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FOREWORD 

This  report is the third  volume of a series that comprises  the following: 

Volume I - Summary 
Volume 11 - 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 

Volume 11 summarizes the Phase I portion of the program in which  the 
various component and system  concepts  were  compared and evaluated. 
Volumes ID,  IV, and V contain the Phase I1 work  in  which  preliminary  design 
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SECTION I 

INTRODUCTION AND SUMMARY 

INTRODUCTION 

The  Phase I1  work  per formed  under   Contract  NAS3-14408, " P r e l i m i n a r y   D e s i g n  
o f   a n   A u x i l i a r y  Power U n i t  (APU) f o r   t h e  Space Shu t t l e , "  was p r i m a r i l y   c o n c e r n e d  
w i t h   d e t a i l   s y s t e m   a n a l y s i s ,   e n g i n e e r i n g ,  and des ign  o f  an APU system  concept  
s e l e c t e d   d u r i n g  Phase I. The  Phase I1  w o r k   i s   r e p o r t e d   i n   t h r e e   v o l u m e s :  

Volume I l l  D e t a i l s  o f  System  Analysis,   Engineer ing,   and 
fo r   Se lec ted   Sys tem 

Volume I V  Selected  System  Suppor t ing  Studies 

Volume V Selected  System  Cycle  Per formance  Data 

I summarizes  the  ground  rules  used  for  Phase 11. Tab le  I -  

SUMMARY 

Fo 1 

Des i gn 

low ing   a re   abs t rac ts   summar i z ing   each   o f   t he   sec t i ons  

S e c t i o n  2. E v o l u t i o n   o f   S y s t e m   C o n f i g u r a t i o n  

Sec t   ion  2 r e v i e w s   t h e   c o n s i d e r a t   i o n s   l e a d i n g   t o   s e l e c t   i o n  

i n   t h i s  volume. 

o f   t h e   f i n a l  
system  concept shown i n   F i g u r e  1 - 1  i n  terms of  e v o l u t i o n   f r o m   t h e  Phase I 
concept.  Some o f   t h e s e  changes ( e l i m i n a t i o n   o f   s u p p l e m e n t a l   h e a t   s i n k  and 
t u r b i n e   s h r o u d   c o o l i n g   p r o v i s i o n s ,   f o r   e x a m p l e )   r e s u l t e d   f r o m  NASA d i r e c t i o n .  
and e v a l u a t i o n   o f   s y s t e m   i n t e r f a c e s .   O t h e r   m o d i f i c a t i o n s   t o   t h e   o r i g i a a l   s y s -  
tem  concept   resu l ted   f rom more d e t a i l e d   s t u d i e s   p e r f o r m e d   d u r i n g  Ph2se 11. 

S e c t i o n  3. Sys tem  Con f igu ra t i on  and Packaginq 

Th is   sec t i on   summar i zes   t he   sys tem  concep t   i n   t e rms   o f  i t s  o v e r a l l  
c h a r a c t e r i s t i c s   ( s p a c e   e n v e l o p e ,   w e i g h t ,   e t c . ) .  The APU c o n s i s t s   o f   t h r e e  
p r inc ipa l   subsys tems :   p rope l l an t   cond i t i on ing / the rma l   con t ro l   subsys tem;  
t u r b i n e  power u n i t ;  a n d   c o n t r o l s  as  shown i n   F i g u r e  1-2. (These  subsystems 
a r e   d e s c r i b e d   t o  a  component l e v e l   i n   S e c t i o n s  5, 6, and 7 ) .  

Sec t   i on  4. System  Performance 

S e c t i o n  4 g ives   s teady-s ta te   per fo rmance  parameters  as  a f u n c t i o n   o f  
o u t p u t  power, a m b i e n t   p r e s s u r 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 ,  and p r o p e l   l a n t  
s u p p l y   t e m p e r a t u r e .   ( D e t a i l e d   s t e a d y - s t a t e   p e r f o r m a n c e   d a t a   a r e   g i v e n   i n  
Volume V . )  T r a n s i e n t - s t a t e   p e r f o r m a n c e   i s   g i v e n   f o r   s t a r t u p ,  shutdown, 
a n d   s t e a d y - s t a t e   o p e r a t i o n  w i th  changes i n   l o a d   a n d   p r o p e l l a n t   i n l e t  
tempera ture .   Adequate   con t ro l   sys tem  per fo rmance  i s  shown fo r  t h e   e n t i r e  
e n v e l o p e   o f   p o s s i b l e   s t e a d y - s t a t e   a n d   t r a n s i e n t - s t a t e   c o n d i t i o n s .  

1 



TABLE 1 - 1  

PRINCIPAL PHASE I1  GROUND RULES FOR H2-02 APU 

D E S I G N  PHILOSOPHY 

Maximize  proven des ign  concepts 

M o n i t o r   f o r   f a   i l u r e   d e t e c t i o n  

LIFE 

1000 h r  on H2-02  plus 2000 h r  on i n e r t  gas 

900 H -0 s t a r t s   p \ u s  600 i n e r t  gas s t a r t s  2 2  

AM6 IENT ENVIRONMENT 

Temperature = 400 t o  760'R 
Pressure = sea l e v e l  t o  vacuum 

POWER OUTPUT 

400 shp  out o f  gearbox 

100 shp o u t  o f  gearbox fo r  ground 
checkout wi th  i n e r t  gas 

Output pads fo r  2, 90-120 gpm h y d r a u l i c  
pumps, I 60/75 kw a l t e r n a t o r  

Power turndown r a t i o  = 16: I 

PROPELLANT SUPPLY CONDITION6 

Hydrogen = 75'R and 200 t o  500'R, 500 to  
1000 p s i a  

Oxygen = 300 t o  500'R, 500 t o  IO00 p s i  a 

Trans ien ts   in   p rope l lan t   tempera tures  o r  
pressures can cove r   en t i   r e   range   i n  2 sec 
a t  APS accumulators 

TURBINE DESIGN REQUIREMENTS 

M a t e r i a l  = Udimet 700 

Type = 2 stage  axial,  pressure-compounded 

I n l e t   t e m p e r a t u r e  = 2060'R 

Rota t iona l  speed = 70,000 rpm 

Speed c o n t r o l  = +5  percent 

Design f o r  containment wi th  t r i - h u b   b u r s t  

LUBE AND HYDRAULIC FLUID REQUIREMENTS 

MIL-L-7808  lube o i  I ,  750'R maximum 

M2V h y d r a u l i c  o i  1 ,  530'R minimum, 
750'R  maximum,  850'R several  seconds 
d u r a t i o n  maximum 
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S e c t i o n  5. P r o p e l l a n t  Condi t ion inq /Thermal   Cont ro l   Subsys tem 
" - __ ". 

The   componen ts   compr i s ing   t he   p rope l l an t   cond i t i on ing / the rma l   con t ro l  
s u b s y s t e m   a r e   t h e   h e a t   e x c h a n g e r s ,   p r o p e l l a n t   p r e s s u r e   r e g u l a t o r   a n d   s h u t o f f  
v a l v e s ,   t h e   j e t  pump a n d   r e c y c l e   f l o w   c o n t r o l ,   a n d   t h e   i n t e r c o n n e c t i n g   d u c t -  
ing .   The  des ign   and  per fo rmance  charac ter is t i cs  o f  these  components  are 
described  and  compared w i  t h   t h e   s t a t e - o f - t h e - a r t .  

S e c t i o n  6. T u r b i n e  Power U n i t  

S e c t i o n  6 descr ibes  the  components  forming  the  turb ine  power  un i t .   These 
components  are  contained i n   t h r e e   m a j o r   a s s e m b l i e s :   c o m b u s t o r   f l o w   c o n t r o l  
va lve  assembly;   turb ine  ro tat ing  assembly;   and  gearbox  assembly.  The d e s i g n  
and   pe r fo rmance   o f   t hese   assemb l ies   a re   desc r ibed   t oge the r   w i th   t he   des ign  
bas i s .  

S e c t i o n  7. C o n t r o l s  

I n   S e c t i o n  7, t h e   c o n t r o l s   s u b s y s t e m   i s   d e s c r i b e d   i n   t e r m s   . o f   t h e   p r i m a r y  
f u n c t i o n s   ( t u r b i n e   s p e e d   c o n t r o l ,   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 t r o l ,   a n d  
hydrogen  loop   tempera ture   con t ro l ) ,   the   secondary   func t ions  (APU s t a r t u p /  
shutdown, f a u l t   d e t e c t i o n ,  and  emergency  shutdown),  and  the  sensors  requi  red 
t o   p e r f o r m   t h e   v a r i o u s   c o n t r o l   f u n c t i o n s .   I n   a d d i t i o n ,   t h e   d i g i t a l   t r a n s i e n t  
computer  program  used i n   a s s e s s i n g   c o n t r o l s   p e r f o r m a n c e   i s   d e s c r i b e d .  

