t  (Figure 
No, 40) t o  determine s h a f t  breakaway torque. Values obtained a r e  then com- 
pared t o  the  ambient breakaway torque measurements (breakaway torque ranged 
from 80 t o  lo5 in , / lb  f o r  t he  t e s t  s e r i e s ) .  
t h e  values  ind ica t e s  t h e  p o s s i b i l i t y  of severe thermal d t s t o r t i o n ,  bear ing 
o r  seal damage (which had occurred on a previous t e s t ) ,  o r  t h a t  fore ign  
material is lodged somewhere i n  t h e  turbopump. 

A r a d i c a l  d i f fe rence  between 

The check was used, whenever p rac t i cab le ,  p r io r  t o  each test  as 
a means f o r  determining t h a t  no severe damage had occurred. Successful  
completion of t he  freedom of ro t a t ion  check w a s  an index t h a t  f u r t h e r  oper- 
a t i o n  would not be detrimental .  

VIII, DISCUSSION OF TEST RZSULTS 

A. BACKGROUhD 

1. Predicted Chilldown Rate 

k thermal ana lys i s  w a s  conducted f o r  the  f u e l  turbopump 
pr imar i ly ,  t o  determine the  t r ans i en t  temperatures t h a t  would be experienced 
during a hot  f i r i n g .  
a l l  components p r i o r  t o  a f i r i n g .  For t h i s  ana lys i s ,  the  following a6sum- 
p t ions  were made t o  s implify t h e  so lu t ion  f o r  t he  chilldown. 

It also w a s  used t o  determine the  chilldown rate of 

a. Liquid hydrogen w a s  considered as an i n f i n i t e  heat  sink. 

b. A l l  gaseous hydrogen flashed-off during t h e  chilldown 
w a s  assumed t o  immediately escape from t h e  bearing housings as w e l l  as 
o t h e r  r e s t r i c t i v e  c a v i t i e s  and pockets i n  t h e  turbopump. 

c ,  The f u e l  turbopump was assumed t o  be exposed t o  an 
environment of a two-hour purge with 160°F gaseous n i t rogen ,  followed by a 
one hour purge with 1600~ gaseous helium. 
assumed t o  be a t  1 6 0 ~ ~  pr io r  t o  t h e  in t roduct ion  of l i q u i d  hydrogen. 

All metal temperatures were 

Based upon t h e  above assumptions, temperatures were ca l -  
c u l a t e d  and presented f o r  a five-minute c h i l l  period. The r e s u l t s  of t h i s  



analysis  op t imis t i ca l ly  ind ica t ed  that t h e  pump-side bear ing ou te r  r a c e s  
would be completely c h i l l e d  within f i v e  minutes and the  turbine-side bearing 
would be c h i l l e d  within 30 sec. 

During t h e  most r a p i d  chilldown a c t u a l l y  experienced ( c h i l l -  
down No. 6 on 17 December 19651, approximately 50 minutes were required t o  
achieve t h e  equivalent end conditions.  I n  add i t ion ,  f o r  t h i s  p a r t i c u l a r  
chilldown, t h e  temperature of t h e  turbopump components was approximately 
6 0 O ~  p r i o r  t o  t h e  i n i t i a t i o n  of chilldown i n s t e a d  of t h e  160°F assumed f o r  
t h e  ana lys i s .  

The primary shortcoming i n  t h e  chilldown a n a l y s i s  was t h e  
assumption t h a t  t h e  f l a shed  hydrogen vapor could immediately escape and not 
form a barrier t o  heat  t r a n s f e r ,  
bubbles formed i n  t h e  bearing c a v i t i e s  cannot r e a d i l y  escape because they 
must e i t h e r  pass through the  s h a f t  r i d i n g  seals o r  through t h e  bear ing 
coolant l i n e s .  I n  e f f e c t ,  t h e r e  is a percolat ing a c t i o n  during chilldown, 
where t o  escape, t h e  r i s i n g  bubble must displace t h e  column of l i q u i d  i n  
t h e  passage above it. 
thermal study. 

The turbopump design is such t h a t  gas 

The percolat ing e f f e c t  w a s  not included with t h e  

2, Geysering Action 

The t e s t  f a c i l i t y  (Figure No, 2 )  w a s  designed t o  prevent 
o r  at least l i m i t  geysering a c t i o n  i n  t h e  on-stand t r a n s i e n t  v e s s e l  (V-E21) 
during chilldown. With V - E 2 1  f i l l e d  with l i q u i d  hydrogen, simultaneously 
opening t h e  two b a l l  valves  i n  the  18-in. suc t ion  l i n e  would allow a column 
of l i q u i d  hydrogen t o  drop on a w a r m  turbopump, The r e s u l t i n g  gas bubble 
formed could conceivably raise t h e  l i q u i d  column back up t h e  suc t ion  l i n e  
r ap id ly  enough t o  where t h e  f o r c e  of t h e  geyser would be s u f f i c i e n t  t o  
rupture  t h e  dome of t he  t r a n s i e n t  vessel ,  

