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FOREWORD 

This  report is the second  volume of a series that comprises the fol- 
lowing: 

Volume I - Summary 
Volume II - Component and  System  Configuration  Screening 

Analysis 
Volume III - Details of System  Analysis,  Engineering,  and 

Design  for  Selected  System 
Volume lV - Selected  System  Supporting  Studies 
Volume V - Selected  System  Cycle  Performance  Data 

This report  summarizes the Phase I portion of the program,  in  which the 
various component  and  system  concepts  were  compared and evaluated. Vol- 
umes III, N, and V contain  the  Phase 11 work, in which preliminary  design 
of the selected APU system  concept  was  performed. 
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SECTION I 
i 

INTRODUCTION AND SWY 

I 

T h i s   r e p o r t   p r e s e n t s   t h e   r e s u j l t s   o f   t h e  Phase I s tud ies   on   Con t rac t  
NAS3-14408, "Space S h u t t l e  APU Study". The Space S h u t t l e  APU will supp ly  
e l e c t r i c  and h y d r a u l i c  power f o r   t h e  Space S h u t t l e   B o o s t e r   a n d   O r b i t e r  
veh ic les ,   us ing  a h o t   g a s   t u r b i n e   w i t h  a work ing   f l u id   p rov ided   by   hyd rogen-  
oxygen  combust ion   o r   f rom  s to rab le   p rope l lan ts .  The f o l l o w i n g  systems  were 
s t u d i e d  a n d   e v a l u a t e d   i n   e s t a b l i s h i n g  a recommended system  concept   for  
Phase I1 o f  the  program: 

Low-Pressure  Cryogenic  H2-02  Supplied  System 

High-pressure  Cryogenic  H2-02  Suppl  ied  System 

High-pressure Gaseous  H2-02 Supplied  System 

Dual-Mode Airbreathing/Cryogenic  H2-02  System 

Monopropellant  System 

Sect ions 3 through 7 descr ibe  these  systems  and  their   performance. I n  
S e c t i o n  8 ,  these  systems  are  compared  and  evaluated. The h igh-pressure  
gaseous  H2-02  suppl   ied  system  is  the recommended approach. The gaseous 

p r o p e l l a n t s   a r e   t o  be   supp l   i ed   by   ano the r   sys tem  ( the   Aux i l i a ry   P ropu ls ion  
System),  which  has much g r e a t e r   t o t a l   p r o p e l l a n t   r e q u i r e m e n t s .  I t  i s  a l s o  
recommended t h a t   f o r  optimum APU performance,  the  hydrogen  and  oxygen be 
de l i ve red   a t   t he   l owes t   t empera tu re   and   h ighes t   p ressu re   poss ib le .  These 
parameters will be determined  by APS opt imizat ions  which  have  not   been 
c o m p l e t e d   a t   t h e   t i m e   o f   t h i s   r e p o r t .  A t  present,  i t  appears  probable  that  
t h e  APS p r o p e l l a n t   c o n d i t i o n i n g   p r o v i s i o n s  will d e l i v e r   p r o p e l l a n t   c o n -  
d i t i o n i n g   p r o v i s i o n s  will d e l i v e r   p r o p e l l a n t   a t   p r e s s u r e s   i n   e x c e s s   o f  
650 p s i a  and a t   t empera tu res   i n   t he   range   f rom 200 t o  400'R. 

TURBINE 

A two-stage  pressure-compounded  ax ia l - f low  impulse  turb ine has  been 
s e l e c t e d   f o r   t h e  Space S h u t t l e  APU. Two-stage  velocity-compounded  turbines 
were   cons ide red   i n   de ta i l   (Append ix  A) and  were e l i m i n a t e d   o n   t h e   b a s i s   o f  
greater  mechanical .   design  problems  for   aerodynamic  designs  which  would 
prov ide  per formance  equiva lent   to   the  pressure-compounded  turb ines.  

F i g u r e  1 - 1  i s  a n   i s o m e t r i c   d r a w i n g   o f   t h e   t u r b i n e   g e a r b o x   c o n f i g u r a t i o n  
( l e s s   a l t e r n a t o r   a n d   h y d r a u l i c  pumps).  Appendix B d e s c r i b e s   t h e   t u r b i n e  
mechanical  design. 
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HEIGHT 

5-6 I267 

F i g u r e  I - I .  Turbine  Gearbox  Assembly (Less Generator  and  Hydraul i c  Pump 
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CONTROLS 

Pressu re -modu la t i ng   o r   pu l se -modu la t i ng   con t ro l s   can  be used f o r  
tu rb ine   speed  cont ro l .   Tab le  1 - 1  compares t h e   c h a r a c t e r i s t i c s   o f   t h e s e  
two  types o f   c o n t r o l .  The p ressu re   modu la t i ng   con t ro l  has been assumed 
in.the s t u d i e s   p a r t i a l l y  because i t s   s teady -s ta te   pe r fo rmance  i s  r e a d i l y  
p r e d i c t a b l e .  The p e r f o r m a n c e   o b t a i n a b l e   w i t h   p u l s e   m o d u l a t i o n   c o n t r o l  
r e q u i r e s   t r a n s i e n t - s t a t e   a n a l y s i s .   T h i s  will be pe r fo rmed   ea r l y  i n  Phase 
t o   d e t e r m i n e   t h e   i n c e n t i v e   f o r   t h i s   t y p e   o f   c o n t r o l .  

I1 
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Factor  

Low-Power-Output  Fuel  Consumption 

Performance P r e d i c t a b i l i t y  

S u i t a b i l i t y   f o r   V a r i a b l e - D e l   i v e r y  
Hydraul   ic  Pump Dr ive  

S u i t a b i l   i t y   f o r   A l t e r n a t o r   D r i v e  
!P 

TABLE 1 - 1  

CONTROL  CONCEPT  SELECTION 

Pulse  Modulat ing Type 
Tu r b  i ne  Speed Cont r o  1 

S u p e r i o r   f o r  < 53 percent  speed 
contro l   accuracy 

( I )  Requ i res   t rans ien t   ana lys i s  

( 2 )  F i l l   i n g  and  emptying 
l osses   unce r ta in  

Requ i res  hydrau 1 i c  accumu 1 a t o r  
(WT = 50-100 l b )   f o r   s t a b i l i t y  

U n s u i t e d   f o r   a l t e r n a t o r  
p a r a l l e l i n g   ( r e q u i r e d   w i t h  
para1  le1 APU's on A-C bus) 

( I )  Large number o f   c y c l e s  on 
con t ro l   va l ves  

( 2) Cont i nuous I g n i t e r   o p e r a t   i o n  
requ i red  

Requi red  turndown  ra t   io  ( I . 8 :  I) 
No problem 

Pressure  Modulat ing Type 
Turb i ne  Speed Contro l  

S u p e r i o r   f o r  > f3 percent speed 
contro l   accuracy 

H i g h l y   p r e d  i c t a b l e  

Stable  wi thout   accumulator  

Read i l y   adap ted   t o   p rov i s ions  
r e q u i r e d   f o r   l o a d   s h a r i n g  

No design  parameters  outs ide 
s t a t e - o f - t h e - a r t  1 i m i t s  fo r  
long 1 i f e   s e r v i c e  

Requi red  turndown  ra t   io  ( I O :  I )  
Near s ta te -o f - the-are  1 imit 
f o r   c o n t r o l   v a l v e s  



SECTION 2 

DESIGN CONSIDERATIONS 

INTRODUCTION 

S t  udv Ob i ec t   i ves  

The p r imary   s tudy   ob jec t i ves   a re   as   f o l l ows :  

(a )   Eva lua te   cand ida te  APU sys tem  conf igura t ions  and s e l e c t  a p r e f e r r e d  
concept.  

(b )   Per fo rm  p re l   im inary   des ign   ana lyses ,   eng ineer ing ,  and l a y o u t s  of t h e  
s e l e c t e d  APU system  concept. 

( c )  Recommend areas   requ i r ing   techno logy   deve lopment   to   ensure  APU 
a v a i l a b i l i t y   f o r   S h u t t l e  program. 

T h i s  r e p o r t  summarizes t h e   r e s u l t s   o f   t h e  Phase I stud ies   wh ich   were   p r imar i l y  
concerned  w i th   the  f i r s t  t a s k  above.  Emphasis was g i v e n   i n   t h e  Phase I s t u d i e s  
t o   t h e   f a c t o r s  and parameters   g rea t ly   in f luenc ing   sys tem  we igh t   and  sys tem 
se lec t i on .   Th i s   i nvo l ved   pe r fo rmance   o f   t u rb ine   pa ramet r i c   s tud ies   (desc r ibed  
i n  Appendix A )  t o   e s t a b l i s h   t h e   e f f e c t s   o f   v a r i o u s   t u r b i n e   d e s i g n   p a r a m e t e r s  
and  the  optimum  design  approaches. The mechanical  design  studies  (Appendix 6) 
e s t a b l i s h e d   p r a c t i c a l   d e s i g n  l i m i t s  and t h e   v a l i d i t y   o f   t h e   s e l e c t e d   d e s i g n  
f o r   r e l i a b l e   l o n g - l i f e   o p e r a t i o n .   O t h e r  components  having  major  impact  on 
system  performance  and  weight  include  the  cryogenic  tankage  (Appendix C )  and 
the  heat  exchangers  (Appendix D ) .  The a n a l y t i c a l  methods  used f o r   c y c l e   p e r -  
formance  analys is  and ove ra l l   p rope l l an t   consumpt ion   a re   g i ven   i n   Append ixes  
E and F. Appendix G shows a combustor  design  based  on  previous  experience. 

Sect  ion  Contents 

T h i s  s e c t i o n   p r e s e n t s   t h e   a n a l y t i c a l   p r o c e s s e s   u s e d   t o   e s t a b l i s h   t h e   p e r -  
formance  o f   the  var ious APU systems. I t  summarizes  the  data  provided  by  the 
cyc le   per formance  program  descr ibed  in   Appendix  E. This  program has  been t h e  
p r i m a r y   e v a l u a t i o n   t o o l   u s e d   i n   t h e   s t u d y .  The s e c t i o n   a l s o   p r e s e n t s   t h e  
methods  used t o   p r o v i d e   p a r a m e t r i c   d a t a   s h o w i n g   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  
t o t a l  APlJ energy  output,   the  power  output,  and the   sys tem  we igh t .   Add i t i ona l l y ,  
t h e   s y s t e m   i n t e r f a c e s   r e l a t i n g   t o   s a t i s f a c t o r y   t h e r m a l   p e r f o r m a n c e   o f   t h e  
h y d r a u l i c  pump, the  generator ,  and t h e  APU lube  system  are  analyzed t o   e s t a b l i s h  
t h e  component  arrangement  best f u l f i l l i n g   t h e   t h e r m a l  management requirement 
t h a t   a l l  APU heat   loads  be  absorbed  wi th in   the APU system. 

SUMMARY OF PHASE I 

The  Phase I work   can   be   d iv ided  in to   two  genera l   Categor ies ,   one  Cover ing  
t h e   i n i t i a l  sys tem  s tud ies   dur ing   the  f i r s t  s i x  weeks of  the  program,  and a 
second  cover ing  the  subsequent  work w i t h  the   f i ve   sys tem  concep ts   se lec ted   by  
NASA, u s i n g   r e v i s e d   p o w e r / a l t   i t u d e   p r o f i l e s .  

5 



I n i t i a l  Systems Stud ies  

The work  per formed  dur ing t h i s  p e r i o d  was rev iewed   a t  a m e e t i n g   a t  NASA- 
LeRC on  October 15, 1970. Table  2-1  summarizes  the i n i t i a l   s t u d y   r e q u i r e m e n t s  
and  the imp1 i c a t i o n s   t o  sys tem  des ign   wh ich   resu l ted   i n   t he   cand ida te   sys tem 
concepts shown i n   F i g u r e  2-1. A t  t h i s  time, i t  was c o n c l u d e d   t h a t   t h e r e  was 
c o n s i d e r a b l e   i n c e n t i v e   f o r  use of   recuperated  hydrogen-oxygen  systems.   In  
a d d i t i o n ,   b e c a u s e   o f   t h e   r e l a t i v e l y   l o n g   p o r t i o n  of t h e   o r i g i n a l   m i s s i o n   r e -  
p resen ted   by   a tmospher i c   f l i gh t ,  an  dual-mode a i r b r e a t h i n g / p r o p e l l a n t   t u r b i n e  
system  appeared t o  b e   s t r o n g l y   c o m p e t i t i v e .  The other  systems  were  found t o  
b e   l e s s   a t t r a c t i v e  and  compet i t i v e   o n l y   u n d e r   c e r t a i n   s p e c i a l   c o n d i t i o n s .  

Final   Candidate  System  Studies 

The f o l l o w i n g   f i v e  sys tem  conf igura t ions   were  se 
d u r i n g   t h e   l a s t   h a l f   o f  Phase I: 

I .  600  ps ia  H2-02 system w i t h  p r o p e l l a n t s  supp 

lec ted   by  NASA f o r   s t u d y  

2. Optimum p ressu re  H2-02  system  suppl ied  f rom 

cryogenic   tankage.  

1 i ed  as 1 i q u i d s   a t  .35 ps 

specia l   supercr  it i c a l  

i a  

3. H2-0.2 system w i t h  p r o p e l l a n t s   s u p p l i e d   a t  300 ps ia ,  500'R. 

4 .  Dual-mode a i r b r e a t h i n g  gas tu rb ine   and  H -0 t u r b i n e  w i th  super- 
c r i t i c a l   p r o p e l l a n t   s u p p l y  2 2  

5. Monopropel  lant (75% N H -24% N2H5N03- 1 %  H20) system- 
2 4  

Two-s tage  (p ressure-   o r   ve loc i ty -compounded)   ax ia l - f low  p rope l lan t   tu rb ines  
were t o  be eva lua ted   us ing   pu l se -   o r   p ressu re -modu la t i ng  speed c o n t r o l s .  Con- 
s i d e r a t   i o n  was g i v e n   t o   t h e   e f f e c t   o f   v a r i a b l e  O/F r a t  i o  i n   r e c u p e r a t e d  H -0 

2 2  
cyc les ,   t ankage   we igh t   pena l t i es ,   e t c .   w i th  an  amphasis  on  parametric  presen- 
t a t i o n   o f   p e r f o r m a n c e   i n d i c a t i n g   s e n s i t i v i t y   o f   s y s t e m   s e l e c t i o n   t o   v a r i o u s  
des ign  requ i rement s .  

I .  Power P r o f i l e s  

NASA a l s o   s u p p l i e d   r e v i s e d   p o w e r - a l t i t u d e   p r o f i l e s   f o r   t h e   b o o s t e r  and 
o r b i t e r   v e h i c l e s .   T a b l e s -  2-2 and 2-3 summar ize   these  p ro f i les .  It should  be 
n o t e d   t h a t   t h e   d e t a i l e d   p r o f i l e s   s u p p l   i e d   b y  NASA, conta ined  in   Append ix  F, 
were  used i n   e s t i m a t i n g   t h e   p r o p e l l a n t   r e q u i r e m e n t s   f o r  
v e h i c l e   m i s s i o n s .  A s  compared w i t h   t h e   e a r l i e r  power p 
can  be  noted: 

(a )   Boos ter   m iss ion  i s  177 min  long  a t   an  average 
46 .5  shp, w i t h   l e s s   t h a n  20 m i n   d u r a t i o n   o u t s  

t h e   b o o s t e r  and o r b i t e r  
r o f  i l e ,   t h e   f o l   l o w i n g  

gearbox  output  power  of  
ide  the  atmosphere. 

( b )   O r b i t e r   m i s s i o n  i s  58 .4  m i n   t o t a l   ( w i t h   t w o  phases  separated  by 7 t o  
30 days i n a c t i v e   s t o r a g e   i n   o r b i t )   a t  an average  36  shp  at   the 
gearbox, w i th  e s s e n t i a l l y   a l l   o p e r a t i o n   o u t s i d e   t h e  atmosphere. 

6 



T A B L E  2- I 

I N I T I A L   D E S I G N   R E Q U I R E M E N T S   A N D   I M P L I C A T I O N S  

REQUIREMENT 

PROPELLANT  SUPPLIES  TO  BE  CONSIDERED 

LOW-PRESSURE  CRYOGENIC  (SHARED)  TANKAGE 

HIGH-PRESSURE  CRYOGENIC  (SHARED)  TANKAGE 

0 LOW-PRESSURE  GASEOUS  SUPPLY 

I M P L I C A T I O N S  TO SYSTEM  DESIGN 

I T  WILL BE  NECESSARY TO  CONSIDER  A   VARIETY OF 
DIFFERENT  CANDIDATE  SYSTEM  CONCEPTS  TO 
ACCOMMODATE  THESE  POSSIBLE  PROPELLANT  SUPPLIES 
SINCE  PROPELLANT  SUPPLY  SELECTION  MUST  BE 

LOW-PRESSURE  CRYOGENIC  (SEPARATE)  TANKAGE  PERFORMED ON A  VEHICLE  SYSTEM  BASIS.  

HIGH-PRESSURE  CRYOGENIC  (SEPARATE)  TANKAGE 

STORABLE  MONOPROPELLANTS  AND  BIPROPELLANTS 

POWER-ALTITUDE  PROFILE 

POWER 
STATE 

PEAK 

PEAK 

MODE 

I D L E  

OUT PUT 
MIN.  PRESS., P S I A  POWER 

DUWTION,  A M B I E N l  
THE  APU WILL BE  REQUIRED  TO  FUNCTION  AT  VARYING 
OUTPUT POWER LEVEL AND  DISCHARGE  PRESSURE. OFF 

100:2 1 11.7 I 9 I DESIGN  PERFORMNCE WILL BE  AN  IMPORTANT  FACTOR. 

I005 

0 7 

IO 22% 

0 9 

I 4 6  

18 

85 PERCENT OF M I S S I O N   I S  ATMOSPHERIC  FLIGHT, 
MAKING  POSSIBLE  USE OF A I R B R E A T H I N G  GAS T U R B I N E  
OR RAM A I R  HEAT  S INK FOR  PORTION OF MISSION.  

HEAT S INK 

THE  APU I S  REQUIRED  TO  BE  SELF-CONTAINED  WITH 
RESPECT  TO  D ISSIPATING  INTERNALLY GENERATED 
HEAT. 

0 WITH  CRYOGENIC SYSTEMS, THE  WASTE  HEAT  CAN  BE 
D I S S I P A T E D   I N   T H E   P R O P E L L A N T  FLOW; W I T H  
STORABLE  PROPELLANTS,  A  SUPPLEMENTAL  HEAT  SINK 
( R A M   A I R  OR. EVAPORANTS) WILL BE  REQUIRED. 



CRYO. 

HZ 

CRYO 

HZ 

O2 
HYD 

HEAT 
TRANSPORT 
LOOP 

A  LT 

RECUPERATIVE H,-O, SYSTEM 

STEAM 
VENT 

0 HIGH-PRESSURE  CYCLE 

0 DIRECT FEED WITH  HIGH-PRESSURE  CRYOGENIC  TANKAGE 

0 WITH PUMPS  FOR  LOW-PRESSURE CRYOGENIC  TANKAGE 

0 LOU-PRESSURE  CYCLE 

DIRECT  FEE0 FOR  LOW-PRESSURE CRYOGENIC  TANKAGE 

NONRECUPERATIVE H,-0, SYSTEM 

0 He THERWL TRANSPORT LOOP  FOR APU  COOLING 

OPEN BRAYTON CYCLE SYSTEM 

0 DIRECT  DRIVE  CENTRIFUGAL COMPRESSOR 

GEARBOX DRIVE  POSITIVE  DISPLACEMENT COMPRESSOR 

SEPARATE TURBOCOMPRESSOR (2-SHAFT  ENGINE) 

MONOPROPELLANT  SYSTEM 

0 THEREIAL  TRANSPORT LOOP  FOR APU  COOLING 

0 EXPENDABLE  EVAPORANT ( H 2 0 )  HEAT SINK 

0 RAM A I R  HEAT SINK  (FOR ATMOSPHERIC 
FLIGHT) 

DUAL-MODE AIRBREATHING/PROPELLAKT  TURBINE SYSTEM 

PROPELLANT TURBINE 

0 MONOPROPELLANT 

0 HYDROGEN-OXYGEN 

0 GAS TURBINE 

0 JP  FUEL 

0 HYDROGEN 

0 HEAT SINKS 

0 EXPENDABLE  EVAPORANT ( H 2 0 )  

0 R A M  A I R  

0 FUEL ( I F  Hp IS USED) 
5-6 I 329  

F i g u r e  2-1 .  I n i t i a l  Candidate  System  Concepts 



TABLE 2 - 2  

BOOSTER VEHICLE M I S S I O N  PROFILE SUMMARY 

Turbine  Gearbox SHP 

Average Peak 

70  

- 66  

2 30 50 

45 39 

239 78 

I 1 2  

- 1  
M i s s i o n  Phase r ~. : -  P r e f  1 i g h t  

Boost 

Mode 

Land i ng 

P o s t f l i g h t  

T o t a l  APU Operat ing Time 177 min. 

Average Power Leve 1 46 .5  SHP 
. -- .~ ~ ~ ~" 

A l t i t u d e  

s. L. 

S.L. t o  250 k f t   t o  IO k f t  

I O  k f t  

IO k f t   t o  S.L. 

s. L. 

Du r a t  i or 
min. 

17 

20 

I 20 

IO 

IO 

TABLE 2 - 3  

ORBITER VEHICLE M I S S I O N  PROFILE SUMMARY 

I ~" Miss ion  ~. Phase ~~ 

L 
I Ascent 

Boost 

O r b i t a l   i n j e c t   i o n  

Descent 

Deorb i t 

Reent r y  

Land i ng 
. ~" ~ . .  

T o t a l  APU Operat ing Time 

Average Power Level  

A v a i l a b l e  Gearbox 
Output SHP I 

Average 

20 .0  

44 .0  

2 3 . 9  

6 0 . 4  

2 8 . 5  

P e a k 1  A 1  t i tude 

20 

250 k f t  t o   o r b  i t  90 

S.L. t o  250 k f t  

40 

54 k f t   t o  S.L. 200 

168 k f t   t o  54 k f t  100 

O r b i t   t o  168 k f t  

~..  

58.4 min. 

36 SHP 

T Durat  ion, 
sec. 

2 50 

2 50 

I600 

IO00 

400 
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2 .  APU 'gowe r Term i no 1 ogy 

Throughout t h i s  r e p o r t ,   d a t a   a r e   d i s p l a y e d   i n   t e r m s   o f   e i t h e r   g r o s s   t u r -  
b i n e   s h a f t  power, n e t   a v a i l a b l e   o u t p u t  p o w e r   ( a c t u a l   h y d r a u l i c   a n d   e l e c t r i c  
power; - a f t e r   a c c o u n t i n g   f o r   t h e  pump and  generator  power  losses),  and  gearbox 
ava i lab le   ou tpu t   power .  The d i f f e r e n t   v a l u e s   h a v e  been  used  since  data  such 
as s p e c i f i c   p r o p e l l a n t   c o n s u m p t i o n   a r e   u s u a l l y   p r e s e n t e d   i n   t e r m s   o f   g r o s s  
t u r b i n e   s h a f t  power,  whereas NASA has   re fe renced   da ta   t o   ava i l ab le   gea rbox  
output  power.  I n   t h e  case of a pumped system,  where t h e   p r o p e l l a n t  pumps 
a r e   d r i v e n   e l e c t r i c a l l y   u s i n g  power  f rom  the  generator,   not  a l l   o f   t h e  
g e a r b o x   o u t p u t   p o w e r   i s   a v a i l a b l e   f o r   s u p p l y i n g   h y d r a u l i c   a n d   e l e c t r i c  
power t o   t h e   v e h i c l e ,   s i n c e  some o f   t h e  power i s  used f o r   t h e  APU pumps. 
Thus, t h e  most c o n v e n i e n t   t e r m i n o l o g y   i s   n e t   a v a i l a b l e   o u t p u t  power, which 
a c c o u n t s   f o r   t h e   p r o p e l l a n t  pumping  energy  required  by  the APU and f o r   t h e  
power  losses i n   t h e   h y d r a u l i c  pump and the   genera to r .  

3. Hardware Commona 1 i t y  

Based  on t h e   m i s s i o n  power p r o f i l e s ,  i t  can  be  seen t h a t  a dual-mode 
s y s t e m   ( o n e   u s i n g   a n   a i r - b r e a t h i n g   e n g i n e   a t   l o w   a l t i t u d e s ,   w i t h   e i t h e r  a 
hydrogen-oxygen o r   monoprope l l an t  APU f o r   h i g h   a l t i t u d e s )  i s  a t t r a c t i v e   f o r  
t h e   b o o s t e r   m i s s i o n ,   b u t   a l l   o f   t h e   o r b i t e r   m i s s i o n  must  be  suppl ied  by a p ro-  
p e l l a n t   t u r b i n e .  The s p l i t   i n   t h e   o r b i t e r   m i s s i o n  will have  an  impact  on  the 
c ryogen ic   s to rage  vesse l   des ign .  It can be conc luded   tha t   t he re  i s  enough 
s i m i l a r i t y   i n   g e n e r a l   r e q u i r e m e n t s   t o   p e r m i t   c o n s i d e r a t i o n   o f   h a r d w a r e  common- 
a l i t y  b e t w e e n   t h e   o r b i t e r  and boos ter   veh ic le   sys tems.  

SYSTEM  ANALY SI S 

D u r i n g   t h e   l a s t   h a l f   o f  Phase I, primary  emphasis was p laced  on de te rm in ing  
the   per fo rmance  o f   the   var ious   cand ida te   cyc les  as a f u n c t i o n   o f   t h e i r   r e -  
qu i red   ou tpu t  power  and t h e   a m b i e n t   p r e s s u r e .   D i s c u s s i o n   l a t e r   i n   t h i s   s e c t i o n  
g i v e s   t h e   l o g i c   l e a d i n g   t o   s e l e c t i o n   o f   t h e   c y c l e   c o n f i g u r a t i o n s   f o r   t h e  
hydrogen-oxygen  systems fo r   wh ich   the   cyc le   per fo rmance  p rogram was prepared. 
Pred ic t ion   o f   the   monoprope l lan t   sys tem  per fo rmance  can be  accomplished  by a 
r e l a t i v e l y   s i m p l e   p r o c e s s   d e s c r i b e d   i n   S e c t i o n  7. P r e d i c t i o n   o f   t h e  dual-mode 
system  performance  can  be made by   combin ing   the   hydrogen-oxygen  cyc le   per fo r -  
mance p r o g r a m   r e s u l t s   w i t h   t h o s e   f r o m  a s i m i l a r   p r o g r a m   f o r  a hydrogen-fueled 
gas tu rb ine   eng ine .   Th is   p rocess  i s  d i s c u s s e d   i n   S e c t i o n  6. 

Cycle  Performance Maps 

The cyc le  per formance  program  descr ibed  in   Appendix  E g e n e r a t e s   o v e r a l l  
system  performance  as a f u n c t i o n   o f   h y d r a u l i c  and e l e c t r i c  power  output, and 
ambient  pressure.  It determines  pressure  losses in the  system  duct ing,  
temp!era ture   leve ls   a t   each  po in t ,   f lows,   heat   loads ,   e tc . ,   and  per fo rms 
the   necessa ry   i t e ra t i ons   t o   de te rm ine   t u rb ine   d i scha rge   p ressu re ,   coo l i ng  
loop  recyc le  f low,  O/F r a t   i o   f o r   d e s i r e d   t u r b i n e   i n l e t   t e m p e r a t u r e ,  power 
balance,  etc.  The program  inputs, component performance maps, and ou tpu t   da ta  
a re   g iven   in   Append ix  E. T y p i c a l   s t a t e   p o i n t   d a t a  based  on the  program  output  
da ta   a re  shown i n   l a t e r   s e c t i o n s   o f   t h i s   r e p o r t .  
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Vehic le   Power /A l t i tude   Ana lys is   to   Determine  Prope l lan t   Consumpt ion  
. " - .  . . - ". ~. . ~ - .  . . " . . .~ ~~~~ 

The cyc le   pe r fo rmance   p rog ram  da ta   can   be   p lo t ted   t o   es tab l   i sh   t he  APU 
propel lant   consumpt ion  as a f u n c t i o n   o f   t h e  power  output  and  the  ambient 
pressure.  These maps, when combined w i t h  t h e   s p e c i f i e d   b o o s t e r   a n d   o r b i t e r  
power /a l t i t ude / t ime   da ta ,   can   es tab l i sh   t he   ove ra l l   p rope l l an t   consumpt ion  
f o r   t h e   v e h i c l e   m i s s i o n .  A m i s s i o n   p o w e r   p r o f i l e  program,  descr ibed  in  
Appendix F, has  been  generated t o   a c c o m p l i s h  t h i s  task .   Typ ica l   ou tpu t   da ta ,  
t h e   v e h i c l e   m i s s i o n   p r o f i l e s ,   a n d   t h e   i n p u t   d a t a   a r e   d e s c r i b e d   i n   A p p e n d i x  F. 
The r e s u l t s   o f  t h i s  p rog ram  a l l ow   the   pe r fo rmance   o f   va r ious   sys tems   to   be  
compared f o r   t h e   s p e c i f i c   v e h i c l e   p r o f i l e s   o f   i n t e r e s t .  

Pr imarv Svstem T r a d e o f f   V a r i a b l e s  

I n   g e n e r a t i n g   t h e   d a t a   f o r   t h e   c y c l e   p e r f o r m a n c e   p r o g r a m  component maps, 
i t  was p o s s i b l e   i n  most  cases t o   e s t a b l   i s h   t h e   o p t  imurn component c o n f i g u r a t i o n  
f o r   t h e   r e q u i r e d   f u n c t i o n .  Thus, f o r  example,  analyses  described  in  Appendix 
A showed tha t   se lec t i on   o f   t he   p ressu re -compounded   tu rb ine  was p r e f e r a b l e   t o  
s e l e c t i o n   o f  a ve loc i ty-compounded  turb ine  s ince  the  pressure-compounded  un i t  
shows s l i gh t l y   super io r   ae rodynamic   pe r fo rmance   and   g rea t l y   super io r  mechan- 
i ca l   pe r fo rmance   (o r ,  i f  the   ve loc i t y -compounded   tu rb ine   i s   des igned   w i th  
shor t   b lades   fo r   equ iva len t   mechan ica l   per fo rmance,   i t s   aerodynamic   per -  
formance i s  f u r the r   deg raded  compared t o   t h a t   o f   t h e  pressure-compounded u n i t ) .  

I . Turb ine  Desiqn  Point   In le t   Pressure/Power  Level /  
Discharqe  Pressure 

However, i n   t he   case   o f   t he   t u rb ine ,  i t  was n o t   p o s s i b l e   t o   e s t a b l i s h   t h e  
op t imum  tu rb ine   des ign   po in t   based   on l y   on   t he   t u rb ine   pe r fo rmance   da ta .  It 
becomes n e c e s s a r y   t o   c o n s i d e r   d i f f e r e n t   t u r b i n e   d e s i g n   p o i n t s   ( b o t h  maximum 
i n l e t   p r e s s u r e   ( o c c u r r i n g   a t  sea l e v e l   f u l l  power o u t p u t )  and  power  output 
leve, l /d ischarge  pressure  combinat ion) .  Thus, a t o t a l   o f   n i n e   t u r b i n e   d e s i g n s  
were  evaluated  for   the  hydrogen-oxygen  systems.  These  turbines  had maximum 
in le t   p ressu res   rang ing   f rom 300 t o  1500 p s i a  a n d   d e s i g n   p o i n t s   o f   e i t h e r  
sea l e v e l / f u l l  power o r   a l t i t u d e  ( l 0 , O O O  ft) /mode  power.  Performance maps f o r  
each  o f   these  tu rb ines   a re   p resented   in   Append ix  A. 

Eva lua t i on   o f   t he   two   power   l eve l /d i scha rge   p ressu re   po in ts   f o r   t he   l ow-  
p ressu re   l i qu id   supp ly   sys tem  desc r ibed   i n   Sec t i on  3 i n d i c a t e d   t h a t   t h e  
a l t i tude /mode  power   des ign   po in t   tu rb ines  show  a performance  advantage. T h i s  
i s  due t o   t h e   f a c t   t h a t  most o f  t h e   m i s s i o n  i s  a t   r e l a t i v e l y  low output  powers 
a t   h igh   a l t i t udes .   Consequen t l y ,   t he  
t u r b i n e s   o n l y  has  been e v a l u a t e d   f o r  t 
4 ,  5, and. 6) .  

I t  should  be  emphasized  that  eval 
sys tem  con f igu ra t i on   i nvo l ves   sequen t i  

( a )  A tu rb ine   des ign   p rogram i s  

per fo rmance  o f   the   a l t i tude /mode  power  
he  other  hydrogen-oxygen  systems  (Sections 

u a t i o n   o f  a s i n g l e   t u r b i n e   f o r  a s i n g l e  
a1  use o f  four  computer  programs: 

used t o   e s t a b l i s h   t u r b i n e   g e o m e t r y .  

( b )  The turb ine  geometry  i s  used  as  an  input t o   t h e   t u r b i n e   o f f - d e s i g n  
program t o   e s t a b l i s h  a tu rb ine   per fo rmance map ( w h i c h   g i v e s   t u r b i n e  
e f f i c i e n c y  as a f u n c t i o n   o f  power  level ,   d ischarge  pressure,   and 
O/F r a t   i o ) .  
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( c )  The tu rb ine   pe r fo rmance  map i s  then  used  in   the  cyc le   per formance 
program  (Appendix E )  t o   e s t a b l i s h   p r o p e l l a n t   c o n s u m p t i o n  as  a func- 
t i o n   o f   o u t p u t  power  and  ambient  pressure. 

(d )  The APU performance map i s  used i n   t h e   m i s s i o n   i n t e g r a t i o n   p r o g r a m  
(Appendix F)  t o   d e t e r m i n e   t h e   p r o p e l l a n t   r e q u i r e m e n t s   f o r   t h e   b o o s t e r  
and o r b i t e r   m i s s i o n s .  

2. P r o p e l l a n t   I n l e t  Thermodynamic  State 

A second  major   system  var iab le i s  the  thermodynamic  s ta te  a t   which  pro-  
p e l l a n t  i s  assumed t o  be a v a i l a b l e   t o   t h e  system.  For   the  low-pressure  l iqu id  
supply   system  of   Sect ion 3, t h e   p r o p e l l a n t s   a r e  assumed t o  be a v a i l a b l e   t o   t h e  
c ryogen ic  pumps as s a t u r a t e d   l i q u i d s   a t   3 5   p s i a  -- thus, f o r   t h a t  system, the  
t r a d e o f f  i s  r e l a t e d   t o   t h e   o u t p u t  head t h a t   t h e  pumps must  provide. However, 
f o r   t he   h igh -p ressu re   i n teg ra ted   t ankage   sys tem  o f   Sec t i on  4, t h e   t r a d e o f f  
i n v o l v e s   t h e   i n c r e a s i n g   t a n k a g e   w e i g h t   p e n a l t i e s   a t   h i g h e r   p r e s s u r e s   v s   t h e  
improved   tu rb ine   pe r fo rmance   a t   h ighe r   p ressu res .   F ina l l y ,   f , o r   t he   gaseous  
feed  sys tem  descr ibed  in   Sec t ion  5, t h e r e  i s  no  optimum  system  weight  based 
s o l e l y  on t h e  APU system  performance.  For  the  gas  feed system, i t  i s  assumed 
t h a t   t h e   p r o p e l l a n t  will be a v a i l a b l e   t o   t h e  APU a t   i n l e t   s t a t e s   h a v i n g  a 
temperature  f rom 200 t o  500'R and  a  pressure  from 300 t o  1250 p s i a .  Based  on 
APU system  per formance  a lone,   the  h ighest   enthalpy and pressure  head s ta te ,  
the  500°R, 1 2 5 0 - p s i a   i n l e t   c o n d i t i o n  shows minimum p r o p e l l a n t  consumpt  ion. 
However, i t  i s  a l s o  necessary   to   cons ider   the   pena l ty   occur red   on-board   the  
v e h i c l e   t o   p r o v i d e   p r o p e l l a n t   t o   t h e  APU a t   t h i s   s t a t e .   I n c l u d i n g   t h e s e  con- 
d i t i o n i n g   p e n a l t i e s ,   t h e   o p t i m u m   p r o p e l l a n t   i n l e t   c o n d i t i o n   o c c u r s   a t   l o w  tem- 
pe ra tu res   and   reasonab ly   h igh   i n le t   p ressu res .  

SYSTEM PARAMETRIC  DATA 

NASA has r e q u e s t e d   t h a t   p a r a m e t r i c   d a t a  be p r o v i d e d   t o  show the  APU 
system  weight as  a func t i on   o f   t o ta l   ene rgy   ou tpu t   f o r   sys tems   des igned   fo r  
var ious  combinat ions  of   peak  power and mode power. The  power combinat ions 
requested  by NASA and the   des ign   sys tem  (base   po in t   f o r   sca l i ng )   a re   p resen ted  
in   Table  2-4.  The  power ra t i ngs   a re   i n   t e rms   o f   ava i l ab le   gea rbox   ou tpu t   power ,  
no t   t u rb ine   sha f t   power .  

TABLE 2-4 

NASA REQUESTED APU SYSTEMS 

Des i gn NASA Requested APU Systems 
~- 

Peak  power,  hp 

9.38 8.33 6.67 3.33 5.63  Turndown ra ' t  i o+k 

80 60 45  30 40 Mode power,  hp 

7 50 500  300 IO0 225 

+cTurndown r a t i o  i s  de f i ned  as the r a t i o   o f  peak  power t o  mode 

. "" 

power. 
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I n   a r r i v i n g   a t   t h e   f i n a l  system  weight   vs   energy  curves  for   these APU 
systems, t h e   m e t h o d   i l l u s t r a t e d   i n   F i g u r e  2-2 was used. F i r s t ,   t h e  same s p l  i t  
be tween   hyd rau l i c   and   e lec t r i ca l   l oads  was assumed as fo r   t he   des ign   case  
w h i c h   r e s u l t s   i n   t h e   f o l l o w i n g   s y s t e m   r e q u i r e m e n t s :  

NASA Requested APU Systems 

I 
~~ " - 

Peak  power 

Generator  load, kw 

Hydrau l i c   load ,  gpm a t  4000 p s i  I10 

Then the  systems  f ixed  weights   were  ca lcu lated  based  on  the  peak  power  re-  
qu i rement   (see   tab les   in   Sec t ions  3 th rough 7 ) .  The p r o p e l l a n t   r e q u i r e d   f o r  
the  des ign  system ( 2 2 5 / 4 0  hp)  as a func t ion   o f   energy  was c a l c u l a t e d   n e x t .  
Based  on a c o n s t a n t   s y s t e m   e f f i c i e n c y ,   t h e   p r o p e l l a n t   w e i g h t   i n c r e a s e s   l i n e a r l y  
w i th   ene rgy   requ i red  and t h e   s t o r e d   p r o p e l l a n t   w e i g h t  i s  n e a r l y  1 inear,.   except 
f o r  a s l i g h t   v a r i a t i o n   i n   t a n k   l o a d   f a c t o r s .  The p r o p e l l a n t   w e i g h t   v a r i a t i o n  
w i t h  power o f   t h e  NASA requested APU systems was ob ta ined   us ing   t he   des ign  
system mode power SPC v a r i a t i o n   w i t h   t u r n d o w n   r a t i o .  The f i x e d   w e i g h t  and  pro- 
p e l l a n t   w e i g h t   f o r   e a c h  NASA requested  system was then  added t o   g e t   t h e   f i n a l  
to ta l   we igh t   vs   energy   paramet r ic   curves .  

F igure  2-3 shows the  hydrogen-oxygen SPC v a r i a t i o n   a t   p e a k  power  and a t  
mode power f o r   t h e  NASA requested APU systems. The SPC i s  presented as a per -  
cen tage   o f   t he  2 2 5 / 4 0  hp system SPC. The peak  power SPC v a r i a t i o n   w i t h   p e a k  
power ou tpu t  was obta ined  f rom  turb ine  des igns  us ing  the  des ign  program. The 
mode power SPC was ob ta ined   f rom  the  2 2 5 / 4 0  hp system  performance map t a k i n g  
i n t o   a c c o u n t   t h e   e f f i c i e n c y   a n d   p r e s s u r e   r a t i o  changes w i t h   t u r n d o w n   r a t i o  and 
t h e   s c a l e   e f f e c t   o f   s y s t e m   s i z e .  

F igure  2-4  shows  an e q u i v a l e n t   c u r v e   f o r  75-24-1 monopropellant  systems. 

HYDROGEN-OXYGEN CYCLE  THERMAL MANAGEMENT 

I n t   r o d u c t   i o n  

The fo l l ow ing   d i scuss ion   examines   t he   poss ib le  Space S h u t t l e  APU system 
c y c l e   c o n f i g u r a t i o n s  and e s t a b l i s h e s   t h e   l o g i c   l e a d i n g   t o   s e l e c t i o n   o f   t h e  
p r e f e r r e d  component c o n f i g u r a t i o n .  The d i scuss ion   cons ide rs  APU c y c l e s   u s i n g  
hydrogen  and  oxygen  as  the  cycle  energy  source; i t  assumes t h e s e   f l u i d s   a r e  
a v a i l a b l e   a t   c r y o g e n i c   e n e r g y   l e v e l s   ( e i t h e r   l o w - p r e s s u r e   l i q u i d  or  h igh-  
p ressu re ,   l ow- tempera tu re   f l u ids ) .  The f o l   l o w i n g   t o p i c s   a r e   a n a l y z e d :  

Cycle  Heat  Sink -- Hydrogen,  oxygen, o r  expendable  evaporant  are 
considered.  

Cycle  Heat  Generation -- Waste heat  generated  by  each  system 
component i 5 analyzed. 
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Heat   T rans fe r   L im i ta t i ons  - L i m i t s  on  temperatures  necessary  for  
p roper  component opera t   ion   a re   ana lyzed.  

C y c l e   C o n f i g u r a t i o n  -- Unrecuperated  and  recuperated  cyc les  are 
examined, a recupera ted   cyc le  i s  shown t o  be necessary   fo r   p roper  
component coo l   ing .  

Performance  Considerat  ions -- E f f e c t   o f   r e c u p e r a t i o n  on  system 
performance i s  analyzed. 

The a n a l y s i s   i n d i c a t e s   t h a t   t h e  component  arrangements  and  thermal 
management concepts   fo r   the   th ree   hydrogen-oxygen  sys tems  o f   Sec t ions  3 th rough 
5 a r e   n e a r l y   i d e n t i c a l .  

Reau i rement s 

The APU i s  r e q u i r e d   t o   p r o v i d e   b o t h   h y d r a u l i c  and e l e c t r i c  power a t   v a r i o u s  
ou tpu t   power   leve ls   and  a t   var ious   t ime  per iods   th roughout   the   boos ter   and 
o r b i t e r   m i s s i o n s .  The u n i t  must  have a r e s t a r t   c a p a b i l i t y   s i n c e  i t  may be 
shut down fo r   p ro longed   i n te rva l s   be tween   uses .  It a l s o  must  be se l f -con ta ined,  
r e l y i n g  on i t s e l f   f o r  component c o o l i n g .  Thus, t h e  APU must e i t h e r   u s e   t h e  
hydrogen as a hea t   s ink   ( t he   oxygen   has   i nsu f f i c i en t   hea t   capac i t y )  o r  i t  must 
c a r r y  an expendable  heat  s ink  such  as  water.  

Methods o f  Component Cool i n g  

S t u d i e s   t o   d a t e   i n d i c a t e   t h a t   a t   f u l l   l o a d   a b o u t  20 p e r c e n t   o f   t h e  maximum 
t u r b i n e   s h a f t  power  output will appear   as  heat   losses  in   the  var ious  system 
components,  such  as t h e   g e n e r a t o r ,   h y d r a u l i c  pump, gearbox,  turbine,  combustor,  
lube pump, a n d   c r y o g e n i c   f l u i d  pumps ( i f  used). Thus, f o r  an APU deve lop ing  
250  hp a t   t he   t u rb ine   ou tpu t   sha f t ,   abou t  50 hp will appear as h e a t   i n   t h e  APU 
components.   This  heat  load  excludes  any  heat  returned t o   t h e  APU by   the  
h y d r a u l i c   f l u i d - - - u n d e r   c e r t a i n   c o n d i t i o n s ,   a l m o s t   a l l   o f   t h e   h y d r a u l i c  pump 
power output  can be c o n v e r t e d   t o   h e a t   t h a t  must  be d i s s i p a t e d .  A t  p a r t   l o a d s  
the   heat   losses  become f a r   l a r g e r   t h a n   t h e   u s e f u l   o u t p u t   p o w e r .  A t  z e r o   u s e f u l  
ou tpu t  power t h e r e  i s  about 20 hp of heat   genera ted   in  a 250-shp APU. 

Therefore,  f o r  a 3-hr APU d u t y   c y c l e  a minimum of   about  60 hp -h r   o f  com- 
ponent  heat  must be d i s s i p a t e d .  The two  most l i k e l y  methods o f   d i s s i p a t i n g  
t h i s   h e a t   a r e  t o  use  the  cyc le   hydrogen  f low  as a heat   s ink  ( the  oxygen  has 
i n s u f f i c i e n t   h e a t   c a p a c i t y )  or  t o  use an expendable  evaporant  such as water .  
Bo i l ing   water   wou ld   absorb   about  I100 B tu   pe r  I b  wa te r ,   requ i r i ng   abou t  139 
I b   wa te r   pe r  APU. A l t e r n a t i v e l y ,   a d d i n g   t h e  component heat t o   t h e   c y c l e  
hydrogen  f low  would  reduce  the amount o f  oxygen  required t o   r a i s e   t h e   h y d r o g e n  
temperature t o   t h e   d e s i r e d   t u r b i n e   i n l e t   t e m p e r a t u r e .  The e f f e c t   o f   h e a t  
a d d i t i o n  i s  t h e r e f o r e   t o  change t h e  O/F r a t i o   a t   w h i c h   t h e   c y c l e  i s  operated, 
wh i l e   ma in ta in ing   t he   t o ta l   hyd rogen   f l ow   a lmos t   cons tan t .  For a t u r b i n e   i n l e t  
tempera ture   o f  2260°R, t h e  APU wou ld   requ i re  an O/F r a t i o   o f  1.30 i f  the  hydrogen 
and  oxygen  were  input t o   t h e   c o m b u s t o r   a t  an e n t h a l p y   c o r r e s p o n d i n g   t o   t h a t   o f  
l i q u i d s .   A d d i n g  component heat t o   t he   hyd rogen   wou ld   l ower   t he   cyc le  O/F r a t i o  
t o  about 1.22 assuming  that  20 percent   o f   the   tu rb ine   work   appears   as   was te   heat .  
T h i s  O/F r e d u c t i o n  i s  e q u i v a l e n t   t o  a saving  of  about 24 I b   o f  oxygen f o r  an APU 
o u t p u t t i n g  a t o t a l   e n e r g y   o f  300 hp-hr.  
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Consequently,  because o f  i t s  s u b s t a n t i a l   w e i g h t   a d v a n t a g e   t o   t h e  system, 
the   concep t   o f   us ing   hyd rogen   as   t he   cyc le   hea t   s ink  i s  se lec ted .  

Component Operat  ing  Temperatures 

The f i r s t  s t e p   i n   e s t a b l i s h i n g  a c y c l e   c o n f i g u r a t i o n   i s   t o   i n v e s t i g a t e  
the  heat   s ink  temperatures  requi red  by  the  var ious  cyc le   components.   F igure 
2-5  summarizes  these 1 i m i t a t   i o n s .  

1 .  Maximum Acceptable  Heat  Sink  Temperatures 

B o t h   t h e   h y d r a u l i c   o i l  and  the  lube o i l  (used t o  absorb  gearbox  heat 
losses)   must   be  mainta ined  a t   temperatures  be low  about  3OO0F maximum and 45OoF 
maximum a t   c e r t a i n   l o c a l   p o i n t s .  Thus, t h e s e   f l u i d s  must  be  cooled t o   l e v e l s  
below 3OO0F i f  t h e y   a r e   t o  be  capable  of  absorbing  the  component  waste  heat. 
I n   t h e  case o f   t h e   l u b e   o i l ,   t h e r e  i s  a t r a d e o f f   b e t w e e n   t h e   o i l   f l o w   r a t e  and 
t h e   t e m p e r a t u r e   t o   w h i c h   t h e   o i l  must   be   coo led   s ince   the   heat   to  be  absorbed 
i s  i n d e p e n d e n t   o f   t h e   o i l   f l o w   r a t e .  