S e c t i o n  8. L i q u i d  Pumped Cycles 

S e c t i o n  8 i s  concerned w i  t h   t h e  components  and c y c l e   m o d i f i c a t i o n s   n e c e s -  
s a r y  t o  conver t   the   base1  ine   sys tem  concept   in to   one  u t i  1 i z i  ng low-pressure 
l i q u i d   c y r o g e n s .  Pumps capab le   o f   pump ing   l i qu id   hyd rogen   and   l i qu id   oxygen  
a r e   t h e   p r i m a r y   a d d i t i o n a l  components r e q u i r e d   f o r   t h i s   c o n v e r s i o n .  A p o s i t i v e -  
displacement  hydrogen pump and  a c e n t r i f u g a l   o x y g e n  pump a r e  recommended. 

k 



SECTION 2 

SYSTEM  CONCEPT  EVOLUTION 

INTRODUCTION 

The base l ine   sys tem  concept   p resented   here  was e v o l v e d   d u r i n g   t h e   c o u r s e  
o f   t h e   s t u d y   p r o g r a m . a f t e r  a  number o f   d i f f e r e n t   c o n c e p t s   w e r e   s t u d i e d  i n  
some d e t a i l .   D u r i n g   t h e  Phase I s t u d i e s   r e p o r t e d   i n  Volume I1 o f   t h i s   f i n a l  
r e p o r t ,   t h e   f o l l o w i n g   f i v e   t y p e s   o f  APU system  were  evaluated  and  compared: 

Low-Pressure  Cryogenic  Hydrogen-Oxygen  Supplied  System 

High-pressure  Cryogenic  Hydrogen-Oxygen  Suppl  i ed  System 

High-pressure  Gaseous  Hydrogen-Oxygen  Supplied  System 

Dual-Mode A i  rb rea th i   ng /Cryogen i  c Hydrogen-Oxygen  System 

Monopropel lant   System 

A t  t h e   c o m p l e t i o n   o f  Phase I, i n  c o n c u r r e n c e   w i t h   s t u d y   f i n d i n g s ,  NASA 
se lec ted   t he   h igh -p ressu re   gaseous   supp l i ed   sys tem,   i n   wh ich   t he  APU 
shares   the   tankage,   pumping ,   and  p rope l   lan t   cond i t ion ing   func t ions  w i th  the  
Auxi 1 i a ry   P ropu ls ion   Sys tem (APS) .  Subsequently,  because o f   q u e s t i o n s   c o n c e r n -  
i n g   t h e   i m p a c t   o f  APU o p e r a t i o n   o n  APS turbopump 1 i f e   ( b y   g r e a t l y   i n c r e a s i n g  
the  number o f  o p e r a t i o n a l   c y c l e s ) ,  NASA d i r e c t e d   t h a t   t h e   s t u d y   i n c l u d e   c o n -  
s i d e r a t i o n   o f  APU systems w i t h   i n t e g r a l   p r o p e l l a n t   p u m p i n g   p r o v i s i o n s .  

Phase - I -~ Gaseous . Supp l   ied  APU Sys tem  Conf i   qura t ion  

F i g u r e  2-1 shows the   sys tem  schemat i c   f o r   t he   gaseous   supp l i ed  APU system 
as d e f i n e d   d u r i n g  Phase I. A t  t h a t   t i m e  i t  was assumed t h a t   t h e  APU c o o l i n g  
l o a d   w o u l d   i n c l u d e   t h e   v e h i c l e   h y d r a u l i c   s y s t e m   a n d   t h a t  i t was n e c e s s a r y   f o r  
t he  APU sys tem  to   be   se l   f - con ta ined  w i  t h   r e s p e c t   t o   d i s s i p a t i n g   t h e   s y s t e m   h e a t  
load. As a consequence o f   t hese   assumpt ions   and   t he   requ i   remen t   f o r   t he   sys tem 
t o   f u n c t i o n   w i t 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   r a n g i n g   f r o m   2 0 0 ' t o  500'R, a 
s u p p l e m e n t a l   h e a t   s i n k   ( i n   t h e   f o r m   o f  a w a t e r   b o i l e r )  was i n c l u d e d   i n   t h e  
s y s t e m   t o   p r o v i d e   t h e   n e c e s s a r y   s u p p l e m e n t a l   c o o l i n g   r e q u i r e d   a t   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 n  excess o f  300'R) and  low  output  power.  The  Phase I 
s y s t e m   c o n c e p t   a l s o   i n c o r p o r a t e d   p r o v i s i o n s   f o r   t u r b i n e   d i s k   c o o l i n g   b y   r a d i a t i o n  
t o  a h y d r o g e n - c o o l e d   h o u s i n g .   W i t h   t h i s   t y p e   o f   c o o l i n g ,   t u r b i n e   s t r e s s   a n d  
the rma l   s tud ies  showed t h a t   t h e   t u r b i n e   c o u l d   b e   d e s i g n e d   f o r   r e 1   i a b l e   o p e r a t i o n  
a t  a p i t c h  1 i n e   v e l o c i t y   o f  I800 f p s   a t  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  2260'R. 
Tab le  2-1 summar izes   the   ma jor   con f igura t ion   changes  tha t   were  made d u r i n g  
Phase I1  t o   e s t a b l i s h   t h e   f i n a l   c o n f i g u r a t i o n   ( s h o w n   i n   F i g u r e  2-2) .  These 
w i  1 1  be   d i scussed   i n   t he   pa rag raphs   f o l   l ow ing .  

5 
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o f  Phase I 

OXYGEN 

F i g u r e  2 - 2 .  F i n a l  APU System  Schematic 5 4 7 0 7 9  
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TABLE 2-1 

SUMMARY OF MAJOR SYSTEM  CONFIGURATION CHANGES FROM PHASE I 

Conf i gu. rat ion Change 

I .  Supplementa l   cool ing  prov is ions 

~~ 

( w a t e r   b o i   l e r )   e l i m i n a t e d  

2. Turb ine   coo l  i ng   p rov i s ions  
e l i m i n a t e d  

3. Tu rb ine   i n le t   t empera tu re  = 
206OoR 

4. Use o f  a 1 ube-oi  1-cooled 
a1 t e r n a t o r   s p e c i f i e d  

5. Prope l   lan t   p ressure   regu la to rs  
and shu to f f   va l ves  added 

6. Lube o i l   coo le r   ups t ream  f rom 
h y d r a u l i c   c o o l e r  

7. Low-temperature  recycle  loop 
e l   i m i n a t e d  

8. Temperature and pressure  
equa l i ze rs   e l im ina ted  

9. Turb ine   in le t   tempera ture   sensor  
r e l o c a t e d   t o   i n t e r s t a g e   l o c a t i o n  

IO. Lube pump second  stage 
e l   i m i n a t e d  

Reason 

NASA d 

NASA d 

NASA d 

i r e c t i  ve 

i r e c t i  ve 

i r e c t i v e  

NASA d i   r e c t i  ve 

NASA d i   r e c t i  ve 

Consequence o f  changes I and 2 

Consequence o f  change 2 

Shown unnecessary  by  controls 
s tud ies  

Favored  by  response,  packaging, 
and 1 i fe   cons ide ra t i ons  

P i  t o t  scavenge pump prov ides  
su f  f i c i   e n t  AP 

Con f iqu ra t i on  Chanqes Resul ti nq  from NASA D i  r e c t i  ves a t  End o f  Phase I 

The f o l l o w i n g   c o n f i g u r a t i o n  changes were made as a r e s u l t   o f  NASA d i   r e c t i v e s  
f o l l o w i n g   c o m p l e t i o n   o f  Phase I: 

Supplementa l   cool ing  prov is ions  e l iminated.  

Tu rb ine   coo l i ng   p rov i s ions   e l im ina ted  and t u r b i n e   i n l e t   t e m p e r a t u r e  
reduced t o  2060'R. 

Use o f  a l u b e - o i l - c o o l e d   a l t e r n a t o r   s p e c i f i e d .  