A two-inch s a f e t y  by-pass l i n e  w a s  i n s t a l l e d  t o  l i m i t  t he  
flow of l i q u i d  hydrogen from t h e  t r a n s i e n t  ves se l  i n t o  t h e  suc t ion  l i n e  
during chilldown. 
the  closed posi t ion u n t i l  t h e  suc t ion  l i n e  w a s  a s o l i d  column of l i q u i d  
hydrogen. 
j u s t  below t h e  s a f e t y  valve, As t h e  l i q u i d  hydrogen flows through t h e  by- 
pass line i n t o  the suc t ion  l i n e ,  t h e  vapor flashed-off escapes through t h e  
suc t ion  l i n e  vent system, 

The upper b a l l  valve ( s a f e t y  valve)  w a s  maintained i n  

The s a f e t y  by-pass l i n e  empties i n t o  t h e  suc t ion  l ine at a point  

B. TEST RESULTS 

1. Chilldown Variables 

The inconsistency i n  t h e  t e s t  data ( a  po r t ion  of t h e  c h i l l -  
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down data is presented i n  Figures  No. 38 and No. 39) obtained during c h i l l -  
downs of t h e  f u e l  turbopump primari ly  r e su l t ed  from incons is tenc ies  i n  the  
chilldown condi t ions and procedures. Representative of t h e  va r i ab le s  t h a t  
contr ibuted t o  t h i s  problem are t h e  following: 

a. Temperature of var ious system components p r i o r  t o  
t h e  i n i t i a t i o n  of chilldown. 

For seve ra l  of t he  t e s t  runs,  t h e  turbopump remained 
i n  e i t h e r  a p a r t i a l l y  o r  t o t a l l y  c h i l l e d  s t a t e  from t h e  previous test ,  
In  these  cases ,  chilldown data could not be obtained. I n  one p a r t i c u l a r  
ins tance ,  a f e w  minutes after chilldown w a s  i n i t i a t e d ,  t h e  skin tempera- 
t u r e s  reached -150OF. 

b o  Sequencing and pos i t ions  of t h e  valves  i n  t h e  system 
during the  chilldown. 

An extreme case of t h i s  va r i ab le  is evidenced i n  
t h e  chilldown (chilldown No. 2 on Table 1) where 15,000 g a l  of l i q u i d  hy- 
drogen flowed out of t he  t r a n s i e n t  vesse l  because of an inco r rec t  valve 
pos i t ion .  

C. Wind ve loc i ty ,  ambient temperature, and humidity. 

Because t h e  turbopump w a s  not i n su la t ed ,  a h o t ,  dry 
wind could have s i g n i f i c a n t l y  a f f ec t ed  t h e  c h i l l  rate by preventing t h e  
f r o s t  buildup. The heavy l a y e r  of f r o s t  which d id  bu i ld  up on t h e  pump 
(Figure No. 36) ac ted  as insu la t ion .  This is based upon t h e  r ap id  drop 
of sk in  temperatures. 
var ious  chilldowns can be used t o  determine t h e  a c t u a l  a f f e c t s  of these  
va r i ab le s .  No s i g n i f i c a n t  d i f fe rences  i n  temperature, humidity, o r  
wind ve loc i ty  were noted between the  f i r s t  chilldown conducted i n  May 
1965 and the  last chilldown conducted on 21 December 1965. 

However, none of t he  test  data taken during the  

de  Locations and usage of venting systems f o r  the  
removal of gases from the  turbopump and f a c i l i t y  during chilldown, 

A review of t h e  test a rea  l i q u i d  hydrogen system 
i n  Figure No. 2 w i l l  show t h a t  vents and bleed systems are loca ted  at 
h igh  poin ts  i n  the  system t o  permit t he  escape of t rapped gaseous helium 
or hydrogen. The system is vented, as required,  by ac tua t ing  the  appro- 
p r i a t e  valve from the  con t ro l  room. 

The t.urbopump w a s  del ivered t o  the  t e s t  a r ea  with 
l i n e s  routed from the  low-pressure s i d e  of t he  balance d i s c  and re- 
turned t o  the  second-stage inducer s t a t o r  of t h e  pump as described i n  
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s e c t i o n  V, D. With t h i s  conf igura t ion ,  t h e  gases t rapped i n  t h e  lowest 
por t ion  of the  turbopump had t o  escape by passing up through t h e  e n t i r e  
pump t o  t h e  suc t ion  bleed o r  the  discharge high poin t ,  
t he  ex te rna l  t h r u s t  balance flow c i r c u i t  with its own high poin t  vent system 
provided a l e s s  r e s t r i c t i v e  path f o r  t he  gas bubbles t o  escape. 
ex te rna l  t h r u s t  balance system, the  turbine-s ide bear ing  c h i l l e d  f a s t e r  than 
the  pump-side bearings.  
t h e  system. 

Incorporat ion of 

With the  

The reverse  of t h i s  was t r u e  p r i o r  t o  i n s t a l l i n g  

The techniques used during chilldown No. 4 r e s u l t e d  
i n  the  minimum expenditure of hydrogen and would be considered as the  b a s i s  
f o r  a chilldown procedure f o r  f u t u r e  t e s t i n g .  