F o r   t h e   h y d r a u l   i c   f l u i d ,   t h e   f l u i d   f l o w   r a t e  i s  f i x e d   b y   t h e  pump 
c a p a b i l i t i e s  so tha t   the   heat   s ink   tempera tures   can  be  determined  un iquely .  
Assuming a 4000 p s i   h y d r a u l i c   s y s t e m   i n   w h i c h   a l l   t h e   h y d r a u l i c  power  (85 
percent   d r ive   e f f i c iency)   appears   as   was te   heat ,   the   f lu id   must  be c o o l e d   t o  
about 265OF maximum i f  i t s  r e t u r n   t e m p e r a t u r e   t o   t h e  pump i s  t o  be ma in ta ined  
below 3OO0F ( a d d i t i o n a l   h e a t   i n p u t   b y   v e h i c l e   s t r u c t u r e   m i g h t   l o w e r   t h e  maximum 
c o o l e d - f l u i d   t e m p e r a t u r e  somewhat). F o r   t h e   p a r a m e t e r   s t u d i e s   i n   t h i s   r e p o r t  
o n l y  15 percent  of t h e   h y d r a u l i c   o u t p u t   p o w e r   i s  assumed t o  appear  as  waste  heat 

An a d d i t i o n a l  component r e q u i r i n g  a r e l a t i v e l y   l o w   h e a t   s i n k   t e m p e r a t u r e  
i s   t h e   g e n e r a t o r .   T y p i c a l l y ,   a i r c r a f t   g e n e r a t o r s   a r e   e i t h e r   o i l   o r   a i r   c o o l e d  
w i t h  a maximum hea t   re jec t i on   t empera tu re  o f  about 25OoF. Thus, a l o g i c a l  
arrangement of  t h e   h y d r a u l i c  and o i l  h e a t   l o a d s   i s   t o   p l a c e  them a f t e r   t h e  
genera tor   heat   load   s ince   the   genera tor   has  a lower maximum h e a t   r e j e c t i o n  
temperature.  

2. Minimum Acceptable  Heat  Sink  Temperatures 

The minimum a c c e p t a b l e   h e a t   s i n k   t e m p e r a t u r e s   f o r   b o t h   t h e   h y d r a u l i c   f l u i d  
and t h e   l u b e   o i  1 are  about O°F s i n c e  much lowe-r  temperatures  cause  an  excessive 
i n c r e a s e   i n   t h e   f l u i d   v i s c o s i t y ,   m a k i n g  pumping i n c r e a s i n g l y   d i f f i c u l t .  

A l though  the   o ther   cyc le   heat   loads ,   such  as   the   tu rb ine  and  combustor, 
do not  have a d e f i n i t e  minimum heat   re jec t ion   tempera ture ,   la rge   tempera ture  
d i f fe rences   be tween  the   coo lan t  and t h e  component a r e   l i k e l y   t o  cause  thermal 
s t ress   p rob lems   du r ing   t he   t rans ien ts   occu r ing  on s ta r tup /shutdown and  sudden 
load  changes.   Therefore,   these  components  are  ideal ly   p laced  a t  a p o i n t   i n   t h e  
cyc le   f low  pa th   where   the i r   in le t   coo lan t   tempera ture   does   no t   change  sudden ly .  
Such thermal   bu f fe r ing   can  be o b t a i n e d   b y   p l a c i n g   t h e s e   l o a d s   a f t e r   t h e   h y d r a u l i c  
and lube o i l  heat  exchangers  which,  because o f   t h e   l a r g e   q u a n t i t i e s   o f   f l u i d ,  
have a s t a b i  1 i z i ng   i n f l uence   on   t he   i n le t   hyd rcgen   tempera tu re .  
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P r e v i o u s   a p p l i c a b l e   c o m b u s t o r   d e s i g n s   i n d i c a t e   t h a t   w i t h  a reasonable 
i nsu la t i on   t h i ckness ,   t he   exposed   i nsu la t i on   wa l l   t empera tu re   can  be main ta ined 
w i t h i n   s a f e   l i m i t s  and the   energy  loss f rom  the  combustor   sur face i s  smal l .  
External   combustor  cool ing,   thus,   is   not   necessary.  

3. PPsul t ina  Arranqement   o f   Cyc le  Heat  Loads 

Based  on the   fo rego ing ,   the   resu l t ing   a r rangement   o f   the   cyc le   heat   loads  
would be as f o l l o w s :  

Generator 

H y d r a u l i c   f l u i d   h e a t   e x c h a n g e r  

Lube o i  1. heat  exchanger 

T u r b i n e   c o o l i n g  

Figure  2-6 shows the   f l ow   pa th   f o r   t he   hyd rogen   assuming   t ha t  a h igh   p ressure  
i s  obta ined  by  pumping  low-pressure  l iqu id .  

E f f e c t   o f   A d d i t i o n a l  Heat  Input 

For cyc le   ana lys i s   s tud ies ,   t he   hea t   l oads  shown in   F igu re   2 -6  may be  con- 
s idered  as  a s ing le   l a rge   hea t   l oad .  Thus, i t  i s  p o s s i b l e   t o   d e t e r m i n e   t h e  
e f f e c t  on cyc le   per fo rmance as  a f u n c t i o n   o f   t h e   m a g n i t u d e   o f   t h e   h e a t   i n p u t  
t o   t h e   h y d r o g e n   f l o w   p r i o r   t o   r e a c t i o n   i n   t h e   c o m b u s t o r .  It i s  a d d i t i o n a l l y  
necessary to   cons ider   the   tempera tures   a t   wh ich   such  heat  i s  a v a i l a b l e   s i n c e  
a t e m p e r a t u r e   d i f f e r e n t i a l  i s  e s s e n t i a l   t o   h e a t   t r a n s f e r .  

Figure  2-7 shows  a s i m p l i f i e d   s c h e m a t i c   o f   t h e  APU cyc le   i n   wh ich   hea t  i s  
added to   the   hydrogen  f low.  The r e s u l t i n g   e f f e c t   o f  such  heat   add i t ion  on t h e  
s p e c i f i c   p r o p e l l a n t   c o n s u m p t i o n  (SPC)  a t   f u l l   o u t p u t  power i s  shown i n   F i g u r e  
2-8. The da ta   ind ica te   tha t   op t imum  cyc le   per fo rmance i s  ob ta ined when a l l  of 
t he  component waste   heat   ( inc lud ing   p rope l lan t   pumping   power   in   cyc les   us ing  
pumps)  and a l l   o f   t h e   a v a i l a b l e   e n e r g y   i n   t h e   t u r b i n e   e x h a u s t   a r e   u s e d   t o   p r e -  
h e a t   t h e   p r o p e l l a n t   f l o w   t o   t h e   c o m b u s t o r .  The d a t a   o f   F i g u r e  2-8 show approx i -  
mate ly  a 20 p e r c e n t   r e d u c t i o n   i n  SPC w i t h   f u l l  w a s t e   h e a t   u t i l i z a t i o n .  

I. L i m i t a t   i o n  on h o u n t   o f   R e c u p e r a t i o n  

F igu re  2-8 assumes t h a t   t h e   t u r b i n e   e x h a u s t  i s  c o o l e d   t o  700'R. Colder 
exhaust  temperatures  would  cause  condensat ion  of   the  exhaust  gas  water;   eonden- 
s a t i o n   i n   t u r n   m i g h t   l e a d  t o  f r e e z i n g   w h i c h   c o u l d   b l o c k   t h e   t u r b i n e   e x h a u s t   d u c t .  
I f  a l a r g e  amount of   waste  heat i s  ava i l ab le   ups t ream  o f   t he   recupera to r ,   t he  
recupera tor   d ischarge  tempera ture  w i  1 1  be h igher   than 700'R and f u l l   c y c l e  
recupera t i on  will no t   be   poss ib le .  However, da ta   p resented   in   Sec t ion  3 
i n i d c a t e   t h a t   t h e  amount o f   r e c u p e r a t i o n  i s  approx imate ly   the  same a t   a l l  power 
cond i t i ons ,   a l t hough   a t   l ow   power   cond i t i ons   t he   f u l l   hea t   recove ry  i s  no t  
ob ta ined -- t h e r e  i s  cons iderab ly   Fore   was te   heat   ava i lab le   a t   low power 
c o n d i t i o n s .  
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2. Heat A d d i t i o n  v s  O/F R a t i o   R e l a t i o n s h i p  

Figure  2-9 shows the   re la t i onsh ip   be tween   the  O/F r a t i o  and the   hea t   i npu t  
t o   t h e   c y c l e .  It ind ica tes   tha t   inc reased  heat   inpu ts   reduce  the  O/F r a t i o ;  
however, the  hydrogen  f low  remains  a lmost  constant.   This i s  i l l u s t r a t e d  by 
the   da ta   o f   F igures   2 -10  and 2-11  w h i c h   a r e   i n d i c a t i v e   o f   t u r b i n e   p a r t - l o a d  
performance.  Figure  2-10 shows t h e   t u r b i n e  SPC vs O/F r a t i o  -- these  data  have 
been  used t o  genera te   F igure  2-11  which shows the  hydrogen and oxygen mass f l ows  
as a f u n c t i o n   o f   t h e   c y c l e  O/F r a t i o   a t   t h i s   p a r t - p o w e r   p o i n t .  As w i t h  t h e  
fu l l - power   po in t ,   t hese   pa r t -power   da ta  show t h a t   t h e r e  i s  a s t r o n g   i n c e n t i v e  
t o  reduce  the  system SPC by  maximiz ing  the  recovery  o f   turb ine  exhaust   gas 
heat .  It should be n o t e d   t h a t   a n   a d d i t i o n a l  component,  a hydrogen  recuperator, 
i s  r e q u i r e d   i n   o r d e r   t o   t r a n s f e r   h e a t   f r o m   t h e   t u r b i n e   e x h a u s t   g a s   t o   t h e   c y c l e  
hydrogen  f low. However, t h i s  component weighs  only  about 16 lb,  and  as d i s -  
cussed  below, will be e s s e n t i a l   t o   t h e   c y c l e   f o r   r e a s o n s   o t h e r   t h a n  SPC 
opt   imizat   ion.  

Con t ro l   o f  Component Operating  Temperatures 

A l though  the   ear l ie r   d iscuss ion   has   es tab l i shed  the   p re fe r red   a r rangement  
o f   t h e  component  heat  loads, i t  remains t o  c h e c k   t h a t   t h e   h e a t   c a p a c i t y   o f   t h e  
hydrogen  f low i s  c o m p a t i b l e   w i t h   t h e   v a r i o u s  component heat   loads .   Pre l im inary  
s t u d i e s   i n d i c a t e   t h e  component h e a t   l o a d s   a t   f u l l  power ou tpu t   a re   app rox ima te l y  
a s  f o l l o w s :  

Generator = 179 B tu /m in   (a t  10 hp ou tpu t )  

Hydrau l   i c  pump = 1360 Btu/min 

Hydraul ic   system = 1270 Btu/min  (heat added t o   f l u i d   b y  
h y d r a u l   i c   l o a d s )  

APU lube  system = 567 Btu/min  ( lube pump and  gearbox  losses) 

Tu rb ine   coo l i ng  = 771 Btu/min 

A l s o ,  a t  sea l e v e l   f u l l  power, the  hydrogen  f low  in to   the  combustor  i s  about 
4 .12  Ib/min. Assuming the  component  arrangement shown i n   F i g u r e  2-6, then 
t h e   h y d r o g e n   t e m p e r a t u r e   a t   t h e   i n l e t   t o   t h e . h y d r a u l i c   f l u i d   h e a t   e x c h a n g e r  
would be 64'R. This   temperature i s  we l l   be low  the  minimum desi rab le  tempera-  
t u r e  o f  460'R a t   t h e   h y d r a u l   i c   f l u i d   h e a t   e x c h a n g e r .   A l t e r n a t i v e l y ,   r e a r r a n g i n g  
the  components s o  tha t   t he   t u rb ine   hea t   l oad  i s  p l a c e d   i n   f r o n t   o f   t h e   h y d r a u l i c  
heat  exchanger,  the  hydrogen  temperature i s  s t  i 1 1  o n l y  I18'R. T h e r e f o r e ,   t o  
meet  t h e   t e m p e r a t u r e   l i m i t a t i o n s  imposed  by t h e   h y d r a u l i c   f l u i d  and the   l ube  
o i l ,  i t  i s  necessary t o   m o d i f y   t h e   s y s t e m   o f   F i g u r e   2 - 7   i n t o   s e v e r a l   p o s s i b l e  
a r rangenlent s ; 

Recyc l ing  a p o r t i o n   o f   t h e   h o t   h y d r o g e n   f l o w   t o   r a i s e   t h e  
temperature  (F igure 2-  12) 

P rehea t ing   t he   co ld   hyd rogen   w ' i t h   pa r t   o f   t he   t u rb ine   exhaus t  
heat  load  (Figure  2-13).  
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P r e h e a t i n g   t h e   c o l d   h y d r o g e n   w i t h  a regenera t ive   recupera tor   sys tem 
( F i g u r e  2 - 1 4 )  

U s i n g   a n   i n t e r m e d i a t e   h e a t   t r a n s f e r   l o o p   f o r  component c o o l i n g  
( F i g u r e  2-15) 

The comp lex i t y   and   we igh t   o f   t he   i n te rmed ia te   t rans fe r   l oop   sys tem make 
i t  noncompe t i t i ve   w i th   t he   o the r   sys tems .   Tab le  2-5 compares t h e   o t h e r   t h r e e  
systems. 

T h i s   c o m p a r i s o n   i s   b a s e d   o n   f u l l  power   ou tpu t   and   p lac ing   t he   t u rb ine  
h e a t   l o a d   i n   f r o n t   o f   t h e   h y d r a u l i c   h e a t   e x c h a n g e r .  It assumes t h e   h y d r a u l i c  
and  the  lube o i l   hea t   exchanger   we igh ts   a re  same f o r   a l l   c o n c e p t s .  The 
recyc l   ing   sys tem  w i th   recupera tor   and  the   regenera t ive   recupera tor   sys tem  have 
equal   weights .  A more de ta i l ed   compar i son   i nc lud ing   o f f   des ign   pe r fo rmance ,  
t rans ien t   cond i t i ons ,   and   con t ro l   me thods  will be r e q u i r e d   f o r   f i n a l   s e l e c t i o n  
o f   t h e   p r e f e r e d   c o n c e p t .  However, t h e   r e c y c l e   s y s t e m   w i t h   r e c u p e r a t o r   ( F i g u r e  
2 - 1 2 )  i s   s e l e c t e d  as the   base  l ine   sys tem  because i t  i s  known t o  work f o r  o f f -  
d e s i g n   c o n d i t i o n s   w h i l e   t h e   p e r f o r m a n c e   o f   t h e   o t h e r   c o n c e p t   ( F i g u r e  2-14 )  i s  
unknown a t   p r e s e n t .  

Conclus ions 

It can  be  conc luded  that   the  opt imum APU c y c l e  i s  one us ing  hydrogen as 
t h e   h e a t   s i n k   f o r   t h e  component  heat  loads. The arrangement o f   h e a t   l o a d s  as 
shown i n   F i g u r e  2-12 mee ts   t he   t empera tu re   l im i ta t i ons   imposed   by   t he   hyd rau l i c  
f l u i d  and t h e   l u b e   o i l .  Such a c y c l e  must   be   recupera ted   in   o rder   to   meet  
these  component  temperature  requirements i f  t h e   p r o p e l l a n t   i s   s u p p l i e d   t o   t h e  
APU a t   tempera tures   be low 400'R. A d d i t i o n a l l y ,   t h i s   r e c u p e r a t i o n   p r o v i d e s  a 
substant ia l   improvement i n   c y c l e  p e r f o r m a n c e ,   p r i m a r i l y   t h r o u g h   r e d u c t i o n   o f  
the   oxygen  requ i red   by   the  APU. 

The c y c l e  component  arrangement i s   a p p l i c a b l e   t o   a l l   t h r e e   o f   t h e   h y d r o g e n -  
oxygen  systems  considered  dur ing  the  second  ha l f   o f  Phase I. Only when t h e  
incoming  p rope l lan t  i s  s u p p l i e d   a t  a temperature  exceeding 400'R i s  i t  p o s s i b l e  
t o   o p e r a t e   t h e   c y c l e   w i t h o u t   r e c u p e r a t i o n ,   w h i l e   s t i l l   m a i n t a i n i n g   a c c e p t a b l e  
component ope ra t i ng   t empera tu res   ove r   t he   en t i re   ope ra t i ng   reg ime .   Th i s   con -  
c l u s i o n  i s  e x p l a i n e d   i n   d e t a i l   i n   S e c t i o n  5. 

However, when t h e   p r o p e l l a n t   i s   s u p p l i e d   a t  a h igh   t empera tu re ,   t hen   a t  
p a r t - p o w e r   o p e r a t i o n   a t   l o w   a m b i e n t   p r e s s u r e s ,   t h e r e   i s   i n s u f f i c i e n t   h e a t  
c a p a c i t y   a v a i l a b l e   i n   t h e   h y d r o g e n   f l o w   t o   a d e q u a t e l y   c o o l   t h e  components. 
Consequently, a t   t h e s e   h i g h   p r o p e l l a n t   i n l e t   t e m p e r a t u r e s ,  i t  becomes neces- 
s a r y   t o   s u p p l e m e n t   t h e   h y d r o g e n   c o o l i n g   w i t h   w a t e r   b o i l i n g .   T h i s   c o n c e p t  i s  
d e s c r i b e d   i n   S e c t i o n  5. 
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TABLE 2-5 

COMPARISON OF RECYCLE  SYSTEM,  RECUPERATIVE  PREHEATER  SYSTEM 
AND REGENERATIVE RECUPERATOR SYSTEM 

Est imated  weights   for  
wei  ght  comparison 
( recuperator,  
H2 preheater,  and 
requ i red   ex t ra  
components) 

Advantage 

D i sadvantage 

Comments 

Recycle  System  wi th 
Recuperator 

23.3 l b  

Low system  weight 
Known o f f - d e s i g n  
performance 

E j e c t o r  needed f o r  
recy  c 1 e 1 oop 
La rge r   p ip ing  
needed f o r   r e c y c l e  
1 oop 
Higher  chance o f  
condensing  problem 
i n recupera tor  

Good design 
Known o f f - d e s i g n  
performance 
Se lec ted   as   the  
base1 ine  system 

Recuperat i ve  Preheater 
Sys tem 

45.0 l b  

Simple  system 
0 No e j e c t o r ,  no 

Easy c o n t r o l  
recyc le   loop  needed 

R e l a t i v e l y   h i g h e r   i n  

Of f -des ign   per -  
weight 

formance unknown 

Simple  system 
System we igh t  t oo  
h igh ,   no   fu r ther  
cons i dera t  i on i s  
recommended 

Regenerat ive  Recuperator 
System 

24.0 l b  

~~ ~~~~~ ~ 

Simple  system 
No e jec to r ,  no r e c y c l e  
loop needed 
Easy c o n t r o l  
Low system  weight 

Off-design  perform- 
ance unknown 

Simple  System 
Possible  weight  reduc- 
t ion  can  be  qchi  eved b y  
f u r t h e r  improvement i n  
recuperator  and  pre- 
heater   des ign 

des i gn  performance i s 
unknown, more  study i s  
needed f o r   t h e  system 

C a p a b i l i t y   o f   o f f -  



SECTION 3 

LOW-PFSSSURE CRYOGENIC HZ-02 SUPPLED SYSTEM WITH PROPELLANT PUMPS 

INTRODUCTION 

H and 0 a r e   s u p p l i e d   t o   t h i s   s y s t e m  as low-pressure (35 ps ia )   c ryogens.  2 2 
The APU sys tem  i nco rpo ra tes   pump ing   p rov i s ions   t o   de l i ve r   t he   p rope l l an ts   a t  
a h i g h e r   p r e s s u r e   l e v e l   f o r   e f f i c i e n t   c y c l e   p e r f o r m a n c e .   S i n c e   t h e   p r o p e l l a n t s  
en te r   t he   sys tem  a t  a l ow   tempera tu re ,   p rope l l an t   t he rma l   cond i t i on ing   can  be 
prov ided  by a r e c u p e r a t i v e   c y c l e   w h i c h   d i s s i p a t e s  APU waste  heat  and  provides 
h i g h   c y c l e   e f f i c i e n c y .  

Genera l   Descr ip t ion  

In   the   sys tem  schemat ic  shown i n   F i g u r e  3-1, t h e   p r o p e l l a n t  pumps a r e  
d r i v e n   b y   e l e c t r i c   m o t o r s .   T h i s   a p p r o a c h  was se lec ted   over   o ther   approaches 
(gearbox   d r ive  o r  h y d r a u l i c   m o t o r   d r i v e )   f o r   s i m p l i c i t y   i n   t h e   s t a r t u p   p r o -  
cedure and f o r   f l e x i b i l i t y   o f   i n s t a l l a t i o n   ( t h e  APU may be  located a cons ider -  
ab le   d i s tance   f rom  the   p rope l l an t   t ankage) .   A f te r   pass ing   t h rough   the  pump 
and t h e   d e l i v e r y   l i n e   t o   t h e  APU, the  hydrogen i s  preheated  by  hot   recyc le 
hydrogen  gas. Fo r  optimum j e t  pump performance  the  temperatures o f   t h e  incom- 
i n g  and  recyc le  hydrogen  f lows  should be approx imate ly   equa l ;  hence, i t  i s  
necessary  to  use a hydrogen  preheater   to   assure  temperature  equi  1 i b r a t i o n .  The 
preheated   and  recyc led   hydrogen  f lows  a re   mixed  to   p rov ide  a s u i t a b l e   f l o w  
and   tempera tu re   l eve l   f o r   coo l   i ng   o f   t he   genera to r ,   hyd rau l i c   f l u id ,   gea rbox  
l ub r i can t ,   and   t u rb ine   hous ing .   A f te r   pass ing   t h rough   the   recupera to r ,   t he  
h y d r o g e n   f l o w   i s   s p l i t ,  a po r t i on   f l ow ing   t o   t he   combus to r ,   t he   rema inder  
b e i n g   r e c i r c u l a t e d   i n   t h e   t h e r m a l   l o o p  by  the j e t  pump.  The o x y g e n   f l o w   i s  
preheated by the  hydrogen  before  pass ing  in to   the  combustor   which  produces 
t h e   h o t   h i g h - p r e s s u r e   w o r k i n g   f l u i d   f o r   t h e   t u r b i n e .  The tu rb ine   exhaust  gas 
passes  through  the  recuperator   before  be ing dumped overboard.  

D E S I G N  P O I N T  SELECTION 

The p r i m a r y   v a r i a b l e s   e s t a b l i s h i n g   t h e   d e s i g n   p o i n t   f o r   t h i s   s y s t e m   a r e  

T u r b i n e   i n l e t   p r e s s u r e  

Turb ine  des ign  po int   (power  leve l   and  d ischarge  pressure)  

S e l e c t i o n   o f   t h e   o p t i m u m   t u r b i n e   i n l e t   p r e s s u r e  i s  dependent on t h e   c y c l e  
thermal  balance. Optimum cyc le   per fo rmance i s  obtained  where a l l   o f   t h e  
component  waste  heat  ( including  propel lant   pumping  power) and a l l   o f   t h e  
ava i l ab le   ene rgy   i n   t he   t u rb ine   exhaus t   a re   used   t o   p rehea t   t he   p rope l l an t   f l ow  
to   the   combustor .  To p r e v e n t   w a t e r   c o n d e n s a t i o n ,   w h i c h   m i g h t   i n   t u r n   l e a d   t o  
f reez ing,   the  turb ine  exhaust   recuperator   must   have a d ischarge  tempera ture   o f  
about 700'R minimum.  However, when t h e r e  i s  a l a r g e  amount o f   was te   heat  
ava i lab le   ups t ream  o f   the   recupera tor ,   the   d ischarge  tempera ture  will be 
h ighe r   t han  700°R, and f u l l   c y c l e   r e c u p e r a t i o n  will no t   be   poss ib le .  Thus, t h e  
t u r b i n e   i n l e t   p r e s s u r e   s e l e c t i o n   i n v o l v e s   t r a d i n g - o f f   t h e  improvement i n  
t u r b i n e   p e r f o r m a n c e   w i t h   i n c r e a s i n g   p r e s s u r e   a g a i n s t   t h e   p o s s i b l e   d e g r a d a t  i on  
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in propel lant   condi t ioning  performance due t o   g e n e r a t i o n   o f  h igher  waste  heat  loads 
( a s  a resu l t   o f   i nc reased   p rope l l an t   pump ing   power )   w i th  i nc reas ing   p ressu re .  

The tu rb ine   des ign   po in t   se lec t i on   i nvo l ves   compar ing   sys tem  pe r fo rmance  
u s i n g   d i f f e r e n t   t u r b i n e   p e r f o r m a n c e  maps r e p r e s e n t a t i v e   o f   d i f f e r e n t   d e s i g n  
c o n d i t i o n s .   F o r  t h i s  system, a t o t a l   o f   n i n e   t u r b i n e   d e s i g n s   w e r e   e v a l u a t e d .  
These t u r b i n e s   w e r e   d e s i g n e d   a t   e i t h e r  sea l e v e l ,   f u l l  power, o r   a t   a l t i t u d e ,  
mode power   (wh ich   represents   the   bu lk   o f   the   sys tem  ou tpu t   energy) .   The i r  
i n l e t   p r e s s u r e s  span the  range  f rom  300 t o  1500 p s i a .  

F igures  3-2  through  3-10 show t h e  APU sys tem  p rope l lan t   consumpt ion   in  
te rms   o f   t he   ne t   ou tpu t   power   and   t he   amb ien t   p ressu re   f o r   each   o f   t he   n ine   t u r -  
b ines   cons idered.  The s t e p   i n c r e a s e   i n   p r o p e l l a n t   c o n s u m p t i o n   i s  due t o   p r e s -  
s u r i z a t i o n  of the   second  hydrau l i c  pump f o r   l o a d s  above  about 95 hp. Using 
these  da ta ,   the   miss ion   p rope l lan t   requ i rement   p rogram  descr ibed  in   Append ix  F 
was used t o   e s t a b l i s h   t h e   t o t a l   p r o p e l l a n t   r e q u i r e d   f o r   t h e   b o o s t e r   a n d   o r b i t e r  
miss ions .  These data  are shown i n   T a b l e  3-1 and  Figures  3-11  and  3-12.  From 
these  da ta ,   the   fo l low ing   conc lus ions   can  be drawn: 

For   the   boos ter   m iss ion ,   there  i s  i n c e n t i v e   t o   d e s i g n   t h e   t u r b i n e  
f o r   a l t i t u d e  mode-power c o n d i t i o n .   F o r   t h e   o r b i t e r   m i s s i o n ,   t h i s  
d e s i g n   p o i n t   a l s o  shows a s l i g h t  advantage. 

Minimum  system  weight,  including pump weight and duc t i ng   we igh t  
v a r i a t i o n s   w i t h   p r e s s u r e ,  i s  o b t a i n e d   a t  a des ign   p ressure   o f   600 
ps i a .  

Figures  3-13  through  3-23 show t y p i c a l   p e r f o r m a n c e   d a t a   f o r   t h i s   s y s t e m  
when o p e r a t e d   w i t h  a t u r b i n e   d e s i g n e d   a t   a l t i t u d e  mode power w i t h  a  maximum 
sea l e v e l ,   f u l l  power i n l e t   p r e s s u r e   o f   6 0 0   p s i a .  

Spec i f i c   P rope l l an t   Consumpt ion  ( S P C )  

Two s p e c i f i c   p r o p e l l a n t   p a r a m e t e r s   a r e   o f   i n t e r e s t ,  one r e f l e c t i n g   n e t  
h y d r a u l i c  and e l e c t r i c a l  power   ou tpu t ,   t he   o the r   i nd i ca t i ng   g ross   t u rb ine   sha f t  
power i n p u t   t o   t h e  APU gearbox.  Figures  3-13  and  3-14 show the   ne t   and  g ross  
S P C ' s  a s  a f u n c t i o n   o f   n e t   a n d   g r o s s   o u t p u t  power. A t  sea leve l   ambien t   p res-  
sure,  the SPC fo l lows  the   expec ted   decrease  w i th   inc reas ing   ou tpu t   power   leve l .  
However, a t  low  ambient  pressures,  the  gross SPC r e m a i n s   r e l a t i v e l y   c o n s t a n t ,  
e x p e r i e n c i n g  a s l i g h t   d e c r e a s e   w i t h  power l eve l   a t   l ow   ou tpu t .   Th i s   cha rac -  
t e r i s t i c  i s  exp la ined by a n a l y s i s   o f   t h e   t u r b i n e   p r e s s u r e   r a t i o   a n d   t h e  
d ischarge  p ressure   a t   var ious   ambien t   p ressures .   F igure   3 -15  shows a p l o t   o f  
t h e   p r e s s u r e   r a t i o   v s   n e t   o u t p u t   p o w e r .  The d a t a   i n d i c a t e   t h a t   a t   l o w  
a m b i e n t   p r e s s u r e s   t h e   t u r b i n e   p r e s s u r e   r a t i o   i s   a l m o s t   c o n s t a n t .  However, a t  
low  ambient  pressures,   the  turbine  discharge  pressure  changes by a f a c t o r   o f  
a l m o s t   n i n e   a s   t h e   n e t   o u t p u t   p o w e r   i s   i n c r e a s e d   f r o m   z e r o   t o   f u l l   p o w e r   a s  
shown i n   F i g u r e  3-16. The r e s u l t i n g   e f f e c t   i s   t o   p r o v i d e  an  a lmost   constant  
t u r b i n e   e f f i c i e n c y   a t   l o w   a m b i e n t   p r e s s u r e s ;   t h i s   i s  shown i n   F i g u r e  3-17. 
C o n s e q u e n t l y ,   s i n c e   t h e   t u r b i n e   e f f i c i e n c y  i s  a l m o s t   c o n s t a n t   ( i n   f a c t ,  i t  
i n c r e a s e s   s l i g h t l y   w i t h   d e c r e a s i n g   p o w e r ) ,   t h e   g r o s s  SPC a t   z e r o   a m b i e n t   p r e s -  
s u r e   i s   a l s o   a l m o s t   c o n s t a n t .   I n   c o n t r a s t ,   a t  sea leve l   ambien t   p ressure ,   the  
tu rb ine   d i scha rge   p ressu re   va r ies   by   on l y   2 .6   ps ia   f rom  ze ro   t o   f u l l   power ;  
t h e r e f o r e , p o w e r   m o d u l a t i o n   r e q u i r e s   v a r y i n g   t h e   p r e s s u r e   r a t i o   w h i c h   c a s e s  a 
decrease  in   e f f i c iency   as   power   i s   reduced.  

I 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 

F i g u r e  3-2. APU Performance Map; Turb ine  Design  Point  = 
Sea Leve l ,   Fu l l  Power, 1500 p s i a  Maximum Pressure. 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 5-61425 

F i g u r e  3-3. APU Performance Map; Turb ine  Design  Point  = 
A l t i t u d e ,  Mode  Power, 1500 p s i a  Maximum Pressure. 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 

F i g u r e  3 - 4 .  APU Performance  Map;   Turbine  Design  Point  = 
Sea L e v e l ,   F u l l   P o w e r ,  1200 p s i a  Maximum I n l e t   P r e s s u r e  
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 5-61421 

F i g u r e  3-5. APU Performance Map; T u r b i n e   D e s i g n   P o i n t  = 
A l t i t u d e ,  Mode Power, 1200 p s i a  Maximum P r e s s u r e .  
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NET  HYDRAULIC AND ELECTRIC  OUTPUT POWER, HP 

F i g u r e  3-6. APU Performance Map; Turb ine   Des ign   Po in t  = 
Sea Leve l ,   Fu l l  Power, 900 p s i a  Maximum Pressure.  
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NET  HYDRAULIC AND ELECTRIC  OUTPUT POWER, HP 5-61422 

F igu re  3-7. APU Performance Map; Turb ine   Des ign   Po in t  = 
A l t i t u d e ,  Mode Power, 900 p s i a  Maximum Pressure 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 

F i g u r e  3-8. APU Performance Map; Turb ine  Design  Point  = 
Sea Level ,   Ful  1 Power, 600 p s i a  Maximum Pressure.  

NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 5-61123 

F i g u r e  3-9. APU Performance Map; Turb ine   Des ign   Po in t  = A l t i t u d e ,  
Mode Power, 600 p s i a  Maximum Pressure. 
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NET HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 5-61472 

F i g u r e  3-10. APU Performance Map; Turb ine   Des ign  Point  = 
A l t i t u d e  Mode Power 300 p s i  Maximum Pressure  

TABLE 3-1 

MISSION PROPELLANT R E Q U I R E D  

B o o s t e r   P r o p e l   l a n t ,   l b  

91.3 - 300 358.5 " 

A I  t i tude  Sea Level  Maxi  mum, p s  i a  A l t i t u d e  Sea Level 

O r b i t e r   P r o p e l   l a n t ,  1 b 
' i n l e t  

307 .4  

89.9 90 .4  I500 299.6 31 2 . 3  

86.8 8 5 . 6  I 200 290. I 303.9 

81.2 83.5 900 282.2 303.6 

80 .2  82.6 600  285.8 
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Figure 3-;2. APU  Propellant  for  Orbiter  Mission. 
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F i g u r e  3-13 Spec i f i c   Prope l lan t   Consumpt ion  v s  Gross  Output  Power; 
Pumped System: A l t i t u d e   D e s i g n   P o i n t ,  600 p s i a  Maximum 
Pressure.  
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N E T   H Y D R A U L I C  AND ELECTRIC  OUTPUT POWEk, HP 
5-6 I398 

F i g u r e  3 - 1 4 .  P r o p e l l a n t  Consurnpt ion v s  Net O u t p u t  Power, Hp 
Pumped System: A l t i t u d e   D e s i g n   P o i n t ,  600 p s i a  
Maximum Pressure.  
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NET  HYDRAULIC  AND  ELECTRIC  OUTPUT POWER, HP 

F i g u r e  3- 15. Turb ine   Pressure  Rat i o  v s  Net  Output  Power; Pumped System: 
A l t i t u d e   D e s i g n   P o i n t ,  600 p s i a  Maximum Pressure. 

CI 
Lo e 

a 

W 

3 
CT 

VI 
W 

VI 

CT 
a. 

NET  HYDRAULIC  AND  ELECTRIC  OUTPUT POWER, HP 
S-61L31 

F igu re  3- 16. Turbine  Discharge  Pressure  at   Zero  Ambient  Pressure;  
Pumped System: A l t i t u d e   D e s i g n   P o i n t ,  600 p s i a  Maximum Pressure.  
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Figure 3-17. Turbine  Efficiency vs Net Output  Power;  Pumped  System: 
Altitude  Design  Point, 600 psia  Maximum  Pressure. 

N E T   H Y D R A U L I C  AND ELECTRIC  OUTPUT POWER, H P  
5-6 I 4 2 4  

Figure 3- 18. o/F vs  Net Output  Power;  Pumped  System:  Altitude  Design  Point, 
600 ps ia Maximum Pressure .  

40 



517'R 

r - -  -1 
H2  PUMP 

5.2 HP I 3 5   P S I A  

I 
t"- 1 

I I 2.74 - LB-I 
M I N  '2 PUMP 

I 

0.3 HP 

I 
I 

3 5   P S I A  

O2 PREHEATER 

EC = 1.00 

H2 PREHEATER  ALTERNATOR 

52 OR EC = 0.330 41 3'R 453'R  BTU 

HYDRAULIC FLUID 

4600R 
HEAT EXCHANGER 

Q = 179 f i  BTU - 5 6  
729 EH = 0.575 n Q = 2 6 3 0  

JET I 

PUMP I 
I 
I I I46'R HYDRAULIC 

FLUID 
I 687'R 696'R 

I 1  I EH = 0.060 

W 

I I146'R 

z 
H 

f 14.7 PSIA  AMBIENT 
m EXHAUST 
-I 

m 
0 

(\I 1 15.4 PSIA 

I 
I I 

I 
I 
I b 

I 
'?lc = 0.96 

I 
I 

I I 

r 
COMBUSTOR TURBINE 

2260'R 

609 PSIA = 35 

'$ = 0.529 

I 

RECUPERATOR TURBINE HOUSING LUBE O I L  
HEAT EXCHANGER 

& EC = 0.575 625'R 592'R BTU Q = 771 - 4 
M I N  BTU 

EH = 0.920 

A 

Q = 567 

- 

L.""" 5 5 HP ELECTRICAL FOR -ELECTRIC  HYDRAULIC 
PUMP DRIVES IO HP 198 HP 

J 
NET USEFUL OUTPUT 

I532'R 
17.1 PSIA 

676'R 601 ' R 

5-61443 

F i g u r e  3-19. Sea L e v e l ,   F u l l  Power C y c l e   S t a t e   P o i n t s  - Low-Pressure 
Cryogen ic  Suppl i e d  System. 



I 
I 

% I  
I 
I 
I 

1803 P S I A  W E , F t  1313'R 

I I259'R  11313'R 
I I  1 

& 

0 PSIA  AMBIENT 
EXHAUST 

719'R 

0 
N 

0 
943'R 
0.8 P S I A  

r- RECUPERATOR 
EC = 0.699 

t 
i )  ~1 
I 

I 
3. I HP ELECTRIC FOR 

PUMP DRIVES 

Y 

L -  __ - - - - - - ELECTRIC  HYDRAULIC 
IO HP 0 HP 
v 

NET  USEFUL OUTPUT 

1485'R 
1.2 P S I A  

TURBINE HOUSING 
HEAT EXCHANGER 

Q =  1 3 2 a  

t LUBE 1 
O I L  

782'R  766'R 

F igu re  3-20. Space, Low Power Cyc le  State  Points  - Low-Pressure 
Cryogenic Suppl i ed  System. 



I 500 

0 

0 

W 
d 
3 

LL 

c 

Lx 
W 
a 
W 
r 
t- 

a 

o 50 I 00 I 50 200 25 

NET  HYDRAULIC  AND  ELECTRIC  OUTPUT POWER,  HP 

F i g u r e  3-21. Tempel-ature v s  Net  Output  Power; Pumped System: 
A l t i t ude   Des ign   Po in t ,  600 p s i a  Maximum Pressure.. 
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Figure  3-22. Hydraul ic  Temperature vs Net  Output  Power; Pumped System: 
Al t i t ude   Des ign   Po in t ,  600 p s i a  Maximum Pressure.  

43 
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F i g u r e  3-23. Lube Oil Tempera tu re  vs Net  Output  Power;  Pumped  System: 
A l t i t u d e   D e s i g n   P o i n t ,  600 p s i a  Maximum P r e s s u r e  
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P E A K   A V A I L A B L E  GEARBOX OUTPUT POWER, HP 5-6 1456 

F i g u r e  3 - 2 4 .  APU F i x e d   W e i g h t ;   L o w - P r e s s u r e   C r y o g e n i c   L i q u i d   S u p p l i e d   S y s t e m ,  
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O/F R a t i o  

The O/F r a t i o  shown i n   F i g u r e  3-18  has  the  expected  decreased  wi th 
decreas ing   power   leve l ,   wh ich   re f lec ts   an   inc reas ing   was te   heat   inpu t .  Many 
of   the  system  losses  are  not   dependent   upon  power  output  and, as a consequence, 
a r e l a t i v e l y   l a r g e  amount  of  waste  heat i s   a v a i l a b l e   a t   p a r t  load. A S  
i n d i c a t e d   i n   S e c t i o n  2, t h e   e f f e c t   o f   t h i s   w a s t e   h e a t   i s   t o   r e d u c e   t h e  O/F 
r a t  i 0. 

Cyc le   S ta te   Po in ts  

Figures  3-19  and  3-20 show t h e   c y c l e   s t a t e   p o i n t s   f o r   t h e  two  opera t ing  
extremes, sea l e v e l   f u l l  power  and  space  zero  hydraul ic  and IO hp e l e c t r i c  
power. The f i r s t   c o n d i t i o n   s i z e s  many o f   t h e  components s i n c e   t h e   m x i m u m  
loads  and  f lows will be ob ta ined  here .  The space  id le -power   cond i t ion  w i l  
c r i t i c a l   w i t h   r e s p e c t   t o   t h e r m a l   d e s i g n ,   s i n c e   t h e   h e a t   l o a d   r e m a i n s   r e l a t  
cons tan t   and   t he   hyd rogen   f l ow   i s   d ras t i ca l l y   reduced .  The present   system 
s a t i s f a c t o r y   p e r f o r m a n c e   a t   b o t h   c o n d i t i o n s .  The da ta  assume f u l l   h y d r a u l  
f l o w   r e g a r d l e s s   o f   p o w e r   o u t p u t - - t h u s   t h e   f l u i d   t e m p e r a t u r e   r i s e   i s   q u i t e  

i 
1 

heat  
be 

v e l  y 
shows 
c f l u i d  
ow. 

Cycle  Recuperat ion 

F igure  3-21 shows the  combustor  in let   temperature  and  the  hydrogen tem- 
p e r a t u r e   i n t o   t h e   r e c u p e r a t o r .  The d i f ference  between  these  two  represents  
cyc le   recupera t i on   f rom  the   t u rb ine   exhaus t .  It will b e   n o t e d   t h a t   t h i s  
d i f f e r e n c e   r e m a i n s   r e l a t i v e l y   c o n s t a n t   w i t h   o u t p u t  power. 

Hydrau l i c   F lu id   Tempera tu re  

Figure  3-22 shows t h e   h y d r a u l i c   f l u i d   t e m p e r a t u r e   a s  a f u n c t i o n   o f   o u t p u t  
power f o r  sea level   and  zero  ambient   pressure.  From t h e   c y c l e   s t a t e   p o i n t  
diagram, i t  appears   t ha t   t he   peak   hyd rau l i c   t empera tu re   (ob ta ined   a t  minimum 
load  and  zero  ambient  pressure)  can be reduced by a t   l e a s t  5OoF by s i z i n g   t h e  
h y d r a u l i c   o i l   c o o l e r   f o r  a h i g h e r   e f f e c t i v e n e s s .  The b e n e f i t   r e s u l t i n g   f r o m  
t h i s  reduced  temperature  must  be  evaluated  against   the  inreased  heat  exchanger 
weight .  

Lube 0 i 1 Temperature 

Lube o i l  t e m p e r a t u r e   c o n t r o l   i s   e s s e n t i a l   f o r   p r o p e r   f u n c t i o n i n g   a n d  
r e l i a b l e   o p e r a t i o n   o f   t h e  APU. F igure  3-23 shows t h e   p r e d i c t e d   l u b e   o i l  
temperature  as a f u n c t i o n   o f   o u t p u t  power.   These  temperatures  are  sat is factory  
f o r   t h e   i n t e n d e d  usage. 

WEIGHT 

I n  accordance  wi th  a NASA r e q u e s t   f o r   p a r a m e t r i c   d a t a  on systems  sized 
f o r   d i f f e r e n t   c o m b i n a t i o n s   o f   p e a k   a n d  mode power, Table  3-2 shows t h e   f i x e d  
w e i g h t   o f   t h e  APU sys tem  components ,   exc lud ing   the   p rope l lan t   tankage  and  the  
p r o p e l l a n t .  The s y s t e m   f i x e d   w e i g h t   i s   p l o t t e d   i n   F i g u r e  3-24.  The  data  are 
based  on  the  se lected 600 p s i a  maximum t u r b i n e   i n l e t   p r e s s u r e .  The i n f l e c t i o n  
i n   t h e   w e i g h t   c u r v e   w i t h  power i s  due t o   t h e   v a r i a t i o n   i n   t h e   w e i g h t   a n d  speed 
( h e n c e   g e a r b o x   t o r q u e )   o f   a v a i l a b l e   h y d r a u l i c  pumps. 
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Peak Power Required 

Hyd rau 1 i c pumps 

Generator 

Tu rb ine   (w i th   con ta inmen t )  

Combustor ( w i t h   i n s u l a t i o n )  

Contro l   Logic   Devices 

Control   Valves 

Pressure  Requlators  

Recuperator 

H Preheater  

0 Preheater 

Hydrau l   i c  Oi 1 

Lube Oi 1 Cool 

2 

2 

Cooler 

e r  

Pump 

Pump 

Gear Box w i t h  Lube 

Lube 0 1  I i n  Sump 

Ins t rumenta t   ion  

Duct i ng 

Pump 

Subto ta l  

I O  Pe rcen t   f o r   Veh ic le   Suppor t   S t ruc tu re  

Tota l   F ixed  Weight  

100 hp 

14.0 

11.2 

4 4 . 0  

2 .  I 

6 . 0  

4 . 5  

2 . 0  

10.2 

2 . 6  

0.5  

2 . 2  

I .o 
8 .  I 

2 . 2  

5.7 

7 .7  

I .o 
14.9 

139.9 

14.0 

153.9 
” 

225 hp 
Design  Point  

25.0  

2 4 . 0  

4 4 . 0  

3 .  I 

6 . 0  

5 .0  

2 . 0  

16 .5  

3 . 8  

0 . 7  

4 . 4  

I . 4  

9 . 9  

2 . 7  

17.4 

7 . 7  

I .o 
21.6  

196.2 

19.6 

215.8 

300 hp 

44.0  

3 4 . 0  

4 4 . 0  

3 . 6  

6 . 0  

5 . 5  

2 . 0  

19 .5  

4 . 4  

0 . 8  

5 .0  

I .8 

11 .3  

3. I 

26.6  

7 . 7  

I .o 

500 hp 

103.0 

6 1 . 5  

4 4 . 0  

4 . 6  

6 . 0  

6 . 0  

2 . 5  

26.8 

5 . 7  

I .o 

6 . 2  

750 hp 

145.0 

9 0 . 2  

4 4 . 0  

5 .6  

6 . 0  

7 . 0  

3 . 0  

3 4 . 2  

7 . 0  

I . 3  

7 . 4  

2 . 9  1 4 . 3  

13. I 
~ 14.9 

3 . 6   4 .  I 

58.9  ’ 9 2 . 5  

7 . 7   7 . 7  

I .o  I .o 

i 

24.8  ~ 31.7   38 .7  

245.  I 1 386.2   513.9  1 

24 .5   38 .6   51 .4  

269.6  . 424.8  565.3 ; 



The f i x e d  and v a r i a b l e   w e i g h t s   o f   t h e   b o o s t e r  APU system f o r  225 hp 
o u t p u t  a t  t he   gea rbox   a re   t abu la ted   i n   Tab le  3-3 f o r   t h e   v a r i o u s   p o s s i b l e  
combinat ions  o f   tank  types  (vacuum- jacketed  hard s h e l l ,  and s o f t   s h e l l  and 
s torage  concepts  (separate  tankage  for   each APU, shared  tankage  fo r   th ree  
APU's, shared  tankage  fo r   four  APU's, and  shared tankage   w i th   t he  APS-- 
assumes 10,000 l b  each o f  hydrogen  and  oxygen i n  tanks).  

The f i x e d   a n d   v a r i a b l e   w e i g h t   o f   t h e   o r b i t e r  APU system  are shown 
s i m i l a r l y   i n   T a b l e  3 - 4 .  