P rope l l an t   p ressu re   regu la te rs  and s h u t o f f   v a l v e s  added to  system 

L o c a t i o n   o f   h y d r a u l i c   c o o l e r   i n   h i g h - p r e s s u r e  pump d i s c h a r g e   l i n e  
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CONFIGURATION CHANGES RESULTING FROM PHASE I1 SYSTEM  STUDIES 

Oi 1 Cooler  Rearranqement 

Because o f   t h e  NASA-di rec ted  changes  above, i t  was found  necessary  to  
rear range  the   o i  1 c o o l e r s   i n   t h e   h y d r o g e n   c i r c u i t   a n d   l o c a t e   t h e   l u b e   o i  1 c o o l e r  
ups t ream  f rom  the   hyd rau l i c   f l u i  d cooler.  As discussed i n   d e t a i  1 i n   S e c t i o n  2 
of  Volume IV, t h i s  arrangement i s   n e c e s s a r y   t o   i n s u r e   p r o p e r   c o o l i n g  of t h e   l u b r i -  
can t .   S ince   t he   hyd rogen   f l ow   i s   t he   on l y   hea t   s ink   ava i l ab le   t o   t he   l ub r i can t  
and  the  thermal  t ime  constant i n   t h a t   c i r c u i t   i s   r e l a t i v e l y  low, p r i o r i t y  must 
be g i ven   t o   l ub r i can t   coo l i ng   t o   i nsu re   p roper   sys tem  ope ra t i on   under   cond i t i ons  
where t o t a l   c o o l i n g   c a p a c i t y  i s  i n s u f f i c i e n t   t o   a b s o r b  a1 1 o f   t h e   w a s t e   h e a t  
g e n e r a t e d   i n t e r n a l   l y   w i t h i n   t h e  APU. 

E l  i m i n a t i o n   o f  Low-Temperature  Recycle Loop 

The low-temperature  recycle  loop  (which  recycles  hydrogen  f low  f rom  the 
o i  1 coo le rs   to   the   hydrogen  p reheater )   in   the   o r ig ina l   concept   p rov ides  
hydrogen  preheat ing wi th  no  loss i n   c o o l i n g   c a p a c i t y   a t   l o w  APU o u t p u t  power. 
The high-temperature  recycle  loop  (which  recycles  hydrogen  f low  from  the  recu- 
perator   d ischarge  to   the  hydrogen  preheater)   is   necessary  to   prov ide  the 
requ i red   p reheat ing   w i th   low  in le t   hydrogen  tempera ture   and  h igh   ou tpu t  power. 
I n  the Phase I sys tem  con f igu ra t i on  shown i n   F i g u r e  2-1, both  loops  were used, 
one  using a w a t e r   b o i l e r   f o r   s u p p l e m e n t a l   c o o l i n g .   W i t h   e l i m i n a t i o n   o f   t h e  
supplementa l   cool ing  feature  by NASA d i r e c t i v e ,  as ment ioned  prev ious ly ,   there 
i s   l e s s  need for  the  low-temperature  recycle.  A t  t h e   c o s t   o f  a s m a l l   l o s s   i n  
c o o l i n g   c a p a c i t y   a t  minimum APU output   condi t ions,   the  system was s i m p l i f i e d  
by   e l im ina t ion   o f   the   low- tempera ture   recyc le   loop .  

E l im ina t ion   o f   Tempera ture  and  Pressure  Equalizers 

The oxygen  preheater  and  pressure  equalizing  valve  were  included i n   t h e  
Phase I system  concept o f   F i g u r e  2 -1  t o   p rov ide   essen t ia l l y   equa l   p ressu re  and 
temperature  between  the  oxygen  and  hydrogen  f low  to  the  propel lant   f low  control  
va lves.   Th is   feature was inc luded  in   the   sys tem  to   reduce  the   f low  cont ro l  
va lve   tu rndown  ra t io ,   the   opera t ing   range  fo r   the  O/F c o n t r o l   f u n c t i o n ,  and 
make t h e   i n l e t   c o n d i t i o n s   s a t i s f a c t o r y   f o r   p u l s e   m o d u l a t e d  as w e l l  as pressure 
modu la ted   con t ro l .   In   the   sys tem  cont ro ls   s tud ies   per fo rmed  dur ing  Phase 11, 
these  functions  were  found  to  be  unnecessary.  Therefore,  addit ional  improve- 
ments i n  system s i m p l i c i t y  were   ob ta ined   w i th   e l im ina t i on   o f   t he   p ressu re  and 
temperature  eqdal iz ing  dev ices.   E l iminat ion  o f   the  oxygen  preheater   is  
a d d i t i o n a l l y   d e s i r a b l e   f r o m  a sa fe ty   s tandpo in t ,   s i nce   t he   poss ib i l i t y   o f  
leakage o f  one f l u i d   i n t o   a n o t h e r  i s  a lways  present,   even  wi th  buf fered  or 
s ing le   in tegra l   tube  des igns .  

Re loca t ion   o f   Turb ine   In le t   Tempera ture   Sensor  

The f i r s t  s tage   o f   t he   t u rb ine   ope ra tes   a t   cons tan t   p ressu re   ra t i o  and, 
as  a consequence, cons tan t   e f f i c iency ,   regard less   o f   tu rb ine   ou tpu t  power o r  
ambient  pressure.   Therefore,   turbine  interstage  temperature  remains  essent ia l ly  
c o n s t a n t   a t  1705'R f o r  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  2060'R. S ince   tu rb ine  
i n te rs tage   t empera tu re   i s   p ropor t i ona l   t o   t u rb ine   i n le t   t empera tu re ,   i n te rs tage  



temperature can  be  sensed  and used t o   c o n t r o l   t u r b i n e   i n l e t  temperature without 
compensation  for power l e v e l   o r  ambient  pressure.  This  location i s   P a r t i c u l a r l Y  
advantageous f o r   t h e   f o l   l o w i  ng  reasons : 

The turbine  interstate  temperature  sensor  operates  at  a temperature 
l eve l  355'R lower  than  the  turbine  inlet  temperature,  which  favors 
longer  sensor 1 i f e .  

High gas ve loc i t i es   a re   ob ta ined   i n   t he   i n te rs tage   l oca t i on ,   resu l t i ng  
i n  good sensor response. 

The i nterstage  sensor  location  provides  convenient  packaging. 

Lube Pump Second Staqe E l  i m i  nated 

The  Phase I system  concept had a two-stage l u b r i c a n t  pumping system  using 
a p i t o t  pump f o r   t h e   f i r s t   s t a g e  and an internal   gear pamp for  the second stage. 
F i rs t -s tage pumping was provided  by a p i t o t   p i c k u p   i n  a r o t a t i n g   l u b r i c a n t  
sump contained on the   a l t e rna to r   d r i ve  gear. The r o t a t i n g  sump also  served  to 
provide  zero-gravi  ty  scavenging and deaeration.  During Phase 11 system  studies, 
i t was determined  that   the  p i   tot  pump would be s u f f i c i e n t  and,  as  a consequence, 
the second  pumping stage  would  not be required. 

PHASE 11 STUDIES  SUPPORTING  BASELINE  CONCEPT  SELECTION 

Figure 2 -2  shows the   f ina l  gas-suppl i e d  APU system  concept.  During Phase 
I I ,  a  number of studies (summarized i n  Volume 
concepts were performed  that  supported  the se 
o f  these  studies w i l l  be summarized in   t he  pa 

I V )  o f   a l t e r n a t i v e   c y c l e s  and 
lected  basel ine concept. Resu 
ragraphs f o l  lowing. 

1 t s  

System Cycle  Studies 

There  are  three  basic  functional  elements  in  the  system  thermal  cycle: 
the equipment heat  loads  (hydraul ic  cooler and lube  oi  1 cooler),  the  recuperator, 
and the  turbine-combustor. These three  elements can be arranged i n  two ways, 
one with  the  recuperator  upstream  from  the  oi 1 coolers,   the  other  wi th  the 
recuperator downstream from  the  oi 1 coolers. As discussed in   Sec t ion  2 o f  
Volume IV, the  upstream  recuperator  concept  leads to   heat  exchangers w i t h  unac- 
ceptably  high  design  problems and development r i s k  because o f  the  low i n l e t  
hydrogen  temperatures. 