2, Gegsering Action 

No ins tance  of geysering ac t ion  w a s  noted during any of 
t he  chilldown tests, FOP a l l  of t h e  chilldowns, t h e  suc t ion  s a f e t y  valve 
was not  opened u n t i l  a f t e r  v e r i f i c a t i o n  w a s  made at t h e  suc t ion  l i n e  high 
po in t ,  discharge l i n e  high po in t ,  and the  turbopump bearings that l i q u i d  
hydrogen temperature had been reached. 

P r i o r  t o  the  i n s t a l l a t i o n  of t he  f u e l  turbopump i n t o  t h e  
t e s t  s t and ,  a flow spool w a s  placed i n  the  system f o r  t he  purposes of: ob- 
t a i n i n g  f a c i l i t y  chilldown experience,  i n i t i a l  suc t ion  flow meter C a l i -  
b r a t ion ,  and cont ro l  system checkout. 
geysering ac t ion  would occur i n  a completely c h i l l e d  system i f  t he  pump 
discharge valves and a l l  of the  vents were c losed ,  except f o r  the  start 
t r a n s i e n t  ves se l  vent. The system was "locked up" f o r  approximately 10 
minutes during which no s i g n i f i c a n t  pressure f l u c t u a t i o n s  occurred. 

An attempt w a s  made t o  determine i f  

3 .  Freedom of Rotation Check 

A l l  of t h e  turbopump t e s t s  were preceded by e i t h e r  a 
freedom of ro t a t ion  check as described i n  sec t ion  VIII, B, 3 9  o r  a simu- 
l a t e d  freedom of r o t a t i o n  check, The l a t t e r  was used i n  t h e  few in -  
s t ances  where rapid-repeat turbopump tests were desired.  During the  
check, r o t a t i o n  occurred with 0.2 p s i  o r  l e s s  t u rb ine  d i f f e r e n t i a l  pres- 
s u r e ,  and s h a f t  speeds a t  d i f f e r e n t i a l  p ressure  ranged from 75 t o  150 rpm 
as viewed on the  expanded s t r i p  cha r t  recorders  
No. 40, it w a s  est imated t h a t  t h e  breakaway torque w a s  i n  t he  order  of 
100-in0/ lb ,  which w a s  comparable t o  ambient breakaway torque measurements. 
The simulated t e s t  w a s  conducted by windmilling t h e  turbopump t o  t h e  same 
speed observed during a freedom of r o t a t i o n  check. 
vessel was pressurized t o  21 ps ig ,  t h e  four-inch pump discharge flow con- 
t r o l  valve (FCV-El08) was opened t o  50% and if the  speed reached 100 rpm 
within 15 secondsp t h i s  w a s  considered t o  be approximately equivalent  t o  
a freedom of ro t a t ion  check. 

With the  use of Figure 

The start t r a n s i e n t  
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I X .  CONCLUSIOGS iiN3 RECOMMENDATIONS 

T e s t  data obtained during the  t e s t s  conducted ind ica t e  t h a t  no se r ious  
problems are t o  be encountered during t h e  chilldown of l a r g e  uninsulated 
l i q u i d  hydrogen turbopumps of a s i z e  and general  configurat ion of t he  M-1 
Model I f u e l  turbopump. 
a t t r i b u t e d  t o  a corxbination of t he  heavy w a l l s  of t h e  type 347 stainless 
s t e e l  pump housings and t h e  slow admission of l i q u i d  hydrogen t o  t h e  turbo- 
pump. 
permit t h e  formation of a heavy f r o s t  l a y e r  t o  occur before l i q u i d  air  t e m -  
pera ture  was reached. Using l i q u i d  hydrogen admission t o  the  turbopump, 
approximately one hour is required t o  c h i l l  t h e  turbopump, suc t ion  l ine,  
and discharge line t o  l i q u i d  hydrogen temperature without excessive pro- 
pe l l an t  use o r  adverse e f f e c t s .  

The success of t h e  chilldown tests can be p a r t i a l l y  

The r e s u l t i n g  i n i t i a l  thermal gradient  w a s  s u f f i c i e n t l y  s t e e p  t o  

No recommendations a r e  made fo r  changes i n  the  hardware configurat ion 
f o r  t h e  purposes of chilldown. 
experienced after t h e  i n s t a l l a t i o n  of t h e  ex te rna l  t h r u s t  balance flow 
c i r c u i t  i n d i c a t e s  that some add i t iona l  venting of t he  bear ing c a v i t i e s  
and o the r  pockets would be des i rab le  although not e s sen t i a l ,  

The r e l a t i v e  improvement i n  the  chilldown 

Any f u r t h e r  development t e s t i n g  should include a propel lant  drop 
type of chilldown with rap id  admission of l i q u i d  hydrogen t o  t h e  pump 
suct ion.  
e f f e c t s  and c h i l l  rates f o r  vehicle  simulated conditions,  

This  type of t e s t  would be des i r ab le  for  determining geysering 
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