F i n a l l y ,   u s i n g   t h e   s c a l i n g   c r i t e r i a   d e s c r i b e d   i n   S e c t i o n  2, it i s  p o s s i b l e  
t o   d e t e r m i n e   t h e  APU system  weight  as a f u n c t i o n   o f  power l e v e l  and t o t a l  
energy  output.   Such  curves  are shown i n   F i g u r e s  3-25  and  3-26.  They assume 
s e p a r a t e   h a r d   s h e l l   t a n k s   f o r   e a c h  APU o n   t h e   o r b i t e r ,  and  separa te   so f t  
s h e l l   t a n k s   f o r   e a c h  APU on  the  booster .  Thus, these  tankage  concepts  repre- 
s e n t   t h e   e x t r e m e s   i n   t h e   p o s s i b l e   t a n k   w e i g h t s .  The b o o s t e r   s o f t   s h e l  1 tanks 
a r e   t h e   l i g h t e s t   o f   a l l   t a n k s   c o n s i d e r e d   a t  any g i v e n   d e l i v e r a b l e   c o n t e n t s  
q u a n t i t y .  The o r b i t e r   h a r d   s h e l  1 t a n k s   a r e   t h e   h e a v i e s t .  
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TABLE 3-3 

BOOSTER 2 2 5  HP APU  SYSTEM  WEIGHT - LOW PRESSURE  CRYOGENIC L I Q U I D  SUPPLY  SYSTEM 
(SINGLE  APU)  

Tank Type Sof t  She1 1 Hard Shell  

Separate f o r  Shared With Common fo r  Commn for  Separate  for Shared With Common for Common f o r  
Storage Concept APS 4 APU' s 3 A P U ' s  Each APU APS 4 A P U ' s  3 A P U ' s  Each APU 

Fixed  weight, I b  215.8 

6.9 11.8 13.7 17.7 14.7  15.7 17.7 24.5 Oxygen tank  weight, I b  

98. I 98. I 98. I 98. I 98. I 98. I 98. I 98. I Oxygen weight, I b  

28.2 62.0  65.7  84.5  112.5  135.0  137.0 163.2 Hydrogen tank  weight, I b  

181.7 187.7 187.7 187.7 187.7 187.7 187.7 187.7 Hydrogen weight, l b  

215.8 215.8  215.8  215.8  215.8  215.8  215.8 

Total system  weight, I b  689.3 656.3  652.3  628.8 603.8 581 .O 536.7 575.4 

T A B L E  3-4 

O R B I T E R   2 2 5  HP  APU  SYSTEM  WEIGHT - LOW PRESSURE  CRYOGENIC L I Q U I D  SUPPLY  SYSTEM 
(SINGLE  APU)  

Tank Type 

Commn f o r  Separate f o r  

Hard She1 1 

Storage Concept 3 A P U ' s  Each APU 

Fixed  weight, l b  

11.4  52.5 Oxygen tank  weight, I b  

28.4 28.4 Cryogenic  weight, I b  

47.8 68.4 Hydrogen tank  weight, l b  

51.8 51.8 Hydrogen weight, I b  

215.8 215.8 

Total system  weight, I b  416.9  355.2 

Common f o r  
4 A P U ' s  

215.8 

51.8 

45.8 

28.4 

7.0 

348.8 

Soft  Shell  

Shared w i t h  
APS 4 A P U ' s  3 APU' s Each APU  APS 
Shared w i t h  Common f o r  Common f o r  Separate f o r  

215.8 

28.4 28.4  28.4 28.4  28.4 

10.4  25.4  26.9 44.0 32. I 
51.8 51.8 51.8 51.8  51.8 

215.8 215.8  215.8  215.8 

4.5 48.3  9.9  6.8 3.5 

332.6 309.9 328.2  332.8 388.3 
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SECTION 4 

INTEGRAL HIGH-PRESSURE C R Y O G E N I C  SUPPLIED SYSTEM 

GENERAL DESCRIPTION 

I n   t h i s  system, t h e   p r o p e l l a n t s   a r e   s u p p l i e d   f r o m   i n t e g r a l   h i g h - p r e s s u r e  
cryogenic   tanks.   Tank  operat ing  pressure i s  o p t i m i z e d   f o r  minimum  system 
t o t a l   w e i g h t   c o n s i d e r i n g   t h e   e f f e c t  of propel lant   supply   pressure  on  tankage 
weight   and  turb ine  per formance.   S ince  the  cryogenic   tanks  are a p a r t   o f   t h e  
APU system,  the  system i s   r e q u i r e d   t o   i n c o r p o r a t e   p r o v i s i o n s   f o r   m a i n t e n a n c e  
o f   t h e   c r y o g e n i c   t a n k   p r e s s u r e   a t   t h e   p r o p e r   l e v e l .   T h i s  will invo lve   add ing  
h e a t   t o   t h e   c o n t e n t s   o f   t h e   t a n k   f o r  ( I  ) i n i t i a l   p r e s s u r e   b u i   l d u p   t o   t h e  
opera t i ng   l eve l   and  ( 2 )  m a i n t e n a n c e   o f   t h e   o p e r a t i n g   p r e s s u r e   w i t h   p r o p e l l a n t  
wi thdrawl .   Th is   can  be  accompl ished  by one o r  more o f   t h e   f o l l o w i n g  means:: 

I n t e r n a l   e l e c t r i c a l   h e a t e r s   w i t h   e l e c t r i c a l  power  modulated  by a 
p ressure   sw i tch .  

Re tu rn   hea ted   c ryogen   to   t ank   by  means o f  a r e c i r c u l a t i n g   f a n .  

Pass heated  cryogen  through an i n te rna l   hea t   exchanger   w i th   f l ow  
modu la ted   by   p ressure   sens ing   con t ro l .  

I n  the  system  schematic shown i n   F i g u r e  4-1, t h e   l a s t  method i s  used. T h i s  
was s e l e c t e d   f o r   s i m p l i c i t y ,   r e l i a b i l i t y ,  and  minimum  performance  penalt ies 
t o   t h e  system. 

High  pressure  hydrogen  f rom  the  cryogenic   tank i s  p reheated   by   ho t   hydro-  
gen  which i s  hea ted   by   t he   t u rb ine   exhaus t   i n  a recuperat ive  heat   exchanger .  
A p o r t i o n   o f   t h i s   p r e h e a t e d   h y d r o g e n   i s   p a s s e d   t h r o u g h   t h e   i n t e r n a l   h e a t   e x -  
changer t o   m a i n t a i n   t a n k   p r e s s u r e   a t   t h e   d e s i r e d   v a l u e .  The preheated  hydrogen 
next   f lows  through a j e t  pump where i t  i s  augmented  by r e c i r c u l a t e d   h y d r o g e n  
f l o w   i n   t h e   t h e r m a l   l o o p .  The the rma l   l oop   i nvo l ves   coo l i ng   o f   t he   genera to r ,  
h y d r a u l i c   f l u i d ,   g e a r b o x   l u b r i c a n t ,  and tu rb ine   hous ing .   A f te r   pass ing   t h rough  
the   recupera tor ,   the   hydrogen  f low i s  s p l i t :  a p o r t i o n   f l o w i n g   t o   t h e   c o m b u s t o r  
and  the   remainder   be ing   rec i rcu la ted   th rough  the   thermal   loop .  The  combustor 
hydrogen  f low  i s   used  to   p reheat   the   oxygen.  As before,  a p o r t i o n   o f   t h e   p r e -  
heated  oxygen i s  passed   th rough   the   c ryogen ic   oxygen   tank   t o   ma in ta in   i t s  
p ressu re   a t   t he   des i   red   va lue .  The  gaseous  hydrogen  and  oxygen  pass  through 
c o n t r o l   v a l v e s   w h i c h   m a i n t a i n   t h e   p r o p e r   f l o w s   a n d   p r e s s u r e s   t o   b u r n   i n   t h e  
combustor  which  suppl.ies a h o t   h i g h - p r e s s u r e   w o r k i n g   f l u i d   t o   t h e   t u r b i n e .  
A f te r   expans ion   i n   t he   t u rb ine ,   t he   t u rb ine   exhaus t   gas   f l ows   t h rough   the   re -  
cupera to r   be fo re   be ing  dumped overboard. 
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C R Y O G E N I C  STORAGE INTEGRATION 

As i n d i c a t e d   p r e v i o u s l y ,   t h e  APU system i s   r e q u i r e d  to  supp ly   heat   inpu t  
t o   t h e   c r y o g e n i c   s t o r a g e   t a n k s   t o   m a i n t a i n   c o n s t a n t   p r e s s u r e   w i t h   f l u i d   w i t h -  
drawal.   Figures 4-2  and 4 - 3  show t h e   r e q u i r e d   i n p u t   t o   m a i n t a i n   c o n s t a n t   p r e s -  
sure as a f u n c t i o n   o f   c r y o g e n   d e n s i t y   ( w h i c h  will decrease w i t h  usage i n  a 
c o n s t a n t   v o l u m e   s u p e r c r i t i c a l   s t o r a g e   t a n k ) .  It w i  1 1  be   no ted   t ha t   t he   hea t  
i n p u t   p e r   u n i t  mass o f   f l u i d   w i t h d r a w n  will v a r y   w i t h   d e n s i t y .   P a r t  o r  a l l   o f  
t h e   r e q u i r e d   h e a t   i n p u t   c o u l d   b e   p r o v i d e d   b y   h e a t   l e a k   i n t o   t h e   t a n k .  However, 
t h i s  will be  an i n e f f i c i e n t   d e s i g n  because o f   t he   was tage   o f   c r yogen   by   ven t ing  
du r ing   s tandby   o r   pa r t - l oad   ope ra t i on .   I n   genera l ,   because   o f   t he   m iss ion   and  
opera t iona l   requ i rements ,  i t  will be necessary t o   d e s i g n  a w e l l - i n s u l a t e d   t a n k  
w i th   ve ry   l ow   hea t   l eak .  

SYSTEM  SUPPLY PRESSURE TRADEOFF 

AS i n d i c a t e d   p r e v i o u s l y ,   t u r b i n e   p e r f o r m a n c e   t e n d s   t o   i n c r e a s e   w i t h  
inc reas ing   supp ly   p ressure .   Wi th   th is   sys tem,   where   the   tu rb ine  i s  s u p p l i e d  
d i rec t l y   f rom  the   c ryogen ic   s to rage   t anks ,   t ank   we igh t  will t e n d   t o   i n c r e a s e  
w i t h   i n c r e a s i n g   p r e s s u r e .  An o p t i m i z a t i o n   s t u d y  was pe r fo rmed   to   de te rm ine  
the   op t imum  s to rage  p ressure   fo r   th is   sys tem.  

A s  d e s c r i b e d   i n   S e c t i o n  2 o f   t h i s   r e p o r t ,   t h e   c y c l e   p e r f o r m a n c e   p r o g r a m  
was used t o   e s t a b l i s h   p r o p e l l a n t   c o n s u m p t i o n  maps as a f u n c t i o n   o f   s t o r a g e  
p ressu re   f o r   t he   cyc le   desc r ibed   p rev ious l y   and  shown i n   F i g u r e  4 - 1 .  Figures  
4 - 4 ,   4 - 5 ,  and 4-6  are   t he  APU performance maps fo r   c ryogen ic   supp ly   p ressu res  
o f  300, 6 5 0 ,  and 950 ps ia .  These maps were  used i n   t h e   i n t e g r a t i o n   p r o g r a m  
t o  de te rm ine   t he   p rope l l an t   requ i remen ts  shown i n   T a b l e  4-1 f o r   t h e   b o o s t e r  
and o r b i t e r   v e h i c l e   m i s s i o n   p r o f i l e s .  Then, the   t ankage   we igh t   pena l t i es  
(Appendix C) w e r e   a p p l i e d   t o   e s t a b l i s h   t h e   w e i g h t   t r a d e o f f s   w i t h   s t o r a g e   p r e s -  
sure shown i n   F i g u r e s  4-7 and 4-8  f o r   t h e   b o o s t e r   a n d   o r b i t e r   m i s s i o n s ,   r e s p e c -  
t i v e l y .  An optimum  near 600 p s i a  i s  o b t a i n e d   f o r   b o t h   t h e   o r b i t e r   a n d   b o o s t e r  
miss ions.  

SYSTEM  PERFORMANCE 

Propel lant   consumpt ion i s  g i v e n   i n   F i g u r e  4-5  as a f u n c t i o n   o f   o u t p u t  
power  and  ambient  pressure.  Figure 4-9  i s  a t y p i c a l   c y c l e   s t a t e - p o i n t   d i a g r a m .  
The pr imary   d i f fe rence  be tween  th is   and  the   low-pressure   c ryogen ic   supp l ied  
s y s t e m   d e s c r i b e d   i n   t h e   p r e v i o u s   s e c t i o n   i n v o l v e s   e l i m i n a t i o n   o f   t h e   p r o p e l l a n t  
pumping  power  penal ty   and  addi t ion  o f   negat ive  heat   loads  represent ing  thermal  
r e q u i r e m e n t s   f o r   p r e s s u r e   m a i n t e n a n c e   w i t h   f l u i d   w i t h d r a w a l .   C y c l e   p e r f o r -  
mance parameters   a re   unevent fu l   and  genera l l y   lower   tempera tures   a re   ob ta ined 
than  the  low-pressure  system  because o f  t h e   r e d u c t i o n   i n   p a r a s i t i c   l o s s e s   ( f o r  
p rope l l an t   pump ing )   and   add i t i ona l   hea t   s ink   capac i t y   ( f o r   c ryogen ic   t ank  
p r e s s u r i z a t i o n ) .  

52 



2401 220 

0 10 20 30 40 50 60 70 80 
STORED OXYGEN DENSITY, LB/CU FT 

Figure  4-2. Speci f ic   Heat   Input   Required  to  
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Figure 4 - 4 .  APU Performance M a p ;  300 psia  Cryogenic  Tanks,  Turbine  Design 
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Figure 4-5 .  APU Performance Map; 650 psia  Cryogenic  Tanks,  Turbine  Design 
Point = Altitude,  Mode  Power 
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Figure 4-6.  APU  Performance  Map; 950 psia  Cryogenic Tanks, Turbine  Design 
Point = Altitude,  Mode  Power 

TABLE 4-1 

MISSION  PROPELLANT  REQUIREMENTS 

Cryogenic  Storage 
Pressure, psi a 

Propellant  Requirements, l b  
Booster  Mission I Orbiter  Mission 

L 

O2 
H2 O2 

300 

46.3  25.2  167.3  87.0  95c 

47.6  25.6  176. I 90.4   650 

58.8 29.  I 238.0  109.9 
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Figure 4-7. APU  Stored  Propellant  Weight  vs  Delivery  Pressure f o r  
Booster  Vehicle 
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Figure 4-8. APU  Stored  Propellant  Weight  vs  Delivery  Pressure f o r  
Orbiter  Mission 

56 



I I r I  
1 I513'R 

I I  

I I  I 
I T I v 

Hz  PREHEATER  ALTERNATOR HYDRAULIC FLUID TANK 5 - 6 9  - HEAT  EXCHANGER 4 6 0 0 ~  
BTU Q = -1255 - MIN 

EC = 0.389 
MIN  650 PSIA EH = 0.61 502'R H I N  

Q = 159 - BTU - BTU Q = 2631 MIN 
69'R I 

w 

I I83'R HYDRAULIC 
FLUID I 

O2 TANK 

Q = -402 - 
LB 

2.35 
650  PSIA 
269'R - > 

O2 PREHEATER 
I I34'R EC = I .ooo " 

EH = 0.054 

- 

u -  z t  
N 

RECUPERATOR TURBINE HOUSING 

1183'R - , EC = 0.601 6350R 

EH = 0.919 
I Q = 758 MIN *- BTU 601 O F  

Figure 4-9. 

709'R 7 I8'R 

464'R 

1, = 0.98 R = 32 

ELECTRIC HYDRAULIC 
IO I 7 2  
J 

NET POWER OUTPUT 

LUBE O I L  
HEAT  EXCHANGER 

Q = 5 5 9 %  

694'R 62 I OR 

Sea  Level, Full Power  Cycle  State  Points - Integral High 
Pressure  Cryogenic Suppl ied System 

R 



WE1 GHT 

T a b l e  4-2 s u m m a r i z e s   t h e  APU f i x e d   w e i g h t  as a f u n c t i o n  of t h e   p e a k   o u t p u t  
p o w e r .   F i g u r e  4-10 shows a p l o t   o f   f i x e d   w e i g h t   v s   o u t p u t   p o w e r .   T h e   i n f l e c -  
t i o n   i n   t h e   c u r v e  is due  t o  t h e   v a r i a t i o n   i n   a v a i l a b l e  pump w e i g h t s   a n d   s p e e d s .  

T h e   f i x e d   a n d   v a r i a b l e   w e i g h t   o f   t h e   b o o s t e r  APU s y s t e m   f o r  225 h p   o u t p u t  
a t  t h e   g e a r b o x  are t a b u l a t e d   i n   T a b l e  4-3  f o r   t h e   v a r i o u s   c o m b i n a t i o n s  o f  t a n k  
t y p e s   ( v a c u u m - j a c k e t e d   h a r d   s h e l  1 , a n d  sof t  s h e l  1 )  a n d   s t o r a g e   c o n c e p t s ( s e p a -  
r a t e  t a n k a g e   f o r   e a c h  APU, s h a r e d   t a n k a g e  fo r  3 APU's a n d   s e p a r a t e   t a n k a g e   f o r  
4 APU's). 

T h e   f i x e d   a n d   v a r i a b l e   w e i g h t s  of t h e   o r b i t e r  APU s y s t e m  a re  shown s i m i -  
l a r l y   i n   T a b l e  4-4 .  

F i n a l l y ,   u s i n g   t h e   s c a l i n g   c r i t e r i a   d e s c r i b e d   i n   S e c t i o n  2 ,  i t  i s  p o s s i b l e  
t o  d e t e r m i n e   t h e  APU s y s t e m   w e i g h t  as  a f u n c t i o n  o f  p o w e r   l e v e l   a n d   t o t a l   e n e r g y  
o u t p u t .   S u c h   c u r v e s  are  s h o w n   i n   F i g u r e s  4-11 a n d  4-12. T h e y   a s s u m e   s e p a r a t e  
h a r d   s h e l l   t a n k s   f o r   e a c h  APU o n   t h e   o r b i t e r ,   a n d   s e p a r a t e   s o f t   s h e l l   t a n k s   f o r  
e a c h  APU o n   t h e   b o o s t e r .   T h u s ,   t h e s e   t a n k a g e   c o n c e p t s   r e p r e s e n t   t h e  extremes 
i n   t h e   p o s s i b l e   t a n k   w e i g h t s .   T h e   b o o s t e r  s o f t  s h e l l   t a n k s  a r e  t h e   l i g h t e s t  
of a l l   t a n k s   c o n s i d e r e d  a t  a n y   g i v e n   d e l i v e r a b l e   c o n t e n t s   q u a n t i t y .   T h e   o r b i -  
t e r  h a r d   s h e l l   t a n k s  a re  t h e   h e a v i e s t .  
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PEAK  AVAILABLE  GEARBOX OUTP1JT POWER, HP 
5-61457 

F i g u r e  4-10. APU F i x e d   W e i g h t ;   I n t e g r a l   H i g h   P r e s s u r e   C r y o g e n i c   S y s t e m  
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TABLE 4 - 2  

APU F IXED WEIGHT INTEGRAL  HIGH PRESSURE  CRYOGENIC 

' Hyd rau l i c  pumps 

Generator 

Turb ine   (w i th   con ta inment )  

Combustor ( w i t h   i n s u l a t i o n )  

Control   Logic  Devices 

Control  Valves 

Pressure  Regulators 

Recuperator 

H z  Preheater 

O2 Preheater 

Hydrau l i c  Oi. 

Lube O i  1 Coo 
I 

1 Cooler 

Nler 

Reactant Pumps 
O2 Pump 

Gear Box Wi th  Lube Pump 

Lube O i  1 i n  Sump 

I n s t  rumentat  ion 

Duct i ng 

Subto ta l  

IO Percent   for   Vehic le   Suppor t   St ructure 

Total  Fixed  Weight 

100 hp 

14.0 

9.0 

44 .0  

2 .  I 

6 . 0  

4 . 5  

2 .0  

10.2 

2 .6  

0 . 5  

2 .2  

I .o 
- 
- 

5.7 

7 . 7  

I .o 
14.9 

127.4 

12.7 

140. I 

225-hp 
Design  Point  
- 

25.0  

20.0 

44 .0  

3 .  I 

6 . 0  

5 .0  

2 .0  

16.5 

3 .8  

0 . 7  

4 .4  

I .4 

- 
- 

17.4 

7 . 7  

I .o 
21.6  

179.6 

18.6 

197.6 

300 hp r , 500 hp 

44.0  103.0 

27 .0  45.0 

44 .0  44 .0  

3 .6  4.6 

6 . 0  

5 . 5  

2.0 

19.5 

4 .4  

0.8 

5 .0  

I .8 

- 
- 

26.6  

7 .7  

I .o 
24.8 

223.7 

2 2 , 4  

246. I 

6 . 0  

6 . 0  

2 . 5  

26.8 

5.7 

I .o 

6 . 2  

2 .9  

- 
- 

58.9  

7.7 

I .o 
31.7 

353.0 

3 5 . 3  

388.3 

750 hp 

145.0 

6 7 . 0  

44 .0  

5.6 

6 . 0  

7 . 0  

3.0 

34 .2  

7 .0  

I .3  

7 .4  

4.3 

- 
- 

9 2 . 5  

7 .7  

I .o 
38.7 

471.7 

47.2 

518.9 



TABLE 4 - 3  

BOOSTER 225  HP  APU  SYSTEM  WEIGHT - INTEGRAL  HIGH-PRESSURE  CRYOGENIC  SUPPLIED  SYSTEH 
(S INGLE  APU)  