Turbine Speed Control  Studies 

1 .  Pulse-Modulation .~ - - Control " vs Pressure-Modulation  Control 

I n  Section 3 o f  Volume IV,  deta i led  comparisons are  made o f  pulse-modulation 
contro l  and pressure-modulation  control. The performance  advantage of the 
pulse-modulat ion  control   is   largely  of fset   by  increased  system  f ixed  weight.  
More impor tant   factors   that   led  to   se lect ion  o f   pressure-modulat ion  cont ro l  
for  the  basel ine  concept  are: 

P o s s i b l e   c y c l i c   l i f e  problems wi th   f low  contro l   va lves and o ther  
components as  a r e s u l t   o f   l a r g e  number o f   on-o f f   cyc les   w i th   pu lse-  
modulat ion  control  
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G r e a t e r   f l e x i b i l i t y  of p r e s s u r e - m o d u l a t i o n   c o n t r o l   i n   m e e t i n g  
a1 t e r n a t o r   s y n c h r o n i z a t i o n  MIL-STD-704A e l e c t r i c a l  power  qual i ty,  
and /o r   c lose   f requency   con t ro l   requ i   remen ts .  

B e t t e r   p r e s e n t   t e c h n o l o g y   s t a t u s   f o r   p r e s s u r e - m o d u l a t i o n   c o n t r o l  ; 
p u l s e - m o d u l a t i o n   c o n t r o l   u t i l i z a t i o n   i s   l i m i t e d   t o  a f e w   s h o r t - l i f e  
m i  s s i  1 e APU' s. 

2. I n t e q r a t i n g   v s  Droop C o n t r o l l e r  

S e c t i o n  7 o f  Volume I V  s u m m a r i z e s   t h e   r e s u l t s   o f   f l u i d   d y n a m i c   a n a l o g  
s t u d i e s   c o n c e r n i n g   d r o o p   ( v a l v e   p o s i t i o n   c h a n g e   p r o p o r t i o n a l   t o   s p e e d   e r r o r )   a n d  
i n t e g r a t i n g   t y p e   t u r b i n e   s p e e d   c o n t r o l s .  These s t u d i e s   s i m u l a t e d   t h e   v o l u m e t r i c  
a n d   p r e s s u r e   d r o p   e f f e c t s  and  assessed  system  response t o   s t e p  changes i n   l o a d  
and ramp changes i n   p r o p e l l a n t   i n l e t   p r e s s u r e  and  tempera ture .   Wi th   the   d roop 
t y p e   c o n t r o l ,   s y s t e m   p e r f o r m a n c e   i s   l i m i t e d   b y   c o n t r o l   v a l v e   r e s p o n s e ;   s u p e r i o r  
performance i s  a t t a i n a b l e   w i t h   t h e   i n t e g r a t i n g   t y p e   c o n t r o l ,   w h i c h  was s e l e c t e d  
f o r   t h e  Space S h u t t l e  APU. These s t u d i e s   a l s o  show t h a t   f l o w   c o n t i n u i t y   c a n  be 
assumed t h r o u g h   t h e  APU i n   t h e   t r a n s i e n t   s t a t e ,  i f  t h e   c o n t r o l s   c o n c e p t   i s  
c o r r e c t l y   c h o s e n .   T h i s   w o r k   l e d   t o   t h e   m o r e   d e t a i l e d   d i g i t a l   t r a n s i e n t - s t a t e  
c o m p u t e r   p r o g r a m   s t u d i e s   t h a t   a r e   r e p o r t e d   i n   t h i s  book. 

Hydroqen  Loop  Temperature  Control 

I n   S e c t i o n  5 o f  Volume IV, the   ups t ream  recupera tor   cyc le   (wh ich   uses   recu-  
p e r a t o r   b y p a s s   f o r   t e m p e r a t u r e   c o n t r o l   i n   t h e   h y d r o g e n   l o o p )  i s  compared w i t h  
the   downs t ream  recupera to r   cyc le   (wh ich   uses   recupera to r   d i scha rge   recyc le   f o r  
tempera ture   con t ro l   in   the   hydrogen  loop) .   These  two  a r rangements   a re  i 1 l u s -  
t r a t e d   i n   F i g u r e  2-3. 

I .  Upst ream  Recuperator   wi th   Bypass  Temperature  Contro l  

Wi t h   t h i s   c y c l e ,   b y p a s s i n g   o c c u r s   a t   r e d u c e d  APU o u t p u t  power, expos ing  
the   hea t   exchangers   t o   ve ry   l ow   i n le t -hyd rogen   tempera tu res .   I n   add i t i on ,  
because o f   t h e   v a r i a t i o n s   i n   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  (530' t o  750'R), i t  
i s  n e c e s s a r y   t o   p r o v i d e  a bypass   on   t he   hyd rau l i c   hea t   exchanger   t o   i nsu re  
a d e q u a t e   l u b r i c a n t   c o o l i n g   ( o r   t o   p r o v i d e   c o n s t a n t   o u t l e t   t e m p e r a t u r e ,  i f  an 
o p e n - l o o p   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 t r o l   a p p r o a c h   i s   u s e d ) .  

2. Downstream  Recuperator   wi th   Recyc le  Temperature  Contro l  

F l o w   r e c y c l i n g   i n   t h e   d o w n s t r e a m   r e c u p e r a t o r   c y c l e   i s   s i m p l y   a n d   e f f i -  
c i e n t l y   p e r f o r m e d   b y  a j e t  pump u s i n g   i n l e t   h y d r o g e n   f l o w   t o   t h e   s y s t e m  as 
t h e   p r i m a r y   ( p u m p i n g )   f l u i d .  The j e t  pump A P  capabi 1 i t y   i n c r e a s e s   w i t h  
hydrogen  th roughf low,   wh ich   p rov ides  a degree o f   i n h e r e n t   t e m p e r a t u r e   r e g u l a -  
t i o n   a t   t h e   i n l e t .  Where t h e   s y s t e m   o p e r a t e s   a t   c o n s t a n t   i n l e t   h y d r o g e n  
t e m p e r a t u r e   ( f o r  example, i n  a l i q u i d - f e d  pumped sys tem) ,   t he   recyc le   f l ow  
c o n t r o l   i s   u n n e c e s s a r y   f o r   c o n t r o l l i n g   t h e   t e m p e r a t u r e   i n   t h e   h y d r o g e n   l o o p  
because o f   t h e   i n h e r e n t   c h a r a c t e r i s t i c s   o f   t h e   j e t  pump. The  downstream 
r e c u p e r a t o r   w i t h   r e c y c l e   c o n t r o l   a v o i d s   l o w - t e m p e r a t u r e   p r o b l e m s   i n   t h e   h e a t  
exchangers  and  consequent ly i s  recommended f o r   t h e  Space S h u t t l e  APU. 
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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 t r o l   S t u d i e s  

As d iscussed  i n  S e c t i o n  4 o f  Volume IV, t h e r e   a r e  a number o f  d i f f e r e n t  
a c t i v e   a n d   p a s s i v e   m e t h o d s   f o r   d i r e c t l y   a n d   i n d i r e c t l y   m a i n t a i n 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   b e l o w  a s p e c i f i e d  limit ( i n   t h i s  case 2060'R). F i g u r e  2-4 
shows t h e   t w o   m o s t   c o m p e t i t i v e   c o n c e p t s ,   o n e   u s i n g   o p e n - l o o p   c o n t r o l   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 ,   t h e   o t h e r   u s i n g   c l o s e d - l o o p   c o n t r o l .  

1 .  Open-Loop C o n t r o l   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  

Open- loop  sys tems  depend  upon  ma in ta in ing   essent ia l l y   cons tan t  O/F r a t i o  
and   cons tan t   i n le t   hyd rogen   tempera tu re   t o   t he   combus to r .  O/F r a t i o   c o n t r o l  
requ i res   essen t ia l l y   equa l   t empera tu res   and   p ressu res   f o r   t he   hyd rogen   and  
o x y g e n   a n d   c o n s t a n t   m e t e r i n g   o r i f i c e   a r e a   r e l a t i o n s h i p s   b e t w e e n   t h e   o x y g e n   a n d  
hydrogen  f low  cont ro l   va lves .  From t h i s ,  i t  can  be  seen tha t   t he   open- loop  
approach i s   s e n s i t i v e   t o   p r e s s u r e - e q u a l   i z i n g   v a l v e / f l o w - c o n t r o l   v a l v e   p e r f o r m -  
a n c e   a n d   m a n u f a c t u r i n g   t o l e r a n c e s .   S m a l l   v a r i a t i o n s   i n   f l o w   c o n t r o l   v a l v e  
l e a k a g e   o r   o r i f i c e   a r e a s  will b e   r e f l e c t e d   i n   s i g n i f i c a n t   v a r i a t i o n s   i n   t u r b i n e  
i n l e t   t e m p e r a t u r e .  