Tank Type 1 Hard She1 1 
~~~ ~ 

S e p a r a t e   f o r  Common f o r  Common f o r  
Storage  Concept Each APU I 3 APU'S I 4 APU's 

F i xed   we igh t ,   l b  

Hydrogen  weight, l b  , 

Hydrogen  tank  weight ,   lb  

Oxygen w e i g h t ,   l b  

Oxygen tank   we igh t ,   l b  

Tota l   system  weight ,   lb  

197.6 

19.9  20.8 26.2 

90.4  90.4 90.4 

250.0  259.0 289.0 

176. I 176. I 176. I 

197.6  197.6 

779.3 743.9  734.0 

TABLE 4 - 4  

T S o f t   S h e l l  1 
S e p a r a t e   f o r  
Each APU 

197.6 

176. I 

195.5 

90.4 

24.4 

681.0 

Common f o r  
4 APUf s 3 APUf s 
Common f o r  

197.6  197.6 

176. I 176. I 

171.0 

18. I 19.0 

90.4 90.4 

169.0 

654. I 651.2 

ORBITER 225 HP  APU  SYSTEM  WEIGHT - INTEGRAL  HIGH-PRESSURE  CRYOGENIC  SUPPLIED  SYSTEM 
(SINGLE  APU)  

I Tank  Type I Hard  Shel l  

I Storage  Concept I Each APU 

~ ~~~ 

S e p a r a t e   f o r  

~ 

F i xed   we igh t ,   l b  

9.5 43.5 Oxygen tank   we igh t ,   I b  

25.6 25.6 Oxygen weight, 1 b 

105.7 144.0 Hydrogen  tank  weight, l b  

47.6 47.6 Hydrogen  weight, l b  

197.6 197.6 

Total   system  weight,  1 b 458.3 386.0 

197.6 

47.6 

102.0 

25.6 

7.7 

380.5 

S o f t   S h e l l  

Separa te   f o r  
3 APU1 s Each APU 

Comnon f o r  Common f o r  
4 APUf s 

197.6 197.6  197.6 

47.6 

121 .o 
47.6  47.6 

6.9 8.5 33.3 

25.6  25.6  25.6 

79.5  88.5 

425. I 367.8  357.2 



A V A I L A B L E  GEARBOX  ENERGY OUTPUT,  HP-HR 

Figure 4 - 1 1 .  Booster  Vehicle APU System  Weight;  Integra] ~ ; g h  pressure 
Cryogenic Suppl ied Sys+em 

A V A I L A B L E  GEARBOX ENERGY OUTPUT, HP-HR 5-61410 

Figure 4-12. Orbiter  Vehicle  APU  System  Ueight;  Integral High Pressure 
Cryogenic Suppl ied System 
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SECTION 5 

GASEOUS Hz-02 SUPPLIED SYSTEM OPERATED AT SUPPLY  PRESSURE 

INTRODUCTION 

c a p a c i t y   i n  
t o  meet t h e  
b o i l e r )  w i  1 
t u r e s  ( 200' 
s u f f i c i e n t  
However, t o  
( p a r t i c u l a r  

I n   t h i s  system, the   p rope l l an ts   a re   ob ta ined   as   h igh -p ressu re   gases   f rom 
another  sytem.  System c o n f i g u r a t i o n   i s  somewhat s e n s i t i v e   t o   t h e   p r o p e l l a n t  
gas i n l e t   t e m p e r a t u r e .   F o r  example, w i t h   h i g h   p r o p e l l a n t   i n l e t   t e m p e r a t u r e s  
o n   t h e   o r d e r   o f  500°R, no p r o p e l l a n t   c o n d i t i o n i n g  i s  necessary,   but   the  thermal 

t h e   p r o p e l l a n t   f l o w  may n o t  be s u f f i c i e n t   u n d e r  some c o n d i t i o n s  
system  heat  s ink  requirement  and a supplementa l   heat   s ink  (water  

1 be needed.  ,On t h e   o t h e r  hand, w i t h  low p r o p e l l a n t   i n l e t  tempera- 
t o  300'R), t h e   h e a t   s i n k   c a p a c i t y   i n   t h e   p r o p e l l a n t   f l o w  will be 

t o   r e j e c t   t h e   i n t e r n a l   h e a t   l o a d   a t   a c c e p t a b l e   t e m p e r a t u r e   l e v e l s .  
avoid  low  t ,emperature  thermal  problems i n  some components 

l y   t h e   o i  1 coo lers ) ,  i t  w i  1 1  be  necessary t o   i n c o r p o r a t e   t h e r m a l  
c o n d i t i o n i n g   p r o v i ' g i o n s   s i m i l a r   t o   t h o s e  used i n   t h e  sys tems  descr ibed  p rev ious ly  
i n   t h i s   r e p o r t .  The Fystem  schemat ic   g iven  in   F igure  5-1  incorporates  pro-  
v i s i o n s   t o  meet t h e   e n t i r e   t e m p e r a t u r e  range. I f  t h e   i n l e t   t e m p e r a t u r e   r a n g e  
can  be   res t r i c ted ,   one  o r   the   o ther   o f   the   two  sys tems shown i n   F i g u r e s   5 - 2  
and 5-3 w i  1 1  s u f f i c e .  ' 

H igh   In le t   Tempera ture   Cyc le  

I n   t h i s   c y c l e  (shown i n   F i g u r e   5 - 2 )   c o o l i n g   h y d r o g e n   f l o w   i s   r e c y c l e d  
th rough a wa te r   bo i l e r   ( f o r   supp lemen ta l   coo l i ng   and   coo l i ng   f l ow   augmen ta t i on )  
by a j e t  pump. The recyc le   loop   f low  cont ro l   senses   heat   exchanger   d ischarge 
t e m p e r a t u r e   a n d   r e g u l a t e s   r e c y c l e   f l o w   t o   m a i n t a i n   t e m p e r a t u r e   a t   t h e   p r o p e r  
l e v e l   f o r   c o o l i n g   o f   t h e   l u b r i c a n t  and h y d r a u l i c   f l u i d .  Where supplemental 
c o o l i n g   i s   n o t   r e q u i r e d ,   t h e   r e c y c l e   l o o p   i s   s h u t .  

Low I n l e t  Temperature  Cycle 

I n   t h i s   c y c l e ,  shown s c h e m a t i c a l l y   i n   F i g u r e  5-3, h o t  gas f l o w   f r o m   t h e  
recupera to r  i s  r e c y c l e d  by t h e   j e t  pump t o   p r o v i d e  a s u i t a b l e   i n l e t   t e r r p e r a t u r e  
( o n   t h e   o r d e r   o f  460'R) t o   t h e   h y d r a u l i c   f l u i d   h e a t   e x c h a n g e r .  

I n t e r m e d i a t e   I n l e t   T e m p e r a t u r e  

S 

h 

A t  i n t e r m e d i a t e   p r o p e l l a n t   i n l e t   t e m p e r a t u r e   l e v e l s   ( o n   t h e   o r d e r   o f  400°R),  
upp lementa l   coo l ing  w i  1 1  be   requ i red   du r ing  some c o n d i t i o n s   a n d   p r o p e l l a n t  
e a t i n g  will b e   r e q u i r e d   d u r i n g   o t h e r   c o n d i t i o n s .  The system shown i n  

F i g u r e  5-1 has p r o v i s i o n s   t o  accommodate both  requirements  and may be  needed 
f o r   i n t e r m e d i a t e   p r o p e l l a n t   i n l e t   t e m p e r a t u r e   l e v e l s ,   a s   w e l l   a s   b e i n g   a p p l i c a -  
b l e   t o   c o n d i t i o n s   w h e r e   t h e   p r o p e l l a n t   t e m p e r a t u r e  may vary  over  a ve ry   w ide  
range   du r ing   t he   cou rse   o f  a mission. 
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D ES I G N TRAD EO FFS 

To i n v e s t i g a t e   t h e   e f f e c t  o f  gaseous de l i ve ry   supp ly   t empera tu re   and  
pressure, APU performance maps f o r   i n l e t   t e m p e r a t u r e s   o f  200°, 300°, 400°, and 
500'R and i n l e t   p r e s s u r e s  o f  300, 650, 950, and  1250 p s i a  were  prepared. 

200'R I n l e t   T e m p e r a t u r e  

Figures  5-4  through  5-7 show the   per fo rmance maps f o r   v a r i o u s   i n l e t  
pressures.  The  system  schematic  given i n   F i g u r e   5 - 3   i s   a p p l i c a b l e   t o   t h i s  
i n le t   t empera tu re .   Tha t   i s ,   p rope l l an t   f l ow   has   su f f i c i en t   t he rma l   capac i t y  
t o   p r o v i d e   t h e   e n t i r e   h e a t   s i n k   f o r   t h e   s y s t e m  and  no  supplemental   cool ing 
i s   requ i   red .  

300'R I n l e t  Temperature 

F igures  5-8  through 5-1 I g ive   the   sys tem  per fo rmance maps. No supple- 
men ta l   hea t   s ink   i s   requ i red   and   t he   sys tem  schemat i c   g i ven   i n   F igu re   5 -3  
i s   a p p l i c a b l e   t o   t h i s   i n l e t   t e m p e r a t u r e .  

400'R I n l e t   T e m p e r a t u r e  

A s  shown in   t he   pe r fo rmance  maps g i ven   i n   F igu res   5 -12   t h rough  5-15, 
s u p p l e m e n t a l   c o o l i n g   i s  needed  under some cond i t i ons .  Under o t h e r   c o n d i t i o n s ,  
i t  will b e   n e c e s s a r y   t o   t h e r m a l l y   c o n d i t i o n   t h e   p r o p e l l a n t   f l o w   f o r  i t  t o  
p r o v i d e   t h e   p r o p e r   t e m p e r a t u r e   l e v e l   f o r   c o o l i n g .  As a consequence o f   t h e s e  
two  requirements,   the  system  schematic shown i n   F i g u r e   5 - 1   i s   a p p l i c a b l e   t o  
t h i s   i n l e t   t e m p e r a t u r e .  

500'R I n l e t  Temperature 

The  performance maps f o r  a 500'R i n l e t   t e m p e r a t u r e   a r e   g i v e n   i n  
Figures  5-16  through  5-19. I n   t h i s  case, no   t he rma l   cond i t i on ing   o f   t he  
p r o p e l l a n t   f l o w  is necessary  and  supplemental   cool ing i s  needed  under some 
c o n d i t i o n s .   T h e r e f o r e ,   t h e   s y s t e m   s c h e m a t i c   g i v e n   i n   F i g u r e   5 - 3   i s   a p p l i c a b l e  
t o   t h i s   i n l e t   t e m p e r a t u r e .  

Nonrecuperat i ve  Cycle 

As t h e   p r o p e l l a n t   f e e d   t e m p e r a t u r e   i n c r e a s e s ,  a p o i n t  will be u l t i m a t e l y  
reached  where  regenerat ion i s  n o t   j u s t i f i e d .  To e x p l o r e   t h i s   c o n d i t i o n ,  
a d d i t i o n a l  500'R cases  were  considered  using a non recupera t i ve   cyc le .  
F igure  5-20 i s  a performance map f o r   t h e  300 p s i a  500'R i n l e t  case. As w i t h  
r e c u p e r a t i v e   c y c l e s   o p e r a t i n g   a t   t h e  same in le t   cond i t i ons ,   supp lemen ta l  
c o o l i n g   i s  needed o n l y   a t  low  ambient  pressure  and  low  power  level.  

APU Expendable  Requirements 

The cyc le  per formance maps d e s c r i b e d   p r e v i o u s l y   w e r e   f e d   i n t o   t h e   m i s s i o n  
in tegra t ion   p rogram  to   de termine   the   expendab le   requ i rements .   Tab les  5-1  and 
5-2 show t h e  APU expendable  requirements  (hydrogen,  oxygen,  and  water)  as a 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 

F i g u r e  5-4. ApU Per fo rmance Map; 200°R, 300 psis Gas Feed, 
T u r b i n e   D e s i g n   P o i n t  = A l t i t u d e ,  Mode  Power 
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0 50 I 00 I50  2 00 250 

NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 5-6 1134 

;g;lre 5-5. APU Per fo rmance Map; 200°R, 650 p s i a  G J S  Feed, 
T u r b i n e   D e s i g n   P o i n t  = A l t i t u d e ,  Mode  Power 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 

F igure  5-6. APU Performance Map; 200°R, 950 p s i a  Gas Feed, 
Turbine  Design  Point  = A l t i t u d e ,  Mode Power 

0 50 I 00 I 50 2 00 2 50 

NET HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 
5-6 I432 

Figure  5-7. APU Performance Map;  200°R, 1250 p s i a  Gas Feed, 
Turbine  Design  Point  = Altitude,Mode Power 
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F i g u r e  5-8. APU Performance Map; 300°R, 300 p s i a  Gas Feed, 
Turbine  Design  Point  = A l t i t u d e  Mode Power 
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S-61435 

Figure 5-9. APU Performance Map; 300°R, 650 p s i a  Gas Feed, 
Turbine  Design  Point = A l t i t u d e ,  Mode Power 
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F i g u r e  5- IO. APU Performance Map, 300°R, 950 p s i  G J S  Fecd, 
Turb ine  Design  Point  = A l t i t u d e ,  Modc Power 
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NET  HYDRAULIC  AND  ELECTRIC  OUTPUT POWER, HP 

F i g u r e  5-12. APU Per fo rmance  Map; 400°R, 300 p s i a  Gas Feed, 
T u r b i n e   D e s i g n   P o i n t  = A l t i t u d e ,  Mode  Power 

F i g u r e  5-13. APU Per fo rmance  Map; 400°R, 650 p s i a  Gas Feed, 
T u r b i n e   D e s i g n   P o i n t  = A I  t i t u d e ,  Mode Power 
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NET HYDRAULIC AND ELECTRIC  OUTPUl. DOWER, HP 

F i g u r e  5-1 4 .  APU Performance Map; 400°R, 950 p s i a  Gas Feed, 
Turb ine  Design  Point  = A l t i t u d e ,  Mode  Power 
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Figure  5-15. APU Performance Map; 400°R, 1250 p s i a  Gas Feed, 
Turb ine  Design  Point  = A l t i t u d e ,  Mode Power 
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NET  HYDRAULIC AND ELECTRIC  OUTPUT POWER, HP 

F i g u r e  5-16. APU Performance Map; 500°R, 300 p s i a  Gas Feed, 
Turb ine   Des ign   Po in t  = A l t i t u d e ,  Mode Power 

NET  HYDRAULIC AND ELECTRIC  OUTPUT POWER, HP 
5-61387 

F i g u r e  5-17. APU Performance Map; 500°R, 650 p s i a  Gas Feed, 
Turb ine  Design '   Point  = A l t i t u d e ,  Mode Power 
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F i g u r e  5-18. APU P e r f o r m a n c e  Map; 500°R, 950 p s i a  Gas Feed ,  
T u r b i n e   D e s i g n   P o i n t  = A l t i t u d e ,  Mode Power 
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NET  HYDRAULIC AND ELECTRIC OUTPUT POWER, HP 
5-61384 

F i g u r e  5-1 9. APU P e r f o r m a n c e  Map; 500°R, I250 p s i a  Gas Feed, 
T u r b i n e   D e s i g n   P o i n t  = A l t i t u d e ,  Mode  Power 
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NET  HYDRAULIC AND ELECTRIC  OUTPUT POWER, HP 5-61447 

F i g u r e  5-20. APU Performance Map; 500°R, 300 p s i a  Gas F ixed ,  
N o n r e c u p e r a t e d ;   A l t i t u d e ,  Mode  Power D e s i g n   P o i n t  
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F i g u r e  5-21. P r o p e l l a n t   C o n d i t i o n i n g   P e n a l t y  
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Prope l l an t   I n le t  
Temperature 

Recuperative  cycle 

2OO0R 

3OO0R 

4ooo R 

5OO0R 

Nonrecuperat i v e  
Cycle 

50O'R 

Propel l a n t   I n l e t  
Temperature 

Recuperative  Cycle 

200'R 

3OO0R 

4OO0R 

500'R 

Nonrecuperative 
Cyc 1 e 

500'R 

T A B L E  5-1 

E X P E N D A B L E   R E Q U I R E M E N T S   F O R   B O O S T E R   M I S S I O N  

~ ~~ 

Expendables Required ( l b )   f o r   I n l e t  Pressure  and  Temperature 
. 

300 ps ia  

H2 O2  H2° 

242.5 100.4 - 
233.8 91.8 - 
236.7 82.7 o 

249.2 84. I I .4 

245.6 205.0 0.937 
~~ 

650 ps ia  

H2 O2 H2° 

179.4 85.0 - 
178.0 78.5 - 
179.5 74.7 0.01t 

184.7 72.6  2.5 

950 ps ia 
H2 O 2  H20 H2 O2 H20 

1250 ps ia 

169.3  82.0 - 
164.4 75.7 - 169. I 76.8 - 
163.8 80.2 - 

169.7  73.0  0.249 

169.7 69.7 3.0 174.1  70.7  2.7 

164.7  71.6  0.42 

~ - .  ". "_ 

- - -1- - - 

~~ 

T A B L E  5-2 

EXPENDABLE  REQUIREMENTS  FOR  ORBITER  MISSION 

~- ~~ - . -. - - . 

Expendables Required ( I b )   f o r   I n l e t  Pressure and Temperature 

300 ps ia 

H2 02 H2° 

60.0 27.4 - 
59.1 25.4 - 
60.2 21.5 5.7 

61.9 24.0 9.5 

650 psia 

H2 02 H2O 

48.5 24.8 - 
48.8 23.0 - 
49.8 22.5 7;4 

50.2  22.0 12.5 

950 ps ia 

H2 O2 H2° 

47. I 24.3 - 
47.5  22.7 - 
47.6 22.1 7.5 

48.3 21.7 13.0 

I250  psia 

H2 O2 H20 

46.3  23.6 - 
46.4  22.6 - 
46.47 21.89 9.5 

47.2 21.6 13.5 
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f u n c t i o n  of t h e   p r o p e l l a n t   i n l e t   c o n d i t i o n s   f o r   t h e   b o o s t e r   a n d   o r b i t e r  
miss ions.  It i s  necessary t o   c o n s i d e r   t h e   p e n a l t i e s   t o   t h e   v e h i c l e   f o r   p r o -  
p e l   l a n t   c o n d i t i o n i n g   t o   p r o p e r l y   e v a l u a t e   o v e r a l l   p e r f o r m a n c e .  

SYSTEM INTEGRATION 

The NASA g u i d e l i n e s   f o r   t h e  gaseous p r o p e l l a n t   s u p p l i e d   s y s t e m   s p e c i f y  
i n l e t   c o n d i t i o n s   t o   t h e   c y c l e   o f  300 ps ia   and 500'R. Presumably, t h e   p r o p e l -  
lan ts   wou ld   be   p rov ided by t h e   a u x i l i a r y   p r o p u l s i o n   s y s t e m  (APS).  However, 
it shou ld   be   emphas ized   t ha t   t he   p rope l l an t   supp ly   and   cond i t i on ing   f unc t i ons  
p rov ided  by t h e  APS a r e   a c c o m p l i s h e d   a t  a w e i g h t   p e n a l t y   t o   t h a t  system, and 
as  a  consequence, t h i s   s h o u l d  b e   t a k e n   i n t o   a c c o u n t   i n   e v a l u a t i o n   o f   t h i s   s y s t e m  
r e l a t i v e   t o   o t h e r s   w h i c h   h a v e   i n t e g r a l   p r o p e l l a n t   c o n d i t i o n i n g   p r o v i s i o n s .  

P r o p e l   l a n t  Pumping 

P rope l l an t   pump ing   can   be   e f f i c i en t l y   pe r fo rmed  by t h e  APS turbopump. 
Presumably, t h e  APU cou ld   be   supp l ied   f rom  the  APS p r o p e l l a n t   a c c u m u l a t o r s   a t  
r e l a t i v e l y  l ow   cos t   t o   t ha t   sys tem  because   o f   t he   re la t i ve l y   l ow  APU p r o p e l l a n t  
f low  requ i rements .  It appears  that  it will n o t  be  necessary t o   p e n a l i z e   t h e  
APS (by   us ing   l a rge r   accumu la to rs  or h igher   capac i t y  pumps) f o r   t h e   p r o p e l l a n t  
pumping  funct ion.  

P rope l l an t   The rma l   Cond i t i on ing  

T h e r m a l   c o n d i t i o n i n g   o f   t h e  APU p r o p e l l a n t   f l o w s  may impose p e n a l t i e s   o n  
t h e  APS supp ly   sys tem  equ iva len t   t o   t he  APU p r o p e l l a n t   w e i g h t .   T h e   p e n a l t i e s  
t o   t h e  APS f o r   t h e r m a l   c o n d i t i o n i n g  depend  upon t h e   c o n d i t i o n e d   p r o p e l l a n t  
O/F r a t i o  and  temperature,  as shown i n   F i g u r e  5-21. For   the   low O/F r a t i o s  
requ i red  by t h e  APU, r e l a t i v e l y   h i g h   c o n d i t i o n i n g   p e n a l t i e s   a r e   o b t a i n e d .   F o r  
example, a t  an O/F = 0.45 and a 500'R cond i t i oned   t empera tu re ,   t he   cond i t i on ing  
p e n a l t y   i s   r e p r e s e n t e d  by 73.5 p e r c e n t   o f   t h e  APU p r o p e l l a n t   f l o w   ( n o t   i n c l u d i n g  
t h e  APS t a n k a g e   p e n a l t i e s   f o r   s t o r a g e   o f   t h e s e   a d d i t i o n a l   p r o p e l l a n t s ) .  O f  
c o u r s e ,   t h e   p e n a l t i e s   t o   t h e  APS can  be  reduced by r e d u c i n g   t h e   c o n d i t i o n e d  
p r o p e l l a n t   t e m p e r a t u r e .   ( T h e r e   i s   s u b s t a n t i a l   i n c e n t i v e   i n  APS des ign   op t im iza -  
t i o n   f o r  use o f  minimum condi t ioned  temperature. )  

Heat inq  o f  P r o p e l l a n t   i n   F e e d l i n e s  

S i n c e   t h e  APU may b e   i n s t a l   l e d  some d i s tance   f rom  the   p rope l   l an t   sou rce  
i n   t h e  APS, t h e r e   i s  a q u e s t i o n   o f   h e a t   l e a k   i n   t h e   p r o p e l l a n t   f e e d l i n e s ,   a n d  
i t s   e f f e c t  on APU des ign .   F igure  5-22 shows t h e   r e s u l t s   o f  a p r e l i m i n a r y  
a n a l y s i s   o f   f e e d l i n e   h e a t   l e a k .   F o r   t h e   r a n g e   o f   d u c t i n g   r u n   a p p l i c a b l e   h e r e ,  
it appears   t ha t   t he   hea t   l eak   i n   t he   f eed1   i nes  will be  low  and  can  be  reduced 
t o   n e g l i g i b l e   l e v e l s  by use of a p p r o p r i a t e   t h e r m a l   i n s u l a t i o n .  

Propel   lant   Supply  

The APS w i  1 1  be  penal ized by t h e   d i r e c t   p r o p e l l a n t   r e q u i r e m e n t s   ( g i v e n   i n  
Tables 5-1 and 5-2) and  by p r o p e l l a n t   r e q u i r e d   f o r   t h e r m a l   c o n d i t i o n i n g   t h e  
APU p r o p e l l a n t   f l o w   i n   t h e  APS. Tables 5-3 and 5-4 g i v e   t h e   t o t a l   h y d r o g e n  
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TABLE 5-3  

TOTAL  PROPELLANT AND CONDITIONING REQUIREMENTS  FOR  BOOSTER M I S S I O N  

Expendab les   Requ i red   ( Ib )   fo r   In le t   Pressure   and  Tempera ture  

300 p s i a  650 p s i a  950 p s i a  

H2 O2 

1250 p s i a  

H2 O2 
P r o p e l l a n t   I n l e t  
Temperature H2 O2 O2 

Recupera t i ve 

200'R 

300'R 

4OO0R 

500'R 

Nonrecuperated 

~~ 

.~ ~~ 

5 O O 0 R  
~ ." 

292.7  154.2 217.1  122.7 

231.8  132.3 

253.0  148.2 

280.7  168.6 

204.4 1 17. I 198. I I 14.5 

214.9  126.2 

232. I 139.0 

259.0  159.0 

305.3  163.3 220.7 I 

238.5 

264.6 

- 

28.4 

41.8 

61 .2  

- 

333.7  183.9 I 

380.2 21 5 .  I I 
- 

378.6  338.0 
~ ~~~ .. 

TABLE 5-4  

TOTAL  PROPELLANT AND CONDITIONING  REQUIREMENTS FOR ORBITER M I S S I O N  

Expandables  Required ( I b )  f o r  I n l e t   P r e s s u r e  and  Temperature 
~~ 

650 p s i a  
. ." 

H2 O 2  

950 p s i a  

H 2  O2 

1250 p s i a  

H2 O 2  
P r o p e l l a n t   I n l e t  
Temperature H2 O 2  

Recuperat i ve 

200'R 

300'R 

7 2 . 4  39.8 

77.3 43.6 

84 .9  45.8 

94.7 56.8 

59.0 35 .3  

64 .3  38.5 

70.3 43.0 

76.7 48.5 

56 .9  34.  I 

61 .9  37. I 

67 .3  41.8 

73.8 47.2 

55.9 33.2 

60.7 36.9 

65.7 41.  I 

72.2 46.6 

400'R 

500'R 

Nonrecuperated 

500'R 

~ ~~~ ~. ~~ 

102.2  88.3 
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Figures  5-23  and  5-24 show t h a t   t h e r e   i s   c o n s i d e r a b l e   i n c e n t i v e   f o r  
o p e r a t i o n   a t  maximum pressure   and minimum i n l e t   t e m p e r a t u r e   c o n d i t i o n s .  It 
should  be  emphasized  that  i f  t h i s   f u n c t i o n   i s   i n t e g r a t e d   i n t o   t h e  APS p r o p e l -  
l a n t   c o n d i t i o n i n g ,   t h e   r e q u i r e m e n t s   f o r   t h e  APS will d e t e r m i n e   t h e   i n l e t  
p r o p e l   l a n t   c o n d i t i o n s .  

SYSTEM PERFORMANCE 

As i n d i c a t e d   p r e v i o u s l y ,   c y c l e   c o n f i g u r a t i o n  i s  somewhat dependent  upon 
t h e   p r o p e l l a n t   i n l e t   t e m p e r a t u r e .   T h r e e   c y c l e   m o d i f i c a t i o n s   h a v e  been i d e n t i -  
f i e d   a c c o r d i n g   t o   w h e t h e r  ( I )  r e c y c l i n g   o f  warm gas i s  needed f o r   p r o p e l l a n t  
c o n d i t i o n i n g ,   ( 2 )   r e c y c l i n g   o f   c o o l e d  gas  and a supp lemen ta l   hea t   s ink   a re  
requ i red   f o r   sys tem  the rma l   con t ro l ,   o r  ( 3 )  b o t h   f u n c t i o n s   a r e  needed i n   t h e  
system a t   d i f f e r e n t   t i m e s .  

Low I n l e t  Temperature  Cycle 

F i g u r e s   5 - 2 5   a n d   5 - 2 6 ' a r e   t y p i c a l   c y c l e   s t a t e   p o i n t   d i a g r a m s   f o r  a low 
i n l e t   t e m p e r a t u r e  (200'R) c y c l e   a t  sea level -   h igh-power-output   and  space 
low-power-output  condi t ions.  As w i t h  previous  systems,  the  temperature of t h e  
h y d r a u l i c   f l u i d  and l u b r i c a n t   i n c r e a s e  w i t h  decreasing  power  output  and 
ambient  pressure.  The tempera tu re   l eve l s  shown f o r   t h e   h y d r a u l i c   f l u i d  and 
lub r i can t   a t   t he   space   l ow-power -a l t i t ude   cond i t i on   can   be   reduced  by i n c r e a s i n g  
heat   exchanger   e f fec t i venesses   (a t  a pena l t y   i n   sys tem  f i xed   we igh t )   o r   by  
v a r i o u s   c y c l e   m o d i f i c a t i o n s   ( s u c h   a s   r e l o c a t i o n   o f   t h e   r e c i r c u l a t i o n   l o o p   f r o m  
downstream o f   t h e   r e c u p e r a t o r   t o  downstream o f   t h e t u r b i n e   h o u s i n g   h e a t  
exchanger   o r   the   lube   o i  1 heat  exchanger) .   These  rnodi f   icat ions  have smal 1 
e f fec t   on   cyc le   pe r fo rmance .  

H iqh   I n le t   Tempera tu re   Cyc le  

F i g u r e s   5 - 2 7   a n d   5 - 2 8   a r e   t y p i c a l   c y c l e   s t a t e   p o i n t   d i a g r a m s   f o r  a h i g h  
in le t   tempera ture   (500 'R)   cyc le   a t   sea- leve l   h igh   power -ou tpu t   and  space 
low-power-output  condi t ions.  A t  t h e   h i g h  p o w e r   c o n d i t i o n ,   t h e   p r o p e l l a n t   f l o w  
prov ides   an   adequate   heat   s ink .  A t  low-power  low-ambient-pressure  condi t ions,  
supp lemen ta l   coo l i ng   i s   p rov ided  by  a w a t e r   b o i l e r .   I n   t h i s  case, t he   wa te r  
b o i l e r   r e c i r c u l a t i o n   l o o p   f l o w   i s   m o d u l a t e d   t o   m a i n t a i n   t h e   h y d r o g e n   t e m p e r a -  
t u r e   a t   t h e   e x i t   o f   t h e   l u b r i c a t i n g   o i l   h e a t  exchanger a t  850'R. 

In te rmed ia te   I n le t   Tempera tu re   Cyc le  

Figures  5-29  and  5-30 show t y p i c a l   c y c l e   s t a t e - p o i n t   d i a g r a m s   f o r   a n  
i n t e r m e d i a t e   i n l e t   t e m p e r a t u r e  (400'R)  system. A t  the  h igh-power-output  
sea - leve l   cond i t i on ,  warm gas i s  r e c y c l e d   t o   b r i n g   t h e   h y d r a u l i c   f l u i d   i n l e t  
hydrogen  temperature t o  460'R. A t  the  low-power-output   zero-pressure  condi t ion,  
gas cooled by t h e   w a t e r   b o i l e r  i s  r e c y c l e d   t o   m a i n t a i n   t h e   l u b r i c a t i n g   o i l  
hydrogen  out le t   temperature  be low 850'R. 
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Tables 5-5 ,   5 -6 ,  and 5-7 summarize t h e  APU f i x e d   w e i g h t   a s  a f u n c t i o n   o f  
the  peak  output   power.  The s y s t e m   w e i g h t s   d i f f e r   s l i g h t l y   d e p e n d i n g   o n   t h e  
p r o p e l l a n t   i n l e t   t e m p e r a t u r e .  The data assume  an i n l e t   p r e s s u r e   o f  650 p s i a ;  
however, t h e   f i x e d   w e i g h t   i s   n e a r l y   i n d e p e n d e n t   o f   p r e s s u r e .   F i g u r e  5-31 
shows a p l o t  of f i x e d   w e i g h t  vs o u t p u t   p o w e r ;   t h e   d a t a   a r e   a p p l i c a b l e   t o   a l l  
in le t   tempera tures   cons idered  here .  The i n f l e c t i o n   i n   t h e   c u r v e   i s  due t o  t h e  
v a r i a t i o n   i n   a v a i l a b l e  pump weights  and  speeds. 

The f i x e d   a n d   v a r i a b l e   w e i g h t   o f   t h e   b o o s t e r  APU system f o r  225 hp o u t p u t  
a t   t h e  gearbox, a r e   t a b u l a t e d   i n   T a b l e  5-8 f o r   t h e   v a r i o u s   c o m b i n a t i o n s   o f  
tank  types  (vacuum- jacketed  hard  shel  1 ,  and s o f t   s h e l  1 )  a n d   p r o p e l   l a n t   i n l e t  
t e m p e r a t u r e   t o   t h e  APU ( 2 0 0 ° ,  300°, 400°, and 500'R). The t a b l e  assumes a 
p r o p e l l a n t   i n l e t   p r e s s u r e   o f  650 p s i a   f o r   a l l  cases  except  one. The we igh t  
d a t a   i n c l u d e   t h e   f l u i d   r e q u i r e d  by t h e  APS t o   c o n d i t i o n   t h e  APU p r o p e l l a n t  
t o   t h e   d e s i r e d   i n l e t   s t a t e   a n d   i n c l u d e  a t a n k a g e   a l l o w a n c e   f o r   t h a t   p r o p e l l a n t .  
The t a n k s   a r e  assumed t o  b e   l a r g e   t a n k s   o n   t h e   o r d e r   o f  10,000 l b  each o f  
hydrogen  and  oxygen. 

The f i x e d   a n d   v a r i a b l e   w e i g h t  o f  t h e   o r b i t e r  APU system  are shown 
s i m i l a r l y   i n   T a b l e  5 - 9 .  

F i n a l l y ,   u s i n g   t h e   s c a l i n g   c r i t e r i a   d e s c r i b e d   i n   S e c t i o n  2, i t  i s  
p o s s i b l e   t o   d e t e r m i n e   t h e  APU system  weight  as a f u n c t i o n   o f  power leve l   and 
to ta l   energy   ou tpu t .   Such  curves   a re  shown i n   F i g u r e s  5-32 th rough 5-35. 
Figures  5-32 and 5-33 a r e   t h e  500°R, 300 ps ia  case  requested  by NASA and 
F igures  5-34  and 5-35 a r e   f o r  200°R, 650 p s i a   i n l e t   c o n d i t i o n s .  They  assume 
low-pressure  hard  shel  1 t a n k s   f o r   t h e   o r b i t e r   a n d   l o w - p r e s s u r e   h a r d   s h e l  1 
t a n k s   f o r   t h e   b o o s t e r .  

600 

U 
n 
3 

32 
n 

4 00 

200 

0 

PEAK AVAILABLE GEARBOX OUTPUT POWER, HP 5-6 1386 

F iqu t -e  5-31. APU Fixed  Weight;   High  Pressure Gaseous 
H2-02  Supplied  System 
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TABLE 5 -5  

APU F I X E D  WEIGHT H I G H  PRESSURE 500'R GASEOUS H2-02  SUPPLIED SYSTEM 

Component 100 hp 

l Hyd rau l i c  pumps 

Generator 

Turb ine  (with containment) 

5.0 Control   valves 

6.0 Cont ro l   log ic   dev ices  

' 2.1 Combustor ( w i t h   i n s u l a t i o n )  

! 44.0 

Pressure   regu la to rs  

(Recuperator 

O2 preheater  

I O  
Lube o i l   c o o l e r  

Gearbox w i t h   l u b e  pump 

Lube o i l   i n  sump 
I ns t rumen ta t i on  

Duct i ng 

3.0 

10.2 

2.0 

0.4 

2.4 

1 . 1  

5.7 

7.7 

I .o 1 14.9 

225-hp 
Design  Point  300 hp 

25.0 

28.0 

44.0 

3. I 

6.0 

5.5 

3.0 

16.5 

4.5 

0.5 

4.8 

I .5 

I7,4 

7.7 

I .o 
21.6 

44.0 

27.0 

44.0 

3.6 

6.0 

6.0 

3.0 

19.5 

6.0 

0.6 

5.5 

2.0 

26.6 

7.7 

I .o 
24.8 

Subtota l  

12.9 10 percen t   f o r   veh ic le   suppor t   s t ruc tu re  

128.5 182. I 

22.7 18.2 

227.3 

T o t a l   f i x e d   w e i g h t  250.0 200.3 141.4 

~~ 

500 hp 

103.0 

45.0 

44.0 

4.6 

6.0 

6.5 

3.5 

26.8 

10.0 

0.7 

6.8 

3.2 

58.9 

7.7 

I .o 
31.7 

359.4 

35.9 

395.3 

750 hp 

145.0 

67.0 

44.0 

5.6 

6.0 

7.5 

4.0 

34.2 

15.0 

0.9 

8. I 

4.7 

92.5 

7.7 

I .o 
38.7 

481.9 

48.2 

530. I 



L L  

co 
0 

Component 

Hydraulic pumps 

Generator 

Turbine  (with  containment) 

Combustor ( w i t h  insu la t ion)  

Control  logic  devices 

Control va 1 ves 

Pressure  regulators 

Gearbox wi th   lube pump 

Lube o i l   i n  sump 

Instrumentation 

Duct i ng 

Subtota 1 

I O  percent   for   vehicle  support   structure 

Total   f ixed  weight  

100 hp 

14.0 

9.0 

44.0 

2. I 

7.0 

5.5 

3.0 

0.6 

10.2 

I .7 

0.4 

2.4 

1 . 1  

5.7 

7.7 

I .2 

16.4 

132.0 

13.2 

145.2 

225-hp 
Design  Point 

25.0 

20.0 

44.0 

3. I 

7.0 

6.0 

3.0 

I .4 

16.5 

2.5 

0.5 

4.8 

I .5 

17.4 

7.7 

I .2  

23.8 

185.4 

18.5 

203.9 

300 hp 

44.0 

27.0 

44.0 

3.6 

7.0 

6.5 

3.0 

I .9 

19.5 

2.9 

0.6 

5.5 

2.0 

26.6 

7.7 

I .2  

27.3 

230.3 

23.0 

253.3 

500 hp 

103.0 
45.0 

44.0 

4.6 

7.0 

7.0 

3.5 

3. I 

26.8 

3.8 

0.7 

6.8 

3.2 

58.9 

7.7 

I .2 

34.9 

361.2 

36. I 

397.3 

750 hp 

145.0 

67.0 

44.0 

5.6 

7.0 

8.0 

4.0 

4.7 

34.2 

4.6 

0.9 

8. I 

4.7 

92.5 

7.7 

I . 2  

42.6 

481.8 

48.2 

530.0 



I 

I 

W r 

Recuperator 

H 2  preheater 

O2 preheater 

Hydraulic o i  

Lube o i  1 coo 

1 cooler 

1 er  

Gearbox with  lube pump 

Lube o i l   i n  sump 

Instrumentation 

Ducting 

Subtota 1 

IO percent fo r   veh ic le  support structure 

Total  fixed  weight 

100 hp 

14.0 

9.0 

44.0 

2 .  I 

6.0 

4.5 

2.0 

10.2 

1.7 

0.4 

2.4 

1 . 1  

5.7 

7.7 

I .o 
14.9 

126.7 

12.7 

139.4 

225-hp 
Design Point 

25.0 

20.0 

44.0 

3. I 

6.0 

5.0  

2.0 

16.5 

2.5 

0.5 

4.8 

I .5 

17.4 

7.7 

I .o 
21.6 

178.6 

17.9 

196.5 

300 hp 

44.0 

27.0 

44.0 

3.6 

6.0 

5.5 

2.0 

19.5 

2.9 

0.6 

5.5 

2.0 

26.6 

7.7 

I .o 
24.8 

222.7 

22.3 

245.0 

500 hp 

103.0 

45.0 

44.0 

4.6 

6.0 

6.0 

2.5 

26.8 

3.8 

0.7 

6.8 

3.2 

58.9 

7.7 

I .o 
31.7 

351.7 

35.2 

386.9 

750 hp 

145.0 

67.0 

44.0 

5.6 

6.0 

7.0 

3.0 

34.2 

4.6 

0.9 

8. I 

4.7 

92.5 

7.7 

1 .o 
38.7 

470.0 

47.0 

517.0 

TABLE 5-7 

APU FIXED  WEIGHT  HIGH PRESSURE 200' TO 300'R GASEOUS H,-0, SUPPLIED  SYSTEM 

Component 

Hyd rau 1 i c pumps 

Generator 

Turbine (w i th  containment) 

Combustor (wi th  insulat ion) 

Control  logic  devices 

Control  valves 

Pressure regulators 



TABLE 5-8 

BOOSTER 225 HP APU SYSTEM  WEIGHT - HIGH PRESSURE GASEOUS H2-02 SUPPLIED SYSTEM 
(SINGLE APU) 

r Hard   She l l  S o f t   S h e l l  Tank  Type 

500'R 
P r o p e l l a r t  I n l e t  C o n d i t i o n  300 p s i a  

F i x e d   w e i g h t ,   l b  200.3 

Hydrogen  weight, I b  

Oxygen w e i g h t ,   I b  

228 Hydrogen  tapk  weight,   Ib 

380.2 

14. I Water   s torage feed system 

I . 4  Water  weight, I b  

32.2 Oxygen tank   we igh t ,   l b  

2 1 5 . 1  

w e i g h t ,   l b  

To ta l   sys tem  we igh t ,   Ib  1071.3 

I 200'R 
650 p s i a  

400'R 
650 p s i a  

203.9 

253.0 

28.0 

148.2 

10.4 

5. I 

14. I 

300'R 
650 p s i a  

196.5 

231.8 

34.8 

132.3 

9.3 
- 
- 

200'R 
650 p s i a  

196.5 

21 7. I 

122.7 

572.5 

500'R 
650 p s i a  

200.3 

280.7 

42.2 

168.6 

11.8 

2.5 

14.1 

300' R 
650 p s i a  

196.5 

231 .8 

139.0 

132.3 

19.9 

500' R 
300 p s i a  

200.3 

380.2 

57.0 

215. I 

15. I 

I .4 
14. I 

500'R 
650 p s i a  

200.3 

280.7 

168.0 

168.6 

25.3 

2.5 

14. I 

400'R 
650 p s i a  

203.9 

253.0 

152.0 

148.2 

22.2 

2.7 

14. I 

196.5 

217. I 

130.0 

122.7 

18.4 

- 

859.5 796. I 719.5 I 684.7 I 883.2 740.2 672.7 604.7 

TABLE 5-9 

ORBITER 225 HP APU  SYSTEM  WEIGHT - HIGH PRESSURE GASEOUS H2-02 SUPPLIED SYSTEM 
(SINGLE APU) 

T Hard   She l l  I S o f t   S h e l l  Tank  Type 

P r o p e l l a n t   I n l e t   C o n d i t i o n  

F i x e d   w e i g h t ,   I b  
Hydrogen  weight, l b  
Hydrogen  tank  weight,  l b  

Oxygen  weight, I b  

Oxygen  tank   we igh t ,   lb  
Water  weight, l b  

Water   s torage  feed  system 
w e i g h t ,   I b  

To ta l   sys tem  we igh t ,   Ib  

1 200'R 
650 p s l a  5000R I 5000R 

300 p s i a  650 p s i a  
400'R 
650 p s i a  

300'R 
650 p s i a  

2000R 500'R 500'R 
650 p s i a  1 300 p s i a  I 650 p s i a  

400'R 
650 p s i a  I :g';sia 

203.9 

70.3 

43.5 

43.0 

6.9 

13.0 

7.2 

196.5 

64.3 

39.9 

38.5 

6.2 

196.5 

59.0 

36.6 

35.3 

5.7 - 

200.3 

94.7 

18.9 

56.8 

6.8 

9.5 

7.2 

200.3 

76.7 

15.3 

48.5 

5.8 

12.5 

7.2 

200.3 

48.5 56.8 

47.5 58.8 

76.7 94.7 

200.3 

9. I 7.8 

9.5 12.5 

7.2  7.2 

203.9  196.5 

13.0 

356.7 31 6.7 

196.5 

35.3 

306.8 436.4 I 400.5 387.8 345.4 



A V A I L A B L E  GEARBOX ENERGY OUTPUT,  HP-HR 

Figure 5-32. Booster  Vehicle APU System  Weight; 500°R, 300 psia 
Gaseous H2-02 Suppl ied System 

I 

-I 

I- 
O 
I- 

a 

A V A I L A B L E  GEARBOX ENERGY OUTPUT, HP-HR 5-6 I h67 

Figure 5-33. Orbiter  Vehicle APU System  Weight; 500' , 300 psia 
Gaseous  H2-02.Supplied  System 
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Figure 5-34 .  Booster  Vehicle APU System Weight; 200°R, 650 psia 
Gaseous H2-02 Supplied  System 

A V A I L A B L E  GEARBOX ENERGY  OUTPUT, HP-HR 
5-6 1462 

Figure 5-35.  Orbiter Vehic 

2 2  Gaseous H -0 
i a  le APU System  Weight; 200°R, 650 ps 

Suppi i ed System 
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SECTION 6 

DUAL-MODE AIRBREATHING/FBOPELLANT SYSTEM 

I NTRO  DUCT1 ON 

The  dual-mode  system,  shown i n   F i g u r e  6 - 1 ,  uses an a i r b r e a t h i n g  gas t u r -  
b i n e  power s e c t i o n   f o r   o p e r a t i o n   d u r i n g   a t m o s p h e r i c   f l i g h t  and a hydrogen- 
oxygen   p rope l l an t   t u rb ine   f o r   ope ra t i on   ou ts ide   t he   a tmosphere .  The gas t u r b i n e  
uses   hydrogen  (o r   a l te rna te ly  JP f u e l )   i n  a convent ional   open-Brayton-cyc le 
w i t h  a i r  as t h e   w o r k i n g   f l u i d .  The p r o p e l l a n t   t u r b i n e   c y c l e  i s  s i m i l a r   t o  
the   in tegra l   h igh-pressure   c ryogen ic   supp l ied   sys tem  descr ibed  in   Sec t ion  4 
o f   t h i s   r e p o r t .  As a consequence, the  system  has  two  heat  sinks  correspond- 
i n g   t o   t h e   t w o  power  sources  (that i s ,  ram a i r   f o r  gas t u r b i n e   o p e r a t i o n  and 
h y d r o g e n   f u e l   f l o w   f o r   p r o p e l l a n t   t u r b i n e   o p e r a t i o n ) .  A l i q u i d   t h e r m a l   t r a n s -  
por t   loop   p rov ides   heat   t ranspor t   be tween  the   heat   sources   (genera tor ,  
h y d r a u l i c   f l u i d ,   g e a r b o x   l u b r i c a n t ,  and t u r b i n e   h o u s i n g )  and the  two  heat  
s inks  ( ram a i r   o r   h y d r o g e n ) .  The prope l lan t   sys tem  uses  a r e c i r c u l a t i n g   h y d r o -  
gen  loop w i th  cyc le   regenera t i on   t o   avo id   excess i ve l y   l ow   tempera tu res   i n   t he  
hydrogen- to - t   ranspor t   f lu   id   heat   exchanger .  

The two  power t u r b i n e s   d r i v e   t h r o u g h   f i l l - a n d - d u m p   t y p e   f l u i d   c o u p l i n g s  
w h i c h   s e r v e   a s   c l u t c h e s   t o   c o n n e c t   t h e   a c t i v e   t u r b i n e   a n d   d i s c o n n e c t   t h e  
i n a c t i v e   t u r b i n e .   D u r i n g   t h e   c l u t c h i n g   p r o c e s s ,   t h e   f l u i d   f r o m  one c o u p l i n g  
i s  pumped t o   t h e   o t h e r   w i t h   b o t h   t u r b i n e s   r u n n i n g   a t   r a t e d  speed t o   p e r m i t  a 
smooth  power t r a n s i t i o n   b e t w e e n   t u r b i n e s .  

SYSTEM  TRADEOFFS 

Gas Turb ine  Power Sec t ion  
~~ 

The gas t u r b i n e  power s e c t i o n   c o n s i s t s   o f  a s i n g l e - s h a f t   t u r b i n e   w h i c h  
dr ives  the  compressor  and p rov ides   t he   use fu l   sha f t   power   ou tpu t .   F igu re  6 - 2  
shows the   per fo rmance  t radeof fs   w i th   tu rb ine   in le t   tempera ture   and  compressor  

t h e  gas t u r b i n e   f o r  a r e l a t i v e l y   l o w   p r e s s u r e   r a t i o   p r e f e r a b l y   f o r  a s i n g l e -  

n o t e d   t h a t   s p e c i f i c   f u e l   c o n s u m p t i o n  i s  r e l a t i v e l y   f l a t  w i th  r e s p e c t   t o   t h e s e  
des ign   parameters .   Turb ine   in le t   tempera ture ,   fo r  example,  has r e l a t i v e l y  
l i t t l e   i n f l u e n c e  on SFC, b u t  does g rea t l y   i n f l uence   mach ine   spec i f i c   t h rough-  
f low,  which will be r e f l e c t e d   i n   t h e   s i z e   a n d   w e i g h t   o f   t h e  gas tu rb ine .   Fo r  
the  present   system  s tud ies,  a c o m p r e s s o r   p r e s s u r e   r a t i o   o f   s i x  and a t u r b i n e  
i n l e t   t e m p e r a t u r e   o f  2460'R will be assumed. A d e s i g n   p o i n t  power l e v e l   o f  
200 shp d u r i n g   t h e   l a n d i n g  mode  was s e l e c t e d   f o r   t h e   t u r b i n e .   F i g u r e  6 - 3  
shows t h e   f l o w p a t h   o f   t h e   r e s u l t i n g  gas t u r b i n e   d e s i g n .  

P r o p e l l a n t  .~ . Turb ine   Sec t ion  

I p r e s s u r e   r a t i o .   F o r   t h e   p r e s e n t   a p p l i c a t i o n ,  i t  w i l l  be d e s i r a b l e   t o   d e s i g n  

I stage  compressor t o   s i m p l i f y   d e s i g n  and   m in im ize   f i xed   we igh t .  It will be 

Prope l l an t   we igh t  will v a r y   w i t h   d e s i g n   t u r b i n e   i n l e t   p r e s s u r e .  As shown 
i n   T a b l e  6 - 1 ,  prope l l an t   we igh t   rema ins   re la t i ve l y   cons tan t   f o r   t he   range   o f  
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I A I R  AIR 

Figure 6-1. Dual-Mode System 
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Figure 6-2. Open Cycle Gas Turbine  Shuttle APU Parametric  Study 
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7 3.07 

Figure 6-3. Shuttle Gas Turbine APU Flow Path 

TABLE 6- I 

H2-02  TURBINE  PROPELLANT  WEIGHT 

FOR BOOSTER AND ORBITER  MISSIONS 
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supply  pressure  between  650  and  950  psia. When tankage  pena l t ies   a re   taken 
in to  account ,   min in~bm  to ta l   system  weight  wi l l  b e   o b t a i n e d   a t  a des ign  supply  
pressure  near   650  ps ia .  

SYSTEM PERFORMANCE 

MIL-STD-2 10 Hot  Atmosphere 

U. S. Standard  Atmosphere 

MIL-STD-2 10 Cold  Atmosphere 

The  gas t u r b i n e  has   been  s ized   fo r   the   ho t   a tmosphere   cond i t ion .  It will be 
n o t e d   t h a t   t h e   p o w e r   c a p a b i l i t y   o f   t h e   t u r b i n e  w i l  1 be g r e a t e r   f o r   t h e   o t h e r  
two  a tmospher ic   mode ls .   Wi th   th is   inc rease  in   power   genera t ing   capac i ty ,   the  
t u r b i n e   f u e l   c o n s u m p t i o n   a l s o   i n c r e a s e s   w i t h   t h e   c o l d e r   i n l e t   c o n d i t i o n s .  
O p e r a t i n g   a l t i t u d e  has a most s i g n i f i c a n t   e f f e c t  on bo th   fue l   consumpt ion  and 
on power ra t i ng .   Bo th   power   ra t i ng  and fue l   consumpt ion  decrease  wi th   in-  
c r e a s i n g   a l t i t u d e .  The a l t i t u d e   d e s i g n   p o i n t  i s  an impor tan t   cons ide ra t i on  
i n  gas t u r b i n e   d e s i g n .   F o r   t h e   p r e s e n t   m i s s i o n   p r o f i l e s ,   t h e   s e l e c t e d   d e s i g n  
p o i n t  i s  200  shp du r ing   t he   l and ing   cond i t i on .   (The  225  shp  peak  can  be  met 
by t h i s   t u r b i n e   d e s i g n  on a t r a n s i e n t   b a s i s . )  

Figure  6-7 shows t h e  gas tu rb ine   fue l   consumpt ion   as  a 
power  and a l t i t u d e .  The power limit shown i n   t h i s   c u r v e  i s  
i n l e t   t e m p e r a t u r e  1 i m i t s  f o r   c o n t i n u o u s   o p e r a t i o n .  A t o t a l  
57.2 Ib   o f   hyd rogen  wi l l  be   requ i red   f o r   t he   a tmospher i c  f l  
boos ter   m iss ion .  The p r e s e n t   o r b i t e r   m i s s i o n  has e s s e n t i a l  
f l i g h t  and t h e r e f o r e   r e q u i r e s   a l l   o f   t h e  power t o  be s u p p l i  
t u r b i n e .  

f u n c t i o n   o f   o u t p u t  
se t   by   t he   t u rb ine  
o f   app rox ima te l y  

i g h t   p o r t i o n   o f   t h e  
l y  no atmospher ic 
ed by t h e   p r o p e l   l a n t  

W E I G H 1  

F igure  6-8 g ives   the   gas   tu rb ine   s ize   and  we igh t   as  a f u n c t i o n   o f   o u t p u t  
power.   Table  6-2  summarizes  system  f ixed  weight  for  100, 225, 300, 500, and 
750  shp r a t i n g s .  These d a t a   a r e   p l o t t e d   i n   F i g u r e   6 - 9 .   F o r   t h e   p r e s e n t  
o r b i t e r   m i s s i o n ,  no a t m o s p h e r i c   f l i g h t  i s  s p e c i f i e d  and t h e   a i r b r e a t h i n g  
elements  (gas  turbine  power  sect ion and ram a i r  heat  exchanger)   should be 
de le ted .  

a b l y  
1 eve 
comb 

The p r o p e l   l a n t   t u r b i n e   r e q u i r e s   h i g h - p r e s s u r e   c r y o g e n i c   s t o r a g e   s u p p l y i n g  
t h e   p r o p e l l a n t s   a t   p r e s s u r e s  on the   o rde r   o f   650  p s i a .  The hydrogen  used  by 
t h e   a i r b r e a t h i n g  gas  turb ine,  on t h e   o t h e r  hand, can  be   supp l ied   a t  a consider-  

lower p ressure  (on t h e   o r d e r   o f  120 p s i a ) .  A t  the   des ign   miss ion   energy  
saving  by 

i a   t ank .  
1, t he   tankage  we igh ts   ind ica te   approx imate ly  a IO- lb   weight  
i n i n g   b o t h   h y d r o g e n   p r o p e l l a n t   q u a n t i t i e s   i n  a s i n g l e  650-ps 
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F i g u r e  6-4. S h u t t l e  Gas Turb ine APU Estimated  Performance - 
HI L-STD-2 IO Hot  Atmosphere 
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TABLE 6-2 

APU FIXED WEIGHT  DUAL-MODE  SYSTEM 

Component 

Hyd rau 1 i c pumps 

Generator 

Gas t u r b i n e  

Prope l lan t   tu rb ine   (w i th   con ta inment )  

Combustor ( w i t h   i n s u l a t i o n )  

Control   logic  devices 

Control  valves 

Pressure  regulators 

Ram a i r   h e a t  exchanger 

Recuperator 

H2 Preheater 

O 2  Preheater 

Coolant  cooler 

Hydraul i c   o i  1 co 01 e r  

Lube o i l   c o o l e r  

Coolant pump 

Coolant   reservo i r  

CI utches 

Gearbox w i t h   l u b e  pump 

Lube o i l  i n  sump 

Inst rumentat   ion 

Duct ing 

Subtota 1 

IO oercent for  veh ic le   suooor t   s t ruc tu re  

Tota l   f i xed   we igh t  

100 hp 

14.0 

IO. I 
75.0 
44.0 

2. I 

7.0 

5.5 
3.0 

21.6 

10.2 

I .7 
0.5 

6.8 

2.0 

0.7 

2.2 
9.4 

I .3 

5.7 

7.7 

1.2 
16.4 

248. I 

24.8 

272.9 

225 hp 
Design  Point 

25.0 

22.0 

I 10.0 

44.0 

3. I 

7.0 

6.0 
3.0 
35.0 

16.5 
2.5 
0.7 

10.0 

4.0 

I .o 
4.0 

20.0 

4.0 
17.4 

7.7 

I .2 
23.8 

367.9 
36.8 

404.7 

300 hp 

44.0 

30.5 

132.0 
44.0 

3.6 

7.0 

6.5 
3.0 
41.4 

19.5 

2.9 
0.8 
11.6 

4.6 

1.3 
7.0 

26.2 

6. I 
26.6 

7.7 

1.2 
27.3 

454. a 
45.5 

500.3 

500 hp 

103.0 

53.3 

190.0 
44.0 

4.6 

7.0 

7.0 
3.5 

56.8 

26.8 

3.8 
I .o 
15.2 

5.6 

2. I 
16.5 

43. I 

13.5 

58.9 

7.7 

1.2 

34.9 
699.5 

70.0 

769.5 

I 750 hp 

134.0 

78.6 

265.0 
44.0 

5.6 

7.0 

8.0 

4.0 
72.5 

34.2 

4.6 
I .3 
18.4 

6.7 

3. I 
23.2 

64. I 
21.2 

92.5 

7.7 

I .2 
42.6 
950.5 
95. I 

1045.6 



However, a t   h ighe r   ene rgy   l eve l s ,  i t  i s   p r e f e r a b l e   f o r  minimum  tankage  weight 
t o   o b t a i n   t h e  gas tu rb ine   hydrogen  f rom a separate  low-pressure  supply.  The 
we igh t   sav ings   a f fo rded by th is   approach  must  be eva lua ted   aga ins t   inc reased 
sys tem  comp lex i t y   i n   ma in ta in ing   two   p rope l l an t   supp l i es ,   un less  one o r   t h e  
o t h e r  can  be i n teg ra ted   w i th   ano the r   veh ic le   subsys tem  requ i remen t .  

F igures  6- I O  and 6- I I show t h e   t o t a l  APU system  weight as  a f u n c t i o n   o f  
power l e v e l  and to ta l   ene rgy   ou tpu t .   Bo th   cu rves  assume hard   she l l   tankage.  
These data  use a s c a l i n g  method somewhat s i m i l a r   t o   t h a t   d e s c r i b e d   i n   S e c t i o n  
2; however,  the  hydrogen-oxygen  turbine has  been  assumed t o  have a cons tan t  
SPC regard less  of the  output   power  under   the  low  backpressure  condi t ions.  
This  assumption i s  cons i s ten t   w i th   t he   t u rb ine /sys tem  pe r fo rmance   da ta   p re -  
sen ted   i n   F igu res  3- I 5  and 3-17 which show t h e   t u r b i n e   p r e s s u r e   r a t i o  and 
e f f i c i e n c y   a t  low back   p ressures   a re   bo th   a lmost   cons tan t .  

It should  be  noted  that   us ing  the  dual -mode  system  on  the  orb i ter   (wi th  
gas t u r b i n e  and  ram a i r   heat   exchanger   removed)  makes that  system  weigh  more 
than does  an equ iva len t   h igh-pressure   c ryogen ic   supp l ied  system, which i s  
descr ibed  in   Sec t ion  4 .  Th is  i s  because  the  dual-mode  system  uses an i n t e r -  
mediate  cool ing  loop,   whereas  the  h igh-pressure  cryogenic   system  re jects   heat  
d i r e c t l y   t o   t h e   c y c l e   h y d r o g e n   f l o w .  
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0 200 4 00 600 800 I OOG 
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F i g u r e  6-9. AW Fixed  Weight;  Dual-Mode  System 
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SECTION  7 

MONOPROPELLANT SYSTEM 

GENERAL DESCRIPTION 

I n   t h e   m o n o p r o p e l l a n t  system, t u r b i n e   w o r k i n g   f l u i d  i s  s u p p l i e d  by a 
monopropel lant  gas genera. tor.   Cool ing i s  p rov ided  by  a r e c i r c u l a t i n g   t h e r m a l  
t r a n s p o r t   l o o p   u s i n g  a w a t e r   b o i l e r   a s   t h e   h e a t   s i n k .  The w a t e r   a n d   l i q u i d  
m o n o p r o p e l l a n t   a r e   s t o r e d   i n   t a n k s   p r o v i d e d   w i t h   e x p u l s i o n   b l a d d e r s   w h i c h   a r e  
p ressu r i zed   by   n i t rogen .  The monopropel lant  i s  a d d i t i o n a l l y   p r e s s u r i z e d  by  an 
e l e c t r i c   m o t o r   d r i v e n  pump. F i g u r e  7-1  shows a schemat ic   o f   the  system. 

DESIGN  CONSIDERATIONS 

S t o r a b l e   P r o p e l l a n t   S e l e c t i o n  

Cons idera t ion  was g i v e n   t o   b o t h   s t o r a b l e   m o n o p r o p e l l a n t s   a n d   b i p r o p e l l a n t s ,  
Hyd raz ine   m ix tu res   were   f ound   to   be   t he   mos t   su i tab le   monoprope l l an ts   i n   t e rms  
of   performance  and  exper ience.  Figure 7-2 i s  a comparison o f  severa l   hydraz ine-  
based  monopropellants i n  terms o f   t h e   d e s i g n - p o i n t   s p e c i f i c   p r o p e l l a n t  consump- 
t i o n  as a f u n c t i o n   o f   p r e s s u r e   r a t i o   f o r  230 hp ou tpu t   and a r e p r e s e n t a t i v e  
tu rb ine   des ign .   P rope l l an t   p roper t i es   da ta   a re   based   on   i n fo rma t ion   p resen ted  
i n  AFAPL-TR-67-167. It will be noted  that   the  75-24-1  (75-percent  hydrazine, 
24-percent   hydraz ine   n i t ra te ,  I percent   water)   g ives  the  best   per formance.  
This  performance i s  o b t a i n e d   a t  a t h e o r e t i c a l   f l a m e   t e m p e r a t u r e   o f  2660'R, 
which i s  somewhat h igher   than  the  opt imum  temperature  o f  2260'R s e l e c t e d   f o r  
the  hydrogen-oxygen  turb ines.  A S  will be shown, opt imum  turbine  performance 
i s  o b t a i n e d   a t  a l o w e r   p i t c h   l i n e   v e l o c i t y   ( o n   t h e   o r d e r   o f  1400 f p s )  as 
compared w i t h   t h e  1800 fps   se lec ted   fo r   the   hydrogen-oxygen  tu rb ine .  Conse- 
quent ly ,  i t  was e s t a b l i s h e d   t h a t   t h e   c o m b i n a t i o n   o f  a d e s i g n   p i t c h   v e l o c i t y  
o f  1400 f p s  and a w o r k i n g   f l u i d   i n l e t   t e m p e r a t u r e  of 2660'R are   compat ib le  
w i th   des ign   va lues   se lec ted   f o r   t he   hyd rogen   oxygen   tu rb ine .  

F r e e z i n g   p o i n t  has  been a m a j o r   l i m i t a t i o n   i n   a p p l i c a t i o n   o f   a n h y d r o u s  
hyd raz ine .   Fo l l ow ing   a re   t he   f reez ing   and   bo i l i ng   po in ts  o f  t he   f ou r  mono- 
p r o p e l l a n t s  shown p r e v i o u s l y :  

Freez i n 9   B o i l i n g   o r   D e c o m p o s i t i o n  

75-24- I 0' F 165' F 

MH F -3 -65OF I65OF 

MHF-5 -7OOF I4O'F 

IO0 percent  N2H4 36OF  236' F 

To meet the   requ i red   ambien t   tempera ture   range  o f   -65   to  +300°F, thermal 
c o n t r o l   p r o v i s i o n s   p r o b a b l y  wi l l  be r e q u i r e d  f o r  s to rage   o f   any  mono- 
p r o p e l l a n t .   C l e a r l y ,   t h e   p r o b l e m  i s  l e s s   d i f f i c u l t   w i t h  a monopropel lant  
w i t h  a low f r e e z i n g   p o i n t .  However, i t  i s  b e l i e v e d   t h a t   t h e  O°F f r e e z i n g  
p o i n t  o f  the  75-24-1  monopropel lant   mixture i s  c o m p a t i b l e   w i t h   r e a d i l y  
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a t t a i n a b l e   c o n d i t i o n s   i n   t h e  Space S h u t t l e   v e h i c l e s .  As  a  consequence o f   i t s  
super ior   per formance,   the 75-24-1 monopropel lant  was s e l e c t e d   f o r   t h e   s t o r a b l e  
p r o p e l   l a n t  system. 

Cons ide ra t i on  was a l s o   g i v e n   t o   v a r i o u s   p o s s i b l e   b i p r o p e l l a n t   c o m b i n a t i o n s .  
N i t r o g e n   t e t r o x i d e - h y d r a z i n e  (or hyd raz ine   m ix tu res )  was found  to   be   the   most  
s u i t a b l e   b i p r o p e l l a n t   c o m b i n a t i o n .  However, it was f o u n d   t h a t  no  performance 
advantage was ob ta ined   ove r   monoprope l l an ts   a t   t he  same gas tempera tu re   l eve l .  
S i n c e   t h e  2660'R gas tempera tu re   ob ta ined   w i th  75-24-1 monopropel lant  was near 
t h e  maximum s e t  by tu rb ine   thermal   and  s t ress   cons idera t ions ,  no i n c e n t i v e  
c o u l d   b e   f o u n d   f o r   u s e   o f   b i p r o p e l l a n t s   o v e r   m o n o p r o p e l l a n t s .  

Tu rb i  ne Des i qn 

T h e   t h e r m o d y n a m i c   p r o p e r t i e s   o f   t h e   w o r k i n g   f l u i d   p r o v i d e d   b y   t h e  mono- 
p r o p e l l a n t  gas g e n e r a t o r   a r e   s i g n i f i c a n t l y   d i f f e r e n t   f r o m   t h o s e   o b t a i n e d   w i t h  
a hydrogen-oxygen  system.  Therefore, it would  be  expected  that  an  optimum 
monoprope l l an t   t u rb ine   des ign  w i l l  be somewhat d i f f e r e n t   t h a n  an  optimum 
hydrogen-oxygen  turb ine.   The  lower   monopropel   lant   spout ing  ve loc i t ies  would 
t e n d   t o   l e a d   t o   l o w e r   p i t c h   l i n e   v e l o c i t i e s .  

F i g u r e  7-3 shows t y p i c a l  monopropel l a n t   d e s i   g n - p o i   n t   p e r f o r m a n c e   v a r i a t i o n  
w i t h   t u r b i n e   s h a f t  speed  and i n l e t   p r e s s u r e .   F o r  a t u r b i n e   i n l e t   p r e s s u r e   o f  
600  psia,   opt imum  performance  is  obtained  near 70,000  rpm. 

F igure   7 -4  shows t h e   p e r f o r m a n c e   v a r i a t i o n   w i t h   p i t c h   l i n e   v e l o c i t y .  
A p i t c h   l i n e   v e l o c i t y   o f  1400 f p s   p r o v i d e s   o p t i m u m   t u r b i n e   p e r f o r m a n c e   f o r  a 
600-ps ia   in le t   p ressure .  As  m e n t i o n e d   p r e v i o u s l y ,   t h i s   l o w e r   v e l o c i t y   i s  
c o m p a t i b l e   w i t h   t h e   h i g h e r   t u r b i n e   i n l e t   t e m p e r a t u r e   o b t a i n e d   w i t h   t h e   h i g h -  
performance 75-26-1  monopropel l a n t .  

T u r b i n e   i n l e t   p r e s s u r e   o p t i m i z a t i o n   i s  a f u n c t i o n   o f   t h e   t y p e   o f  speed 
c o n t r o l .   W i t h   p r e s s u r e   m o d u l a t i o n ,   t u r b i n e   i n l e t   p r e s s u r e   i s   t h r o t t l e d   b y  
t h e  speed c o n t r o l   a t   p a r t   l o a d  and a l t i t u d e   o p e r a t i o n .   T h e r e f o r e ,  it w i  11 be 
necessa ry   t o   s i ze   t he   monoprope l l an t   pump ing   sys tem  fo r  maximum power-sea 
l e v e l   c o n d i t i o n .  A t  a l l   o t h e r   c o n d i t i o n s ,   t h e   p r e s s u r e   i s  reduced.  Typical ly,  
f o r   t h e   b o o s t e r  mode power c o n d i t i o n   a t   1 0 , 0 0 0 - f t   a l t i t u d e ,   t u r b i n e   i n l e t  
p ressu re  i s  approx imate ly  25 t o  33 p e r c e n t   o f   t h a t   r e q u i r e d   f o r  sea l e v e l  
f u l l  power. As a  consequence, the  system w i  1.1 pay a  pumping  power p e n a l t y   f o r  
t h e   r e l a t i v e l y   l o n g   d u r a t i o n  mode power cond i t ion   wh ich   represents  68 pe rcen t  
o f   t h e   b o o s t e r   m i s s i o n   d u r a t i o n .   F i g u r e  7-5  shows  a t y p i c a l   t r a d e o f f  between 
performance  and  turbi   ne i n l e t   p r e s s u r e .  I f  no  pumping  power p e n a l t y   i s  paid, 
p rope l lan t   consumpt ion  will c o n t i n u o u s l y   r e d u c e   w i t h   i n c r e a s i n g   i n l e t   p c e s s u r e .  
However, when t h e  pumping  power  penalty i s  considered,  optimum  performance i s  
o b t a i n e d   a t  a t u r b i n e   i n l e t   p r e s s u r e   f o r   t h e  mode power c o n d i t i o n   i n   t h e   r a n g e  
f rom 600 t o  800 p s i a   ( w h i c h   c o r r e s p o n d s   t o  a pump des ign   p ressure   f rom 1800 t o  
3200 ps i   a ) .  

Pu lse   modu la t ion  speed c o n t r o l   l e a d s   t o  a d i f f e r e n t   d e s i g n   i n l e t   p r e s s u r e  
l e v e l  f o r  t h e   t u r b i n e .   I n   t h i s  case, the   par t - load   per fo rmance may no t   be  
s a c r i f i c e d  by   reduc ing   t u rb ine   p ressu re   ra t i o .  As p rev ious l y   i nd i ca ted ,   t he  
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r e l a t i v e   m e r i t   o f   p u l s e   m o d u l a t i o n  depends  upon the  speed  contro l   requi rements.  
The volume o f   t h e  gas genera tor  i s  a lso   impor tan t .  It should be n o t e d   t h a t  
monoprope l lan ts   requ i re   la rge  gas generator  volumes as  compared t o  hydrogen- 
oxygen  combustors. 

Propel   lant   Exhaust  G3s P r o p e r t i e s  

The exhaust  products  f rom a 75-24-1 APU wou ld   cons i s t   o f   abou t  18 percent  
ammonia, 39 percent  hydrogen, 12 percent  water,  and 31 pe rcen t   n i t rogen .  O f  
these,  only  the ammonia represents  a po ten t i a l   co r ros ion   p rob lem.  However, 
A iResearch  exper ience  wi th   monopropel lant   systems  ind icates  that   there will 
be no   cor ros ion   p rob lems  w i th   any   meta ls   as   long   as   the   exhaust  gas  temper- 
a t u r e   i s  above  the  condensat ion  po int .  When the   exhaust  gas i s   c o o l e d  
s u f f i c i e n t l y   t o   a l l o w   w a t e r   t o  condense ( c a r r y i n g   d i s s o l v e d  ammonia w i t h  
i t ) ,  then  minor   cor ros ion   p rob lems may occur   wi th   copper   or   brass  components.  
Thus, f o r   t h e  Space S h u t t l e  /?PU, it appears   tha t   there  will n o t  be a c o r -  
ros ion   p rob lem i f  a monopropel lant  APU system i s  se lec ted .  

It should be no ted   tha t   personne l  must be kep t   i so la ted   f rom  the  
immediate v i c i n i t y   o f   t h e  APU exhaust gas f low,  whether a hydrogen-oxygen 
o r   monoprope l l an t  APU i s  used  because of t h e   h i g h  gas temperatures  and  the 
absence o f  oxygen. 

S Y S T E M  PERFORMANCE 

F i g u r e  7-6  shows the   t u rb ine   pe r fo rmance  map f o r  a monoprope l l an t   t u rb ine  
designed a t   a l t i t u d e ,  mode power  output .   Unl ike  the  hydrogen-oxygen systems, 
the   monoprope l lan t   sys tem  can  be   benef i t   f rom  recupera t ion   s ince   the   p rope l -  
l a n t  has l i t t i e   h e a t   c a p a c i t y .   T h e r e f o r e ,   s y s t e m   p e r f o r m a n c e   p r e d i c t i o n   c a n  
be o b t a i n e d   s o l e l y  by u s i n g  a v a r i a t i o n   o f   t h e   m i s s i o n   i n t e g r a t i o n   p r o g r a m  
( d e s c r i b e d   i n   A p p e n d i x  F ) .  T h i s   v a r i a n t   u s e s   t h e   f o l l o w i n g   r e l a t i o n s h i p s :  

Relat ion  between  turb ine  d ischarge  pressure  and  ambient   pressure 
(exhaust   duc t   p ressure   d rop   equat ion)  

Re la t ion   be tween  tu rb ine   sha f t   power   and power demanded a t  gearbox 
output   pads 

Relat ion  between  monopropel lant   pump.dr ive  power  (assumed  to be 
e l e c t r i c a l l y   d r i v e n   u s i n g   g e n e r a t o r   p o w e r )  and pump th roughf low 

Turbine  performance map ( p r e s e n t e d   i n   F i g u r e  7-6) 

F1 u i  d Requi  rements 

D e t e r m i n a t i o n  of t h e   p r o p e l   l a n t   f l o w s   i n v o l v e d  a t w o - s t e p   i t e r a t i o n  
p r o c e s s ,   i t e r a t i n g  f i r s t  on   t u rb ine   d i scha rge   p ressu re ,  and then  on  the  power 
b a l a n c e   ( p r o p e l l a n t  pump power, w h i c h   i s  a func t i on   o f   f l ow ,   mus t   be   added   to  
t h e  power demanded a t   t h e  gearbox  output ) .   Th is   process was repeated   fo r   each 
o f   t h e   m i s s i o n  segments f o r   b o t h   t h e   b o o s t e r   a n d   o r b i t e r .  The t o t a l   p r o p e l l a n t  
and  water   requ i rements   fo r   the   miss ions   a re  shown i n   T a b l e  7-1. 
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TABLE 7-1 

MONOPROPELLANT  SYSTEM FLUID REQUIREMENTS* 

Booster   Vehic le  O r b i t e r   V e h i c l e  

75-24- I monopropel 1 a n t  
weight,  1 b 

206.7 757.5 

70.8 189.9 Water  weight, l b  

%lata i nc lude   5 -pe rcen t   res idua ls  on b o t h   f l u i d s .  

C y c l e   S t a t e   P o i n t s  

Figures  7-7  and 7-8 show t h e   s t a t e   p o i n t s   i n   t h e   m o n o p r o p e l l a n t   u n d e r  
t h e  two  extremes o f   o p e r a t i n g   c o n d i t i o n s ,  sea l e v e l ,   f u l l  power,  and  space, 
z e r o   h y d r a u l i c  power .   The  schemat ics   ind ica te   tha t   the   water -g lyco l   coo l ing  
f l o w   i s   e s t a b l i s h e d  by t h e  sea l e v e l   f u l l  power c o n d i t i o n .  A t  t h i s   h i g h   f l o w  
c o n d i t i o n ,   t h e   w a t e r   b o i l e r  will o n l y   b e   a b l e   t o   c o o l   t h e   c o o l a n t   t o   a b o u t  
23OoF because o f   the   h igh   ambien t   p ressure ,   and  the   coo lan t   f low  ou t   o f   the  
lube  o i l   hea t   exchanger   must   be   less   than  about  39OoF (850°R- -cons is ten t   w i th  
maximum temperature 1 im i ta t i on   p laced   on   t he   hyd rogen-oxygen   sys tems   a t   t h i s  
p o i n t ) .  Thus, t h e  maximum t e m p e r a t u r e   d i f f e r e n c e   i n   t h e   w a t e r - g l y c o l   l o o p   i s  
about 16OoF. T h i s   d i f f e r e n c e ,   i n   c o n j u n c t i o n   w i t h   t h e  maximum power  heat  loads, 
e s t a b l i s h e s   t h e   w a t e r - g l y c o l   f l o w   r a t e .  

WE1 GHT 

Table 7-2 summarizes t h e  APU f i x e d   w e i g h t  as  a f u n c t i o n   o f   t h e   p e a k  
output   power.   S ince  the  weight   o f   monopropel lant   and  water  i s  dependent  upon 
t h e   d e t a i l s   o f   t h e   m i s s i o n   p r o f i l e ,   t h e s e   v a r i a b l e   w e i g h t s   a r e   e x c l u d e d   f r o m  
t h e   t a b l e .   F i g u r e  7-9 shows  a p l o t   o f   f i x e d   w e i g h t  vs output  power.  The 
i n f l e c t i o n   i n   t h e   c u r v e   i s  due t o   t h e   v a r i a t i o n   i n   a v a i l a b l e  pump weights  and 
speeds. 

The f i x e d   a n d   v a r i a b l e   w e i g h t s   o f  a  225  hp a v a i l a b l e   g e a r b o x   o u t p u t  APU 
a r e   p r e s e n t e d   i n   T a b l e   7 - 3   f o r   b o t h   t h e   b o o s t e r   a n d   o r b i t e r   v e h i c l e s .  

F i n a l l y ,   u s i n g   t h e   s c a l i n g   c r i t e r i a   d e s c r i b e d   i n   S e c t i o n  2, i t  i s   p o s s i b l e  
t o   d e t e r m i n e   t h e  APU system  weight  as a f u n c t i o n   o f  power l e v e l   a n d   t o t a l  
energy  output.  Such cu rves   a re  shown i n   F i g u r e s  7-10 and  7-1 I . The o r b i t e r  
and   boos te r   pa ramet r i c   da ta   a re   a lmos t   i den t i ca l ;  however, t h e r e   i s  a d i f f e r e n c e  
i n   t h e   r a t i o   o f   t h e  amount o f   p r o p e l l a n t   t o   t h e  amount o f   w a t e r   r e q u i r e d   t o  
pe r fo rm  the   two   m iss ions .  The boos te r   m iss ion   requ i res   abou t   0 .251 - lb   wa te r / l b  
p r o p e l l a n t ,  whereas t h e   o r b i t e r   m i s s i o n   r e q u i r e s   0 . 3 4 2 - l b   w a t e r / l b   p r o p e l l a n t .  
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TABLE 7-2 

APU FIXED WE1 GHT MONOPROPELLANT SYSTEM 

Peak  Power Required 

Component 

Hydraul i c  pumps 

Generator 

Turbine  (wi th containment) 

Gas generator 

Control  logic  devices 

Control va 1 ves 

Pressure  regulators 

Coolant reservoir 

Hydraulic o i l  cooler 

I O  
a x  

{ 
Monopropellant pump 

Reactant pumps 
Coolant pump 

Gearbox with  lube pump 

Lube o i l   i n  sump 

Instrumentation 

Ducting 

Subtota 1 

I O  percent for vehicle  support ing  structure 

Total  f ixed  weight 

100 hp 

14.0 

11.2 

44.0 

2.0 

6.0 

4.5 

2.0 

9.4 

14.2 

2.0 

0.7 

3. I 

2.2 

5.7 

7.7 

I .o 
27.8 

167.5 

16.7 

140. I 

225-hp 
Design Point 

25.0 

24.0 

44.0 

3.0 

6.0 

5.0 

2.0 

20.0 

32.0 

4.0 

I .o 
4.0 

4.0 

17.4 

7.7 

I .o 
40.2 

240.3 

24.0 

197.6 

300 hp 

44.0 

34.0 

44.0 

3.5 

6.0 

5.5 

2.0 

26.2 

42.7 

4.6 

I .3 

5.5 

7.0 

26.6 

7.7 

I .o 
46. I 

307.7 

30.8 

246.1 

500 hp 

103.0 

61.5 

44.0 

4.5 

6.0 

6.0 

2.5 

43. I 

71. I 

5.6 

2 .  I 

10.3 

16.5 

58.9 

7.7 

I .o 
59.0 

502.8 

1 
‘I 

-c 

750 hp 

145.0 

90.2 

44.0 

5.4 

6.0 

7.0 

3.0 

64. I 

106.7 

6.7 

3. I 

13.6 

23.2 

92.5 

7.7 

I .o 
72.0 

691.2 

553. I 760.3 
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Figure  7-9. APU Fixed Weight,  Monopropellant  System 

TABLE 7-3 

BOOSTER  AND ORBITER SYSTEM  WEIGHTS FOR 225 HP APU 
MONOPROPELLANT SYSTEM 

~~ - 

Veh ic le  

F ixed  weight ,   Ib  

Monopropel lant   weight,  1 b 

Monopropel lant   tank  weight,  1 b 

Water  weight, 1 b 

Water  tank  weight,  Ib 

Ni t rogen  tank and regulators   weight ,   Ib  

Total   system  weight,   lb 

.- 

11 7 

Booster 

264.3 

756.5 

16. I 

189.9 

7.0 

8.3 

1242. I 

O r b i t e r  

264.3 

206.7 

7.0 

70.8 

4. I 

4.3 

557.2 

L 



A V A I L A B L E  GEARBOX ENERGY  OUTPUT,  HP-HR 

F i g u r e  7-10. Booster  Vehicle APU System  Weight,  Monopropellant  System 
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SECTION 8 

SYSTEM COMPARISON AND EVALUATION 

INTRODUCTION 

Sect ions  3 through 7 have  es tab l i shed  the   per fo rmance  capab i l  
f ive  candidate  systems  that   have  been  s tud ied  dur ing  the  second  ha 
o f   t h e  APU system  study.  These  data  are  compared  with  one  another 
s e c t i o n   t o   e s t a b l i s h   t h e   r e l a t i v e   i n c e n t i v e   f o r   s e l e c t i o n   o f   t h e  v 
candidates.  The system  candidates  are as f o l  lows: 

i t i e s   o f   t h e  
If o f  Phase I 

ar ious  system 
i n   t h i s  

Low-pressure   c ryogen ic   l iqu id   supp l ied   sys tem ( S e c t i o n  3). Uses 
c ryogen ic  pumps t o  achieve an opt imum  turb ine i n l e t   p r e s s u r e ) .  

I n teg ra l   h igh   p ressu re   c ryogen ic   supp l i ed   sys tem  (Sec t i on  4 ) .  Cryo-3 
gens a r e   s t o r e d   a t  a h i g h   p r e s s u r e   w i t h   p r e s s u r e   b e i n g   e s t a b l i s h e d  
b y   t r a d i n g   o f f   t a n k   w e i g h t  and turb ine  per formance as f u n c t i o n s   o f  
system  pressure. 

High  pressure  gaseous  hydrogen-oxygen  suppl   ied  system  (Sect  ion 5 ) .  
Cryogens  are  suppl ied as high-pressure  gases  from  another  system 
on-board   the   veh ic le .  

Dual-mode system  (Sect ion 6 ) .  Uses a hydrogen-oxygen  tu rb ine   fo r  
space opera t ion   and a hydrogen- fue led gas tu rb ine   f o r   a tmosphere  
operat   ion.  

Monopropel lant   system  (Sect ion 7 ) .  Monopropel lant   turb ine  us ing  an 
expendable  evaporant,  water, as the  system  heat   s ink.  

SYSTEM COMPARISON 

Table 8-1 i s  a  summary c o m p a r i s o n   o f   t h e   f i n a l   s e r i e s   o f  APU systems 
s t u d i e d   f o r   t h e  Space S h u t t l e   a n d   d e s c r i b e d   i n   p r e v i o u s   s e c t i o n s   o f  t h k   r e p o r t .  
To t h e   b a s i c   f i v e   t y p e s  o f  systems,  two  var iants  are shown, one r e f l e c t i n g   t h e  
d i f ference  between  shared  and  separate  tankage  ( for   the  low-pressure  cryogenic  
s u p p l i e d   s y s t e m ) ,   t h e   o t h e r   r e f l e c t i n g  a d i f f e r e n c e   i n   i n l e t   p r o p e l l a n t   c o n d i -  
t i o n s   ( f o r   t h e   h i g h - p r e s s u r e  gaseous  supplied  system). The weight  comparisons 
shown i n   t h e   t a b l e  were made o n   t h e   b a s i s   o f   t h e   f o l l o w i n g   g r o u n d   r u l e s :  

(a )   Sys tem  we igh t   inc ludes   p rope l lan t   and  p rope l lan t   tankage  pena l ty .  

(b)   Propel lant   tankage  penal ty   for   separate  tanks  based  upon  miss ion 
r e q u i r e m e n t s   f o r  one APU wi th   separate  tankage.  

(c)   Propel   lant   tankage  penal ty   for   shared  tanks  based  upon  incrementa l  
p e n a l t i e s   f o r   a d d i n g   t o  a sys tem  conta in ing  10,000 l b   o f  hydrogen 
and 10,000 I b   o f  oxygen. 
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(d )  Gaseous s u p p l   i e d   s y s t e m s   p e n a l   i z e d   f o r   p r o p e l l a n t s   r e q u i r e d   f o r  
t he rma l   cond i t i on ing   and   t ankage   fo r   s to rage   o f   t he rma l   cond i t i on -  
i n g   p r o p e l l a n t s .  

( e )   S y s t e m s   w e i g h t s   a r e   g i v e n   f o r   b o t h   s o f t   s h e l l   a n d   h a r d   s h e l l  
c ryogenic   tankage.  

The d a t a   g i v e n   i n   t h i s   t a b l e   e s t a b l i s h e d   t h e   b a s i s   f o r   t h e   s y s t e m   e v a l u a t i o n s  
t o  be  discussed  subsequent ly.  

SYSTEM  EVALUATION 

NASA has e s t a b l i s h e d   t h e   e v a l u a t i o n   c r i t e r i a  and  we igh t ing   fac to rs   as   the  
fo l  l ow ing :  

Cost - 

- I tern 

Low Weight 

We igh t i ng  

25 

H i g h   F l e x i b i  1 i t y  2 0  

Re1 i a b i  1 i t v  

I tern We igh t ing  

S i m p l i c i t y  30 

Expe r i ence 5 

Ease o f  Development 10 

Ease o f   M a n u f a c t u r i n g  5 

Ease o f   Ma in tenance  5 

The b a s i s   f o r   e s t a b l i s h i n g   s y s t e m   r a t i n g s   f o r   t h e s e   v a r i o u s   c o n s i d e r a t i o n s  will 
be d i s c u s s e d   i n   t h e   p a r a g r a p h s   f o l l o w i n g .  It shou ld  be no ted   tha t   m inor   changes 
i n   t h e  method o f   e v a l u a t i o n   ( s u c h  as placing  added  emphasis  on  key  areas  such as 
c o n t r o l s   a n d  pumps) d o   n o t   e f f e c t   t h e   r e l a t i v e   r a n k i n g   o f   t h e   c a n d i d a t e   s y s t e m s .  

Weiaht   Evaluat ion 

Tab le  8 - 2  l i s t s  sys tem  we igh t   f o r   t he   boos te r   and   o rb i te r   m iss ions   and  
ings  based  upon ( I )  boos ter   m iss ion ,  ( 2 )  o r b i t e r   m i s s i o n ,   a n d  (3 )  a 

1 
I 

t h e   r a t  
t o t a l  m 
( t o   r e f  
m i  s s  i on 
eva l   ua t  
boos te r  

I 

s s i o n   i n   w h i c h   t h e   o r b i t e r   s y s t e m   w e i g h t  i s  g i ven  a w e i g h t i n g   o f   s i x  
e c t   t h e   w e i g h t   c o s t  t o  t h e   b o o s t e r   o f   o r b i t e r   w e i g h t ) .  The t o t a l  
r a t i n g  m o s t   a c c u r a t e l y   r e p r e s e n t s   r e l a t i v e   s y s t e m   m e r i t .   T h i s   w e i g h t  
on i s  based  upon  the  assumption  of  system  commonali ty  between  the 
and o r b i t e r ,   w h i c h   a t   t h e   p r e s e n t   t i m e   a p p e a r s   t o  be   appropr ia te .  

System F l e x i b i l i t y   E v a l u a t i o n  

System f l e x i b i l i t y   r e p r e s e n t s   t h e   a b i l i t y   o f   t h e   s y s t e m   t o  meet  changing 
m i s s i o n   r e q u i r e m e n t s   w i t h  minimum m o d i f i c a t i o n .  Two t y p e s   o f  change  can be 
a n t i c i p a t e d ;  one  invo lves   inc reas ing  APU o p e r a t i n g   t i m e ;   t h e   o t h e r   i n v o l v e s  
i nc reas ing   t he   ou tpu t   power   l eve l .  Changes o f   t h e   f i r s t   t y p e  will b e   r e f l e c t e d  
p r i m a r i l y   i n   t h e   e x p e n d a b l e   r e q u i r e m e n t s .  I f  the   expendab les   a re   supp l ied   by  
i n t e g r a l   s t o r a g e   i n   t h e  APU system,  changes i n   t a n k   s i z e  wi l l  be   requ i red .  I f  
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TABLE  8-1 

APU SYSTEM COMPARISON SUMMARY 

I Hlgh turndarn ratlo. 

I Ia t lng type control 
1 for pressure  mdu- 

I 

Lar-prassurs cry~gsnlc  537 310 
l lquld  supplled system (629) ' (333) 

Hlgh-prersurs g a s ~ u t  
tuppllad systam (200' 
to w o n ,  6w psla or 
greater) 

" 

083 
(1071 

i 

Shared 

hlgh- 
Separate 

pressure 

H frm 

turblns 
tanks 

pl0pall.r 

- 
Integral 

pressure 
1 ar- 

tanks 

Shored Rscuparatlva Propellant 
I n  cycle I f h  

t ReCYperatl". PrOpDlIant 

w.por1zer I n  Ram .Ir 
cngl "a 

Hot requlred Expendable 
svapor.nt 

%clghtr wlthoUt parentheses arc for  soft  shell tanks. 
Yelghts r l t h  p.rcnthcses are for hard shell tanks. 
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TABLE 8-2 

SYSTEM  RATING  FOR  WEIGHT 

System 
~~~ ~ ~ 