2. Closed-Loop  Control  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  - 

Wi th   t he   c losed- . l oop   con t ro i ,   oxygen   f l ow   i s   t r immed  to   ma in ta in   cons tan t  
t u r b i n e   i n t e r s t a g e   t e m p e r a t u r e  and, hence, c o n s t a n t   t u r b i n e   i n l e t   t e m p e r a t u r e .  
No grea t   deve lopment   p rob lems  a re   expec ted   w i th   the   tempera ture   sensor   us ing  
t u n g s t e n - r h e n i u m   ( o r ,   a l t e r n a t i v e l y ,   G e m i n o l )   t h e r m o e l e c t r i c   m a t e r i a l s .   C l o s e d -  
l o o p   c o n t r o l   i s   n o t   h i g h l y   s e n s i t i v e   t o   . c o n t r o l   v a l v e   o r   p r e s s u r e   r e g u l a t o r  
c h a r a c t e r i s t i c s .  A s  a consequence o f   i t s   s u p e r i o r   p e r f o r m a n c e  and a b i l i t y   t o  
accommodate c o n t r o l   v a l v e   t o l e r a n c e s   ( w h i c h   s h o u l d   b e   r e f l e c t e d   i n   h i g h   s y s t e m  
r e 1   i a b i  1 i t y ) ,   c l o s e d - l o o p   c o n t r o l   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   i s  recommended 
f o r   t h e   p r e s e n t   a p p l i c a t i o n .  

R e l i a b i l i t y   S t u d i e s  

R e l i a b i l i t y   s t u d i e s   ( s u m m a r i z e d   i n   S e c t i o n  8 o f  Volume I V )  were  conducted 
a t  sys tem  and  component   leve ls .   Sys tem  leve l   s tud ies   de f ined  ins t rumenta t ion  
requ i remen ts   f o r   ope ra t i ona l   mon i to r i ng   o f   sys tem  s ta tus ,   g round   checkou t ,   and  
f a i  1 detect ion  for   subsystem  shutdown.   The  ind iv idual   components  were  analyzed 
t o  d e t e r m i n e   p o t e n t i a l   f a i   l u r e  modes. R e s u l t s   o f   t h e  component a n a l y s i s  
i n d i c a t e   t h a t   t h e  componen t   des igns   l ead   t o   f a i l - sa fe  APU o p e r a t i o n .  
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SECTION 3 

SYSTEM  CONFIGURATION AND PACKAGING 

INTRODUCTION 

Th is   sec t   i on   i s   conce rned   w i th   t he   ove ra l l   con f i gu ra t i on  and  packaging o f  
the APU system.  Figures 1 - 1  and 1-2 ( i n   S e c t i o n  I )  contain  the  system  schematic 
and func t i ona l   g roup ing  o f  components used i n   t h i s   r e p o r t   t o   d e s c r i b e   t h e   s y s t e m .  

APU SYSTEM PACKAGING 

The t u r b i n e  power u n i t  and p rope l l an t   cond i t i on ing / the rma l   con t ro l  sub- 
system  have  been  packaged i n t o  an integrated  assembly shown on  Drawing SK39903. 
The c o n t r o l s  will probably  be mounted separate  f rom  the  mechanica l   por t ion  o f  
the   sys tem  in  an adjacent   e lect ron ics  equipment   bay  on  the  vehic le .   Contro ls  
a r e   c o m p a t i b l e   w i t h   v e h i c l e   m u l t i p l e x i n g  t o  permi t   remote   loca t ion   o r   in tegra-  
t ion   w i th   the   veh i -c le   da ta   sys tem.  (If des i red ,   the   con t ro ls  can be mounted 
on  the APU.)  The c o n t r o l s   a r e  packaged i n  a standard 3/8-ATR shor t   rack   (w i th  
approximate  dimensions o f  4 in.   by 8 in .   by 14 i n . ) .  

The mechanical  and  thermal  components  have  been  integrated  into a compact 
d e s i g n   w i t h  a minimum o f  component t o  component mounting.  Flow  losses  are 
there fore   min imized and t h e   o v e r a l l  package made l i g h t e r  and  more r i g i d .  All 
o f   t h e   c o n n e c t i o n s   w i t h i n   t h i s  package a re   t ungs ten   i ne r t  gas we lded  jo in ts ,  
except   fo r   the  low pressure  exhaust  f lange. Thus, leakage  problems w i t h i n   t h e  
package  components a r e   v i r t u a l l y   e l i m i n a t e d .  Each o f   t h e   j o i n t s   a r e   r e p a i r a b l e  
and we ldab le   t o   pe rm i t   duc t   cu t t i ng   f o r   d i sassemb ly   o r   ma in tenance .  

Mount ing  prov is ions can be prov ided a t  any locat ion  around  the  main  gearbox 
housing. The mounts  have n o t  been shown on the  drawing  because  of   the  undef ined 
nature  o f   the  mount ing  requi   rements.  

FIXED WEIGHT SUMMARY 

Fo l low ing  i s  a l i s t i n g   o f   t h e  APU f i x e d   w e i g h t :  

Turb i ne-gearbox  assembly 

H y d r a u l i c  pumps and a l t e r n a t o r  

Duct ing 

Lube and hyd rau l i c   coo le rs  

Recuperator 

Va lv ing  

Contro ls  

Hydrogen  preheater 

Combustor/f low  control  assembly 

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

71.7 l b  

100.0 

3 4 . 4  

31.6 

I I .8 

8.6 

7.0 

6. I 

5.6 

276.8 I b  
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PROPELLANT CONSUMPTION . -  
Volume V and Sect ion  4 o f  t h i s  volume g i ve   de ta i l ed   p rope l l an t   consumpt ion  

data as a f u n c t i o n   o f  a1 1 c o n t r o l  1 ing  parameters  (output power, ambient  pressure, 
in let   hydrogen  temperature,  and i n l e t   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 ) .   F o r   t h e  
NASA-prescribed  booster and o r b i t e r   v e h i c l e   m i s s i o n s ,   t h e   f o l l o w i n g   o v e r a l l  
propel lant   consumptions  are  obtained ( for  300'R hydrogen  in le t   temperature) :  

I Booster 1 O r b i t e r  

Average SPC, Ib/shp-hr 

0.575 Average O/F 

2.08 

Tota 1 hydrogen-oxygen 
w e i g h t ,   l b  

308.6 

I . 82  

0.614 

286.5 

SYSTEM DESCRIPTION 

The APU sys tem  cons is ts   o f   th ree   ma jor  subsystems,  each represent ing  a 
g roup ing   o f   f unc t i ona l   e lemen ts :  

Prope l lan t   cond i t ion ing / thermal   con t ro l   subsys tem 

Turb ine power u n i t  

Cont r o  1 s 

Propel lant   Condi t ioning/Thermal  Control   Subsystem 

This  subsystem, d e s c r i b e d   i n   d e t a i l   i n   S e c t i o n  5 o f   t h i s  volume, p rov ides  
t h e   f o l l o w i n g   f u n c t i o n s :  

Supp l ies   p rope l lan ts  a t  proper  temperature and p r e s s u r e   t o   t h e  
t u r b i n e  power u n i t  

D iss ipa tes   was te   heat   genera ted   in te rna l l y   in   the   tu rb ine  power u n i t  
a t  su i tab le   tempera ture   leve ls   fo r   the   var ious   sys tem components 

The prope l lan t   cond i t ion ing / thermal   con t ro l   concept  uses  waste  heat  from  the 
l u b r i c a n t ,   h y d r a u l i c   f l u i d ,  and turb ine  exhaust  gas to   preheat   the  incoming 
hydrogen  (which may vary   in   tempera ture   f rom 75 t o  500'R). A recyc le   loop  is 
used in   the   sys tem  to   ma in ta in   p roper   hydrogen  in le t   tempera tures   to   the   var ious  
heat  exchangers. I n   t h i s  way, heat   exchanger   des ign  problems  wi th   f low  instab i -  
l i t y  and m a l d i s t r i b u t i o n   l e a d i n q   t o   f l u i d   f r e e z i n q   o r   c o n q e a l i n g   a r e   a v o i d e d  
(as d i scussed   i n   Sec t i on  2 o f  Volume J V ) .  A lso   avo ided,   a t   the  same time, a r e  
heat   exchanger   des igns  which  depend  upon  accurate  predic t   ions  o f   heat   t ransfer  
c o e f f i c i e n t s   t o   m a i n t a i n  w a l l  temperatures a t  acceptab le   va lues   ( to   avo id  
freezing,  congealing, o r  moisture  condensat ion).   AiResearch  exper ience has 
shown tha t   in   p rac t ice   such  des igns ,  however a t t r a c t i v e   t h e y  may  be on  paper, 
a r e   e x t r e m e l y   d i f f i c u l t   t o   e f f e c t .  
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F o l l o w i n g   a r e   b r i e f   d i s c u s s i o n s   o f   t h e  component func t ions  for  t h i s  
subsystem: 

I .  Hydroqen  and Oxyqen Shutoff/Pressure  Requlator  Valve Asqembl ies 

The shuto f f /p ressure   regu la to r   va lve   assembl ies   p rov ide   the  APU i s o l a t i o n  
and p r o p e l l a n t   p r e s s u r e   r e g u l a t i o n   f u n c t i o n s .  Because o f   t he   con t ro l   sys tem 
s e l e c t e d   f o r   t h e  APU, t h e s e   p r e s s u r e   r e g u l a t i o n   f u n c t i o n s   a r e   n o t   c r i t i c a l  w i t h  
respect  to  accuracy. 