Low-pressure  cryogenic  suppl iec 
sys tem  ( i n teg ra l   t anks )  

Low-pressure  cryogenic  suppl ied 
system  (shared  tanks) 

I n t e g r a l   h i g h - p r e s s u r e   s u p p l i e d  
system 

Gaseous suppl ied  system (500°R, 
300 p s i a )  

Gaseous suppl   ied  system ( 200°R, 
650 p s i a )  

Dual mode system 

Monopropellant  system 

System  Weight, 16 

Booster 
Miss   ion  

___ 

604 

537 

684 

883 

5 73 

629 

I242 

O r b i t e r  
Miss ion  

388 

31 0 

425 

393 

307 

473 

55  7 

TABLE 8-3 

SYSTEM  RATING  FOR FLEXIBILITY 

Low-pressure  cryogenic  suppl ied 
system ( i n teg ra l   t anks )  

Low-pressure  cryogenic  suppl ied 
system  (shared  tanks) 

In teg ra l   h igh -p ressu re   supp l i ed  
system 

Gaseous suppl ied  system (500°R, 
300 p s i a )  

Gaseous suppl  ied  system ( 200°R, 
650 p s i a )  

Dual mode system 

Monopropel l a n t  system 

- 

Svstem  Rat ing 

Booster 
Miss ion  

0.890 

I . 000 

0.786 

0.609 

0.938 

0.854 

0.433 

Number of Changes 
Requi red  for  Inc reased 
Mi ss i o n  
Dura t i on  

ou tpu t  
Power 

23 

17 

14 

IO 

12 

24 

14 

T 

O r b i t e r  
M iss ion  

0.790 

0.990 

0.723 

0.780 

I ,000 

0.650 

0.551 

To t a  1 

25 

17 

16 

I I  

12 

26 

16 

Tota 1 
Miss ion  

0.818 

I . 000 

0.74 I 

0.754 

0.993 

0.691 

0.523 

Rat i ng 

0.440 

0.646 

0.688 

I . 000 

0.915 

0.423 

0.688 

1 2 2  



r 

the  expendab les   a re   ob ta ined from shared  tankage, it will probab ly   no t   be  
necessary  to  make changes i n   t h e  APU system. I n   t h i s  case, systems  using 
shared  tankage will ra te   h ighe r   t han   t hose   hav ing   i n teg ra l   t ankage .   W i th  
changes i n  sys tem  requ i remen ts ,   wh ich   i nvo l ve   s ign i f i can t   i nc reases   i n   sys tem 
ou tpu t  power, it will be  necessary t o   r e s i z e   m o s t  of the  system  components. 
A S  a  consequence, t h e   c r i t e r i a   f o r   t h i s   t y p e   o f   f l e x i b i l i t y   i n v o l v e   t h e   t o t a l  
number o f   m a j o r  components  comprising  the sysfem. Table 8-3 g ives   the   sys tem 
f l e x i b i l i t y   e v a l u a t i o n .  

Ease o f  Development  Evaluation 

As shown i n   T a b l e  8-4, t h e   f o l l o w i n g   t h r e e   . f a c t o r s   w e r e  assumed t o  be 
i n d i c a t i v e   o f   t h e   r e l a t i v e   e a s e   o f   d e v e l o p m e n t :  

Number o f   r o t a t i n g  components i n  system 

Number o f   c o n t r o l   f u n c t i o n s  

Number o f  development  problem  areas 

The sum o f   t h e s e   f a c t o r s   s h o u l d   p r o v i d e  a re la t i ve   i ndex .o f   t he   deve lopmen t  
e f f o r t   r e q u i r e d   f o r   t h e   v a r i o u s  systems. A s  might  be  expected,  the  monopropel- 
lan t   sys tem emerges w i t h   t h e   h i g h e s t   r a t i n g   h e r e .  

Ease o f   M a n u f a c t u r i n q   E v a l u a t i o n  

I n   t h i s   e v a l u a t i o n  (shown i n   T a b l e  8-5), t h e   t o t a l  number o f   m a j o r  compo- 
nents ,   the number o f   r o t a t i n g  components,  and t h e  number o f  complex  assemblies 
p rov id 'e   t he   bas i s  for the   eva lua t ion .   Large ly   because  o f   hav ing  a fewer number 
o f  components, t h e  gaseous   supp l i ed   sys tems   have   t he   h ighes t   ra t i ng   f o r   t h i s  
f a c t o r .  

Ease o f  Ma i ntenance Eva 1 u a t   i o n  

The main tenance  eva lua t - ion   g iven   in   Tab le  8-6 assumes t h a t   t h e   p r i m a r y  
a c t i v i t i e s  will invo lve   sys tem  checkou t   o f   con t ro l   f unc t i ons   and   resupp ly ing  
expendable  mater ia ls .  The low-pressure  cryogenic   suppl ied  system  and  the 
200°R, 650 p s i  g a s e o u s   s u p p l i e d   s y s t e m   a r e   t i e d   f o r   t h e   h i g e s t   r a t i n g s   i n  
t h i s   c a t e g o r y .  

System S i m p l i c i t y   E v a l u a t i o n  

T h e   s y s t e m   s i m p l i c i t y   e v a l u a t i o n   ( T a b l e  8-7) i s  based  upon t h e   t o t a l  
number o f   m a j o r  components, t h e  number o f   c o n t r o l   f u n c t i o n s ,   a n d   t h e  number of 
r o t a t i n g  components.  The  gaseous suppl ied  systems show t h e   h i g h e s t   r a t i n g s  
i n   t h i s   e v a l u a t i o n .  

System  Exper i ence Eva 1 u a t  i on 

The   p r imary   c r i t e r i a   i n   t he   sys tem  exper ience   eva lua t i on   (Tab le  8-8) i s  
based  upon t h e  number o f  development  problem  areas.  The  monopropellant  system 
w i t h   t h e   f e w e s t   d e v e l o p m e n t   p r o b l e m   a r e a s   h a s   t h e   h i g h e s t   r a t i n g   i n   t h i s  
category.  
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TABLE 8-4 

SYSTEM  RATING  FOR EASE OF  DEVELOPMENT 

Low-pressure  cryogenic  supplied 
system ( in tegra l   tanks)  

Low-pressure  cryogenic  supplied 
system  (shared  tanks) 

In tegra l   h igh-pressure  suppl ied 
system 

Gaseous supplied  system (500°R, 
300 ps ia )  

Gaseous suppl  ied  system (200°R, 
650 ps ia )  

Dual mode system 

Monopropellant  system 

Number of 
Rota t ing  
Components 

~ 

6 

6 

4 

4 

4 

6 

5 

Number o f  
Control 
Functions 

-~ 

5 

3 

5 

4 

3 

7 

2 
~. 

Number o f  
Development 
Problem  Areas 

6 

6 

2 

2 

2 

2 

I 

TABLE 8-5 

SYSTEM  RATING  FOR EASE OF MANUFACTURE 

Low-pressure  cryogenic  supplied 
system ( in tegra  1 tanks) 

Low-pressure  cryogenic  suppl  led 
system  (shared  tanks) 

In tegra l   h igh-pressure  suppl ied 
system 

Gaseous supplied  system (500°R, 
300 ps ia )  

Gaseous suppl  led  system ( 200°R, 
650 ps ia )  

Dual mode system 

Monopropellant  system 

Number of 
Major 
Components 

23 

17 

14 

IO 

12 

24 

I 4  

Number of 
Rota t ing  
Components 

Number o f  
Comp 1 ex 
Assemb 1 i es 

To t a  1 
Number 

17 

~. - 

15 

I I  

IO 

9 

15 

8 _ _ -  

Tota I 
Number 

38 

30 

25 

19 

21 

39 

25 I 

Syste 
Rat in  

0.470 

. -  . - 

0.533 

0.726 

0.800 

0.890 

0.534 

I . 000 
- ~. . .  

~ 

Sys tem 
Rat ing 

0.500 

0.634 

0.760 

I ,000 

0.900 

0.488 

0.760 
" .~ .- " " 
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TABLE 8-6 

SYSTEM  RATING FOR EASE OF MAINTENANCE 

~ ~. 

Low pressure  cryogenic  supplied 
system ( in tegra l   tanks)  

Low-pressure  cryogenic  supplied 
system (shared  tanks) 

In tegra l   h igh-pressure  suppl ied 
system 

Gaseous supplied  system ( 500°R, 
300 ps ia )  

Gaseous suppl  ied  system ( 200°R, 
650 ps ia )  

Dual mode system 

Monopropellant  system 
~~ ~ _" ~. " 

Number o f  
Cont r o  1 
Functions 

5 

3 

5 

4 

3 

7 

Number of 
Mater ia ls  

Number  Supp 1 i ed 
Tota 1 

4 9 

2 5 

4  9 

3  7 

2 5 

5 12 

. - 

Low-pressure  cryogenic  supplied 
system ( in tegra  1 tanks) 

Low-pressure  cryogenic  supplied 
system (shared  tanks) 

Integral   h igh-pressure  suppl ied 
system 

Gaseous supplied  system (500°R, 
300 ps ia  

Gaseous suppl  ied  system (200°R, 
650 ps ia )  

Dual mode system 

Monopropel l a n t  system 

~ ~~~ .~ 

- . ~ . ~ . -~ . " ~ ~ _ I ~  " -~ - 

TABLE 8-7 

SYSTEM  RATING FOR SIMPLICITY 

Number 
Major 
Compont 

23 

17 

I 4  

10 

12 

24 

14 

Number o f  
Rotat ing 
Components 

34 

26 

23 

18 

19 

37 

21 

System 
Rat 1 ng 

0.555 

I . 000 
0.555 

0.714 

I . 000 

0.416 

0.714 

Tota 1 
Number 

System 
Rat I ng 

~ 

0.529 

0.693 

0.783 

I . 000 

0.915 

0.486 

0.855 
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T A B L E  8-8 

SYSTEM  RATING FOR EXPERIENCE 

L o w - p r e s s u r e   c r y o g e n i c   s u p p l   i e d  
s y s t e m   ( i n t e g r a l   t a n k s )  

L o w - p r e s s u r e   c r y o g e n i c   s u p p l   i e d  
s y s  tem ( s h a r e d   t a n k s )  

I n t e g r a l   h i g h - p r e s s u r e   s u p p l i e d  
s y s t e m  

G a s e o u s   s u p p l   i e d   s y s t e m  (500°R, 
300 p s  ia )  

G a s e o u s   s u p p l   i e d   s y s t e m  ( 200°R, 
600 p s i a  

Dual  mode s y s t e m  

Monoprope l   l an t   sys t em 

126 

Number of 
D e v e  1 opmen t 
Prob lem Areas 

S y s t e m  
Rat i ng 

0. I67 

0. I67 

0.500 

0.500 

0.500 

0.500 

I .ooo 



SYSTEM RAT1 NG 

Table 8-9 summarizes the   ra t i ngs   d i scussed   p rev ious l y   and   app l i es   t he  
w e i g h t i n g   f a c t o r s   t o   e s t a b l i s h   t o t a l   w e i g h t e d   r a t i n g s   f o r  each  system. 
F o l l o w i n g   i s  a l i s t i n g   o f   t h e   r e l a t i v e   s t a n d i n g   o f   t h e   v a r i o u s  systems 
t o g e t h e r   w i t h   t h e   t o t a l   w e i g h t e d   r a t i n g   ( b a s e d   o n  a maximum p o s s i   b l  e t o t a l  
score  o f  loo).  

System 

200°R, 6 5 0  p s i a  gaseous supp l ied   sys tem 

500°R,  300 p s i a  gaseous  supplied  system 

High-pressure  cryogenic   suppl   ied  system 
( i n t e g r a  1 tanks)  

Low-pressure  cryogeni c suppl i ed system 
(shared  tanks)  

tilonopropel l a n t  system 

Low-pressure  cryogenic  suppl ied  system 
( i n t e g r a l   t a n k s )  

Dual mode system 

CONCLUSIONS 

Tota 1 \.lei qhted  Rat i n q  

93.39 

87.92 

7 3 .  I I 

73 .04  

69.85 

55.93 

52.68 

Based  upon the   f o rego ing   eva lua t i on ,   t he   gaseous   supp l i ed   sys tem  i s  
recommended f o r   t h e  Space S h u t t l e  APU. C o n s i d e r a b l e   i n c e n t i v e   i s  shown f o r  
o p e r a t i o n   a t  low i n l e t   t e m p e r a t u r e   a n d   t h e   h i g h e s t   a v a i l a b l e   p r e s s u r e .   T h i s  
system  has  the  d isadvantage  of   depending  upon  another  system ( A P S )  t h a t  has 
n o t   y e t  been de f ined.  A s  a  consequence, t h e  APU system w i  1 1  b e   r e q u i r e d   t o  
have a measure  of f l e x i b i l i t y   w i t h   r e s p e c t   t o   t h e   a b i l i t y   t o  accommodate  a 
range of i n l e t   c o n d i t i o n s .  
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TABLE 8-9 

SYSTEM EVALUATION 

Cryogen1 c Suppl lcd 
Lw-Prossurc 

s y s t m  
(Intcgral Tanks) 

Evaluatlon Catogory 

Wclght 

Ratlng Ratlng Factor 

2.10  0.555 5 Easa of molntcnnnea 

2.50 0.500 5 Easo of monufacturlng 

4.70 0.470 IO Easc of dovalopmont 

8.80 0.440 20 Flaxlblllty 

20.45 0.818 25 

Wolghtlng Wclghtcd 

Slrrpllclty 15.87 0.529 30 

Expcrlcnca 0.83 0.161 5 

: Total 55.93 

Reletlve sy5te.m retlng 

High-Prcssurc 
Cryogcnlc Suppllad Cryogcnlc Suppllcd 
SyStcm 
(Shorcd Tanks) 

System 
(Intcgral : 

Wol ghtcd 

0.688 

I .ooo 0.555 

73.04 I 
ranks) 

lalghtcd 
latlng 

18.52 

13.76 

7.26 

3.80 

2.10 

23.P9 

2.50 

13. I I 

4  3 

coscous 
Suppllcd System 
(500°R, 300 psla) 

Wolghtod 

I .ooo 

0.114 

0.500 

2 

I 

caPcous 
Suppllod  System 
(200°R. 650 DSia) Dual Hod0 Svstcrn . .  - 
Rating 

0.993 
- 

0.915 

0.890 

0.904 

I .000 

0.945 

0.500 

- 
- 

I I 7 

- 
Jclghtcd 
lotlng 

17.28 
- 

8.46 

5.14 

2.44 

2.08 

14.58 

2.50 - 
52.68 

Honopropcllont 
Systcm 

Ratlng 

13.07 0.523 

Rating 
Wclghtad 

0.688 13.76 

1.000 5.00 

0.760 3.80 

0.714 3.51 

0.855 25.65 

1.000 5.00 

69.85 

5 



SECTION 9 

TECHNOLOGY  EVALUATION 

INTRODUCTION 

Critical  technoloqv  development  areas  can  be  defined  as  having  one or 
more  of  the  following  Features:' 

(a)  Design i s complex 

(b) There are no similar  components in proven  use 

(c) A  major  component  characteristic is  not  amenable 
test  verification is  not  available 

(d) Manufacturing  processes  are  not  proven 

(e) Performance, 1 ife,  and  re1  iabi  lity  have a  major i 
tradeoffs  and selection processes 

(f) Development  risk is high 

To a very considerable  extent,  the Phase I activities have 

to analysis  and 

mpact on system 

been  directed to 
establishing  candidate  system  concepts  with  a  minimum of  these  characteristics. 
Then, in the  system  comparison  and  evaluation  studies  summarized in the  pre- 
vious  section,  the  selection  criteria  led to recommendation of a system with the 
fewest  problem  areas. 

For the  recommended  gaseous  hydrogen  and  oxygen  supplied  system,  two 
problem  areas  were  identified: 

(a) High  turndown  ratio  for  the flow controls 

(b) Re1  iable  long-1  ife temperature  sensors  for O/F mixture  ratio  control 
(past  experience  indicates  temperature  sensor  signals  have a tendency 
to lose  cal  ibration when  operated in a  hydrogen  environment for 
extended  periods.) 

The low-pressure  cryogenic  suppl  ied  system was penal  ized  because of the 
problem  areas  anticipated  with  the  propellant  pumps. These problems  resulted 
from  the  low  flows  and  high  heads,  the  desire to use  centrifugal  pump  designs 
for reliability,  and pump operation with saturated  cryogenic  liquids  and  the 
resulting  cavitation at  the  inlet.  Work  with  small  capacity cryogenic  pumps 
w i l l  proivde  a  useful  technological  base  for  future  systems. 

Pressure  modulating  sontrol was assumed  for  the  systems  described in this 
report. Pulse  modulating  control  may  offer  performance  advantage  at  the  very 
high turndown  ratios  required  for  the  Space  Shuttle APU. However,  pulse 
modulating  control  requires  a  large  accumulator  (weight on the  order of 50 to 
100 Ib) for stability in driving  a  variable-delivery  hydraulic pump. In addi- 
tion, pulse  modulating  control  imposes a large  number  of  cycles on the  control 
valves  and  requires  continuous  operation of the  combustor  igniter.  Both of 
these  characteristics tend to limit component  operating life. If pulse  modu- 
lation  control is selected,  technology work in the  various  areas-  discussed 
above will  be  desirable. 
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APPENDIX A 

H2-02 TURBINE PARAMETRIC  DESIGN  STUDIES 

Parametric  turbine  studies  were  conducted  to  obtain  the  optimum  turbine 
configuration for the Space  Shuttle  APU  application.  These  studies  included 
selection  of  the  type  turbine  most  appropriate,  optimization  of  the  various 
parameters  associated  with  the  turbine  design  and  evaluation  of  competitive 
turbine  designs  over  the  assumed  power-altitude  profile  to  obtain  the minimum 
propellant  requirement. The results  of  these  studies  are  presented  below. 

A summarization  of  the  turbine  design  selected  as  being  best  for  the 
pumped  propellant  system in the Space  Shuttle  APU  application is  presented in 
Table 1 .  A performance map of  this  turbine  is  also  shown in Table I .  

SELECTION OF TURBINE TYPE 

A preliminary  screening  was  made  of  all  turbine  types  which  might  be 
competitive in the  space  shuttle APU application. The  following  candidate 
turbine  types  were  eliminated for the  reasons  stated. 

Radial Flow--Eliminated  on  the  basis of stress and thermal  problems 
relative to other  competitive  types. 

Reaction--Eliminated  on  the  basis  of  optimum  specific  speed 
cons i derat  ions. 

The preliminary  screening  resulted in the following  three  types of 
turbines  being  competitive in this  application; 

Pressure-compounded,  multi-stage,  single-disk  (reentry),  axial  impulse 

Pressure-compounded,  multistage  multiple  disk,axial  impulse 

Velocity-compounded,  multistage,  multiple-disk,  axial 

Final  selection  of the turbine type  was made on  the  basis  of  performance 
studies  described in this  appendix.  This  evaluation  emphasized  two  particular 
criteria: ( I )  minimize the  integrated  mission  propellant  requirements,  and 
( 2 )  maximize the advantages in the design of the hardware.  The  final  turbine 
types el imi nated were 

Reentry--Eliminated on the  basis  of no significant  advantage 
relative  to  the  other  competitive  types  and  known  problems with 
seals and close  clearances. 

Velocity-compounded--El  iminated on the basis of no  significant 
advantage  relative  to  the  other  competitive  types  and  has  long 
blades  leading  to  problems  with  blade  vibration  and blade-root 
stresses. 
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TABLE I 

Turb ine Type: 

Control  Method: 

P rope l l an ts :  

Design  Point :  

TYPICAL  SPACE  SHUTTLE  APU  TURBINE 
OPTIMUM FOR PUMPED PROPELLANT  SYSTEM 

Design  Parameters: 

Bozz le  throat   area,  s q  in. 

N o z z l e   e x i t  area, sq in. 

Nozz le   ex i t   ang le ,   deg 

B lade  in le t   ang le ,   deg 

P i tch   d iameter ,   in .  

Arc of admission,  percent 

Blade  height,   in.  

Blade  chord,  in. 

T i p  gap, in. 

Nmber  of blades 

52 

50 

48 

36 

34 

32 

A. DESIGN SUIIHARY 

2-Stage, 2-Disk, Pressure-Compounded, Ax ia l   Impu lse  

T u r b i n e   I n l e t   P r e s s u r e   M o d u l a t i o n   w i t h   r o a d  

Hydrogen  and  Oxygen 

Hode P m e r   a t  10,000-ft a l t i t u d e  
80 shp 
70 000 rpm 
2&O0R i n l e t   t empera tu re  
220 p s i a   i n l e t   p r e s s u r e  
I I  p s i a   o u t l e t   p r e s s u r e  
600 p s i a  max. i n l e t   p r e s s u r e   ( a t  Max. P m e r )  
O/F = 0.45 

F i r s t  Stage 

0.0117 

0.0869 

16.0 

19.2 

5.89 

9.2 

0.265 

0.350 

0.010 

85 

B. P E R F O M N C E  HAP 

Second  Stage 

0.2351 

0.2937 

16.0 

21.5 

6.54 

31.0 

0.239 

0.3% 

0.010 

85 

(PERCENT) + 9.6 (O/F - 0.65) 

220 PSIA XIIL€I PRESSU 
I 1  PSIA OUTLET PRESSU 

0 20 40 60 80 103 120 140 160 180 200 220 240 260 

OUTPUT SHAFT POWER. HP 
S-OI$PZ 
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F i g u r e   l a  shows a typ ica l   des ign-po in t   per fo rmance  compar ison   o f   the  
pressure-compounded  reentry  turbine  and  the  two-disk  pressure compounded 
t u r b i n e .  The d a t a   i n d i c a t e   t h a t   t h e   r e e n t r y   t u r b i n e   o f f e r s  no  performance 
advantages i n  comparison t o   t h e  pressure-compounded  turbine. 

The performance  of  two-stage  pressure-compounded  and  velocity-compounded 
t u r b i n e s   i s  compared i n   T a b l e  5 ( p r e s e n t e d   l a t e r   i n   t h i s   a p p e n d i x )   f o r   a n  
assumed m i s s i o n   p r o f  i le .  The da ta   ind ica te   tha t   the   p ressure-compounded 
t u r b i n e  shows a per formance  advantage  over   the  ve loc i ty-compounded  turb ine,  
p a r t i c u l a r l y  when the   two   t u rb ines   a re   des igned   a t  sea l e v e l ,   f u l l  power 
o u t p u t .  When t h e   d e s i g n   p o i n t   i s   a t   a l t i t u d e ,  mode power, the   p ressure-  
compounded t u r b i n e  shows about 6 l b   p r o p e l l a n t   w e i g h t   s a v i n g s   o v e r   t h e  
ve loc i ty-compounded  turb ine.  Thus, the  pressure-compounded  turb ine  o f fers  
super ior   aerodynamic  performance ( lower   p rope l   lan t   consumpt ion   ra te )   regard-  
less o f   t h e   d e s i g n   p o i n t   s e l e c t e d   f o r   t h e   t u r b i n e .  

The ve loc i ty-compounded  turb ine  des ign  used  in   the  per formance com- 
p a r i s o n   o f   T a b l e  5 i s  one hav ing  a near-optimum  blade h/D r a t i o   o n   t h e  
f i r s t   s t a g e   o f   a b o u t  0.05, o r  a b l a d e   h e i g h t   o f  0.3 i n .   o n   t h e   f i r s t   s t a g e .  
A t  t h i s   c o n d i t i o n ,   a l t h o u g h   t h e   e f f i c i e n c y   i s  maximized,  the  second-stage 
has ext remely   long   b lades   wh ich   wou ld   c rea te   mechan ica l   des ign   p rob lems 
( e x c e s s i v e   r o o t   s t r e s s e s  and v i b r a t i o n a l   e x c i t a t i o n ,  as  discussed  below). 
F i g u r e   I b  shows c r o s s - s e c t i o n s   o f   t h e   t u r b i n e   s t a g e s   f o r   b o t h   t h e   p r e s s u r e -  
compounded and  ve loc i ty -compounded  tu rb ine   des igns .   A l though  the   f i r s t  
s tage  b lad ing  he ights   are  about   equal   (0 .265  in .   for   pressure-compounded 
and 0.300 in .   f o r   ve loc i t y -compounded) ,   t he   d i f f e rence   i n   t he   second-s tage  
b l a d i n g   h e i g h t s   i s   r e a d i l y   a p p a r e n t .  

I n  an   a t tempt   t o   reduce   t he   he igh t   o f   t he   second-s tage   b lad ing ,  a 
ser ies   o f   ve loc i ty -compounded  tu rb ine   des igns   have  been  inves t iga ted .  These 
designs  are  summarized i n  Table 2. I n   t h e s e   d e s i g n s ,  i t  has  been p o s s i b l e  
t o  reduce  the   second-s tage  b lad ing   he igh t   by   reduc ing   the   f i r s t -s tage 
b l a d i n g   h e i g h t .  Thus, b y   h a l v i n g   t h e   f i r s t - s t a g e   b l a d e   h e i g h t   t o   0 . 1 5 0   i n . ,  
the  second-stage  b lade  he ight   is   reduced  f rom 1.114 i n .   t o  0.557 i n .  The 
r e s u l t i n g   d e c r e a s e   i n   e f f i c i e n c y   i s   o n l y   a b o u t  0.3 percent ,   o r   about  4 l b  
o f   p r o p e l l a n t   w e i g h t   i n c r e a s e   f o r   t h e   m i s s i o n  assumed i n   T a b l e  5. As d i s -  
cussed  below, a b l a d e   h e i g h t   o f   0 . 5 5 7   i n .   i s   a c c e p t a b l e   m e c h a n i c a l l y .  So, 
w i th   the   reduced  b lade  he igh t ,   the   ve loc i ty -compounded  tu rb ine   can  be made 
t o  achieve  an  acceptable  mechanical  design; however, the  d i f ference  between 
i t s  per formance  and  that   o f   the  pressure-compounded  turb ine  has  been 
increased t o  about IO l b   o f   p r o p e l l a n t .  

Two separate  analyses  were  conducted t o   e s t a b l i s h   t h e   a c c e p t a b i l i t y  
of  a g i v e n   b l a d i n g   h e i g h t .  These are :  

0 e f f e c t s   o f   b l a d e   h e i g h t   o n   t h e   s t r e s s e s   e x i s t i n g   a t   t h e   b l a d e   r o o t  

0 e f fec ts   o f   b lade   he igh t   on   t he   b lade   na tu ra l   f r equency   and   on   t he  
b l a d i n g   e x c i t a t i o n   f r e q u e n c i e s   c a u s e d  by p a s s i n g   s t a t o r  vanes 
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N = 70,000 RPH 

I .5 7 . 
I600 I800 2000 2200 

PITCH  LINE VELOCITY,  FPS 

2-STAGE AXIAL IHPULSE TURBINE 
230 HP  OUTPUT 
Tit = 2260'R 

Pin = 600 PSIA 

Pout = 20 PSIA 
O/F = 0.75 

TURBINE SHAFT  SPEED,  THOUSAND RPH 

F i g u r e  la .  Comparison of 2-Disk  and  Reentry  2-Stage  Turbines 

PRESSURE  STAGED VELOCITY STAGED 

WHEEL WEIGHTS AND INERTIAS ARE ESSENTIALLY THE SAME FOR 
PRESSURE  STAGE  AND VELOCITY STAGED TURBINES 

HIGHER  THAN  PRESSURE  STAGEO 

50 TIMES HIGHER  THAN VELOCITY STAGEO 

STATOR EXCITATION FREQUENCIES BELOW THE  OPERATING SPEED 

VELOCITY STAGED BLADE ROOT TENSILE STRESS IS 3 TIMES 

PRESSURE  STAGED TURBINE HAS BLADE  BENDING  FREQUENCIES 

VELOCITY STAGED TURBINE HAS AT LEAST 3 MODES OF BLADE 

F i g u r e  I b.  Compa r i  son o f  Pressure-Compounded  and  Veloci  ty-compounded 
2-Stage  Turbine Wheel Designs 

S-6 1374 
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TABLE 2 

VELOCITY-COMPOUNDED  TURBINE D E S I G N S  

F i r s t - s tage   B lade   He igh t ,   i n .  

Second-s  tage B 1 ade He i ght, i n. 

Nozzle  Admission,  percent 

E f f i c i e n c y ,   p e r c e n t  

Turb ine  A Turbine C Turb ine  B 

I d e n t i c a l   f o r   a l l   t u r b i n e s ;  80 hp ou tpu t ,  
I I p s i a   d i s  
i n l e t   p r e s s  
temperature 
70,000 rpm 

0 .  150 

0.557 

31.21 

46.41 

C 

U 

harge  pressure, 496 p s i a  ' 

re, 0.45 O.'F r a t i o ,   i n l e t  
18OO0F, t i p  speed I800 fps,  

0 .200  

1.114 0 .75  

0 .300  

46.73  46.72 

15.50  23.25 

The b l a d e   r o o t   s t r e s s   a n a l y s i s   i n d i c a t e s   t h a t   t h e   b l a d e   r o o t   s t r e s s  
f o r   b l a d e s   h a v i n g  a t a p e r   r a t i o   o f  2 w i  1 1  be  about 90,000 p s i   p e r   i n .   o f  
b lade   he igh t .  Thus, i f  t h e   b l a d i n g   i s   t o  meet t h e   c r e e p   c r i t e r i a   d i s c u s s e d  
i n  Appendix B ( F i g u r e  8 o f  Appendix B), t h e   r o o t   s t r e s s  must be l ess   t han  
about 50,000 p s i   t o  meet the   requ i red   comb ina t ion  of creep  and  opera t ing  
endurance. Thus, t h e  maximum blade  he ight   should  not   exceed  about  0 . 5 6  i n .  
The b l a d i n g   f o r   t h e   p r e s s u r e - c o m p o u n d e d   d e s i g n   i s   w e l l   w i t h i n   t h i s   l i m i t a t i o n  
That   fo r   the   ve loc i ty -compounded  des ign   jus t   meets   th is   requ i rement .  

1 

The b lade  na tura l   f requency   ana lys is   (assuming  cons tan t   b lade  c ross-  
s e c t i o n  a n d   i g n o r i n g   s t i f f e n i n g  due t o   t h e   c e n t r i f u g a l   f o r c e s )  shows t h a t  
b lades   hav ing   he igh ts   o f   abou t  0 .26  in .   ( those  for   the  pressure-compounded 
t u r b i n e )  will have a na tu ra l   f r equency   i n   excess  of  100,000 Hz. A t  a h e i g h t  
o f  0.557 i n . ,   the   na tura l   f requency   i s   about  11,500 Hz. The most l i k e l y  
p o s s i b l e   b l a d i n g   e x c i t a t i o n   s o u r c e ,   t h e   s t a t o r  vanes  (assuming 85 s t a t o r  
vanes) will cause  the  veloci ty-compounded  blading t o  become e x c i t e d   a t  
speeds w e l l   w i t h i n   t h e  normal o p e r a t i n g   r a n g e   o f   t h e   t u r b i n e .  However, t h e  
pressure-compounded  blading  can be designed so t h a t   t h e r e  will be no b l a d -  
i n g   e x c i t a t i o n   w i t h i n   t h e  normal  speed c a p a b i l i t y   o f   t h e   t u r b i n e .   T h e r e -  
fo re ,   a l though it would be p o s s i b l e   t o   d e s i g n   t h e   v e l o c i t y - c o m p o u n d e d   b l a d i n g  
successful ly,   the  pressure-compounded  blading  provides a s t r a i g h t - f o r w a r d  
d e s i g n   i n   w h i c h   t h e r e  will be no   conce rn   abou t   poss ib le   b lad ing   exc i ta t i on .  

I n  summary, f o r  a typ ica l   miss ion,   the  pressure-compounded  turb ine  has 
a performance  advantage  of  about 10 l b   o f   p r o p e l l a n t   ( a b o u t  15 l b   o f   s t o r e d  
prope l lan t   we igh t ,   assuming  very   la rge   low  p ressure   hard   she l l   tanks)   over   the  
ve loc i t y -compounded   tu rb ine .   Add i t i ona l l y ,  i f  t h e   p r o p e l l a n t s   a r e   s u p p l i e d   t o  
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the  APU as  gases, then  the   to ta l   per fo rmance  advantage,   inc lud ing   the   p ro-  
p e l l a n t   c o n d i t i o n i n g   p e n a l t y   i n c u r r e d   t o   s u p p l y   t h e  APU gas, i s  about 20 Ib, 
assuming 300'R gas supp ly   t empera tu re   a t   t he  APU. P a r t   o f   t h i s   w e i g h t  
advantage is due to   t he   pe r fo rmance   deg rada t ion   requ i red   on   t he   ve loc i t y -  
compounded tu rb ine   t o   ach ieve   accep tab le   mechan ica l   des ign .  However, even 
a t   t h i s   we igh t   pena l t y ,   t he   ve loc i t y -compounded   tu rb ine  will have h i g h e r  
b lade   roo t   s t resses   and   cons ide rab ly   l ower   b lade   na tu ra l   f r equenc ies .  
Therefore,  i t  can be concluded  that   the  pressure-compounded  turbine  should 
be s e l e c t e d   f o r   t h e  Space S h u t t l e  APU a p p l i c a t i o n .  It shows  a performance 
advantage,  and  has a s l ight   mechanica l   des ign  advantage.  

PARAMETRI C STUD1 ES 

E x t e n s i v e   i n v e s t i g a t i o n s   w e r e   c o n d u c t e d   t o   d e t e r m i n e   t h e   s e n s i t i v i t y   o f  
d e s i g n   p o i n t   p e r f o r m a n c e   t o   v a r i o u s   t u r b i n e   d e s i g n   v a r i a b l e s .   T h e s e   i n v e s t i -  
g a t i o n s   r e s u l t e d   i n   t h e   e s t a b l i s h m e n t   o f   o p t i m u m   v a l u e s   f o r  some o f   t h e  
t u r b i n e   d e s i g n   v a r i a b l e s   w h i l e   a p p r o p r i a t e   v a l u e s  of o t h e r   v a r i a b l e s   w e r e  
o b t a i n e d   i n   c o n j u n c t i o n   w i t h   t h e   s t r e s s   a n d   t h e r m a l   a n a l y s e s .   T h e   t u r b i n e  
i n l e t   t e m p e r a t u r e   a n d   p i t c h   l i n e   v e l o c i t y   w e r e   i n   t h i s   l a t t e r   c a t e g o r y .  

T h e   p o w e r   l e v e l - a l t i t u d e - d u r a t i o n   p r o f i l e   u s e d   i n   t h e   s t u d i e s   c o n d u c t e d  
( i n c l u d i n g   t h e   o f f - d e s i g n   p e r f o r m a n c e   c o m p a r i s o n  of t h i s   a p p e n d i x  , a s   w e l l )  
i s   p r e s e n t e d   i n   T a b l e  3. 

TABLE 3 

POWER LEVEL-ALTITUDE-DURATION PROFILE 

Power Level I Ambient  Pressure,  Duration, 
p s  i a  

Maximum, 100 pe rcen t  

Maximum, 100 pe rcen t  

Mode, 22 percent  

I d l e ,  7 percen t  

I 

9 14.7 

0 

I 44 I O  

9 

0 

O f  t h e   f o u r   o p e r a t i n g   c o n d i t i o n s  shown i n   T a b l e  2, t w o   a r e   o f   s p e c i a l  
s i g n i f i c a n c e   f r o m   t h e   s t a n d p o i n t  of t h e   t u r b i n e   d e s i g n .  They a r e  

Maximum Power (100 Percent) a t  Sea L e v e l - - T h i s   o p e r a t i n g   c o n d i t i o n  
e s t a b l i s h e s   t h e  APU power r a t i n g .   I n   a d d i t i o n ,   b e c a u s e  of t h e  
h i g h   p r o p e l l a n t   c o n s u m p t i o n   r a t e   a t   t h i s   c o n d i t i o n ,  it must  be 
considered  as a poss ib le   des ign   po in t   even   t hough   the   ope ra t i ng  
d u r a t i o n   i s   r e l a t i v e l y   s h o r t .  
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Mode  Power ( 2 2  Percent)at  Altitude (IO psia)--Operation at this 
condition  consumes  the  majority  of  the  total  integrated  mission 
propellant  requirement  because  of  the long duration.  Therefore, 
this  operating  condition  must be considered a possible  design  point. 

The  operating  condition at which  the  turbine  should  be  designed is  not 
clear-cut. In fact,  changing  the  relative  durations of the  above  two  operating 
conditions  can  change  the  design  point  from  one  condition  to  the  other. In 
the  studies  conducted it was  always  assumed  that one or  the  other  of  these 
two  operating  conditions  was the design point. However, it is  not  incon- 
ceivable that the  total  integrated  mission  propellant  requirement  could  be a 
minimum with a design  between that obtained  at  each  operating  condition. 