2. Recycle F l o w  Control  Valve 

T h i s   m o d u l a t i n g   v a l v e   i s   c o n t r o l l e d   b y   t h e   j e t  pump exhaust  temperature 
t ransducer.  A sensed  temperature  less  than 400'R r e s u l t s   i n  a command t o  open 
the  recyc le  va lve,   thereby  increas ing  the  hot  gas recyc le   f low.  I f  the APU 
system i s   supp l i ed   w i th   hyd rogen  a t  a re la t i ve ly   cons tan t   tempera ture  (as w i t h  
a l i q u i d - f e d  system, f o r  example) ,   the  recyc le  f low  contro l   va lve can be e l  imi- 
na ted   (w i th  a r e d u c t i o n   i n   a v a i l a b l e   h y d r a u l i c   c o o l i n g   c a p a c i t y ,  as discussed 
i n   S e c t i o n  5 o f  Volume I V ) .  

3. J e t  Pump 

The j e t  pump uses a p o r t i o n   o f   t h e   p r e s s u r e  head o f   t h e   i n l e t   h y d r o g e n   t o  
the  system as an energy   source   to   rec i rcu la te   ho t   hydrogen  f low  f rom  the  
recuperator .  

4. Lube O i  1 Cooler 

Th is   heat   exchanger   p rov ides   coo l ing   o f   the   lubr ican t   by   heat  exchange 
with  the  hydrogen  loop. The l u b r i c a n t   s e r v e s   t o   c o o l   t h e   a l t e r n a t o r ,  gearbox, 
and bear ings. The l u b r i c a n t   h e a t   l o a d   i s   p r i m a r i l y  a f u n c t i o n   o f  APU o u t p u t  
power . 
5 .  Hydrau l i c   F lu id   Coo le r  

The h y d r a u l i c   f l u i d   c o o l e r   i s  a dual  heat  exchanger  assembly  which  cools 
h y d r a u l i c   f l u i d   f l o w   f r o m   t h e   t w o   h y d r a u l i c  pumps which  are  mounted on the  APU 
gearbox.  Hydrogen f lowing  through  the  heat  exchanger  on  the  cold  s ide  serves 
as the   hea t   s ink   f o r   hyd rau l i c   coo l i ng .  The a v a i l a b l e   h y d r a u l i c   c o o l i n g  capa- 
c i t y  depends  upon 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  and APU ope ra t i ng   cond i t i ons  
(output  power level,   ambient  pressure, and i n l e t  hydrogen  temperature). As  d i s -  
cussed in   Sec t   ion  6 o f  Volume IV, excess  cool   ing  capaci ty  (beyond  that   represented 
by   the   hydrau l i c  pump heat   load)  will be ava i lab le   a t   h igh-power -ou tpu t  and low 
hydrogen  inlet  temperature.  Conversely,  the  cool  ing  capacity w i  1 1  n o t  be ade- 
quate   under   o ther   cond i t ions   to  meet the  pump heat   load and the   sys tem  hydrau l i c  
f l u i d  temperature will r i s e .  

6. Hydroqen  Preheater 

This  hydrogen-to-hydrogen  heat  exchanger  serves  to  equal  ize  the  temperatures 
o f   t he   p r imary  and secondary  hydrogen  inputs t o   t h e   j e t  pump t o   a c h i e v e   u n i f o r m l y  
h i g h  pumping  performance. 
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7. Recuperator 

This  heat  exchanger  operates  wi th  hydrogen  on  the  cold  s ide and t u r b i n e  
exhaust gas on  the  hot   s ide.  It s e r v e s   t o   p r o v i d e   s u f f i c i e n t   h e a t   i n p u t   i n t o  
t h e   c y c l e   f o r   p r o p e l l a n t   t h e r m a l   c o n d i t i o n i n g   w i t h  low in let   hydrogen  tempera- 
tu res  and t o  improve  cyc le   thermal   e f f ic iency  by  recover ing  waste  heat   f rom 
the   tu rb ine   exhaust .   Overa l  I c y c l e   c o n s i d e r a t i o n s   i n   r e c u p e r a t o r   l o c a t i o n  and 
des ign   a re   d iscussed  in   Sec t ion  2 o f  Volume IV. 

Turbine Power U n i t  
.- - - 

The t u r b i n e  power un i t ,   wh ich  i s  d e s c r i b e d   i n   d e t a i l   i n   S e c t i o n  6, cons i s t s  
of   three  major  subassembl ies,   each  containing a number o f   f u n c t i o n a l l y   r e l a t e d  
components, as f o l  l ows  : 

Combustor-f  low  control  valve  assembly 

Turb ine  ro tat ing  assembly 

Gearbox  assembly 

I .  Combustor-Flow  Control  Valve  Assembly 

This   assembly  de l ivers  a c o n t r o l l e d   f l o w   o f   h o t  gas t o   t h e   t u r b i n e ,   u s i n g  
as inputs  gaseous  oxygen and hydrogen  f rom  the  propel lant   condi t ioning  subsystem 
and s i g n a l s   f r o m   t h e   c o n t r o l l e r   f o r   a c t u a t i o n   o f   t h e   p r o p e l l a n t  flow c o n t r o l  
valves.  The hydrogen and o x y g e n   f l o w s   a r e   c o n t r o l l e d   b y   s e p a r a t e   e l e c t r i c a l l y -  
dr iven  ( torquemotor)   f low  modulat ing  va lves.  Each v a l v e   i s   p r o v i d e d   w i t h  a 
l i n e a r   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r   p o s i t i o n   s e n s o r   w h i c h   p r o v i d e s   p o s i t i o n  
feedback to   the   con t ro l le r   thereby   insur ing   p roper   con t ro l   sys tem  per fo rmance 
under a l l   c o n d i t i o n s   w i t h o u t  dependence on   con t . ro1   amp l i f i e r   ga in   cha rac te r i s t i cs .  
The d i f fus ion- f lame  type   combustor   i s   des igned  fo r   spark   ign i t ion  and i s  s e l f -  
s u s t a i n i n g   d u r i n g   o p e r a t i o n   a f t e r   t h e   i n i t i a l   i g n i t i o n .  The combustor has low 
hydrogen  pressure  drop and low wall   temperature  (because  of  the  hydrogen film 
c o o l i n g   e f f e c t ) .  

2.  Turb ine   Rota t inq  Assembly 

The t u r b i n e  i s  a two-stage  pressure-compounded  axial-f low  impulse  design 
wh ich   opera tes   a t  a nominal i n le t   t empera tu re  o f  2060°R,  a r o t a t i o n a l  speed o f  
70,000 rpm, and a p i t c h - l i n e   v e l o c i t y   o f  1700 fps .  The t u r b i n e   r o t a t i n g  assem- 
b l y   i nco rpo ra tes  a fus ib le -wax   hea t   s ink   ma te r ia l   t o   p reven t   de le te r i ous   e f fec ts  
t o   t h e   b e a r i n g s  because o f   h e a t  soakback a f t e r  shutdown. The tu rb ine   i s   des igned  
t o   p r o v i d e   h i g h   e f f i c i e n c y   o v e r  a wide  range o f   p r e s s u r e   r a t i o   w i t h  a pressure- 
m o d u l a t i n g   t y p e   o f   t u r b i n e   c o n t r o l .  