Table 4 presents a list  of the  turbine  design  variables  investigated  for 
the  pressure-compounded,  multistage,  multiple-disk,  axial  impulse  type  turbine. 
The range  covered  for  each  variable  and the value  selected  for  the  final 
turbine design  are  also  listed in the table. The values  selected  were  based 
on the following: 

Pitch  line  velocity  and inlet temperature 
cons i dera t ions 

determi  ned by stress 

Design  power  level,  inlet  pressure,  and  discharge  pressure 
determined  on a system  level  for minimum propellant  consumption 

O/F ratio  determined by cycle  heat  balance 

Other  parameters  optimized  on  an SPC basis  considering  various 
1 imitations 

In genera1,the  data  presented  are  indicative of turbine  design  point 
performance.  Consequently,  they  are  applicable  to  both  pressure-modulated 
and  pulse-modulated  turbine  designs  (this  is  true  of  Figures 2 through 12, 
excepting  Figure  3,which  shows  off-des  ign  data  assuming  pressure  modulation), 

Number of  Staqes 

As shown by the  representative  results  presented in Figure 2, there is 
a substantial  performance  incentive  associated  with the use  of a multistage 
turbine.  However,  there  is  no  incentive to use  more  than  three  stages.  The 
decision  between  two-  and  three-stage  turbines  required  an  off-design  point 
performance  evaluation. 

Figure 3 shows the off-design  point  performance at the various  power 
operating  conditions  of  interest  for  both  two-  and  three-stage  turbines. 
Based on this performnce, it was .estimated  that  the  three-stage  turbine 
would save  approximately 6 lb in propellant  weight.  However,  the  three-stage 
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TABLE 4 

TURBINE DESIGN VARIABLES  INVESTIGATED 
PRESSURE-COMPOUNDED, MULTISTAGE, MUTIPLE-DISK, AXIAL IMPULSE  TURBINE 

Var iab le  

Number o f  stages 

Ro ta t i ona l  speed,  rpm 

P i t c h   l i n e   v e l o c i t y ,   f p s  

I n l e t  temperature, O R  

I n l e t   p r e s s u r e  (maximum), p s i a  

Discharge  pressure,  psia 

Power l e v e l  (maximum/mode), hp 

Chord  width,  in. 

B lade  he igh t /d iameter   ra t io  

S tage  p ressure   ra t io   sp l  i t  

Tip  c learance, i n .  

Number o f   b lades  

L 

" 

L 

Range Covered 

I t o  4 

50,000 t o  90,000 

1200 t o  2200 

2060 t o  2660 

35 t o  2000 

0 to 25 

230/50 t o  239/80 

0.30 t o  0.70 

0.030 t o  0.100 

1 : I  t o  5 : l  

0.005 t o  0.020 

75 t o  130 

Va 1 ue Selected 

2 

70,000 

2000 

2260 

Depends on  system 
conf i gura t i on 

9 

2 w a o  

0.35 

0.045 

3: I 

0.010 

85 

< $ I 6   p s i a   a t  sea l e v e l   w i t h   t h e  239  hp  power l e v e l  and I I  p s i a   a t  10,000 f t  
w i t h   t h e  80 hp power l eve l .  

137 



2.4 

2.2 
= 
a. 
v) 

e 
b_" 2.0 
rn 
4 

u a - 1.8 

I .6 

AXIAL  IWULSE TURaINES 

230 HP OUTPUT 

N = l o . 0 0 0  RPn 

U = I800 FPS ( IST STAGE) 

= 2 0 0 0  FPS ( L A S T  STAGE) 

OIF = 0.15 

1.4 I I I I 
I 2 3 4 

NUMBER  OF  STAGES 
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Figure 3. Comparison o f  Performance of 
2- and  3-Stage  Turbines a t   t h e  
Various Power Conditions 

1.41 I I I I I 
50 55 60 65 70 75 80 85 90 

TURBINE  ROTATIOWL SPEED,  THOUSANDS OF RPH 

Figure 4. Typical  Turbine  Design  Point Performance 
as a Function o f  Rotat ional  Speed 
w i th   I n le t   P ressu re   as  a Parameter 
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t u r b i n e   w o u l d   o u t w e i g h   t h e   t w o - s t a g e   t u r b i n e  by about 9 l b .   T h i s   s l i g h t   n e t  
we igh t   d i sadvan tage   o f   t he   t h ree -s tage   t u rb ine   coup led   w i th   t he   mre   comp lex  
d e s i g n   r e s u l t e d   i n   t h e   s e l e c t i o n  of t h e   t w o - s t a g e   t u r b i n e   f o r   t h e  Space 
S h u t t l e  APU a p p l i c a t i o n .  

S h a f t  Speed 

Typ ica l   two -s tage   t u rb ine   des ign   po in t   pe r fo rmance   as  a f u n c t i o n   o f  
s h a f t  speed i s   p r e s e n t e d   i n   F i g u r e s  4 and 5. F i g u r e  4 has t u r b i n e   i n l e t   p r e s -  
sure  as a pa ramete r   and   i s   t yp i ca l   o f   pe r fo rmance   a t   t he  maximum power a t  
sea l e v e l   d e s i g n   p o i n t .   F i g u r e  5 uses O/F r a t i o  as a parameter  and i s  
t y p i c a l   o f   p e r f o r m a n c e   a t   t h e  mode power a t   a l t i t u d e   d e s i g n   p o i n t .   L a t e r  
s tud ies  have shown t h a t   t h e  O/F r a t i o   a t   t h e  mode power  des ign  po int  will be 
approx imate ly  0.45. Based  on t h e   r e s u l t s   o f   t h e s e   f i g u r e s ,  a t u r b i n e  
r o t a t i o n a l  speed o f  70,000 rpm was se lec ted   as   be ing   near  optimum. 

T u r b i n e   P i t c h   V e l o c i t y  and I n l e t   T e m p e r a t u r e  

These  parameters   a re   lumped  together   s ince   they   a re   l inked w i th  s t r e s s  
l i m i t a t i o n s   f o r   t h e   t u r b i n e   d e s i g n .  As  shown  by F i g u r e  6, t he   op t imum  p i t ch  
v e l o c i t y   i n c r e a s e s   w i t h   i n l e t   t e m p e r a t u r e .   T h i s   i s   i n   o p p o s i t i o n   t o   l i m i t a t i o n s  
imposed  by s t r e s s   c o n s i d e r a t i o n s .  However, t h e   e n e r g y   a v a i l a b l e   p e r   u n i t   f l o w  
r a t e  of gas i n c r e a s e s   l i n e a r l y   w i t h   i n c r e a s i n g   t u r b i n e   i n l e t   t e m p e r a t u r e  
w h i l e   t h e   o p t i m u m   p i t c h   l i n e   v e l o c i t y  (and, hence, t u r b i n e   e f f i c i e n c y )   i n c r e a s e s  
a t  a much s l o w e r   r a t e   w i t h   t e m p e r a t u r e .   T h e r e f o r e ,   t h e   b e s t   s o l u t i o n   i s   t o  
m a x i m i z e   t h e   t u r b i n e   i n l e t   t e m p e r a t u r e   c o n s i s t e n t   w i t h   a n   a d e q u a t e l y   s t r e s s e d  
t u r b i n e  wheel  design. 

Based o n   t h i s   c o n s i d e r a t i o n  and   us ing   t he   bes t   h igh   t empera tu re   ma te r ia l s  
ava i   lab le ,  a# t u r b i n e   i n l e t   t e m p e r a t u r e   a s   h i g h   a s  2260'R i s   f e l t   t o  be   usab le  
i n   t h e  Space S h u t t l e  APU a p p l i c a t i o n .  The p i t c h   l i n e   v e l o c i t y   c o r r e s p o n d i n g  
t o   t h i s   t e m p e r a t u r e   i s  2000 fps .  A 2260'R i n l e t   t e m p e r a t u r e   a n d  1800 f p s  
p i t c h - l i n e   v e l o c i t y  on t h e   f i r s t   s t a g e  have  been  used i n   t h e s e   p a r a m e t r i c  
s tud ies .  

Tu rb ine  Back Pressure 

The APU will opera te   over  a r a n g e   o f   a l t i t u d e   f r o m   e s s e n t i a l l y   s p a c e  
vacuum t o  sea l e v e l .   I n   g e n e r a l ,   b e t t e r   t u r b i n e   p e r f o r m a n c e  will be  obta ined 
a t  reduced   back   p ressu re ,   a l t hough   the re   a re   p rac t i ca l   l im i t s  on t h e   u s a b l e  
p r e s s u r e   r a t i o .   F i g u r e  7 shows t h e   e f f e c t   o f   t u r b i n e   b a c k   p r e s s u r e   o n  APU 
p e r f o r m a n c e .   T h i s   t r a d e o f f   i s   i m p o r t a n t   t o   t h e   o p t i m u m   s i z i n g   o f   t h e  components 
and t u r b i n e   d i s c h a r g e   d u c t i n g .  

As can   be   seen   f rom  the   s ign i f i can t   va r ia t i on   o f  SPC w i t h   d i s c h a r g e   p r e s -  
s u r e   i n   F i g u r e  7, t h e   o p e r a t i n g   a l t i t u d e  and  exhaust  duct   pressure loss a r e  
i m p o r t a n t   f a c t o r s   i n   t u r b i n e   p e r f o r m a n c e .  The   app rox ima te   t radeo f f   f ac to r  
f o r   o p t i m i z a t i o n  of the  exhaust  gas d u c t i n g  and  heat  exchangers i s  6.3 l b / p s i  
o f   t u r b i n e  back  pressure. 
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2-STAGE AXIAL  IWULSE  TURBIHE 

230 HP OUTPUT 

N = 70,000 RPH 

Pin = -0 P S I A  

Pout = 2 0   P S I A  

O / F  = 0.75 

TURBINE  PITCH  LINE VELOCITY, FPS 

Figure 6. SPC Variation w i t h  Design I n l e t  
Temperature and .Pitch  Velocity 

2-STAGE AXIAL  IWULSE  TURBIHE 

2 3 0  HP OUTPUT 

N = 70,000 RPH 

Tlf = 2260'R 

u = 1800 FPS (IST STAGE) 

= 2 0 0 0  FPS  (2NO  STAGE) 

O/F = 0.75 

TURBINE  DISCHARGE  PRESSURE, P S I A  

F i g u r e  7. Effect of Turbine  Discharge 
Pressure on Performance 

' 5  
L 8 I 2  16 2 0  2' 28 

F IRST STAGE  PRESSURE RATIO 

Figure 8. Effect of Pressure  Ratio S p l i t  Between Stages on Efficiency 
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I n   t h e   l a t e s t   s t u d i e s   c o n d u c t e d ,   t h e   b a c k   p r e s s u r e s   s h o w n   b e l o w  were u s e d .  

Power  Leve 1 

Maximum, IO0 p e r c e n t  

l.laximum, IO0 p e r c e n t  

Hode, 22 p e r c e n t  

I d l e ,  7 p e r c e n t  

A m b i e n t   P r e s s u r e ,  T u r b i n e   B a c k   P r e s s u r e ,  
p s   i a   p s   i a  

14.7 

0 

IO 

0 

16 

4 

I I  

I 

T h e s e   b a c k   p r e s s u r e s  a r e  c o n s i s t e n t   w i t h   g o o d   t u r b i n e   p e r f o r m a n c e   a n d   r e a s o n a b l y  
s m a l l   w e i g h t   p e n a l t i e s   a s s o c i a t e d   w i t h   t h e   d u c t i n g   a n d   h e a t   e x c h a n g e r s .  

B l a d e   H e i g h t   a n d   P r e s s u r e   R a t i o   S p l i t  

F i g u r e  8 s h o w s   t h e  effect o n   t u r b i n e   e f f i c i e n c y   t h a t   t h e   p r e s s u r e   r a t i o  
s p l i t   b e t w e e n   s t a g e s   h a s  a t  two d i f f e r e n t   d e s i g n   p o i n t s .   T h e  maximum 
e f f i c i e n c y   o c c u r s   w h e n   t h e  r a t i o  of f i r s t  s t a g e   p r e s s u r e   r a t i o  t o  s e c o n d -  
s t a g e   p r e s s u r e  r a t i o  is  t h r e e .   T h i s   v a l u e   h a s   b e e n   u s e d  f o r  a l l   t h e   t u r b i n e  
c o n f i g u r a t i o n s   i n   t h e   o f f - d e s i g n   p e r f o r m a n c e   a n a l y s i s   s t u d i e s   c o n d u c t e d .  

T h e  effect of t u r b i n e   b l a d e   h e i g h t   o n   e f f i c i e n c y   i s   s h o w n   i n   F i g u r e  9. 
Here t h e   t u r b i n e   e f f i c i e n c y   i s   p l o t t e d  a s  a f u n c t i o n  of t h e   f i r s t  s t age  b l a d e  
h e i g h t  t o  p i t c h  1 i n e   d i a m e t e r   r a t i o   ( h / D )   w i t h   f i r s t   s t a g e  t o  s e c o n d - s t a g e  
p r e s s u r e  r a t i o  a s  a p a r a m e t e r .   T h e r e   i s   a n   o p t i m u m  h/D r a t i o  for e a c h   p r e s -  
s u r e  r a t i o  s p l i t .   S i n c e   t h e   o p t i m u m   p r e s s u r e   r a t i o   s p l i t   h a s   b e e n   s h o w n  t o  
b e   t h r e e   i n   F i g u r e  8, t h e   o p t i m u m  h/D i s   s e e n  t o  b e  0.045 from F i g u r e  9. T h i s  
v a l u e   h a s   b e e n   u s e d   i n   t h e   v a r i o u s   t u r b i n e   d e s i g n s   s t u d i e d .  

B l a d e   C h o r d   W i d t h  

T h e   v a r i a t i o n  of t u r b i n e   e f f i c i e n c y   w i t h   b l a d e   c h o r d   w i d t h   i s   s h o w n   i n  
F i g u r e  I O .  T h e   v a r i a t i o n   i s   s m a l l   b u t   d o e s   h a v e   a n   o p t i m u m   v a l u e  of a p p r o x i -  
m a t e l y  0.35 i n .   T h i s   i s   t h e   v a l u e   u s e d   i n   t h e   t u r b i n e   s t u d i e s   c o n d u c t e d .  

G e n e r a l l y ,   t h e   e f f i c i e n c y   d r o p s  a s  t h e   c h o r d  ge ts  l a r g e r   b e c a u s e   t h e  rotor 
c o e f f i c i e n t   d e c r e a s e s .   H o w e v e r ,   R e y n o l d ' s   n u m b e r  effects t a k e  over a t  s m a l l  
c h o r d s   a n d   t h e   r e s u l t   i s   a n   o p t i m u m   c h o r d   w i d t h .   T h e   r e c o m m e n d e d   l o w e r   l i m i t  
of c h o r d   w i d t h   i s   s h o w n   i n   F i g u r e  10 a n d   i s   d e t e r m i n e d   b y   t h e   m i n i m u m   a c c e p t a b l e  
c h o r d   R e y n o l d ' s   n u m b e r  of 20,000. 

Rotor T i p   C l e a r a n c e  

F i g u r e  I I  s h o w s   t h e   e f f e c t  of ro tor  t i p   c l e a r a n c e   o n   t u r b i n e   e f f i c i e n c y .  
T h e   d e c r e a s i n g   t u r b i n e   e f f i c i e n c y   w i t h   i n c r e a s i n g   t i p   c l e a r a n c e   i s   d u e  t o  
l e a k a g e   l o s s e s .   T h e   l a r g e r   t h e   t i p   c l e a r a n c e ,   t h e   l a r g e r   t h e   l e a k a g e  area.  
T h e   m i n i m u m   c l e a r a n c e   t h a t   c a n   b e   u s e d   i s   d e t e r m i n e d  by t h e   r e l a t i v e   e x p a n s i o n s  
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2-STAGE AXIAL IMPULSE  TURBIHE = 2000 FPS ( ~ n o  STAGE) 
U = I800 FPS (IST STAGE) 

50 HP  OUTPUT 
H - 70,000 RPM 
Tit - 226O'R 

Pin = 300 PSIA 

Pout = 10 PSIA 

O I F  = 0.75 
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F igure  9. Ef fec t   o f   B lade   He igh t  
on E f f i c i e n c y  
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2-STAGE AXIAL  IWULSE TURBINE U - I800 FPS (1st STAGE) 

50 HP DUIPUT 
P ZOO0 FPS (2nd STAGE) 

H = 70.000 RPM 

Tit = 2260'R 

Pin = 300 PSIA 

PDUt - 10 PSIA 

O/F 0.75 

J 
0.2 0.3 0. b 0.5 0.6 

BLADE CHORD  WIDTH, IH. 

F igure  10. E f f e c t   o f   B l a d e  Chord 
Width on Turb ine   E f f i c iency  

1.8 

I .7 

I .6 

1-5 

1.4 

ITCH VELDCITY - I800 FPS . -  INLET'PRESSURE - 600 PSIA 
-_" 

0 0.004 0.008 0.01.2 0.016 

ROTOR TIP CLEARANCE, IH. 

Figure  I I .  E f f e c t   o f   R o t o r   T i p  C 
on  Turb ine  Ef f ic iency 
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earance  Figure 
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12. V a r i a t i o n   o f  SPC w i t h  O/F Rat io  
w i t h   I n l e t  Temperature as  a 
Pa ramet e r 

5-61373 



o f   t h e   t u r b i n e   r o t o r   a n d   t u r b i n e   h o u s i n g .   B o t h   t h e   h o u s i n g  and r o t o r   a r e  
sub jec t   t o   t he rma l   expans ion  and, i n   a d d i t i o n ,   t h e   r o t o r   i s   s u b j e c t   t o  
c e n t r i f u p l  expansion. The r e l a t i v e   e x p a n s i o n   u n d e r   a l l   o p e r a t i n g   c o n d i t i o n s ,  
b o t h  transient and  steady  state  must  be  considered. A r o t o r   t i p   c l e a r a n c e   o f  
0.010 i n .  has  been  used in   the   s tud ies   conducted .  

O/F R a t i o  

As shown by   F igu re  12, SPC will inc rease  w i t h  O/F r a t i o   f o r  a g i ven  
t u r b i n e   i n l e t   t e m p e r a t u r e .  The O/F r a t i o  will be  determined  by  an  energy 
b a l a n c e   f o r   t h e   c y c l e  and will depend u p o w t u r b i n e   i n l e t   t e m p e r a t u r e ,   p r o p e l -  
l a n t   i n l e t   s t a t e ,  and  the   was te   heat   fed   back   in to   the   cyc le .  By means of  
r e c u p e r a t i o n   ( u s i n g   t h e   t u r b i n e   e x h a u s t  gas t o   p r e h e a t   t h e   p r o p e l l a n t s ) ,   t h e  
O/F r a t i o  can  be  reduced f o r  a g iven  temperature.   Us ing  o ther   waste  heat  
( f rom  the   genera tor ,   gearbox ,   hydrau l i c   f lu id ,   combustor ,   tu rb ine   hous ing ,  
e t c . )   f o r   p r o p e l l a n t   p r e h e a t i n g   s e r v e s   a s   a n   e f f i c i e n t  means o f   d i s p o s i n g  o f  
waste   heat   wh i le   improv ing   cyc le   per fo rmance.  

PERFORMANCE STUDIES 

The o b j e c t i v e   o f   t h i s   s t u d y  was to   de te rm ine   t he   op t imum  tu rb ine   des ign  
f o r   t h e  space s h u t t l e  APU app l i ca t i on   us ing   hyd rogen   and   oxygen   p rope l l an ts .  
As s ta ted   p rev ious l y ,   t he re   were   t h ree   bas i c   t ypes  of t u r b i n e s   i n   c o n t e n t i o n  
f o r   u s e   i n   t h i s   a p p l i c a t i o n !  

Pressure compounded, m u l t i s t a g e ,   s i n g l e - d i s k   ( r e e n t r y ) ,   a x i a l   i m p u l s e  

Pressure-compounded,   mul t is tage,   mul t ip le-d isk,   ax ia l   impulse 

Ve loc i ty -compounded,   mu l t i s tage,   mu l t ip le -d isk ,   ax ia l  

A lso   there   were  two p o s s i b l e   d e s i g n   p o i n t s   f o r   t h e   t u r b i n e :  

Maximum power (100 p e r c e n t )   a t  sea l e v e l  

Mode power ( 2 2  p e r c e n t )   a t   a l t i t u d e  

S ince  i t  was n o t   c l e a r - c u t   w h i c h   t u r b i n e   t y p e  was s u p e r i o r   o r   w h i c h   o p e r a t i n g  
c o n d i t i o n  was the   des ign   po in t ,  i t  was necessary t o   d e s i g n   t u r b i n e s   o f   a l l  
c o m p e t i t i v e   t y p e s   a t  each o f  the   poss ib le   des . i gn   po in ts .  These tu rb ine   des igns  
were   t hen   eva lua ted   on   t he   bas i s   o f   p rope l l an t  consumed over  a s p e c i f i e d  
power l e v e l - a l t i t u d e - d u r a t i o n   p r o f i l e .  The r e s u l t s   a r e   p r e s e n t e d   i n   T a b l e  4. 
The data  assume tha t   p ressure   modu la t ion   i s   used  fo r   tu rb ine   power /speed  cont ro l .  

The s t u d i e s   p r e s e n t e d   i n   t h i s   t a b l e   w e r e   c o n d u c t e d   a t   t w o   d i f f e r e n t  
t imes and, as a r e s u l t   o f   u p d a t i n g ,   t w o   d i f f e r e n t   p o w e r   p r o f i l e s   w e r e  used. 
The f i r s t   f o u r  columns i n   T a b l e  4 compare the   va r ious   cand ida te   p ressu re -  
compounded t u r b i n e   t y p e s   w i t h  a power p r o f i l e   a s   f o l l o w s :  

Maxi mum power 230 shp 

Mode power 50 shp 

I d l e  power 16 shp 
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A comparison o f  pressure-compounded  and  velocity-compounded  turbines i s  made 
i n   t h e   l a s t   f o u r  columns o f   T a b l e  5 .  The  power p r o f i l e  used  here  was: 

Maxi mum power 239  shp 

Mode power 80 shp 

I d l e  power 50 shp 

As can  be  seen in   the   compar ison   o f   the   p ressure-compounded  tu rb ines ,  
t h e  3 -s tage ,   3 -d i sk   t u rb ine   has   t he   l owes t   p rope l l an t   requ i remen t .  However, 
i t  will weigh   approx imate ly  9 l b  more  than  the  2-s tage,   2-d isk  turb ine  and 
hence, i t  has  no  advantage f o r   t h e   i n c r e a s e d   c o m p l e x i t y   i n v o l v e d .  The 2-stage, 
I - d i s k   r e e n t r y   t u r b i n e   a l s o   r e s u l t s   i n  a p rope l l an t   consumpt ion   l ess   t han   t he  
2 - s t a g e ,   2 - d i s k   t u r b i n e   b u t   t h e   s m a l l   p o t e n t i a l   w e i g h t   s a v i n g   u s i n g  a r e e n t r y  
t u r b i n e  does n o t   w a r r a n t   t h e   c o m p l e x i t y  and known problems  involved.  There- 
f o r e ,   t h e   u s e   o f  a ?-s tage,   2-d isk  pressure-compounded  turb ine  appears  to   be 
optimum f o r   t h e  power p r o f i l e  used. It also   appears   tha t   the   2 -s tage,   2 -d isk  
t u r b i n e   d e s i g n e d   a t   t h e  mode power p o i n t  has a l ower   p rope l l an t   requ i remen t  
t h a n   t h e  same t u r b i n e   d e s i g n e d   a t   t h e  sea l e v e l ,  maximum power  operat ing 
cond i t ion. 

The l a s t   f o u r  columns o f   T a b l e  5 show a comparison  of  pressure-compounded 
vs  veloci ty-compounded  turbines. All f o u r   t u r b i n e s   a r e   o f   t h e   2 - s t a g e ,  
2 - d i s k   v a r i e t y .  Two a r e   d e s i g n e d   a t   t h e  sea l e v e l  maximum power p o i n t  and 
two a t   t h e  mode power p o i n t   a t   a l t i t u d e .  Once more i t  i s  f o u n d   t h a t   t h e  sea 
l e v e l  maximum power p o i n t   r e s u l t s   i n   s i g n i f i c a n t l y  more p r o p e l l a n t   r e q u i r e d  
t h a n   t h e  mode power p o i n t .  

A comparison o f   t h e  pressure-compounded  and  velocity-compounded  turbines 
shows tha t   t he   p ressu re -compounded   va r ie t y   requ i res   l ess   p rope l l an t   t han   t he  
ve loc i ty -compounded  fo r   cor respond ing   des ign   po in ts .  Thus, o n   t h e   b a s i s   o f  
the  comparisons made i n   T a b l e  5, the  2-stageY  2-disk,  pressure-compounded 
a x i a l   i m p u l s e   t u r b i n e   d e s i g n e d  a t  t h e  mode power c o n d i t i o n s  has  been s e l e c t e d  
f o r  use i n   t h e  Space S h u t t l e  APU a p p l i c a t i o n .  

TURBINE INLET PRESSURE 

S ince  i t  i s  d e s i r a b l e   t o   f i n d  a n   o p t i m u m   v a l u e   o f   t u r b i n e   i n l e t   p r e s s u r e ,  
a s e r i e s   o f   t u r b i n e   d e s i g n s   w e r e   o b t a i n e d   t o   d e t e r m i n e   t h e   e f f e c t   o f   i n l e t  
p ressu re   and   p ressu re   ra t i o   on   t he   t u rb ine   pe r fo rmance .   F igu res  13 and I 4  
show t h e   d e s i g n   p o i n t  S P C  v a r i a t i o n   w i t h   i n l e t   p r e s s u r e  and   p ressu re   ra t i o ,  
respec t ive ly .   Curves   a re  shown f o r   d e s i g n s   a t   t h e  mode power p o i n t  and t h e  
maximum power o p e r a t i n g   c o n d i t i o n   a t  sea l e v e l .  As can  be seen, an  optimum 
v a l u e   i s   n o t   o b t a i n e d   a n d  i t  i s   c o n c l u d e d   t h a t   t h e   t u r b i n e   d e s i g n   a l o n e  does 
n o t   e s t a b l i s h   t h e   o p t i m u m   i n l e t   p r e s s u r e .  

The  optimum t u r b i n e   i n l e t   p r e s s u r e  i s  determined  by  the APU system  and 
can o n l y   b e   o b t a i n e d   b y   e v a l u a t i n g   t h e  APU pe r fo rmance   w i th   t u rb ines   des igned  
f o r   o p e r a t i o n  a t  var ious   p ressure   leve ls .   There fore ,   n ine   tu rb ines   have  been 
des igned  and  system  per formance  obta ined  for   each  one  (see  Sect ions 3 through 
5 o f   t h i s   r e p o r t   f o r   d e t a i   1 s ) .  The r e s u l t  of t h i s   s t u d y   i s   t h a t   t h e  optimum 
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TABLE 5 

L- 

L 

INTEGRATED  MISSION  PROPELLANT  CONSUMPTION OF VARIOUS 
CANDIDATE  TURBINES 

Max. power   a t  
a l t i t u d e  9 min. 

Mode power   a t  
a l t i t u d e  144 m i n  

a l t i t u d e ,  18 min 
I d l e   p o w e r   a t  

SPC = I .39 

W = 48.0 

SPC = 1.75 

w = 210.0 

SPC = 1.53 

w = 1.4 

SPC = 1.47 

SPC = I .52 spc = 1.84 SPC = 1.48 SPC = 1.57 SPC = I .55 SPC = 1.57 SPC = 1.59 

w = 47.2 W = 47.2 w = 48.5 W = 46.2 W = 51.8 w = 49.4 w = 53.8 

SPC = 1.32 SPC = 1.32 SPC = 1.35 SPC = I .29 SPC = 1 . 5 3  SPC 1.43 

W = 190.9 

SPC = 1.21 SPC = 1.22  SPC = 1.23 SPC = I .  16 SPC = 1.63 SPC = I .70 SPC = 1.71 

U = 291.5 W = 352.5 W = 284. I W = 301.7 W = 186.0 W = 188.5 

w = 8.2 w = 18.2 W = 18.3 W = 18.4 W = 17.4 w = 7.8 W'. 8 . 2  

T o t a l   p r o p e l l a n t  
consumed, I b  

W = 318.9 W = 304. I W = 29812 W = 299. I W = 417.9 W = 403.3 I I = 475.0 I W = 409.3 

I n t e g r a t e d  SPC 
I b / s h p - h r  I .647  1.57 1 I .538  1.50 1 I .445 I .544 I I I I I 1 I .703 1.468 

SPC= S p e c i f i c   p r o p e l l a n t   c o n s u m p t i o n ,   I b   p e r   s h p - h r .  
W = Prope l l an t   consumed ,  I b  

NOTE: The r e s u l t s   p r e s e n t e d  above are  based  on  an O/F r a t i o  of 0.67 a t   t h e   t w o  max. power   cond i t i ons ,   and  O/F r a t i o  of 0.45 a t   t h e  mode  power  condi t ion,   and 
an O/F r a t i o   o f  0.40 a t   t h e   i d l e   p o w e r   c o n d i t i o n .  
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t u r b i n e   i s   d e s i g n e d   a t   t h e  mode power p o i n t   w i t h   t h e   i n l e t   p r e s s u r e   a t   t h e  
sea l e v e l  maximum power p o i n t   b e i n g  600 ps ia  for   the  hydrogen-oxygen  systems 
w i t h   h i g h   p r e s s u r e   t a n k s   o r   l o w   p r e s s u r e   t a n k s   w i t h  pumps. C lear ly ,  i f  t h e  
APU i s supp l   i ed   w i th   h igh   p ressu re  gas f rom  ano the r   veh ic le  system, t h e r e   i s  
no op t imum  pressure ;   the   h igher   the   p ressure ,   the   be t te r   the   per fo rmance.  

F igures  15 through 23 present   the   per fo rmance maps o f   t h e   n i n e   t u r b i n e s  
eva lua ted   in   the   sys tem  per fo rmance  p rogram.  A l l  n i n e   t u r b i n e s   a r e   d e s i g n e d   a t  
70,000 rpm and  an i n l e t   t e m p e r a t u r e   o f  2260'R. The o t h e r   d e s i g n   c o n d i t i o n s  
a r e   a s   f o l l o w s :  

F i g u r e  
No. 

15 

16 

17 

18 

19 

20 

21 

22 

23 

T 
Level 

Maxi mum 

Maxi mum 

Maxi mum 

Maxi mum 

Maxi mum 

Mod e 

Mode 

Mode 

Mod e 

Power 

Val ue, hp 

239 

239 

239 

239 

2 39 

80 

80 

80 

80 

T Pressures,   psia 

I500 

I 250 

900 

600 

280 

5  40 

464 

330 

220 

16 

16 

16 

16 

16 

I I  

I I  

I I  

I I  

Maxi mum 

I500  

I 250 

900 

600 

280 

I500 

I250 

900 

600 

T 
O/F R a t i o  

0.67 

0.67 

0.67 

0.67 

0.67 

0.45 

0.45 

0.45 

0.45 
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APPENDIX B 

TURBINE MECHANICAL DESIGN 

INTRODUCTION 

A l though most o f   t h e  Phase I work was o r i e n t e d   t o w a r d s   e s t a b l i s h i n g   t h e  
e f f e c t   o f   v a r i o u s  component des ign   parameters   (such  as   ro ta t iona l  speed, 
number o f   t u r b i n e  blades,  etc.)  on  the  system  performance, i t  i s   a l s o   n e c e s s a r y  
t o   p e r f o r m   s u f f i c i e n t   m e c h a n i c a l   d e s i g n  t o  e n s u r e   t h e   f e a s i b i l i t y   o f   o b t a i n i n g  
t h e   d e s i r e d  component  design  parameters.   This  appendix  presents  the  mechanical  
des ign   tha t   has  been  accompl  ished. 

The  mechan ica l   des ign   ac t i v i t ies   have  been  concent ra ted   on   the   tu rb ine  
r o t a t i n g  assemb ly   and   on   t he   ove ra l l   t u rb ine   power   un i t   con f i gu ra t i on .   I n  
s u p p o r t   o f   t h e s e   a c t i v i t i e s ,  i t  has  been  necessary t o   e s t a b l i s h   d e s i g n   c r i t e r i a  
i n  such   a reas   as   ove rspeed   c r i t e r i a ,   ma te r ia l   a l l owab le   s t resses ,   and   t u rb ine  
containment  requirements. Thus, the   append ix  i s  d i v i d e d   i n t o   t h e   f o l l o w i n g  
m a j o r   t o p i c s :  

Q D e s i g n   c r i t e r i a  

0 Rotat ing  assembly  des ign 

0 T u r b i n e   p o w e r   u n i t   c o n f i g u r a t i o n  

D E S I G N  CRITERIA  

The p r i m a r y   d e s i g n   c r i t e r i a  o f  i n t e r e s t   i n  Phase I a r e   t h o s e   e f f e c t i n g  
t h e   t u r b i n e   p e r f o r m a n c e   p o t e n t i a l .   I n   p a r t i c u l a r ,   t h e s e   a r e :  

Overspeed   Cr i t e r i on - -The   cen t r i f uga l   s t resses   on   t he   t u rb ine   d i sks  
a r e   p r o p o r t i o n a l   t o   t h e   s q u a r e   o f   t h e   r o t a t i o n a l  speed. S e l e c t i o n  
o f  a h i g h   b u r s t  speed will n e c e s s i t a t e   l o w e r i n g   t h e   a l l o w a b l e   s t r e s s  
o f   t h e   d i s k   m a t e r i a l   a t   t h e   n o r m a l   o p e r a t i n g   c o n d i t i o n s .  

D i s k  Growth--The t u r b i n e   d i s k  will expand  due t o   t h e   a c t i o n   o f   t h e  
c e n t r i f u g a l   f o r c e s   o n   t h e   d i s k .  Most o f   t h i s   e x p a n s i o n  will be 
e l a s t i c  so t h a t   t h e   d i s k  will r e t u r n   t o   t h e  same shape a t  zero speed. 
However, t h e   h i g h   t e m p e r a t u r e   p o r t i o n   o f   t h e   d i s k  w i  1 1  be   sub jec t  
t o  a p l a s t i c - l i k e  phenomena c a l l e d   c r e e p   i n   w h i c h  a gradual  expan- 
s i o n   w i t h   t i m e   o c c u r s .  

Low Cycle  Fatique--Even a t   r e l a t i v e l y  l o w  m a t e r i a l   s t r e s s e s ,   t h e r e  
i s  some h y s t e r e s i s   i n   t h e   m a t e r i a l   s t r e s s - s t r a i n   c u r v e   w h i c h  will 
tend to  c u m u l a t i v e l y   a c t  t o  produce a f a t i g u e   e f f e c t .  

Maximum P.1 lowable  St ress-- Independent ly   o f   the  above  cons iderat ions,  
good d e s i g n   p r a c t i c e   d i c t a t e s   t h a t  some s a f e t y   f a c t o r ,  or conf idence 
f a c t o r   b e   a p p l i e d  t o  t h e   t e s t e d   v a l u e s   o f   t h e   m a t e r i a l   y i e l d   a n d  
u l t i m a t e   s t r e s s e s .  
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Overspeed/Conta inment   Cr i ter ia  

Table I shows the   ove rspeed   and   con ta inmen t   c r i t e r i a   used   f o r   ro ta t i ng  
machinery i n   v a r i o u s   a i r c r a f t  and   space   veh ic le   app l i ca t i ons .  Based  on  these 
data, t h e  recommended o v e r s p e e d   c r i t e r i o n   f o r   t h e  Space S h u t t l e  APU i s  
130 pe rcen t   o f   t he   nomina l  speed. A t  t h i s  speed, t h e   t u r b i n e   h o u s i n g   s h o u l d  
b e   c a p a b l e   o f   c o n t a i n i n g   t h e   t u r b i n e   d i s k s   s h o u l d  a d i s k   b u r s t   o c c u r .   F o r  
t h e  APU, the   nomina l  speed, based  on  aerodynamic  design  considerat   ions 
( d e s c r i b e d   i n   A p p e n d i x  A), i s  70,000 rpm f o r  opt imum  performance.  Al lowing 
up t o  a 5 p e r c e n t   v a r i a t i o n   i n   t u r b i n e  speed ( a l t h o u g h   t h e   f i n a l   t u r b i n e  
c o n t r o l s  may p r o v i d e   c l o s e r  speed regu la t ion) ,   the   des ign   speed i s  73,500 rpm. 
T h i s   i s   t h e  maximum t u r b i n e   r o t a t i o n a l  speed  expected  under  any  normal  opera- 
t i o n ,  and, a p p l y i n g   t h e   o v e r s p e e d   c r i t e r i o n ,   t h e   b u r s t  speed becomes 
9 I ,000 rpm. 

TABLE I 

OVERSPEED/CONTAINMENT C R I T E R I A  

Type o f  A p p l   i c a t   i o n  

A i r c r a f t  gas t u r b i n e  
APUI s 

A i  r c r a f t   c o o l  i ng 
t u r b i n e s  

M i s s i l e  APU's 

C losed  Bray ton   cyc le  
power t u r b i n e  

Recommended Space 
S h u t t l e  APU t u r b i n e  

Design  Overspeed 

125 t o  135 
p e r c e n t  

I35 t o  150 
percent  

150 percent  

150 percent  

~~ ~ ~~~ ~~ 

130 p e r c e n t   o f  
Nominal  design 

1 Speed 1 Overspeed 
Conta inment   Contro l   Tr ip  

110 percent  Yes (110 Yes 
percent )  

I 35  t o  I50 No No 
percent  

None Yes No 

None I Yes I No 

130 p e r c e n t   o f  
Nomina 1 des i gn 

Yes  Yes 

C a n d i d a t e   D i s k   M a t e r i a l   P r o p e r t i e s  

There   a re  a number o f   c a n d i d a t e   m a t e r i a l s   f o r   t h e   t u r b i n e   d i s k s .  However, 
b a s e d   o n   t h e   y i e l d   s t r e n g t h ,   d u c t i l i t y ,   a n d   f a t i g u e   s t r e n g t h   d a t a   p r e s e n t e d  
i n   F i g u r e s  I, 2, 3, and 4, t h e   m o s t   l i k e l y   c a n d i d a t e   m a t e r i a l  i s  Udimet 700. 
A l though   the   manu fac tu re r l s   pub l i shed   y ie ld   s t reng th   da ta  shown i n   F i g u r e  1 
i n d i c a t e   t h a t   I N - I O 0  has a s l i g h t l y   h i g h e r   y i e l d   s t r e n g t h   t h a n  Udimet 700, 
A iResearch   t es t i ng  of  t y p i c a l   m a t e r i a l  samples ( F i g u r e  2) i n d i c a t e s   t h a t   t h e  
o b t a i n a b l e   s t r e n g t h   i n   c a s t  IN-100 specimens i s   c o n s i d e r a b l y   l e s s   t h a n   t h e  
manufacturer 's   quoted  va lues.  Most p r o b a b l y   t h i s   d i f f e r e n c e   i s   s t r o n g l y  
dependent   upon  the  spec imen  shape  and  the  deta i ls   o f   the  cast ing  process.  
Add i t i ona l l y ,   Ud ime t  700 has e x c e l l e n t   d u c t i l i t y ,   a l l o w i n g  i t  t o  absorb 
the   h igh   l oca l   t empera tu re   g rad ien ts   occu r r i ng   on   s ta r tup .  
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The major   d isadvantage  o f   Udimet  700 i s   i t s   h i g h   c o s t  and i t s  poor 
manu fac tu rab i l i t y .   I n   t hese   respec ts ,   IN -100   appears   super io r .  Thus, f o r  
t u r b i n e   w h e e l s   i n   w h i c h   t h e  rim i s   s l o t t e d  so t h a t   t h e   t e m p e r a t u r e   g r a d i e n t s  
do no t   cause  h igh  hoop s t r e s s e s   i n   t h e  r im,  an IN-100 wheel  would  be  desirable. 
F i n a l   s e l e c t i o n   o f   t h e   t u r b i n e  whee l   mater ia l  will no t   be  made u n t i l  Phase I1 
o f   t h e   s t u d y   i s   i n i t i a t e d .  

Using  Udimet 700 a s   t h e   b a s e l i n e   m a t e r i a l ,  it i s   p o s s i b l e   t o   a p p l y   t h e  
s e l e c t e d   d e s i g n   c r i t e r i a   ( s h o w n   a t   t h e   t o p  of Table 2)  t o   d e t e r m i n e   t h e  
a l l o w a b l e   s t r e s s   a t   t h e   d e s i g n  speed o f  73,500 rpm. Tab le  2 shows t h i s  
p r o c e s s ,   i n d i c a t i n g   t h a t   t h e   g o v e r n i n g   c r i t e r i o n   f o r   t h e   a l l o w a b l e   s t r e s s   i s  
t h e   l o w   c y c l e   f a t i g u e   r e q u i r e m e n t  of 1500 c y c l e s   o f   s t a r t u p / s h u t d o w n   t r a n s i e n t s .  
F igu re  5  shows the   Soderberg   d iagram  used  to   es tab l i sh   the   low  cyc le   fa t igue 
a l lowab le   s t ress .   Th is   d iagram  i s   based  on   the   Ud imet  700 s t r e s s - s t r a i n   c u r v e  
shown i n   F i g u r e  6. T h e   d a t a   a r e   f o r  a temperature  of  1000°F, w h i c h   i s  
app rox ima te l y   t he  maximum t e m p e r a t u r e   o c c u r r i n g   a t   t h e   n e c k   o f   t h e   t u r b i n e  
d i sk .  Thus, t h e  maximum s t r e s s   i n   t h e   t u r b i n e   d i s k   n e c k   p o r t i o n   ( a t  1000°F) 
s h o u l d   b e   l i m i t e d   t o  80,000 p s i   a t   t h e   d e s i g n  speed. A l t h o u g h   t h e   t u r b i n e  
r i m  i s   h o t t e r ,  it i s  much more l i g h t l y   s t r e s s e d .   S i m i l a r l y ,   b e c a u s e   t h e  
c e n t e r   p o r t i o n  of t he   d i sk   ope ra tes   a t   t empera tu res   we l l   be low 1000°F, h i g h e r  
s t resses   a re   a l l owab le   t he re .   F igu re  7  shows t h e   v a r i a t i o n   i n   s e c o n d - s t a g e  
w e i g h t   w i t h   t h e   a l l o w a b l e   s t r e s s .  The second-stage i s   t h e   h e a v i e r   o f   t h e   t w o  
t u r b i n e   s t a g e s   s i n c e  it o p e r a t e s   a t  a h i g h e r   p i t c h   l i n e   v e l o c i t y  (2000 fps, 
as compared t o  1800 f p s   f o r   t h e   f i r s t   s t a g e ) .  The d a t a   i n d i c a t e  a s u b s t a n t i a l  
we igh t   pena l t y   occu rs   f o r   l ow-a l l owab le   s t resses .  They a l s o  show t h a t   t h e  
w e i g h t s   . o f   s l o t t e d   a n d   s o l i d   d i s k s   a r e   e q u i v a l e n t .  

Turb ine   B lad inq   Des ign  

Because  most o f   t h e   t u r b i n e   d i s k   o p e r a t e s   a t   t e m p e r a t u r e s   w e l l   b e l o w   t h o s e  
a t  wh ich   s ign i f i can t   c reep  occurs ,   on ly   the   b lad ing   c reep  need  be   es tab l i shed.  
T h a t   p o r t i o n   o f   d i s k   g r o w t h  due t o  e x p a n s i o n   o f   t h e   d i s k   u n d e r   t h e   c e n t r i f u g a l  
loads  can  be accommodated i n   t h e   d e s i g n   o f   t h e   t u r b i n e   c a s i n g .  However, t h e  
g radua l   g rowth   o f   t he   b lades   w i th   t ime   then  becomes t h e   d e t e r m i n i n g   f a c t o r   o n  
the   c lea rance   be tween   the   b lade   t i p   and   t he   cas ing .  

The b l a d i n g   h e i g h t   f o r   p r e s s u r e - c o m p o u n d e d   t u r b i n e s   i s   o n   t h e   o r d e r   o f  
0.25 i n .   f o r  op t imum  des igns ,   and  the   b lade  t ip -cas ing   c learance  ob ta inab le  
i n   t u r b i n e s  of t h i s   s i z e  and  type i s   a b o u t - 0 . 0 1 0   i n .  Thus, t h e  maximum 
p o s s i b l e   b l a d i n g   g r o w t h   i s   a b o u t  4 percent .  However, the   c reep  da ta  shown 
i n   F i g u r e  8 i n d i c a t e   t h a t   a t  a temperature of 1960’R (about  IOOOR above t h e  
maximum b lad ing   t empera tu re ) ,   t he   b lad ing  will have I percent   creep  growth 
i n  1000 h r  when o p e r a t e d   a t  a s t r e s s   o f  35,000 p s i .   S t u d i e s   o f   t h e   b l a d i n g ,  
assuming a tapered  b lade  sec t ion   (accompl ished by p l a c i n g  a t a p e r e d   h o l l o w   i n  
the   b lade   cen te r   as  shown i n   F i g u r e  9), i n d i c a t e   t h a t   t h e   b l a d e   r o o t   s t r e s s  
will be  about 40,000 ps i .   Th is   s t ress   rap id ly   decreases   a long  the   b lade,  
becoming  zero a t   t h e   b l a d e   t i p .   T h e r e f o r e ,   t h e   i n t e g r a t e d   c r e e p   a l o n g   t h e  
b l a d e   i s   l e s s   t h a n  0.2 percent .  Thus, because o f   i t s   s h o r t   b l a d i n g ,   t h e  
pressure-compounded  turbine will b e   w e l l   w i t h i n   t h e   d i s k   g r o w t h   c r e e p   c r i t e r i o n  
of 0.1 p e r c e n t   o v e r a l l   ( e q u i v a l e n t   t o   a b o u t  1.5 percent   a l lowab le   c reep  on  
t h e   b l a d i n g   a l o n e ) .  
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TABLE 2 

UDIMET 700 TURBINE  DISK  ALLOWABLE  STRESS 

DISK  ALLOWABLE  STRESS  AT  DESIGN  SPEED AND MAXIMUM  TEMPERATURES  SELECTED AS THE LOWEST OF THE 
FOLLOWING: 

90% OF THE 0.2% YIELD STRESS (APPLICABLE TO COMBINED CENTRIFUGAL AND 

0 (80$ OF THE ULTIMATE  STRESS^ x (DESIGN BURST SPEED  SPEED)^ (APPLICABLE  ONLY  TO  THE 

THERMAL  STRESSES ) 

CENTRIFUGAL  STRESSES) 

0 STRESS  AS  DICTATED  BY 1500 CYCLES FROM  ZERO TO  DESIGN  SPEED  AND  BACK  TO 

0 STRESS  AS  DICTATED BY 0. I $  ALLOWABLE D I S K  GROWTH DUE TO EXPANSION FROM 

ZERO WITH  FULL  TRANSIENT  TEMPERATURE  GRADIENTS 

CENTRIFUGAL FORCES AT  DESIGN  SPEED 
~~ 

AS A P P L I E D  TO A U D I M E T  700 DISK  OPERATING  AT 73,500 RPM DESIGN AND 91,000 RPM  BURST WITH  MAXIMUM 
. ~~ 

DISK TEMPERATURE = IOOOOF (EXCLUDING BLADES AND RIM, BOTH OF WHICH ARE ONLY LIGHTLY STRESSED): 

90% OF THE 0.2$ Y I E L D  = 106,000 P S I  

LOW CYCLE  FATIGUE  STRESS = 80,000 P S I  

ALLOWABLE DISK GROWTH STRESS = I 10,000 PSI (ASSUMING CONSTANT-STRESS DISK) 

CONCLUSION:  FOR  UDIMET 700 DISK  THE  ALLOWABLE  STRESS  SHOULD  BE 80,000 P S I  
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ROTATING  ASSEMBLY  DESIGN 

The ro ta t ing   assembly   des ign  has r e s u l t e d   i n  a p r e l i m i n a r y   l a y o u t   w i t h  
accompanying  analyses  necessary t o   e s t a b l i s h   d e s i g n   v a l i d i t y .  The  design 
p r o c e s s   c o n s i s t e d   o f   e x a m i n a t i o n s   o f   t h e   t u r b i n e   o p e r a t i n g   c o n d i t i o n s   ( b a s e d  
on  mechanical   design  considerat ions,   as  opposed t o  aerodynamic, 'or  performance 
c o n s i d e r a t i o n s ) ,   a n d   t h e   s t a g e   a s s e m b l y / s u p p o r t   c o n c e p t s   p r i o r   t o   i n i t i a t i o n  
o f   t h e   l a y o u t .  These  s tud ies   es tab l i sh . the   overa l l   mechan ica l   des ign   and  the  
l a y o u t  and t h e n   t r a n s l a t e   t h i s   i n t o  a f i n a l ,   d e t a i l e d   c o n f i g u r a t i o n .  The d i s -  
c u s s i o n   b e l o w   p a r a l l e l s   t h e   d e s i g n   a c t i v i t y ,   p r e s e n t i n g   t h e   m a t e r i a l s  as 
f o l  lows: 

0 T u r b i n e   o p e r a t i n g   c o n d i t i o n s  

0 Stage  assembly/support  concepts 

0 Rota t ing   assembly   layout  

Turb i ne Opera t i nq Cond i ti ons 

The  aerodynamic  per formance  s tud ies  presented  in   Appendix  A show t h a t  
t h e r e   i s   i n c e n t i v e   t o   o p e r a t e   t h e   t u r b i n e   a t  a h i g h  speed w i t h  a h i g h   i n l e t  
t empera tu re .   A l though   the re   i s  a d e f i n i t e  optimum f o r   b o t h   t h e   p i t c h - l i n e  
v e l o c i t y   ( o c c u r r i n g  a t  about   2000  fps )   and  the   ro ta t iona l  speed ( o c c u r r i n g  
a t  about 70,000 rpm), pe r fo rmance   con t inues   t o   improve   as   t he   t u rb ine   i n le t  
tempera ture   i s   inc reased.  Thus, t h e  1 i m i t a t i o n  on i n l e t   t e m p e r a t u r e   i s  
e s t a b l i s h e d  by the  mechanical   desigm o f   t h e   r o t a t i n g  assembly.   Addi t ional ly ,  
s i n c e   t h e r e   i s  a s t r o n g   i n t e r t i e  between t h e   t u r b i n e   i n l e t   t e m p e r a t u r e  and 
t h e   p i t c h - l i n e   v e l o c i t y   ( s t r e s s   i s   p r o p o r t i o n a l   t o   t h e   s q u a r e   o f   t h e   p i t c h - l i n e  
v e l o c i t y ) ,  it i s   n e c e s s a r y - t o   c o n s i d e r   t h e   p a r a m e t e r   c o m b i n a t i o n   b e s t   m e e t i n g  
t h e   m e c h a n i c a l   d e s i g n   l i m i t a t i o n s   w h i l e   s t i l l   o f f e r i n g  good  performance. 

Thermal s t u d i e s   p r e s e n t e d   l a t e r   i n   t h i s   a p p e n d i x  show t h a t   t h e   n e c k  
p o r t i o n   o f   t h e   t u r b i n e   d i s k   ( h a v i n g   b o t h   h i g h   s t r e s s e s   a n d   h i g h   t e m p e r a t u r e s )  
operates  about  600'R b e l o w   t h e   t u r b i n e   i n l e t   t e m p e r a t u r e .  The m a t e r i a l   y i e l d  
s t r e n g t h   d a t a   p r e s e n t e d   i n   F i g u r e  I i n d i c a t e   t h a t   t h e r e   i s  a rap id   decrease 
i n   m a t e r i a l   s t r e n g t h   f o r   t e m p e r a t u r e s   e x c e e d i n g  1200' t o  1400'F. This   would 
co r respond   to  a t u r b i n e   i n l e t   t e m p e r a t u r e   o f  1800' t o  2000'F. Thus, 2000'F 
can  be  taken  as  the maximum d e s i r a b l e   t u r b i n e   i n l e t   t e m p e r a t u r e .  

S i m i l a r l y ,   i n v e s t i g a t i o n   o f   t h e   e f f e c t   o f   p i t c h - l i n e   v e l o c i t y   i n d i c a t e s  
t h a t   i n c r e a s i n g   t h e   p i t c h - l i n e   v e l o c i t y   f r o m  1800 f p s   t o  2000 f p s  causes 
about  a 37 p e r c e n t   i n c r e a s e   i n   t h e   d i s k   s t r e s s e s   f o r  a f i x e d   d i s k  shape. Thus, 
there i s  a s i g n i f i c a n t   i n c r e a s e   i n   t h e   d i f f i c u l t y   o f   m e c h a n i c a l   d e s i g n   w h i l e  
o n l y  a s l i g h t   i n c r e a s e   i n   t h e   p e r f o r m a n c e   ( a b o u t  2.5 p e r c e n t   r e d u c t i o n   i n  
propel lant   consumpt ion) .   Therefore,  a p i t c h - l i n e   v e l o c i t y   o f  1800 f p s  has 
been s e l e c t e d   f o r   u s e   d u r i n g   t h e  Phase I s tud ies .  Also, t h e   t u r b i n e   i n l e t  
tempera ture  has  been s e t   a t  1800°F, a l though  about  8 p e r c e n t   p r o p e l l a n t  
consumpt ion  reduct ion  could  be  obta ined  by  us ing 2000'F. Dur ing  Phase 11, 
f u r t h e r   s t u d i e s  will be  performed t o   e s t a b l i s h   t h e   f i n a l   s e l e c t i o n   o f   t u r b i n e  
i n l e t   t e m p e r a t u r e  and p i t c h - l i n e   v e l o c i t y .  
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Staqe  Assenbly/Support  Concepts 

Since  the  selected  turbine  uses  only  two  stages, it is possible  to 
support it as a cantilever.  Thus, it is desirable  to  place  the  second  stage 
on the  inboard  side  of  the  cantilever  since it operates  at a lower  temperature 
than the  first  stage  and  since it is heavier than the  first  stage  (because 
the  second  stage  operates at a highel-  pitch-line  velocity). 

Table 3 shows  some  candidate  stage  assembly  concepts that have  been 
considered. Of these  concepts,  the  preferred  configurations are either  the 
electron-beam  welded  configuration or the  off-center1  ine  bolts  configuration. 
Electron-bean  assembly  requires  no  special  fastening  parts, but does  not 
facilitate  single-stage  replacement.  Unfortunably,  the primary turbine  disk 
materials have a low  degree of  weldabil ity; thus  welding is  not  recommended. 
The  off-center1  ine  bolting  concept  will  have a slightly  higher  weight but 
single-stage  replacement is simple.  Therefore  the  preferred  assembly  concept 
is bolting. 

Rotatinq Assembly  Layout 

Building on  the  selected  turbine  operating  conditions  and  the  preferred 
stage  assembly  concepts, a rotating  assembly  layout  has  been  made.  This 
layout  is  shown in Figure IO. The  turbine  stages are cantilevered  with  the 
second  stage  inboard.  Hydrogen  is  used  to  cool  the  turbine  disks--accomplished 
by flowing  hydrogen  gas  through  cool ing passages in the  turbine  case. A 
combination  of  radiation  and  conduction in the  clearance  between  the  casing 
and  the  disk  ensures  effective  heat  transfer. The bearings are lubricated  and 
cooled by oi l  flowing  from  jets in the  turbine  housing. An alternate  method 
of bearing  cooling  combines  the  jet  cooling  with  cooling  obtained by passing 
oi 1 through  the  center  of  the  rotating  shaft and out  across  the  surface of the 
inner  race.  This is shown in the  layout.  However,  thermal  analyses  presented 
in this  appendix  show that adequate  cooling is provided by the  jet  oil flow 
a 1 one. 

An alternate  method  of  transferring  torque  from  the  turbine  support 
shaft  to a high speed  pinion is shown in Figure 1 1 .  This  method,  although it 
requires  additional  bearings, is  preferred  over that shown in Figure IO since 
it reduces  the  machining  operations on the  turbine  shaft  and  allows  incorpora- 
tion  of a shear  section  to  eliminate  damage  to  the  gearbox  and/or  turbine in 
event  of  overtorquing  or  sudden jam-up. 

To  ensure  the  practicability  of  the  -proposed  design,  the  following 
supporting  ana 1 yses  have  been  performed : 

Thermal  analysis 

Stress  analysis  (first  stage  disk  only) 

Critical  speed  analysis 

BearIng  operating  condition  analysis 
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TABLE 3 

CONCEPT  COMPARISON 

0 DISKS  HUST  BE I N  ROUGH FOW WITH  LARGE 

DIAk'.ETERS  FOR  CLAHPING  CHUCKS - L R E R  

FItIISHINC HUST BE  DONE CN ENTIRE  ASSEHBLY 

0 YATERIAL F L W  I S  UNEVEN  AND  EXACT 

PGSITI0:IItiG I S  NOT  POSSIBLE 

RELATIVELY LOA HEAT  TRANSFER E E M E N  STAGES 

ELECTRON - BEAM 
WELDING 

0 DISKS CAN WVE ALL HACHINING  EXCEPT  BLADES 

DONE PRIOR TO YELDING 

0 PRECISE POSITIDNINC I S  POSSIQLE 

0 DISK SHAPE FACILITATES ACCESS  TO WELD SUttFACE 

FOR FINISH GRINDING 

0 SINGLE-STAGE  REPIACEHENT IS DIFFICULT 

0 RELATIVELY  LOU  HEAT  TRANSFER BENEEN STAGES 
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"---f"" 

0 REQUIRES  REINFORCING  PADS ON TURBINE DISKS 

0 SIHPLE ASSEHBLY 

0 REPLRCEHENT OF A  SINGLE  STAGE I S  EASY 

0 LOA  HEAT  TRANSFER BENEEN STAGES 
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Figure IO. R o t a t i n g  Assembly Layout 
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Figure 1 1 .  A l t e r n a t e   H i g h - s p e e d   P i n i o n   S p l  ined Q u i l l   S h a f t   D r i v e   C o n c e p t  



I .  T h e r m a l   A n a l y s i s  

A v a i l a b l e   c o m p u t e r   p r o g r a m s   h a v e   b e e n   u s e d  t o  e s t a b l i s h   t h e   s t e a d y - s t a t e  
a n d   t r a n s i e n t   t e m p e r a t u r e s   o c c u r r i n g   t h r o u g h o u t   t h e   r o t a t i n g   a s s e m b l y .  Two 
areas a r e  of p a r t i c u l a r   i n t e r e s t ,   t h e   o u t b o a r d   b e a r i n g ,   a n d   t h e   f i r s t - s t a g e  
t u r b i n e   d i s k .  

a .  Hot End B e a r i n g  

F i g u r e  12 s h o w s   t h e   o u t b o a r d   b e a r i n g   h e a t   g e n e r a t i o n  a s  a f u n c t i o n  of 
t h e   a x i a l   a n d   r a d i a l   l o a d   o n   t h e   b e a r i n g .   T h e   b e a r i n g   c o n f i g u r a t i o n  is  as  
s h o w n   i n   F i g u r e  I O .  T h e   h e a t   g e n e r a t i o n   c a l c u l a t i o n s  a r e  b a s e d   o n  a me thod  
p r e s e n t e d   i n   R o l l i n q   B e a r i n q   A n a l v s i s   ( p a g e s   4 2 1 - 4 5 0 )   b y   T .  A .  Harr is  
p u b l i s h e d   b y   J o h n   W i l e y   a n d   S o n s   i n  1966. F i g u r e  13 p r e s e n t s   t h e   b e a r i n g  
o p e r a t i n g   t e m p e r a t u r e  as  a f u n c t i o n  of t h e   h e a t   g e n e r a t e d  for  v a r i o u s   c o o l   i n g  
s c h e m e s .   T h e s e   s c h e m e s   c o n s i s t  of a c o m b i n a t i o n  of t h e   b e a r i n g  je t  l u b r i c a t i n g  
f l o w   a n d   o i l   f l o w   t h r o u g h   t h e   c e n t e r   s h a f t .   T h e  da ta  i n d i c a t e   t h e   a c c e p t a b l e  
b e a r i n g   t e m p e r a t u r e s  a r e  o b t a i n e d   s o l e l y  by c o o l i n g   w i t h   t h e   b e a r i n g  j e t  o i l  
f l o w  of 20 l b / h r .   T r a n s i e n t   s t u d i e s   a l s o   i n d i c a t e   t h a t   t h e   b e a r i n g   t e m p e r a -  
t u r e   r e m a i n s   w i t h i n   t h e   l i m i t a t i o n s  of t h e   l u b r i c a n t   d u r i n g   t h e   h e a t   s o a k b a c k  
o c c u r r i n g  a f t e r  s h u t d o w n .   I n   o p e r a t i o n ,   t h e   b e a r i n g   t e m p e r a t u r e   i s   p r i m a r i l y  
d e p e n d e n t   u p o n   t h e   t e m p e r a t u r e  of t h e  je t  o i l .   D u r i n g   s h u t d o w n ,   t h e   b e a r i n g  
t e m p e r a t u r e  is p r i m a r i l y   d e p e n d e n t   u p o n   t h e   t e m p e r a t u r e  of t h e   s e c o n d - s t a g e  
t u r b i n e   d i s k .  

b .   F i   r s t - S t a q e   T u r b i n e   D i s k  

F i g u r e  14 s h o w s   t h e   s t e a d y - s t a t e   a n d   t r a n s i e n t   t e m p e r a t u r e s  f o r  t h e  
f i r s t - s t a g e   t u r b i n e   d i s k .   T h e s e   d a t a   a s s u m e   t h a t   t h e   t u r b i n e   h o u s i n g   i s  
c o o l e d  by c o l d   h y d r o g e n   g a s   p a s s e d   t h r o u g h   t h e   c a s i n g  a s  s h o w n   i n   F i g u r e  I O .  
T h e   d a t a   i n d i c a t e   t h a t   t h e  maximum b l a d e   t e m p e r a t u r e  is a b o u t  14OO0F, a b o u t  
4OO0F b e l o w   t h e   t u r b i n e   i n l e t   t e m p e r a t u r e  of 18OOOF. Most of t h e   t u r b i n e  
d i s k   o p e r a t e s  a t  a t e m p e r a t u r e  of a b o u t  7OO0F, w i t h   t h e   n e c k   p o r t i o n  a t  
a b o u t  I 20OoF. 

2. S t r e s s   A n a l y s i s  

T h e   d a t a  of F i g u r e  14 a l s o  show t h e   s t e a d y - s t a t e  stress d i s t r i b u t i o n   o n  
t h e   f i r s t - s t a g e   t u r b i n e   d i s k .   A l t h o u g h   i t   o p e r a t e s  a t  a h i g h e r   p i t c h - l i n e  
v e l o c i t y ,   t h e   s e c o n d   s t a g e   h a s   c o n s i d e r a b l y   l o w e r   o p e r a t i n g   t e m p e r a t u r e s   a n d  
t h e r m a l   g r a d i e n t s .   D u r i n g   t h e   P h a s e  I1 s t u d i e s ,   d e t a i l e d   a n a l y s e s   w i l l   b e  
p e r f o r m e d   o n   b o t h   t u r b i n e  stages.  

The  s t ress  d a t a  of F i g u r e  14 show a maximum stress of a b o u t  85,000 p s i  
o c c u r r i n g  a t  t h e   c e n t e r  of t h e   d i s k .  A t  t h e   n e c k ,   t h e   t a n g e n t i a l  stress is 
a b o u t  30,000 p s i   ( c o m p r e s s i v e )   a n d   t h e   r a d i a l  stress i s   a b o u t  50,000 p s i  
( t e n s i l e ) .   T h e s e   v a l u e s  a r e  w e l l   w i t h i n   t h e  80,000 p 5 i   a l l o w a b l e  stress t h a t  
h a s   b e e n   e s t a b l i s h e d  by t h e   S o d e r b e r g   d i a g r a m  of F i g u r e  5. 

I t  s h o u l d   b e   n o t e d   t h a t   t h e   t u r b i n e   d i s k   i s   a s s u m e d  to  b e  a s o l i d  rim 
d i s k .   T h e  stresses d u e  to  t h e r m a l   g r a d i e n t s   c a n   b e   p a r t i a l l y   r e l i e v e d   i f   t h e  
rim p o r t i o n  of t h e   d i s k   i s   s l o t t e d .  However, t h e   d a t a  of F i g u r e  7 i n d i c a t e  
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t h a t   t h e r e   i s   l i t t l e   w e i g h t   i n c e n t i v e   t o  do t h i s .   D u r i n g  Phase 11, s t r e s s  
analyses f o r  t h e   t r a i l s i e n t   t e m p e r a t u r e   d i s t r i b u t i o n s  will also  be  per formed.  
These  analyses may i n d i c a t e   t h a t  a s l o t t e d  r i m  d i sk ,   such   as   i s   used   i n  some 
a i r c r a f t   t u r b i n e s ,  w i  1 I be  des i rab le .  

3. C r i t i c a l  Speed A n a l y s i s  

F i g u r e  15 shows t h e   a n a l y t i c a l  model o f   t h e   r o t a t i n g  assembly t h a t   i s  
used  as t h e   b a s i s   o f   t h e   c r i t i c a l  speed  study.  Figure 16 shows t h e   v a r i a t i o n  
i n   t h e   r i g i d  body na tu ra l   f r equenc ies   as  a f u n c t i o n  of t h e   b e a r i n g  mount 
s p r i n g   r a t e .  The   da ta   i nd i ca te   t ha t  a s p r i n g   r a t e  on t h e   o r d e r  of 15,000 l b / i n  
will p l a c e   t h e   r i g i d  body modes s u b s t a n t i a l l y   b e l o w   t h e   t u r b i n e   o p e r a t i n g  
speed. 

Fo r   t he   se lec ted   bea r ing  mount s p r i n g   r a t e   ( e q u a l   t o   t h a t  commonly used 
by  AiResearch i n   d e s i g n   o f   h i g h - s p e e d   r o t a t i n g   e q u i p m e n t   o f   t h i s   s i z e ) ,  
F i g u r e  17 shows t h e   v i b r a t i o n a l   a m p l i t u d e  vs f requency   and  g ives   the  mode 
shapes o f   t h e   t w o   r i g i d  body modes. The d a t a   a r e  based  on a r o t a t i n g  assembly 
ba lanc ing   accuracy   o f   about  0 .18  g r - i n .  They i n d i c a t e   t h a t   t h e  maximum 
d e f l e c t i o n   o f   t h e   t u r b i n e   d i s k   i s   w e l l   w i t h i n   t h e   d i s k - s h r o u d   c l e a r a n c e   o f  
0.010 i n .   a t  maximum speed. 

4.  Bearinq "" . Opera t i ng   Cond i t i on   Ana lys i s  

The bear ings   used  on   the   ro ta t ing   assembly   layout  of F i g u r e  IO have  an 
o p e r a t i n g  DN number o f  1.84 m i l l i o n   a t   t h e   d e s i g n  speed o f  73,500 rpm. T h i s  
DN i s  w e l l   w i t h i n   t h e   p r e s e n t   s t a t e   o f   t h e   a r t ,  as  demonstrated  by  the 
b e a r i n g   t e s t   d a t a  summarized i n   T a b l e  4 .  The data  were  obta ined  as  par t  o f  
AiResearch I R  and D a c t i v i t y   i n   s u p p o r t  o f  development o f  an   eng ine-dr iven  
compressor   for   the  Boeing Model 2707 (SST) a i r c r a f t .   F o u r   b e a r i n g s   o f   e a c h  
type  were  tested.  

TABLE 4 

B E A R I N G  TEST  DATA 

Bear i ng c o n s t r u c t i o n  Ba 11s and  races: " 5 0  separa to r :  
S i l v e r   p l a t e d  A I S 1  4340 

B e a r i n g   l u b r i c a t i o n  

Indus t r ia l   Teck ton ic ,   Inc . ,   Tor rance,  Bear ing  manufacturer 

Oil: I g p d b e a r i n g   s u p p l i e d   a t  3OO0F 
~ 

~~ -. 

Cal i f o r n i a  
- ~~ 

Test  t i mes Bear ing  2 0 4   ( 2 0  mm x 47 mm x 14 mm): 
3640 h r   a t  74,000 rpm 

Bearing 205 ( 2 5  mm x 52 mm x 15 mm): 
3800 h r   a t  75,000 rpm 

Bearing 3 0 5   ( 2 5  mm x 62 mm x I 7  mm): 
2450 h r   a t  65,000 rpm 

-- . 
~ ~~~~~ ~ ~~ "" 
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D I S K  MASSES  AND  STIFFNESSES 
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A N A L Y T I C A L  MODEL 

F igure 15. C r i t i c a l  Speed A n a l y t i c a l  Model 
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Figure 16. Se lec t ion  of Bearing Mount S t i f f n e s s  
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MODE SHAPES 

SPEED, RPH x 

AMPLITUDE VS FREQUENCY 

B E A R I N G  MOUNT SPRING  CONSTANT = 15,000 LB/IN* 

BEARING SPRING  CONSTANT = 800,000 LB/IN. 

5-61521 
Figure 17. Rotat ing Assembly V ibra t iona l  Modes 



TURBINE POWER UNIT CONFIGURATION 

The o t h e r   m a j o r  component o f   t h e   t u r b i n e  power u n i t ,   i n   a d d i t i o n   t o  
t h e   r o t a t i n g  assembly, i s   t h e  gearbox.   The  gearbox  must   prov ide  the  fo l lowing 
f unct   ions : 

Output  pad f o r  e l e c t r i c a l   g e n e r a t o r  

O u t p u t   p a d   f o r   h y d r a u l i c  pumps 

Means o f   f l o w i n g   o i  1 t h rough   the   gea rbox   and   t he   ro ta t i ng   assemb ly  

I n p u t   p a d   f o r   t h e   r o t a t i n g   a s s e m b l y  

S t r u c t u r a l   s u p p o r t   f o r   t h e   e n t i r e   t u r b i n e  power u n i t  

It s h o u l d   b e   n o t e d   t h a t   t h e   d e s i g n   o f   t h e   h y d r a u l i c  pump a n d   t h e   g e n e r a t o r   i s  
o u t s i d e   t h e   s c o p e   o f   t h i s   s t u d y   c o n t r a c t .  However, i t  i s   n e c e s s a r y   t o  
b r i e f l y   c o n s i d e r   t h e s e   u n i t s  when des ign ing   the   gearbox .   For   th is   s tudy ,   the  
h y d r a u l i c  pumps a r e  assumed t o  be Vickers  designs  (PV3-300 for a 70 gpm  pump 
o p e r a t i n g   a t  5000 rpm, and  PV3-I I 5   f o r  a 35 gpm  pump o p e r a t i n g   a t  7000 rpm), 
a n d   t h e   e l e c t r i c   g e n e r a t o r   i s  assumed t o  reassemble  the  Bendix  288262-5 
r o t a t i n g   r e c t i f i e r   g e n e r a t o r   o p e r a t e d   a t  12,000 rpm, a l t h o u g h   m o d i f i c a t i o n s  
would be r e q u i r e d   f o r   c o o l i n g   w i t h   h y d r o g e n  gas i n s t e a d   o f   a i r .  

S i n q l e  vs Twin   Hydrau l i c  Pumps 

S t u d i e s   o f   t h e   g e a r i n g   r e q u i r e d   f o r   t h e   s i n g l e  pump c o n f i g u r a t i o n  
i n d i c a t e   t h a t   t h e   g e a r b o x   w e i g h t  will be  about 50 p e r c e n t   h i g h e r   t h a n   f o r   t h e  
two-pump gearbox.  Schematics o f   the   gear ing   a r rangements   fo r   the   two  concepts  
a r e  shown i n   F i g u r e s  18 and 19. T h e   a d d e d   w e i g h t   p e n a l t y   f o r   t h e   s i n g l e  pump 
c o n f i g u r a t i o n  i s  l a r g e l y  due t o   t h e   f a c t   t h a t   t h e   s i n g l e  pump o p e r a t e s   a t  a 
lower   speed  and  consequent ly   requi res  more  than  twice  the  torque  requi red  to  
d r i v e   o n e   o f   t h e  35 gpm pumps. A l t h o u g h   t h e   s i n g l e  pump w e i g h s   s l i g h t l y   l e s s  
than  two 35 gprn pumps, t h e   t o t a l   w e i g h t   o f  pumps and  gearbox   favors   the   tw in  
pump c o n f i g u r a t i o n .   A d d i t i o n a l l y ,   u s i n g   t w i n  pumps a l l o w s   o n e   o f   t h e  pumps 
t o   b e   d e p r e s s u r i z e d   a t  low  power  levels,   thus  reducing  the pump p a r a s i t i c  
power   requ i rements   be low  those  o f   the   s ing le  pump c o n f i g u r a t i o n .  

Type o f   Gear ing  

B o t h   s p u r   a n d   p l a n e t a r y   g e a r i n g   w e r e   c o n s i d e r e d   f o r   t h i s   a p p l i c a t i o n .  
However, t h e  s p e e d   r e d u c t i o n s   a r e   s u c h   a s   t o   a l l o w   d r i v i n g   t h e   a l t e r n a t o r   w i t h  
o n l y  a s i n g l e   s t a g e   o f   s p u r   g e a r i n g .  Thus, spur  gears show a dec ided  weight  

l y  show a we igh t  
had been 

t o   d r i v e   t h e  

advantage  over   p lanetary   gear ing.  I f  a h i g h e r   t u r b  
selected,  such  as  90,000 rpm, p l a n e t a r y   g e a r i n g  wou 
advantage  s ince  two  s tages  o f   spur   gear ing  would  be 
a1 t e r n a t o r .  
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FOR BOTH  PUHPS 

TEETH = 61 
0.0. = 3.92 IN .  
FACE WIDTH = 0.532 I N .  

TEETH = 19 
O.D.  = 1.34 IN .  
FACE WIDTH = 0.77 IN .  

HYDRAULIC 

TEETH = 53 
O.D. = 3.42 IN. 
FACE WIDTH = 

TURBINE 
DRIVE SHAFT 

TEETH = 17 \ 
O.D.  = 1.22 IN .  TEETH = 99 
FACE WIDTH = 0.78 IN. O.D. = 6.30 IN .  

FACE WIDTH = 0.25 IN .  
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Figure 18. Twin  Pump  Gearing  Configuration 
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O.D.  = 5.55 IN .  
FACE WIDTH = 0.727 IN .  

\ 

TEETH = 23 
0.0. = 1.825 IN .  
FACE WIDTH = 0.95 IN. 

\ \ \Y 

TEETH = 72 
0.0. = 1.61 IN .  
FACE WIDTH = 0.60 IN. yA 

TURBINE 
DRIVE SHAFT 1 \ 

0.0. = 1.22 IN. 
FACE WIDTH = 0.78 IN. TEETH = 99 

\ 

0 . 0 .  = 6.30 IN. .~"  

FACE WIDTH = 0.25 IN. 

5-blJJI 

Figure 19. Single  Pump  Gearing  Configuration 



Turb ine  Power Un i t   Layout  

AiResearch  Drawing SK64481 shows  a l a y o u t   o f   t h e   t u r b i n e   p o w e r   u n i t ,  
p r e s e n t i n g  a c ross -sec t i on   o f   t he   gea rbox .  The l a y o u t   i s   f o r   a n  APU hav ing  
two 35 gpm h y d r a u l i c  pumps. The t u r b i n e   r o t a t i n g   a s s e m b l y   i s   l o c a t e d   o n   o n e  
s i d e   o f   t h e   g e a r b o x   w i t h   t h e  pumps a n d   g e n e r a t o r   o n   t h e   o t h e r   s i d e .  The 
gearbox   cas ing   p rov ides   mount ing   f langes   fo r   the   ro ta t ing   assembly ,  pumps, 
and   genera to r ,   and   has   t h ree   po in ts   f o r   a t tach ing   t he   t u rb ine   power   un i t   t o  
v e h i c l e   s t r u c t u r e .   L u b r i c a t i o n   o f   t h e   g e a r b o x   a n d   t u r b i n e   b e a r i n g s   i s  accom- 
p l i s h e d  by p a s s i n g   o i l   t h r o u g h  a gear pump ( l o c a t e d   a t   t h e   t o p   o f   t h e  gearbox, 
d r i v e n   f r o m   t h e   h y d r a u l i c  pump g e a r i n g )   w h i c h   f e e d s   t h e   o i l   t o   t h e   v a r i o u s  
gear meshs, c o o l i n g  passages,   and  bear ings .   P ickup  and  re tu rn   o f   the   o i  1 t o  
the   gearbox   i s   accompl ished by  use o f  a r o t a t i n g  sump wh ich   p rov ides  a p res-  
sure  head t o   d r i v e   t h e   o i l  back t o   t h e   g e a r  pump. The o i l   f l o w  passages 
be tween  the   var ious   gears   and  the   re tu rn  1 i n e s   t o   t h e   g e a r  pump a r e  shown i n  
the  gearbox  end  v iew  on  the  drawing,   and  schemat ica l ly   in   F igure 20. 
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SCAVENGE  PUMPS USING  GEARS 
AS DRAG PUMPS. ALL  FEED 
I N T O  LARGE  WHEEL W I T H  
ROTATING SUMP. 

O I L  TO 
LUBE 

S - 6  I266 

F i g u r e  20. Zero "G" Lube  System 
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Cross  section,  power u n i t ,  gear box. 



A P P E N D I X  C 

CRYOGENIC TANKAGE 

INTRODUCTION 

Th is   append ix   p resen ts   t he   pa ramet r i c   s tudy   conc lus ions   and   resu l t s   f o r  
t h e  APU cryogenic   tank  system. The s t u d y   p a r a m e t r i c a l l y   e v a l u a t e d   t a n k   o p t i -  
m i z a t i o n  and  per formance  for   var . ious  orb i ter   and  booster   conf igurat ions.  

An ex is t ing  A iResearch  computer   program was used to   eva lua te   t he   op t imum 
ven t   p ressu re   f o r   va r ious   de l i ve ry   p ressu res   f o r   bo th   t he   hyd rogen   and   oxygen  
tanks.  These  optimum  vent  pressures  were  then  used t o   e v a l u a t e   t a n k   p e r -  
formance.  The  performance  calculat ions  considered  parameters  such as hard  
and s o f t   s h e l l   t a n k   d e s i g n ,   p e r c e n t   o f   c o n t e n t s   u s e d   o n   f i r s t  day, o r b i t e r  
and  booster  standby  t imes, and a l s o   t h e   v a r i o u s   t a n k   s i z e s .  The  range o f  
pa ramete rs   i nves t i ga ted  was f rom 100 t o  2000 1 b de l   i ve rab le   con ten ts ;   and  
f rom 35 t o  800 p s i a   d e l i v e r y   p r e s s u r e .  

ASSUMPTIONS 

Genera 1 

The tanks  were  des igned  wi th  5 pe rcen t   res idua ls   and  5 percent  
u l   l a g e  volume. 

The f i  1 1  f a c t o r  used was 95 percent .  

S t r u c t u r a l   m o u n t i n g   f i t t i n g s   c o n s t i t u t e  15 p e r c e n t  o f  i n n e r   s h e l l  
weight .  

Oxygen tanks  were  designed  cons  ider i   ng  the 1 i g h t e s t   c o n f   i g u r a t   i o n  
between  aluminum  and  Inconel 

Hydrogen  tanks   were   des igned  cons ider ing   the   l igh tes t   con f igura t ion  
between a 1 umi  num and t i t a n  i um 

O r b i t e r   c a l c u l a t i o n s   c o n s i d e r e d  a 6 -day   qu iescen t   pe r iod   a f te r   t he  
f i r s t  d a y ' s   f l u i d   w i t h d r a w a l  

Boos te r   ca l cu la t i ons   cons ide red  minimum f l i g h t   t i m e  and  no  quiescent 
p e r i o d  

2.5 B t u / h r   a l l o w e d   f o r   l i n e   h e a t   l e a k  

Ambient  temperature was 500'R 

Minimum a n n u l u s   f o r   h a r d   s h e l l   d e s i g n  was 1.5 i n .  

10 g a c c e l e r a t i o n  

1 7 7  



0.007- in .   manufactur ing  to lerance 

S a f e t y   f a c t o r  was I .5 e x c e p t   f o r   s u p e r c r i t i c a l  w h e r e   s a f e t y   f a c t o r  
was 2.2. 

Equat ions 
ct 2 

PCR = I .6 - L L  

D2 
b u c k l i n g  mode f o r   o u t e r   s h e l l  

‘VENT 
= 2 t a   b u r s t  mode f o r   i n n e r   s h e l l  

LOAD  FACTOR = 
TANK  WET  WEIGHT 

DELIVERABLE CONTENTS 

St ruc tura l   Parameters  

Aluminum p = 0. I l b /   i n .3  0 = 39,000 p s i  

I ncone l  P = 0.3 l b / i n . 3  CJ = 158,000 p s i  

T i tan ium p = 0.161 lb / i n .  u =  144,000 p s i  E = 16 x IO p s i  

I n s u l a t i o n  = 1.5 l b / f t  

F i b e r g l a s s  = 22.4 l b / f t  

P r o t e c t i v e   o u t e r   c o v e r  on s o f t   s h e l l  = 0.08 l b / i n .  

3 6 

3 

3 

3 

Minimum Thickness 

O u t e r   s h e l l  = 0.035 i n .  

I n n e r  she1 1 = 0.035  in. 

S o f t   s h e l l   o u t e r   c o v e r  = 0.010 i n .  

Foam i n s u l a t i o n  = 0.25 i n .  

INSULATION CONCEPTS 

Two insu la t ion   concepts   were   cons idered:  

Vacuum Jacke ted   Super insu la t i on - -Th is   concep t   cons i s t s   o f   an   i nne r  
t a n k   s h e l l   d e s i g n e d   t o   f a i l   i n  a b u r s t  mode and   an   ou te r   she l l  
d e s i g n e d   t o   f a i l   i n  a b u c k l i n g  mode due to   ext reme  ambient   pressure.  
A vacuum i s   ma in ta ined   be tween   the  two s h e l l s .   T h i s   h a r d   s h e l l   d e s i g n  
l e n d s   i t s e l f   t o   v e r y   p r e d i c t a b l e   i n s u l a t i o n   c h a r a c t e r i s t i c s .   F o r  
extended  ground  pre launch  wai t   or   extended  a tmospher ic  f l  i g h t ,   t h e  
advantages o f  the  vacuum i n s u l a t i o n  may j u s t i f y   t h e   w e i g h t   p e n a l t i e s  
a s s o c i a t e d   w i t h   t h i s   s h e l l   d e s i g n .  
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A m b i e n t   P r e s s u r e   S u p e r i n s u l a t i o n - - T h i s   c o n c e p t   c o n s i s t s   o f   i n s u l a t i o n  
tha t   ope ra tes   a t   amb ien t   p ressu re   and  i s  covered by  a so f t   nonpres -  
s u r e   c a r r y i n g   s h e l l .   F o r   o p e r a t i o n   o c c u r r i n g   p r i n c i p a l l y   i n  space, 
t h i s   t y p e  o f  i n s u l a t i o n  can  be  very e f f i c i e n t .   F o r   d e t a i l s  o f  b o t h  
concepts  see  F igure I .  

OPTIMIZATION 

Tank o p t i m i z a t i o n   c o n s i s t e d   o f   f i v e   s e c t i o n s ,   e a c h   s e c t i o n   b e i n g   i n t e r -  
dependent  on t h e   o t h e r .   O p t i m i z a t i o n   y i e l d s   t h e  most e f f i c i e n t   p r e s s u r e  band 
f o r  a g iven  de l i very   p ressure   and a g i ven   t ank   s i ze .  The o p t i m i z a t i o n   a l s o  
c o n s i d e r s   t h e   p r o p e r   m a t e r i a l   s e l e c t i o n   f o r   t h e   d i f f e r e n t   h y d r o g e n   a n d   o x y g e n  
tanks  and i t  c o n s i d e r s   t h e   p r o p e r   i n s u l a t i o n   r e q u i r e m e n t s   f o r   t h e   d i f f e r e n t  
o r b i t e r  and booster   miss ion  requi rements.   Throughout   the  opt imizat ion  s tudy,  
r e f e r e n c e   i s  made t o   t h e   t e r m   l o a d   f a c t o r .  Load f a c t o r   i s   d e f i n e d   a s   t h e  
tank   we t   we igh t   d i v ided   by   t he   t ank   de l i ve rab le   con ten ts .  The o p t i m i z a t i o n s  
i n v e s t i g a t e d   a r e :  

M a t e r i a l   s e l e c t i o n  

Vent  pressure  range 

I n s u l a t i o n   t h i c k n e s s  

F l u i d  usage p r o f i l e  

Del i very   p ressure  

M a t e r i a l   S e l e c t i o n  

The main   d i f fe rence  be tween  oxygen  and  hydrogen  tank   mater ia l   se lec t ion  
i s  t ha t   t he   h igh l y   co r ros i ve   a tmosphere   o f   oxygen   mus t   be   cons ide red .   Pas t  
A iResearch   exper ience  d ic ta tes   use   o f   Incone l   o r   a luminum  fo r   oxygen  tanks .  
Fo r   hyd rogen   tanks   a lum inum  o r   t i t an ium  a re   e f f i c i en t   ma te r ia l s .   F igu res  2 and 
3 compare t h e   i n n e r   s h e l l   w e i g h t  f o r  hydrogen  and  oxygen  tanks  for   the  mater ia ls  
evaluated.  The minimum mate r ia l   t h i ckness  of  0.035 i n .  makes  aluminLlm p r e f e r -  
ab le   a t   low  p ressures ,   and  t i tan ium or  Incone l   p re fe rab le   a t   h igh   p ressu res .  

Vent  Pressure 

It i s  i m p o r t a n t   t o   p a r a m e t r i c a l l y   s t u d y   t h e   e f f e c t   o f  a v a r i a b l e   v e n t  
p ressu re   (p ressu re   band)   on   t he   t o ta l   t ank   we t   we igh t   and   t hus   t he   t ank   l oad  
fac to r .   For   any   g iven   energy   (heat   inpu t  and  standby  t ime)  requirement 
t h e r e   e x i s t s  a t r a d e o f f  between  increased  insu lat ion  weight   and  increased  tank 
she1 1 weight  due t o   t h e   h i g h e r   t a n k   p r e s s u r e s   t h a t   a r i s e  when more  heat  leak 
i s  a l l o w e d   i n t o   t h e   t a n k .   T a b l e s  I and 2 show t h e   r e s u l t s   o f   t h e   h i g h   p r e s s u r e  
case when the   p ressu re  band was v a r i e d   f o r   t w o   d i f f e r e n t   s i z e   t a n k s .   N o t e  
t h a t   f o r   c o n s t a n t   t a n k   d e l i v e r a b l e   c o n t e n t s ,   t h e   t a n k   w e t   w e i g h t   i s   p r o p o r t i o n a l  
t o   t h e   l o a d   f a c t o r .   F i g u r e s  4 and 5 a r e   t y p i c a l   l o w   p r e s s u r e   r e s u l t s   o f   t h i s  
t radeof f .  
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OUTER  SHELL 

ADVANTAGES 
VACUUM S U P E R I N S U L A T I  
( I  .5 I N .   M I N . )  0 EQUAL  INSULATION  CHARACTER 

I N  SPACE  AND I N  ATMOSPHERE 
I N N E R  SHE LL 

a OUTER  SHELL  PROTECTS  TANK 
FROM FOREIGN  OBJECT 

LWD-CARRYING  PADS  PUNCTURE 
(6  PLACES) 

DISADVANTAGES 

HIGH  WEIGHT  PENALTY FOR 
TWO PRESSURE  VESSELS 

PROTECTIVE 1 
OUTER  COVER 

FOAEi 
I N S U L A T I O N  

IF!NER SHELL  ..... 

LWD-CARRYING  PADS 
(6  PLACES) 

LOAD  CARRY1 NG 
STRAP 

SUPERINSULATION- 4. 

a .  HARD S H E L L   D E S I G N  

I S T I C S  

ADVANTAGES 

0 E X C E L L E N T   I N S U L A T I O N  
CHARACTERISTICS FOR SMALL 
WEIGHT  PENALTY 

DISADVANTAGES 

CONTAMINATION  DURING GROUND 
HOLD  RADICALLY REDUCES 
I N S U L A T I O N   E F F E C T I V E N E S S  

0 D I F F E R E N T   I N S U L A T I O N  
CHARACTERISTICS BETWEEN 
SPACE  AND  ATMOSPHERIC 
F L I G H T  

b.  SOFT  SHELL  DESIGN 

F igu re  1 .  I n s u l a t i o n  D e s i g n   C o n c e p t s  S-6 I375 
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TANK  MAXIMUM  PRESSURE - P S I  

F igure  2. Hydrogen  Inner Shell Weight v s  Maximum Tank  Pressure 

3 

W 
3 

TANK  MAXIMUM  PRESSURE - P S I  
5-61428 

F i g u r e  3. Oxygen Inner   Shel l   Weight  vs Maximum Tank Pressure 
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TABLE I 

HYDROGEN TANK  OPTIMUM PRESSURE BAND V S  WET WEIGHT 

250- 1 b 

Del i ve rab le   Con ten ts  De l i ve rab le   Con ten ts  

750- 1 b 

Opera t ing   p ressure ,   ps ia  

2043 I 8 8 9  I736  I622 722 674 621 590 Wet w e i g h t ,   l b  

75 25 100 30 75  23 100 50 Pressure band, p s i  

800 600 400  200 800 600 400 200 

TABLE 2 

OXYGEN TANK OPTIMUM PRESSURE BAND VS WET  WEIGHT 

250- 1 b 

De l iverab le   Conten ts   De l  i verab l  e Contents 

750- 1 b 

Operating  pressure,  ps  ia 

998 92 I 91 I 913 357 31 I 312 320 Wet weight, l b  

600 IO0 200 300 600 200  200 300 Pressure band, p s i  

800 600 400 200 800 600 400 200 
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I n s u l a t i o n   T h i c k n e s s  

T h e r e   i s  a t radeo f f   f o r   ha rd -she l l   t ank   des igns   be tween   i nc reased  
i n s u l a t i o n   t h i c k n e s s  and   pe rcen t   o f   de l i ve rab le   con ten ts   ven ted .   F igu res  6 
and 7 show t h e   t r a d e o f f   f o r  an o r b i t e r   h a r d - s h e l l   d e s i g n .  

F l u i d  Usaqe Pro f  i l e  

One o f   t h e   i m p o r t a n t   p a r a m e t e r s   i n . t a n k   o p t i m i z a t i o n   i s   t h e   f l u i d   u s a g e  
p r o f i l e .   F o r   t h e   o r b i t e r   t h e   f i r s t   l a r g e   w i t h d r a w a l   o f   p r o p e l l a n t   o c c u r s  on 
t h e   f i r s t  day  and  then  there  is   a   6-day  qu iescent   per iod  before  the  remain ing 
p r o p e l l a n t   i s  used.  Thermodynamical ly,  the  amount  of  propel lant  used on t h e  
f i r s t  day d i r e c t l y   a f f e c t s   t h e  amount o f   h e a t   t h a t   t h e   t a n k  can  absorb  dur ing 
the   qu iescen t   pe r iod   be fo re   ven t ing   occu rs .  The  booster   miss ion  requi res  no 
q u i e s c e n t   p e r i o d   a n d   t h u s   t h e   i n s u l a t i o n   r e q u i r e m e n t s   a r e   s u f f i c i e n t l y  met a t  
minimum th ickness  va lues.   F igures 8 and 9 show a t y p i c a l   r e s u l t   o f   t h e  
r e l a t i o n s h i p  between  percent  of   contents  used  on f i r s t  day  vs l o a d   f a c t o r   f o r  
large  and  smal l   tanks.  

De l i ve ry   P ressu re  

F i g u r e  10 shows t h e   e f f e c t   o f   d e l i v e r y   p r e s s u r e  on t h e   t a n k   l o a d   f a c t o r .  
These   da ta   a re   requ i red   t o   se lec t   t he   ope ra t i ng   cond i t i ons   f o r   t he   super -  
c r i t i c a l   t a n k  sys tem  descr ibed  in   Sec t ion  4 .  

TANK  PERFORMANCE 

The f o l l o w i n g   d i s c u s s i o n   i s  based  on t h e   p a r a m t r i c   d a t a   o b t a i n e d   i n   t h e  
o p t i m i z a t i o n   s t u d y   d i s c u s s e d   e a r l i e r   i n   t h i s   a p p e n d i x .   T a b l e  3 o u t l i n e s   t h e  
r e s u l t s   o f  a t y p i c a l   t a n k   o p t i m i z a t i o n .  The f o l l o w i n g   f i g u r e s   r e p r e s e n t  
e x t e n s i v e   t a n k   p e r f o r m a n c e   e v a l u a t i o n   b a s e d   o n   t h e   c r i t e r i a   l i s t e d   i n   t h e  
a s s u r p t i o n s   s e c t i o n   o f   t h i s   a p p e n d i x .   T h i s   s e c t i o n   o u t l i n e s   t a n k   p e r f o r m a n c e  
i n  terms o f   l o a d   f a c t o r .  Load f a c t o r   i s   e q u a l   t o   w e t   w e i g h t   d i v i d e d  by 
de l i ve rab le   con ten ts .   F igu res  I I  through 18 show t h e s e   r e s u l t s   f o r   h i g h  and 
low   p ressu res   f o r   bo th   o rb i te r   and   boos te r   con f i gu ra t i ons .   F igu res  19 through 
22 show the  per formance  compar ison  between  the  tank  insu lat ion  concepts.  
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P 
(x, 
(x, 

Del i very pressure 

Inner shel 1 
Outer shel 1 

Inner shel 

Outer shel 

Insulation 

thickness, i n ?  

thickness, i n ?  

thickness, i n .  

F1 u i d  vented,  1 b* 

Maximum operating  pressure, psi< 

Wet w e i g h t ,  I b  

T A B L E  3 

O R B I T E R  HARD-SHELL OPTIMIZATION DATA 

Oxygen 

35 psia 

A 1  umi  num 
T i  tan i um 

0.035 a t  200 l b  
0.06 a t  1000 I b  

0.035 a t  200 1 b 
0.037 a t  1000 l b  

I .519 

0 a t  200 l b  
0 a t  1000 I b  

I 50 

Hydrogen 

35 psia 

A l u m i n u m  
Ti  tani  um 

0.053 a t  200 
0.035 a t  1000 

0.053 a t  200 
0.090 a t  1000 

1.519 

0 a t  200 l b  
IO a t  1000 l b  

IO0 

I b  
I b  

I b  
l b  

Oxygen 

300 psia 

A 1  umi nurn 
T i  tani urn 

0.1 I 6  a t  200 l b  
0.048 a t  1000 l b  

0.035 a t  200 l b  
0.037 a t  1000 I b  

I .519 

0 a t  200 l b  
0 a t  1000 I b  

550 

255 a t  200 l b  
1206 a t  1000 l b  

Hydrogen 

300 psia 

T i  tani um 
T i  tan i um 

0.047 a t  200 I b  
0.08 a t  1000 l b  

0.054 a t  200 I b  
0.09 a t  1000 I b  

I .519 

IO a t  200 l b  
IO a t  1000 l b  

325 

418 a t  200 I b  
1934 a t  1000 I b  

%eference  to 200 l b   a t  1000 I b  is tank  deliverable  contents.  
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APPENDIX  D 

HEAT EXCHANGERS 

INTRODUCTION 

T h i s   a p p e n d i x   d e s c r i b e s   t h e   d e s i g n   s t u d i e s   o f   t h e   f i v e   h e a t   e x c h a n g e r s  
used i n   t h e   p r e f e r r e d   p r o p e l l a n t   c o n d i t i o n i n g  system, the   recupera t ive   sys tem 
w i t h  recyc le .   F igu re  I shows t h e   r e l a t i v e   s y s t e m   l o c a t i o n s   o f   t h e s e   u n i t s .  