3. Gearbox  Assembly 

The gearbox  assembly  consists o f  the  gear ing,   mount ing pads f o r   t h e   v a r i o u s  
components and an i n t e g r a l   p r e s s u r e   l u b r i c a t i o n   s y s t e m   w i t h   p r o v i s i o n s   f o r   z e r o -  
g rav i ty   scaveng ing  and deaerat ion.  The gearbox  mounting pads are as fo l lows:  



Turb ine  ro tat ing  assembly 70,000 rpm 

A I  t e r n a t o r  12,000 rpm 

Hydraul i c  pumps ( 2 )  6,000 rpm 

The gearbox  assembly  a lso  prov ides  the  main  s t ructura l   mount ing  po ints  fo r  the  
APU system  package. 

Contro ls  

System con t ro l s ,   desc r ibed   i n   Sec t i on  7, c o n s i s t   o f   p r i m a r y   c o n t r o l s ,  
secondary  cont  ro  Is, and  sensors. 

I .  Pr imary  Contro ls  

Three  p r imary   con t ro l   func t ions   a re   p rov ided 

Turbine  speed  control 

Tu rb ine   i n le t   t empera tu re   con t ro l  

Hydrogen  loop ( j e t  pump discharge)  temperature  control  

Turb ine speed contro l   is   accompl ished by s e n s i n g   t u r b i n e   s h a f t  speed  and prov id -  
i n g   p r o p o r t i o n a l   c o n t r o l   o f   t h e   p r o p e l l a n t   f l o w   ( f o r   b o t h   h y d r o g e n  and oxygen) 
by means o f  an i n t e g r a t i n g   t y p e   o f   c o n t r o l .   T u r b i n e   i n l e t   t e m p e r a t u r e   i s  con- 
t ro l led   by   sens ing   tu rb ine   in te rs tage  tempera ture   (wh ich  i s  p r o p o r t i o n a l   t o  
i n le t   t empera tu re )  and tr imming  oxygen  f low.  Hydrogen  loop  temperature  is 
c o n t r o l l e d   b y  means of a recyc le   f low  cont ro l   va lve   wh ich   regu la tes   the   ho t  
hydrogen  ( f rom  the  recuperator)  to  m a i n t a i n   j e t  pump discharge  temperature a t  
a nominal 400'R. 

2.  Secondary  Controls 

Secondary con t ro l   f unc t i ons   a re   t hose   requ i red   f o r  APU s ta r tup ,  shutdown, 
fau l t   de tec t   i on ,  and  emergency  shutdown. The s ta r tup /shutdown  cont ro ls   p rov ide  
proper  sequencing of valve  operat ions.   combustor   ign i t ion,  and  emergency shut-  
down ove r r i des   (du r ing   s ta r tup ,  i t  will be necessary t o   o v e r r i d e  some emergency 
shutdown f u n c t i o n s ) .  The fau l t   de tec t i on   p rov i s ions   i nvo l ve   mon i to r i ng   sys tem 
parameters  which  ind icate  proper   funct ion ing of t h e  components. The parameters 
t o  be moni tored  inc lude:  

Turb ine   in le t   ( in te rs tage)   tempera ture  

Regulated  hydrogen and oxygen  pressures 

Recyc le   f l ow   con t ro l   va l ve   pos i t i on  

Lube o i l  pressure and  temperature 

Hydrogen  and  oxygen f l o w   c o n t r o l   v a l v e   p o s i t i o n s  
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The  emergency  shutdown  funct ions  protect   the APU t o   a v o i d   p o t e n t i a l l y   h a z a r d o u s  
c o n d i t i o n s   i n   e v e n t   o f   m a l f u n c t i o n s .  The emergency  shutdown  funct ions  se lected 
f o r   t h e   s p a c e   s h u t t l e  APU a r e :  

Turbine  overspeed/underspeed (+Im, -5%) 

Turb ine   ove r tempera tu re  (2200'R) 

Lube o i  1 overtemperature/underpressure (800°R, I50 ps i   a)  

Hydrogen  underpressure (450 p s i  a) 

3. Sensors 

The s e n s o r s   p r o v i d e   t h e   s i g n a l s   r e q u i r e d   f o r   t h e   p r i m a r y  and  secondary 
c o n t r o l   f u n c t i o n s .  As a  consequence, t h e   s e n s o r s   r e q u i r e d   b y   t h e   c o n t r o l   s u b -  
s y s t e m   c o r r e s p o n d   t o   t h e   p r e v i o u s   l i s t i n g s   o f   p r i m a r y   a n d   s e c o n d a r y   c o n t r o l  
f u n c t i o n s .   C o n v e n t i o n a l   a i r c r a f t - t y p e   s e n s o r s   a r e ,   f o r   t h e  most p a r t ,   s u i t a b l e  
f o r   t h e   s p a c e   s h u t t l e  APU. Shie lded  thermocoup les   us ing   tungs ten- rhen ium 
a l l o y s   h a v e   b e e n   s e l e c t e d   f o r   t h e   t u r b i n e   i n t e r s t a g e   t e m p e r a t u r e   s e n s o r .  



SECTION 4 

SYSTEM  PERFORMANCE 

INTRODUCTION 

Th is   sec t i on   summar i zes   t he  Phase I1 system  per formance  s tud ies.   Deter-  
m i n a t i o n   o f   s y s t e m   p e r f o r m a n c e  was a c c o m p l i s h e d   p r i m a r i l y   t h r o u g h   u s e   o f  t w o  
d i g i t a l  p rog rams .   The   s teady -s ta te   p rog ram  uses   nes ted   i t e ra t i ve   l oops   t o  
c o n v e r g e   t o  a s o l u t i o n   f o r   a n y   s p e c i f i e d   o p e r a t i n g   p o i n t .   ( S t e a d y - s t a t e   p e r -  
formance  data  as  output   by t h i s  p rog ram  a re   p resen ted   i n  Volume V.) The t r a n -  
s ient   per formance  program  uses a hyperspace   e r ro r   vec to r   me thod  o f  d e t e r m i n i n g  
t h e   r o u t e   t o   c o n v e r g e   a t   e a c h   t i m e   i n c r e m e n t .   ( T h i s   p r o g r a m   i s   s u m m a r i z e d   a t  
t h e  end o f   S e c t i o n  7 o f  t h i s  volume. ) 

The m a t e r i a l   i n   t h i s   s e c t i o n   i s   o r g a n i z e d  a s   f o l l o w s :  

0 Steady-s ta te   per fo rmance 

0 Trans ien t   pe r fo rmance  

0 APU o p e r a t i o n   f r o m  i n e r t  gas 

0 I n t e g r a t e d  m i s s  ion   per fo rmance 

STEADY-STATE PERFORMANCE 

The p e r f o r m a n c e   d a t a   i n  Volume V p r o v i d e s   c o m p l e t e   d e t a i l s   o f   t h e   s y s t e m  
o p e r a t i n g   c o n d i t i o n s   a t  144 d i f f e r e n t   p o i n t s   w i t h i n   t h e  APU o p e r a t i o n a l   e n v e l -  
ope.   The  mater ia l   here   summar izes   those  da ta ,   ind ica t ing   typ ica l   cyc le   s ta te  
p o i n t s  a t  k e y   l o c a t i o n s   i n   t h e  APU system.  The p r i m a r y   v a r i a b l e s   d e t e r m i n i n g  
t h e  APU o p e r a t i n g   c o n d i t i o n s   a r e   a s   f o l l o w s :  

0 U s e f u l   o u t p u t  power ( s i n c e   t h e   h y d r a u l i c  pump and a l t e r n a t o r   l o s s e s  
a r e  assumed to   be   i ndependen t   o f   ou tpu t  power, t h e   u s e f u l  power 
s p l i t   i n t o   h y d r a u l i c  and e l e c t r i c  power i s  n o t  a v a r i a b l e )  

0 A m b i e n t   p r e s s u r e - - a f f e c t s   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 ,  and 
hence  the   tu rb ine   per fo rmance 

0 Hydrogen i n l e t  temperature--establishes t h e  amount o f   r e c y c l e   f l o w  
needed f o r  component   temperature  cont ro l ,   and  in f luences  the O/F 
r a t i o   r e q u i r e d   t o   o b t a i n   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  

0 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 l e t   t e m p e r a t u r e - - c o m b i n e d   w i t h  
t h e   u s e f u l  power o u t p u t  and t h e   h y d r o g e n   i n l e t   t e m p e r a t u r e ,   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 l e t   t e m p e r a t u r e   e s t a b l i s h e s   t h e  
amount o f   h e a t  removed f r o m   o r  added t o   t h e   h y d r a u l i c   f l u i d  



U n l i k e   t h e   h y d r a u l i c   f l u i d ,   t h e   l u b e   o i l   t h e r m a l   i n e r t i a   i s   s u f f i c i e n t l y  
smal l  so  t h a t  i t  can  be assumed t h a t   t h e   l u b e  o i l  t empera tu re  will r i s e   o r  
f a l l   t o   o b t a i n   h e a t   r e j e c t i o n   t o   t h e   h y d r o g e n   e q u a l   t o   t h e   h e a t  added  by  the 
gearbox  and  output  component  heat  generation. 