DESIGN  CONSIDERATIONS 

When making a o p t i m i z a t i o n   d e s i g n   s t u d y ,   t h e  many f a c t o r s   t o  be con- 
s i d e r e d   i n c l u d e :  

Type o f   h e a t   e x c h a n g e r - - p l a t e   f i n   o r   t u b u l a r ,   w i t h   o r   w i t h o u t  
b u f f e r  zone 

S e r v i c e   l i f e  and sa fe ty   requ i remen ts - - i nc lud ing   co r ros ion   and  
f o u l i n g   c o n s i d e r a t i o n s  

M a i n t a i n a b i   l i t y  

M a t e r i a l  

Type o f   t u b i n g - - p l a i n   t u b e ,   f i n n e d   t u b e   o r   d i m p l e d   t u b e  

Type o f   s u r f a c e   m a t r i x   f o r   p l a t e   f i n  and  ou ts ide   the   tubes  

S i z e   a n d   t h i c k n e s s   o f   p l a t e   f i n   a n d   t u b i n g  

Cost--construct ion  cost ,   development  cost   and  maintenance  cost  

Uni t   weight  and  volume 

Shape o f   u n i t - - c y l i n d r i c a l   s h e l l   o r   b o x   t y p e   s h e l l ,   d i m e n s i o n a l  
ra t i os ,   and   d imens iona l   l im i ta t i ons ,  i f  any 

F low  a r rangement - -c ross   f low,   c ross   counter   o r   c ross   para l le l   f low 

L o c a t i o n   o f   t h e   f l u i d s - - h o t   f l u i d   i n   s h e l l   o r   c o l d   f l u i d   i n   s h e l l  

Number o f   passes - -ho t   s ide   and   co ld   s ide  

Pressure   d rop   a1   lowance  and  e f fec t i veness- -a   t radeof f   cons idera t ion  
f o r  the  system;  opt imizing  improved  system  performance  vs  heat 
exchanger  weight 

It i s  a l m o s t   i m p o s s i b l e   t o   o p t i m i z e   e v e r y   f a c t o r   l i s t e d  above. Many o f   t h e s e  
f a c t o r s  must  be  predetermined when mak ing   paramet r ic   s tud ies .  
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I 
I 

HYDROGEN ALTERNATE * 
COOLING PREHEAT'ER 

- 
4 

RECUPERATOR O I L  COOLER 

OXYGEN 
PREHEATER 

COMBUSTOR 

TURBINE 

L U B E   O I L  

TURBINE 
HOUSING 
COOLING 

I OXYGEN  HYDROGEN HYDRAULIC LUBE O I L  I HEAT EXCHANGER PREHEATER  PREHEATER O I L  COOLER  COOLER 
~~ ~ 

HOT S IDE FLOW I HYDROGEN I HYDROGEN 1-MIL-H-5606 1 M I L - L - 7 8 0 8  

A T   I 2 0 0   P S I A  AT I200 P S I A  HYDRAULIC O I L  LUBE O I L  

OXYGEN HYDROGEN HYDROGEN HYDROGEN 
COLD S IDE FLOW AT 1200 P S I A   A T   1 2 0 0   P S I A  AT 1200 PSIA   AT  1250 P S I A  

~ ~~~ ~ ~~ ~ 

HOT SIDE  EFFECTIVENESS 

0 .255  0.49 0 . 2 7 4   0 . 8 7 3  COLD SIDE  EFFECTIVENESS 

0.649 0.04  0.656 0.036 

HEAT  TRANSFERED (x) 4 7 4 . 0  510.0 2 5 6 2 . 0  4482.0 BTU 

HYDROGEN 
RECUPERATOR 

H2  - H 2 0  
HOT  GAS 
(O/F=0.65) 

HYDROGEN 
AT I200 PSIA  

0 .917  

0.589 

10866.0 

F igure I .  Schematic  Diagram  Showing  the  Relative System Locat ions 
o f  t h e  Heat  Exchangers Studied 

5-61429 



Pla te   f in   heat   exchanger   des igns   were   exc luded  f rom  cons idera t ion   because 
each  o f   the   sys tem  heat   exchangers   has   a t   leas t   one  h igh   p ressure   f lu id  
stream. The p l a t e - f i n   h e a t   e x c h a n g e r   i s   u s u a l l y   o p t i m u m   f o r   l o w   p r e s s u r e  
s e r v i c e   o n l y .  

Most of t h e  APU heat  exchangers w i  1 1  see  large  temperature  gradients ,  
p a r t i c u l a r l y   d u r i n g   s t a r t u p .  However the   she l l -and- tube  heat   exchangers   a re  
w e l l   a d a p t e d   t o   t h e s e   g r a d i e n t s .  The se lec ted   t ub ing   can   rake   p ressu res  
o f  600 p s i d   w i t h   s t r e s s   o f   o n l y  3750 p s i .  By p lac ing   expans ion  bends i n  
t h e   t u b e s ,   t h e   d i f f e r e n t i a l   d e f l e c t i o n   b e t w e e n   t h e   t u b e s  and t h e   s h e l l   c a n  
be accommodated  by s l i g h t   f l e x i n g   o f   t h e   t u b e .  

The s e r v i c e  1 i f e  and  safety   requi rements  determine  whether  a b u f f e r  zone 
i s  needed  and a l s o   p a r t i a l l y   d e t e r m i n e   m a t e r i a l   a n d   t h i c k n e s s  of t h e   p a r t s .  
It i s  assumed t h a t  a b u f f e r  zone i s  no t   requ i red   fo r   any   o f   the   heat   exchangers .  
D imp led   s ta in less   s tee l   t ub ing  w i t h  a 0. I - i n .  OD, 0 .008 - in .   wa l l   t h i ckness  
i s  used f o r   a l l   h e a t   e x c h a n g e r s   e x c e p t   t h e   o x y g e n   p r e h e a t e r   w h i c h   u s e s   p l a i n  
t u b i n g .   S h e l l   s i d e   s u r f a c e   m a t r i x   ( t u b e   s p a c i n g   a n d   p i t c h ,   i n - l i n e d   o r  
s taggered )   i s  SO chosen t h a t  good d imens iona l   ra t i os   and  minimum u n i t   w e i g h t  
a r e   o b t a i n e d   f o r   t h e   d e s i r e d   p r e s s u r e   d r o p s .  

PARAMETRIC STUDIES 

An AiResearch  tubular  heat  exchanger  design  program  (H0424A) was used f o r  
t he   des ign   s tudy .   Th i s   p rog ram  takes   t he   phys i ca l   p roper t y   da ta   o f   t he   f l u ids ,  
t h e   t e s t e d   f r i c t i o n   f a c t o r   a n d   C o l b u r n   m o d u l u s  ( F  and J curves)  data,   and  the 
g iven  problem  s tatements.  The p r o g r a m   i t e r a t e s   t o  a s o l u t i o n   b y   u s i n g   t h e  
p h y s i c a l   p r o p e r t i e s   o f   t h e   f l u i d s   a t   a v e r a g e  film tempera tu res   i n   t he   hea t  
exchanger. 

F igures  2, 3, and 4 p r e s e n t   t y p i c a l   p a r a m e t r i c   s t u d i e s   p e r f o r m e d  when 
s iz ing   these  heat   exchangers .   F igure  2 shows t h e  number of   tube  passes  vs 
heat  exchanger  core  weight.   Figures 3 and 4  show t h e   e f f e c t   o f   d e s i g n   p o i n t  
pressure  drops on the  hydrogen  recuperator   weight  when t h e  number o f  passes 
a r e   s e l e c t e d   i n   F i g u r e  2. Pressure  drops  and number o f  passes  have  been 
o p t i m i z e d   i n   t e r m s   o f   u n i t   w e i g h t   a n d   v o l u m e   f o r   a l l   t h e   h e a t   e x c h a n g e r s .  

F i g u r e  5 shows weight   increase  as a f u n c t i o n   o f   e f f e c t i v e n e s s   f o r   t h e  
oxygen  preheater.  The s e l e c t i o n   o f   t h e   d e s i g n   p o i n t   e f f e c t i v e n e s s  i s  a 
t radeof f   cons idera t ion   fo r   the   sys tem  per fo rmance.   S ince   the   oxygen  p reheater  
i s  a s m a l l   u n i t ,   w i t h  a s m a l l   w e i g h t   i n c r e a s e ,   h i g h   e f f e c t i v e n e s s   ( t h u s   b e t t e r  
combustor  performance) i s  s e l e c t e d  as a d e s i g n   p o i n t   c o n d i t i o n .  

HEAT EXCHANGER D E S C R I P T I O N  

Oxyqen Preheater  

T h i s  i s  a 6-pass  cross-counter f low  shel l   and  tube  heat   exchanger   wi th   hot  
hydrogen  ins ide   the   tubes  and co ld   oxygen   ou ts ide   t he   t ubes .   P la in   t ubes   a re  
u s e d   i n s t e a d   o f   d i m p l e d   o n e s   f o r   t h i s   h e a t   e x c h a n g e r   t o   e n s u r e   h i g h   r e l i a b i l i t y .  
A buf fered  heat   exchanger   could be used i f  e v e n   h i g h e r   s a f e t y   p r e c a u t i o n   i s  
requi   red.  
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T h i s   h e a t   e x c h a n g e r   i s   d e s i g n e d   f o r   t h e   f o l l o w i n g   o p e r a t i n g   c o n d i t i o n s :  

Hot F l u i d  C o l d   F l u i d  
( H z  a t  1200 p s i )  ( 0 2  a t  1250 p s i )  

Flow, 1 b/mi n 

I n l e t   t e m p e r a t u i e ,  O R  

Out le t   tempera ture ,  O R  

I n l e t   p r e s s u r e ,   p s i a  

Pressure  drop,  psi 

E f f e c t  i veness 

Heat   t ransferred,   Btu/min 

3.6 2.16 

1233.0  193.0 

I 195.2 1100.9 

1200.0 I 250.0 

1.0 s 5.0 

0.036 

474.0 

0.873 

Hydroqen  Preheater 

T h i s   i s  a 2 -pass   c ross -pa ra l l e l   she l l   and   t ube   hea t   exchanger   w i th   ho t  
hydrogen  ins ide   the   tubes   and  co ld   hydrogen  ou ts ide   the   tubes .   Th is   heat  
exchanger i s  designed t o   e q u a l i z e   t h e   t e m p e r a t u r e s   o f   t h e   i n c o m i n g   a n d   r e c y c l e  
h y d r o g e n   f l o w   s t r e a m s   t o   e n s u r e   e f f i c i e n t   e j e c t o r   p e r f o r m a n c e .  A c ross-  
p a r a l l e l   f l o w   a r r a n g e m e n t   e n s u r e s   e q u a l i z a t i o n   a t   a l l   o f f - d e s i g n   c o n d i t i o n s .  

The d e s i g n   p o i n t   c o n d i t i o n s   f o r   t h i s   h e a t   e x c h a n g e r   a r e :  

H o t   F l u i d  C o l d   F l u i d  
( H~ a t  1200 p s i a )  (HE a t  1200 p s i a )  

Flow, 1 b/mi n I .68  3.6 

I n l e t   t e m p e r a t u r e ,  O R  1233.0  72.0 

Out le t   tempera ture ,  O R  471 .4   390.0 

I n l e t   p r e s s u r e ,   p s i a  1200.0 1200.0 

Pressure  drop,  psi  0.1 s 1.0 

E f f e c t i v e n e s s  0 .656   0 .274  

Heat  t ransferred,  Btu/min 4482.0 
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H y d r a u l i c  O i  1 Cooler , 

T h i s   i s  a   one-one  pass  cross- f low  shel l   and  tube  or   box  type  tubular  
h e a t   e x c h a n g e r   w i t h   h y d r o g e n   i n s i d e   t h e   t u b e s   a n d   h y d r a u l i c   o i l   o u t s i d e   t h e  
tubes.  Because o f   t he   l ow   e f fec t i veness ,   t he   c ross   f l ow   a r rangement   i s  
se lec ted   to   ob ta in   be t te r   p ressure   d rop   and  d imens iona l   ra t io   combina t ions .  
Th is   hea t   exchanger   i s   des igned   fo r   t he   f o l l ow ing   ope ra t i ng   cond i t i ons :  

H o t   F l u i d  
( MI L-H-5606 C o l d   F l u i d  
H y d r a u l i c  O i  1 )  ( H ~  a t  1200 p s i )  

Flow, 1 b/min 546.0  5.52 

I n l e t  temperature, O R  720.5  460.0 

Out 1 et   temperature,  O R  710.0 587.7 

I n l e t   p r e s s u r e ,   p s i a  200.0 I 200.0 

Pressure  drop,  psi  2.5 5 1.5 

E f f e c t  i veness 0.04 0.49 

Heat  t ransferred,  Btu/min 2562.0 

Lube O i  1 Cooler 

T h i s   i s  a 6-pass  cross  counter f low  shel l   and  tube  heat   exchanger   wi th  
hydrogen  inside  the  tubes  and  lube o i l   o u t s i d e   t h e   t u b e s .  The d e s i g n   p o i n t  
c o n d i t i o n s   f o r   t h i s   h e a t   e x c h a n g e r   a r e :  

H o t   F l u i d  
(MIL-L-7808 
Lube Oil) 

Co ld   F lu id  
( H ~  a t   1 2 0 0   p s i )  

Flow, lb /min 

I n l e t  temperature, O R  

Out le t   temperature,  O R  

I n l e t   p r e s s u r e ,   p s i a  

Pressure  drop,   ps i  

E f fec t i veness  

Heat  t ransferred,  Btu/min 

15.0 5.28 

660.0  554.0 

591 .2 581 .O 

200.0  1200.0 

4.0 1.0 

0.649  0.255 

510.0 
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Hvdroqen  Recuperator 

T h i s   i s  a 6 - tube-pass ,   I -she l l -pass   c ross-counter f low  box   type   tubu la r  
heat   exchanger   w i th   hydrogen  ins ide   the   tubes   and  ho t   combust ion   p roduc ts  
o u t s i d e   t h e   t u b e s .   S i n c e   t h e   p r e s s u r e   d r o p   o n   t h e   s h e l l   s i d e   i s  more  important 
t han   t ha t   on   t he   t ube   s ide ,   t h i s   hea t   exchanger   i s   des igned  t o  m i n i m i z e   t h e  
s h e l l   s i d e   p r e s s u r e   d r o p   w i t h  a box   t ype   cons t ruc t i on   and   mu l t i pass   on   t he  
tube   s ide .   Th i s   hea t   exchanger   i s   des igned   fo r   t he   f o l l ow ing   ope ra t i ng  
c o n d i t i o n s :  

Flow, lb /min  

I n l e t   t e m p e r a t u r e ,  O R  

Out le t   tempera ture ,  OR 

I n l e t   p r e s s u r e ,   p s i a  

Pressure  drop,   ps i  

E f fec t i veness  

Heat   t ransferred,   Btu/mi  n 

H o t   F l u i d  
(H2-H20  Hot Gas, C o l d   F l u i d  

O/F = 0.65) !H2 a t  1200 p s i a )  

6.6  6.0 

1500.0  628.0 

700.0 1141.6 

20.0 I 200.0 

5 1.0 s 5.0 

0.91 7 0.589 

10866.0 

HEAT EXCHANGER PERFORMANCE 

Heat  exchanger  performance i s  computed w i th   A iResearch   Tubu lar   Heat  
Exchanger  Performance  Computer  Program  (H0415P).  The  performance  curves 
i n c l u d i n g  ThA and P A P  vs h o f  each  f low  fo r   every   heat   exchanger   except   the  
oxygen   p rehea te r   a re   p resen ted   i n   F igu res  6 t o  9.  These   cu rves   a re   p lo t ted  
a t   g i v e n   i n l e t   t e m p e r a t u r e s   o f   t h e   f l u i d s   a n d   a t   t h e   g i v e n  f low r a t e   o f   t h e  
o t h e r   f l u i d .   T h i s  means t h a t   t h e s e   c u r v e s   a r e   o b t a i n e d   a t   t h e   d e s i g n   p o i n t  
film temperatures. When u s i n g   t h e s e   c u r v e s   a t   c o n d i t i o n s   o t h e r   t h a n   s p e c i f i e d ,  
necessary   cor rec t ions   must  be made s u c h   t h a t   c o r r e c t e d   f l o w   r a t e s   a r e  used. 

FUTURE  HEAT EXCHANGER D E S I G N  ANALYSES 

The tubular  heat  exchanger  design  and  performance  programs (H0424A and 
H0415P)  use f l u i d   p r o p e r t y   v a l u e s   a t   a r i t h m e t i c   a v e r a g e  f i l m  temperatures 
and t h e   t e s t e d  f and J f ac to r   cu rves .  

The phys ica l   p roper t ies   o f   hydrogen  and  oxyggn  a t   the   work ing   p ressures  
a re   s t rong   f unc t i ons   o f   t he   t empera tu re   and   t he   s lopes  o f  t h e s e   f u n c t i o n s  
change i r r e g u l a r l y   ( e s p e c i a l l y   a t   t e m p e r a t u r e s   b e l o w  500'R).  The conven t iona l  
method  o f   us ing  ar i thmet ic   average film t e m p e r a t u r e s   t o   d e t e r m i n e   f l u i d  
p r o p e r t i e s  becomes d o u b t f u l   b e c a u s e   t h e   p r o p e r t y   v a l u e s   a t   t h i s   t e m p e r a t u r e  
may b e   f a r   d i f f e r e n t  from t h e   a c t u a l  mean p roper t y   va lues .   Th i s   dev ia t i on  
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2 SHELL PASS CROSS COUNTER FLOW 

HOT Hz: TUBE S I D E .  THi = IZ33CR. PHi . I 2 0 0  P S I A  

COLD Hz: SHELL SIOE,   Tc i  = 7Z0R, P c i  = 17.00 PSIA 

0.3 0.4 0.6 0 . 8  I 2 3 4  6 8  

COLD S I D E  FLOW, LB/MIN HOT S I D E  FLOW, LB/MIN 

COLD S I D E  FLOW, L B / n I H  HOT SIDE FLOW, LB/HIN 

Figure  6. Hydrogen  Preheater  Performance  Curves 
5-61406 
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Figure  7. Hydrual i c  O i l  Cooler  Performance  Curves 
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6 SHELL  PASS  CROSS  COUNTER F L W  

HIL-L-7808: SHELL SIDE, THI = 660'R 

Hz: TUBE SIDE, TCI = 554'R, PcI - 1200 PSIA 

r 

M 
VI 
n n 

31 t 

4 

9 
F 

HOT S I D E  FLOW, LB/HIN HOT S I D E  FLOW, L B M I N  

COLD SIDE  FLW, LB/MIN HOT S I D E  FLW,  LB/HIN 

F igure  8 .  Lube O i l  Cooler  Performance  Curves 5-6 1404 
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6 TUBE PASS CROSS  COUNTER  FLOW 

HZ-H20:  SHELL SIDE, THI = ISOO'R, PHI = 2 0   P S I A  

Hz: TUBE SIDE, TCI = 62B0R, PcI = 1200 PSIA 

I 2 3 4  6 8 IO 
COLD SIDE FLOW, LB/MIN 

COLD SIDE FLOW, LB/HIN HOT S I D E  FLOW, LB/MIN 

5-6 I405 

F i g u r e  9. Hydrogen  Recuperator  Performance  Curves 
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may o r  may no t   cause  e r ro r   in   the   des ign   work ,  and i f  t h e r e   i s  an e r r o r  i n t r o -  
duced, t h e   m a g n i t u d e   o f   t h i s   e r r o r   i s   n o t   e a s i l y   p r e d i c t a b l e .   T h i s   p o s s i b l e  

1 e r r o r  w i l  
t h e   t o t a l  
r e s u l t  w i  
t e d   a t  a 

Work 
will e l i m  
deve 1 oped 
Each  node 

no t   e f fec t   t he   ove ra l l   sys tem  pe r fo rmance   s tudy  
h e a t   q u a n t i t i e s   o n   m o s t   o f   t h e   u n i t s  will be  una 
1 be an i naccu ra te   s i z ing   o f   t he   hea t   exchangers  
a te r   da te .  

s i g n i f i c a n t l y   s i n c e  
I t e r e d .  The p robab le  
which  can  be  correc- 

i s  b e i n g  done  on  advanced  performance p r e d i c t i o n   t e c h n i q u e s   t h a t  
n a t e   t h e   p o s s i b l e   e r r o r .  A nodal  heat  exchanger  program i s  be ing  
so that   the  in ternal   heat   exchanger   per formance  can  be  s tud ied.  
o f   the   heat   exchanger  i s  formed  as a small   heat  exchanger. The 

temperature  spans  across  these  nodes  are  small   enough  that  the f l u i d   p r o p e r t y  
v a r i a t i o n  will be i n s i g n i f i c a n t  and the  convent ional   method  can  be  appl ied.  
T h i s  advanced  program w i  1 1  be made f o r   f i n a l   d e s i g n   o f   a l l  system  heat 
exchangers. 

Because  the  oxygen  temperature  change i n   t h e  oxygen  p reheater   i s   la rge ,  
the  property  values  change  severely.   This  change makes performance  curves 
ob ta ined   f rom  no rma l   ca l cu la t i on   me thods   i nco r rec t .  A f i x e d   p e r f o r m a n c e   i s  
assumed a t   t h i s   t i m e  when making  system  s tud ies.   Th is   f ixed  per formance 
assumption does n o t   e f f e c t   t h e   o v e r a l  I sys tem  per fo rmance  s ince   the   to ta l  com- 
b u s t o r   i n l e t   e n t h a l p y  i s  una f fec ted .  
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APPENDIX E 

CYCLE PERFORMANCE ANALYSIS 

INTRODUCTION 

This   appendix   descr ibes a computer  program  used t o   c a l c u l a t e  APU 
p e r f o r m a n c e   a t   v a r i o u s   o p e r a t i n g   c o n d i t i o n s .  The  program  outputs  the component 
p e r f o r m a n c e   ( e f f i c i e n c y ,   e f f e c t i v e n e s s ,   e t c .  ) a n d   t h e   s t a t e  poi n ts   th roughout  
t h e  s y s t e m .   T h e s e   d a t a   e s t a b l i s h   t h e   f e a s i b i l i t y   o f   t h e   s e l e c t e d   c y c l e   c o n -  
f i g u r a t i o n  and p r o v i d e  a b a s i s   f o r   f u r t h e r   r e f i n i n g   t h e  component des ign 
p rob lem  s ta texen ts .   Add i t i ona l l y ,   by   ope ra t i ng   t he   p rog ram  a t  a s e r i e s   o f  
po in ts ,  i t  i s  p o s s i b l e   t o   e s t a b l i s h   t h e  APU per fo rmance  so le ly   as  a f u n c t i o n  
of   the  output   power  requi red  and  the  ambient   pressure.   These  per formance 
data  can  then be used t o   e s t a b l  i s h  t h e   p r o p e l   l a n t   r e q u i   r e m e n t s   f o r   a n   e n t i r e  
m iss ion   (as   desc r ibed   i n   Append ix  F).  

S Y S T E M  CONFIGURATION 

F i g u r e  I shows the   sys tem  con f igu ra t i on   used   as   t he   bas i s   f o r   t he   p rog ram 
l o g i c .   T h i s   c o n f i g u r a t i o n   u s e s   c r y o g e n i c  pumps t o  compress the  hydrogen  and 
oxygen t o   t h e   r e q u i r e d   p r e s s u r e .  The pumps a r e   e l e c t r i c a l l y   d r i v e n   ( 0 . 8 5   m o t o r  
e f f i c iency   used)  w i t h  power   be ing   supp l ied   f rom  the   genera tor   on   the   gearbox .  
Thus, i t  i s  necessa ry   t o   use  a s l i g h t l y   l a r g e r   g e n e r a t o r  w i t h  t h i s  c y c l e   t h a n  
w i t h  one  hav ing  h igh-pressure  tankage.   A l though  th is   appendix   descr ibes  the 
program  vers ion   used  fo r   the  pumped cryogenic   system,  minor   modi f icat ions 
have  been made t o   c r e a t e   p r o g r a m   v e r s i o n s   a p p l i c a b l e   t o   a l l   t h e   h y d r o g e n -  
oxygen  systems  considered i n   t h e   s t u d y .  

F igures  2 th rough 8 p resen t   t he  component performance  data  used  in.   the 
program.  Figure 2 shows the  hydrogen pump performance  and  Figure 3 g i v e s   t h e  
oxygen pump per fo rmance.   (These  a re   fo r   an  APU s y s t e m   o p e r a t i n g   a t  a  maximum 
p r e s s u r e   o f   a b o u t  1250 p s i a . )   F i g u r e  4 shows the   e jec to r   pe r fo rmance .  The 
heat  loads  (power  losses  due  to component i n e f f i c i e n c i e s  o r  c o o l i n g   n e e d s )   a r e  
g i v e n   i n   F i g u r e s  5 th rough 8 f o r   t h e   t u r b i n e ,   t h e   h y d r a u l i c  pumps, the  genera-  
t o r ,  and the   gea rbox .   Add i t i ona l l y ,  i t , i s  assumed t h a t  15 p e r c e n t   o f   t h e   n e t  
o u t p u t   h y d r a u l i c  power i s  r e t u r n e d   t o   t h e  APU system i n  the   fo rm  o f   was te   heat  
( h y d r a u l i c   f l u i d   t e m p e r a t u r e   r i s e ) .   P e r f o r m a n c e  maps fo r   t he   hyd rogen   p re -  
h e a t e r ,   t h e   h y d r a u l i c   f l u i d   h e a t   e x c h a n g e r ,   t h e   l u b e   o i l   h e a t   e x c h a n g e r ,   t h e  
recuperator,   and  the  oxygen  preheater  are  g iven  in  Appendix D.  

The tu rb ine   pe r fo rmance  map c o n s i s t s   o f  a p l o t   o f   t u r b i n e   e f f i c i e n c y   a s  
a f u n c t i o n   o f   t h e   o u t p u t  power, the   d ischarge  p ressure ,   and  the  O/F r a t i o .  
Appendix A shows t h e   v a r i o u s   t u r b i n e   p e r f o r m a n c e  maps tha t   have  been  used i n  
th i s   cyc le   ana lys i s   p rog ram.   Assess ing   sys tem  pe r fo rmance   i n   t e rms   o f   t he  
tu rb ine   des ign   po in t   (d ischarge  p ressure   and  ou tpu t   power )  has made i t  p o s s i b l e  
to   op t im ize   the   sys tem  peak   p ressure .   For   sys tems  hav ing   peak   p ressures   o ther  
than 1250 p s i a ,   t h e  pump performance maps and t h e   s y s t e m   l i n e   p r e s s u r e   d r o p  
r e l a t i o n s h i p s   a r e   a l s o   a l t e r e d .  
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F i g u r e  1. Space S h u t t l e  APU System Conf igura t ion  



14 ,* . .<I  

- 
m 
a 

I200  3 
e 
x 
c 

10 IO00 

8 

6 

L 
0 I 2 Z 4 

H2 FLOU, LB/HIH 

F i g u r e  2. Hydrau l i c  Pump Performance 

Maps f o r  I250 p s i a  Del ivcc-y  

= i g u r e  3. Oxygen Pump Performance 
0, FLOU, LB/HIH 

Maps f o r  1250 p s i a   D e l i v e r y  

lis f l s  /JP A D  

F i g u r e  4 .  Ejector  Performance Map 5-6 1464 

2 06 



TURBINE THROUGHFLOW, LB/HIf I  

Figure 5. Turbine  Cooling Load vs  Throughflow 

H:'ORAULIC OUTPUT,  HP 

Figure 6. Hydraul ic Pump Heat Generation 

GENERATOR OUTPUT,  HP  OUTPUT POWER. HP 

Figure 7. Generator  Heat  Generation  Figure 8. Gearbox Heat Generation 
5-61465 
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Tab le  I shows t h e  1 i n e   p r e s s u r e   d r o p s   ( i n   t e r m s   o f   t h e   d e n s i t y - p r e s s u r e  
d r o p   p r o d u c t   d i v i d e d   b y   t h e   s q u a r e   o f   t h e   l i n e   f l o w )   f o r  a sys tem  opera t ing  
a t  1250 ps ia .   For   lower   p ressure   sys tems  where   p ressure   d rop   i s   more   c r i t i ca l ,  
i t  i s  necessary t o   u s e   l a r g e r   l i n e   s i z e s .  Thus, l ower ing   t he   sys tem  p ressu re  
r e s u l t s   i n   a n   i n c r e a s e   i n   t h e   s y s t e m   l i n e   w e i g h t .  

CALCULATION PROCEDURE 

The procedure  used t o   d e t e r m i n e   t h e   s y s t e m   p e r f o r m a n c e   i s   o n e   o r i g i n a l l y  
deve loped   fo r   p red ic t i on   o f   a i r c ra f t   env i   ronmen ta l   con t ro l   sys tem  pe r fo rmance .  
It c o n s i s t s   o f   a n   i t e r a t i v e   c o n v e r g e n c e   t o  a s e t   o f   s t a t e   p o i n t s   s a t i s f y i n g  
t h e  component per formance  capabi l i t ies   and  the  requi red  system  boundary  con-  
d i t i o n s   ( o u t p u t  power, a m b i e n t   p r e s s u r e ,   e t c . ) .   I n i t i a l l y ,   t h e   f i r s t  guess 
sys tem  f lows  a re   ob ta ined by c a l c u l a t i n g   t h e   a p p r o x i m a t e   o u t p u t  power ( s i n c e  
the  hydrogen  and  oxygen pumps are   d r iven   f rom  the   gearbox ,   an   exac t  power 
c a l c u l a t i o n   i s   n o t   p o s s i b l e   u n t i l   t h e   s y s t e m   f l o w s   a r e   e s t a b l i s h e d ) ,   a n d  by 
u s i n g   t h e   f l o w   r e l a t i o n s h i p   t h r o u g h   t h e   t u r b i n e   n o z z l e   a n d   t h e   r e l a t i o n s h i p  
between t u r b i n e   t h r o u g h f l o w ,   p r e s s u r e   r a t i o ,  O/F r a t i o ,   a n d   t u r b i n e   o u t p u t  
work t o   c a l c u l a t e   a p p r o x i m a t e   f l o w s   f o r   t h e   g u e s s e d  O/F r a t i o .  Then  a s e r i e s  
of f i v e  separa te ,   nes ted   convergence  loops   a re   app l ied   to  make the  system meet 
the   var ious   boundary   cond i t ions  imposed  upon it. The f i v e  convergence  loops 
a r e  as f o l l o w s :  

T u r b i n e   D i s c h a r q e   P r e s s u r e - - I t e r a t e   t o  make t h e   t u r b i n e   d i s c h a r g e  
p r e s s u r e ,   l e s s   t h e   l i n e   l o s s e s   i n   t h e   e x h a u s t   l i n e ,   e q u a l   t o   t h e  
ambient  pressure.  

Generator Cool i nq   D ischarge  Tempera ture- - I te ra te  by - a l t e r i n g   t h e  
amount o f   f l o w   r e c y c l e d   f r o m   t h e   r e c u p e r a t o r   t o   t h e   e j e c t o r   t o  make 
t h e   f l u i d   t e m p e r a t u r e   a t   t h e   g e n e r a t o r   d i s c h a r g e   e q u a l   t o  460'R 
( t h i s   p r o v i d e s   a n   i d e a l   h e a t   r e j e c t i o n   t e m p e r a t u r e   f o r   t h e   h y d r a u l i c  
and  lube o i l   hea t   exchangers ) .  

T u r b i n e   N o z z l e   I n l e t   P r e s s u r e - - I t e r a t e   t o  make t u r b i n e   f l o w t h r o u g h  
equal t o  f i rs t -guess   f low  requ i   red   fo r   power ;   f low  can be reduced 
by l o w e r i n g   t h e - n o z z l e   i n l e t   p r e s s u r e ,   w h i c h   o c c u r s  when t h e   c o n t r o l  
v a l v e s   i n   f r o n t   o f   t h e   c o m b u s t o r   a r e   p a r t i a l l y   c l o s e d .  I f  t h e   c a l -  
c u l a t e d   f l o w   w i t h   t h e   t h r o t t l e   v a l v e s   f u l l  open i s  less t h a n   t h e  
f i rs t -guess   requ i red   f low,   then  the   p rogram  se ts   the   requ i red   f low 
equal t o   t h e   c a l c u l a t e d  f l ow  (which,  as will be   es tab l i shed  by 
i t e r a t i o n   l o o p  5, p robab ly  means tha t   t he   sys tem  canno t   p rov ide   t he  
requ i   red   ou tpu t   power ) .  

Tu rb ine   I n le t   Tempera tu re - -Ad jus t   t he  O/F r a t i o   t o  make t h e  
combus to r   d i scha rge   t empera tu re   equa l   t o   t he   des ign   t u rb ine   i n le t  
temperature ( 180OOF). 

Power B a l a n c e - - A d j u s t   t h e   p r o p e l l a n t   f l o w   t o   p r o v i d e   t h e   r e q u i r e d  
output  power ( i f  t h r o t t l e   v a l v e s   a r e   w i d e  open  and  power  generated 
i s   l e s s   t h a n   r e q u i r e d ,   t h e n   p r i n t o u t   t o   i n d i c a t e   t h i s ) .  
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TABLE I 

DUCT PRESSURE DROP FACTORS  FOR 1250 P S I A  SYSTEM 

:cr Diameter, 

0 .25  

1 1 - 1 2  0.75 

13-14 0.375 

15-16 0.375 

17-18 0.625 

19-20 0.625 

21 -22 0.625 

23-24 0.625 

25-26 0.625 

27-28 0.625 

29-30 0.75 

30-31 0.75 

32-33 0.375 

34-35 0.375 

30-36 0.75 

37-38 0 . 5  

39-40 0 .5  

41-42 0 .5  

43-44 0.75 

45-46 2.50 

47-48 2.50 

- ~~~~~ 
~- 

Length, 
In. 

" 

240 

6 0  

1 2  

1 2  

24 

2 40 

6 0  

24 

6 0  

6 0  

24 

60 

24  

24  

12 

12 

12 

12 

I 20 

12 

12 

24 

12 

24 

240 
- 

No. o f  
90 Des 
Turns 

4 

I 

I 

I 

2 

4 

I 

I 

I 

2 

I 

3 

I 

2 

I 

I 

I 

I 

3 

I 

I 

2 

2 

I 

4 

~. .. 

~~ 

_ _ ~ ~  

Nomi  na 1 
Pressure, 

ps   i a  

45 

I 2 6 0  

I260  

I255  

I250  

40 

I 2 8 0  

I275  

I275 

I275 

I275  

I 275 

I 2 7 0  

I 2 7 0  

I 265 

I 265 

I 265 

I265  

I 260 

I255 

I255 

1250 

I 2 5 0  

16 

15.5 

- 

" 

~. .~ 

Nomina 1 
Temperature, 

O R  

I 93 

I 93  

5 40 

5 40 

5 40 

72 

72 

390 

41 7 

427 

514  

5 40 

562 

5 73  

I 1 8 4  

I 1 8 4  

4 75 

475 

I 1 8 4  

I 1 8 4  

I 1 8 4  

I 1 8 4  

2260 

I 5 7 0  

700 

z x IO 4 w  

I ,795 

I 3,330 

3,510 

3,510 

7,000 

253 

I ,  840 

85 I 

22  8 

228 

I 02 

256 

I 0 2  

I 25 

22.8 

22.8 

53  

53  

I 40 

I41 

I41 

285 

3 5 . 6  

0.151 

0 . 9  

"Duct  numbers r e f e r   t o   d u c t   l o c a t i o n s  shown i n   F i g u r e  1 .  
MZ f a c t o r   i s   ( d e n s i t y  x pressure  drop) / (  f low  squared)  where  density 

p e r   t u  ft, pressure  drop i s  i n   p s i  and f l o w   i s   i n   I b   p e r  min. 
i s   i n   l b  

L 
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I n  each o f   t h e s e   i t e r a t i o n s ,   o n l y  a s i n g l e   v a r i a b l e   i s   b e i n g   a l t e r e d .  The 
o t h e r   v a r i a b l e s   a r e   h e l d   c o n s t a n t .  Thus, :in i t e r a t i v e   l o o p  I f o r  example, 
t h e   p r o p e l l a n t   f l o w   r e m a i n s   c o n s t a n t  as t h e   d i s c h a r g e   p r e s s u r e   i s   v a r i e d  t o  
o b t a i n   c o m p a t i b i l i t y   w i t h   t h e   a m b i e n t   p r e s s u r e .   C o n s e q u e n t l y ,   e a c h   i t e r a t i o n  
on  loop 2 r e q u i r e s  a s e r i e s   o f   i t e r a t i o n s  on  loop I i n   o r d e r   t o   o b t a i n   d i s -  
charge  pressure  convergence.   S i rn i   lar ly ,   each  i terat ion on loop 5 r e q u i r e s  
i t e r a t i o n   t o   c o n v e r g e n c e   o n   a l l  o f  t h e   p r i o r   i t e r a t i v e   l o o p s .  

FLUID PROPERTIES 

Because t h e  APU sys tem  ope ra tes   w i th   f l u ids   a t   c r yogen ic   t empera tu res ,  
i t  i s   n o t   p o s s i b l e   t o  use   pe r fec t  gas laws.  Therefore, i t  becomes necessary 
to prov ide  the  computer   program  wi th  maps o f   t h e   v a r i o u s   f l u i d   p r o p e r t i e s  
(densi ty ,   pressure,   temperature,   and  enthalpy  data  are  requi red) .   F igures 9 
and 10 show t y p i c a l   f l u i d   p r o p e r t y  maps. The d a t a   s o u r c e s   f o r   t h e   f l u i d  
p roper t i es   used   i n   t he   cyc le   pe r fo rmance   p rog ram  a re  as f o l l o w s :  

Oxyqen--"The  Thermodynamic P r o p e r t i e s   o f  Oxygen," by R 
Stewart ,  a PhD t h e s i s   a t   t h e   U n i v e r s i t y   o f  Iowa, 1966. 

Hydroqen  Below IOO°K--A computer  program  by Hans Roder 
s o u r c e   f o r   t h e   d a t a   o f  NBS Nonograph 94) 

Hydrogen  Above IOO°K--A computer  program  by  McCarty o f  

i chard  Byron 

o f  NBS ( t h e  

NBS 

Water--"Thermodynami c P r o p e r t i e s   o f  Steam,"  by Keenan  and  Keyes, 
1959 p r i n t i n g  

Data r e t r i e v a l  o f  t h e   f l u i d   p r o p e r t y   i n f o r m a t i o n   i s  based  on a map e a d i n g  
program  developed  as a r e s u l t   o f   A i R e s e a r c h  I R  and D a c t i v i t y .  

OUTPUT INFORMATION 

F igu re  I I  shows  a sample o f  the   p rogram  ou tpu t .  The d a t a   a r e   s u f f i c i e n t  
t o   s p e c i f y   t h e   s t a t e   p o i n t s   a t  each   l oca t i on   i n   t he   sys tem  and   t o   es tab l i sh  
performance,  both a t   t h e  component  and  system  level. 
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Figure 9. Oxygen Thermodynamic Data 
(Pressure from I t o  5000 psia, 
Temperature  from 162' t o  2500'R) 
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Figure 10. Low Temperature Oxygen 
Thermodynamic Data- 
( Expanded Scale) 
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APPENDIX F 

m I C U  POWER FROFlIS/ALTITUDE/PROPELLANT CONSUMPPION 

INTRODUCTION 

Th is   append ix   descr ibes   the   method  used  to   de termine   the  APU performance 
d u r i n g  any s p e c i f i e d   v e h i c l e   m i s s i o n .  It also  p resents   the   miss ion   power /  
a l t i t u d e / t i m e   p r o f i l e s   s u p p l i e d  by NASA f o r   t h e   b o o s t e r  and o r b i t e r   v e h i c l e s .  

INPUT INFORMATION 

The computer   program  requi res  four   inputs :  

0 A map o f   t h e  APU propel lant   consumpt ion  as a f u n c t i o n   o f   t h e  
output  power  and  the  ambient  pressure 

0 A map o f   t h e   v e h i c l e  power  requirements  as a f u n c t i o n   o f   t i m e  

0 A map o f   t h e   v e h i c l e   a l t i t u d e   a s  a f u n c t i o n   o f   t i m e  

@ A map o f   the   ambien t   p ressure   as  a f u n c t i o n   o f   a l t i t u d e  

APU P r o p e l l a n t  Consumption Map 

The APU performance  can be s p e c i f i e d   s o l e l y   a s  a f u n c t i o n   o f   t h e   o u t p u t  
power  and the   ambien t   p ressure .   A l though  there   i s  a s l i g h t   d i f f e r e n c e   i n   t h e  
map depending upon t h e   r e l a t i v e   s p l i t  be tween  ou tpu t   hydrau l i c  and e l e c t r i c  
power, t h e   e l e c t r i c  power l e v e l   o f  IO hp has  been  assumed  as t h e   b a s i s   f o r  
the  performance map. Th i ' s   power   leve l   p r imar i l y   e f fec ts   the   ou tpu t   power  
l e v e l   a t   w h i c h  i.t i s  n e c e s s a r y   t o   o p e r a t e   w i t h   b o t h   h y d r a u l i c  pumps p ressu r i zed  
( thus  caus ing a s tep   inc rease  in   the   p rope l lan t   consumpt ion) .  Sample APU per -  
formance maps are  shown i n   S e c t i o n  3 through 5 for   both  the  hydrogen  and 
oxygen  f low  requi rements.  These  sample maps a r e  f o r  A P U ' s  h a v i n g   t u r b i n e s  
designed a t  va r ious  power outputs /d ischarge  pressures  and maximum i n l e t   p r e s -  
sures. The maps were  obta ined  by  us ing  the  program  descr ibed  in   Appendix  E t o  
es tab l i sh   per fo rmance a t  va r ious  power l e v e l s  and  ambient  pressures. 

M i s s i o n   P r o f i l e  and Power Requirements Maps 

As w i t h   t h e  APU performance maps, i t  is p o s s i b l e   t o   p l a c e   t h e   m i s s i o n  
p r o f i   l e  and  power  requirements i n  a t a b u l a r   f o r m   f o r   i n p u t   t o   t h e   p r o g r a m .  
F igures  I and 2 show t h e   m i s s i o n   p o w e r / a l t i t u d e / t i m e   p r o f i l e s   s p e c i f i e d  by 
NASA f o r  u s e   d u r i n g   t h e   l a t t e r   p a r t   o f   t h e  Phase I study. These d a t a   a r e  
g iven  in   terms  o f   the  gearbox  output  power r e q u i r e d   f o r   d r i v i n g   t h e  pumps and 
the  generator.   (The  sample APU performance maps of   F igure I a r e   g i v e n   i n  
terms o f   t h e   n e t  power a v a i l a b l e   a f t e r   a l l o w a n c e   f o r   t h e   h y d r a u l i c  pump and 
generator   losses. )  



0 20c 4OG N J C  800 

T i m e ,  st:c 
From To 

-1000 -ROO 

-800 -500 

-500 3 

0 5  

5 45 

45 75 

75 115 

1 1 5  155 

155 195 

195 230 

230 240 

240 600 

600 610 

610 700 

610 700 

700 8400 

700 8600 

8400 8410 

8400  8700 

8410 8700 

8700 8702 

8702  8760 

8760  9000 

9000 9600 

"- 

T o t a l  enerqv 

- 
' a r iod ,  

5ec __ 
?OO 

30G 

500 

5 

40 

30 

40 

40 

60 

35 

10 

360 

10 

58 

32 

5700 

2000 

10 

20 

2  70 

2 

58 

I 40  

600 

8-hr = I 
- 

1 
I 
I 

L 

37. 

lydraul i c  
1p h t p u t  

7 

75 

7 

50 

90 

I 40  

I 90  

117 

IO0 

7 

IO0 

7 

80 

7 

27 

7 

15 

45 

20 

7 

180 

7 

25 

20 

37 hp-hr 

1000 1230 ' 8000 . 8400  8600  8800 9000 

TInE, S E C  

Hydraul 11 
Shaf t  
hp I n p u t  -~ 

23 

95 

39 

82 

I22 

I72 

222 

149 

I32 

39 

I 32  

23 

96 

23 

43 

23 

31 

61 

52 

39 

216 

39 

57 

52 

E l e c t r i c  
hp  Output 

I 3  

I 3  

13 

36 

13 

I 3  

13 

I 3  

I3 

13 

I 3  

10 

IO 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

Shaf t  
E l e c t r i c  

hp I n p u t  "- 
1 7  

17 

17 

42 

17 

17 

17 

17 

17 

1 7  

17 

14 

14 

14 

I6 

14 

i 4  

14 

16 

I 6  

I 4  

I& 

I 6  

I 6  

- 
Tots i 
S h a f t  
hp __ 
40 

112 

56 

I26 

I 39 

147 

239 

I 66 

I49  

56 

I49 

37 

I10 

31 

57 

37 

45 

75 

66 

53 

230 

53 

71 

66 - 

- 
Energy, 
I n p u t  

hp-sec - 
8,000 

33,600 

28,000 

120 

5,560 

4,410 

9,560 

6,640 

5,960 

1,960 

I, 690 

13,320 

1,100 

2 ,  I 66  

1,826 

I 0,900 

90,000 

750 

1,320 

14,310 

460 

3,074 

9,940 

39,600 - 
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reference from V i c k e r s  PV3-300 a t  5000 rpm. 
2. Pump losses 16 t o  20 hp f o r  one pulnp and 32 hp for 2 pumrr. P u w  loss 

3. E l e c t r i c  power  based on 30 In shared a m n y  3 a l t e r n a t o r s .  5-61469 

Figure  I .  Booster M i s s i o n  APU Power  Schedule 
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Ambien t   P ressu re /A l t i t ude  Map 

S i n c e   t h e   t u r b i n e   p e r f o r m a n c e  maps are   p resented   as  a f u n c t i o n   o f   a m b i e n t  
p r e s s u r e ,   a n d   s i n c e   t h e   m i s s i o n   p r o f i l e   d a t a   a r e   g i v e n   i n   t e r m s   o f   a m b i e n t  
a l t i t u d e ,  i t  i s  n e c e s s a r y   t o   p r o v i d e  a map s p e c i f y i n g   t h e   r e l a t i o n s h i p  between 
p ressu re   and   a l t i t ude .   The  I C A O  standard  atmosphere  and  the NASA t e n t a t i v e  
upper  atmosphere  have  been  used  as  the  basis  of   these  data.  

OUTPUT 

F i g u r e  3 shows  a sample   ou tpu t   ob ta i  ned from  the  computer  program. The 
d a t a   g i v e   t h e   p r o p e l l a n t   c o n s u m p t i o n   f o r  each  mission segment, showing  the 
quan t i t i es   a t t r i bu tab le   t o   t he   base   power   l eve l   and   t hese   due   t o   power   sp i kes  
o c c u r r i n g   d u r i n g   t h e  segment.  The t o t a l  energy  output,  the  average  power 
o u t p u t ,   a n d   t h e   t o t a l   p r o p e l l a n t   r e q u i r e m e n t s   f o r   t h e   m i s s i o n   a r e   a l s o  
prov ided.  A l l  da ta   a re   i n   t e rms   o f   ne t   ou tpu t   power ,   a f te r   accoun t ing   f o r  
h y d r a u l i c  pump and  generator  losses. The t o t a l   p r o p e l l a n t   i s   u n a f f e c t e d   b y  
th is,   method  of   accumulat ing  energy  output.  
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APPENDIX G 

COMBUSTOR D E S I G N  CONCEPTS 

Two d i f fe ren t   t ypes   o f   combustor   des igns   have  been  cons idered;   these 
a re :  

0 D i f f u s i o n - t y p e   c o m b u s t o r   ( F i g u r e  I )  

0 Can-type  combustor  (Figure  2) 

The can  combustor  has a s m a l l e r  chamber  volume than does t h e   d i f f u s i o n  
combustor,  and  hence  the  can  combustor will o f f e r   q u i c k e r   r e s p o n s e   c a p a b i l i t y .  
However, p rev ious   A iResearch   tes t ing  has d e m o n s t r a t e d   t h a t   t h e   d i f f u s i o n  
combustor will opera te   over  a wide  range o f   p r e s s u r e s   w i t h  a h igh  combust ion 
e f f i c i e n c y .   F i g u r e  3 shows a p l o t   o f   c o m b u s t o r   e f f i c i e n c y  vs chamber p r e s -  
s u r e   f o r  a hydrogen-oxygen  di f fusion  combustor  (AiResearch  drawing  PA-34525).  
Based o n   t h i s   e x p e r i e n c e ,   t h e   d i f f u s i o n   c o m b u s t o r  i s  recommended. The da ta  
o f   F i g u r e  4 show t h a t   t h e  blowdown  time o f   e i t h e r   c o m b u s t o r  is q u i t e   r a p i d .  
F igu re  4 assumes a 1250-psia  combustor  chamber  pressure. Thus, the  blowdown 
t imes shown a r e   c o n s i d e r a b l y   l a r g e r   t h a n   t h o s e   t h a t   w o u l d   o c c u r   f o r   l o w e r  
pressure  combustors.  I n   t he lower   p ressu re   combus to rs ,   t he   t u rb ine   nozz le  
( t o  develop  the same output  power)  would be c o n s i d e r a b l y   l a r g e r   t h a n   t h a t  
for   the  1250-psia  combustor,  so t h a t   t h e  blowdown  t ime  would be reduced. 

F igu re  5 shows the   d i f fus ion   combustor   heat   loss   and  insu la t ion   ou ts ide  
su r face   t empera tu re   f o r   va r ious   combus to r   i nsu la t i ng  schemes. The da ta  
show tha t   about  I i n .   o f   i n s u l a t i o n  will p r o v i d e  a low  heat  loss  and  main- 
t a i n   t h e   i n s u l a t i o n   s u r f a c e   t e m p e r a t u r e   a t   a c c e p t a b l e   l e v e l s   ( 3 4 O o F   f o r  0.9 
e m i s s i v i t y ) .  
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- 
IGNITER:  HIGH-ENERGY SPARK 

F i g u r e  1 .  D i f f u s i o n  - Type  Canbustor 

NOZZLE AREA = 0.0201 SQ I N .  
CHAMBER VOL = I .52 CU I N .  

L* = 7 5  I N .  
IGNITER:  GLOW PLUG 

T 2- 1 /4" 

U 
+ 3" 4 

Figure  2.  Can-Type  Combustor 
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F igu re  3. Typ ica l  H2-02 D i f f u s i o n  Combustor E f f i c i e n c y  
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F igu re  4. Combustor Blowdown Time 
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