Propel   lant   F lows,  SPC, and O/F R a t i o  

F i g u r e  4-1 shows t h e  APU p r o p e l l a n t   f l o w   r a t e s   a s  a f u n c t i o n   o f   t h e   n e t  
u s e f u l   h y d r a u l i c  and e l e c t r i c   o u t p u t  power. F i g u r e   4 - 2   p l o t s  SPC v s   t u r b i n e  
s h a f t  power ( t u r b i n e   s h a f t  power   equa ls   t he   ne t   use fu l   ou tpu t  power p l u s   t h e  
power  losses i n   t h e   h y d r a u l i c  pumps, a l ternator ,   gearbox,   and  lube pump). 
B o t h   c u r v e s   a r e   f o r  a 300'R h y d r o g e n   i n l e t   t e m p e r a t u r e  and  a 550'R 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 l e t   t e m p e r a t u r e .  

It i s  p o s s i b l e   t o   g e n e r a l i z e  on t h e   s p e c i f i c   p e r f o r m a n c e   o f   F i g u r e s  4-1 
a n d   4 - 2   b y   d e t e r m i n 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   r e q u i r e d   p r o p e l l a n t   f l o w  
and t h e   f o u r   p r i m a r y   v a r i a b l e s   o f   u s e f u l   o u t p u t  power,  ambient  pressure, 
hyd rogen   i n le t   t empera tu re ,  and 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 l e t   t e m p e r a -  
t u r e .   T a b l e  4-1 l i s t s  t h e   e q u a t i o n s   u s e d   i n   t h i s   p e r f o r m a n c e   s i m p l i f i c a t i o n .  
F igu re   4 -3   p resen ts   t he   cu rves   requ i red   by   t he   equa t ions .   Th i s   pe r fo rmance  
c o r r e l a t i o n  i s  a c c u r a t e   t o   w i t h i n   a b o u t  2 p e r c e n t   o f   t h e   a c t u a l   d a t a  a t  a l l  
p o i n t s   w i t h i n   t h e  APU opera t i ng   enve lope .  

TABLE 4-1 

EQUATIONS FOR APU SPC AND O/F DETERMINATION 

I Turb ine  shp = 1.05 ( n e t   u s e f u l   o u t p u t   h p )  + 55.2 I 
SPCS + 6(SFC)I  + 6(SFC)2 ] [ I  + (0/FIi6 + 6(0 /F) I  + 6(0 /F)  
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1 O/F = (O/F)" + t 1 ( 0 / F ) ~  + 6 ( 0 / F ) 2  I 
T y p i c a l   C y c l e   O p e r a t i n q   C o n d i t i o n s  

F igures   4 -4   th rough 4-9 a r e   p l o t s   o f   v a r i o u s   c y c l e   p a r a m e t e r s   a s  a 
f u n c t i o n  of t h e   c y c l e   o p e r a t i n g   c o n d i t i o n .  

I .  O/F R a t i o  

F igure   4 -4  shows t h e   r e l a t i o n   b e t w e e n   t h e   h y d r o g e n   i n l e t   t e m p e r a t u r e   t o  
t h e  APU and t h e  O/F r e q u i r e d   t o   o b t a i n   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 O/F r a t i o   a t  low  power o u t p u t  i s  g r e a t e r   t h a n   t h a t   a t   h i g h  power l e v e l s  
s i n c e   m o s t   o f   t h e  power  losses  are  f ixed.  Thus, a t  low  power l eve l s ,   t he  
waste   heat  added p e r   u n i t   o f   h y d r o g e n   f l o w  i s  c o n s i d e r a b l y   l a r g e r   t h a n   a t  
h i g h  power l e v e l s .  A t  a c o n s t a n t  power l e v e l ,   t h e  O/F v a r i a t i o n   w i t h   t e m p e r a -  
t u r e  i s  n o n l i n e a r   b e c a u s e   o f   t h e   v a r y i n g   s p e c i f i c   h e a t   o f   h y d r o g e n   a t   t h e s e  
cryogenic   temperatures.  
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Figure 4-1. Typical  APU  Propellant Flow Required 

3.0 

2.6 

X 
I 

I .4 
0 IO0 200 300 400 500 

TURBINE  SHAFT POWER, SHP 
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F i g u r e  4 - 3 .  D a t a  f o r  S P C  and O/F Determination 
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2. Recycle  Flow 

F i g u r e  4-5 p l o t s   t h e   h y d r o g e n   i n l e t   t e m p e r a t u r e - h y d r o g e n   r e c y c l e   f l o w  
r e l a t i o n s h i p .  The h o t   r e c y c l e   f l o w   i s   u s e d   t o   c o n t r o l   t h e   j e t  pump d i s c h a r g e  
t e m p e r a t u r e   t o  400'R. When t h e   i n l e t   h y d r o g e n   t e m p e r a t u r e   e x c e e d s  400'R, no 
r e c y c l e   f l o w  i s  requ i red .   Aga in ,   there  i s  a s l i g h t   v a r i a t i o n   i n   t h e  amount 
o f   r e c y c l e   f l o w   w i t h  power l e v e l .   T h i s   i s   d u e   t o   t h e   f o l l o w i n g   r e a s o n s :  

0 Heat   exchanger   e f fec t i veness   i s   improved  as   the   th roughf   low  (and 
hence  output   power)  i s  reduced. 

0 Hydrogen i n l e t   t e m p e r a t u r e   t o   t h e   r e c u p e r a t o r   a t  low  power l e v e l s  
i s   h i g h e r   t h a n   t h a t   a t   h i g h   o u t p u t s   b e c a u s e   t h e   h e a t  added i n   t h e  
o i  1 c o o l e r s   p e r   u n i t   o f   h y d r o g e n   f l o w  i s  g r e a t e r .  

3. H y d r a u l i c   F l u i d   H e a t  Removal 

F i g u r e  4-6 g i v e s   t h e   h y d r o g e n   t e m p e r a t u r e   l e a v i n g   t h e   h y d r a u l i c   f l u i d  
heat  exchanger  as a f u n c t i o n   o f   t h e   t u r b i n e   s h a f t  power  and  ambient  pressure 
f o r  a f i x e d   h y d r a u l i c   f l u i d   i n l e t   t e m p e r a t u r e   t o   t h e   h y d r a u l i c   o i  1 c o o l e r .  
The d a t a   i n d i c a t e   t h a t   t h e   h y d r o g e n   t e m p e r a t u r e   c l o s e l y   a p p r o a c h e s   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 t  low  power l e v e l s  and t h a t   t h e r e  i s  about a 20°R 
d i f f e r e n c e   a t   h i g h   o u t p u t s .  

F i g u r e  4-7 p l o t s   t h e   h e a t   r e j e c t e d   t o   t h e   h y d r o g e n   f l o w   b y   t h e   h y d r a u l i c  
f l u i d  as  a f u n c t i o n   o f   t h e   h y d r a u l i c   f l u i d   i n l e t   t e m p e r a t u r e  and the  power 
o u t p u t .  The hea t   genera ted   by   t he   hyd rau l i c  pumps i s  about 1700 Btu/min so  
t h a t   h e a t   r e j e c t i o n s   b e l o w   t h i s   l e v e l  will r e s u l t   i n   a n   i n c r e a s e   i n   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 .  The maximum 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  i s  l i m i t e d  
t o  750°R by NASA d i r e c t i o n .  The APU c a n   m a i n t a i n   t h e   h y d r a u l i c   f l u i d   b e l o w  
t h i s   t e m p e r a t u r e   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   e x c e p t   p r o l o n g e d   o p e r a t i o n   a t  
power l eve l s   be low 80 shp.  The s e l e c t e d  APU c y c l e   p r o v i d e s   b e t t e r   h y d r a u l i c  
f l u i d   c o o l i n g   t h a n   a n y   o f   t h e   o t h e r  APU c y c l e s   c o n s i d e r e d   i n  Phase I1 
( d e s c r i b e d   i n  Volume I V ) .  

4 .  Combustor  Hydroqen I n l e t   T e m p e r a t u r e  ~ . -  "_ 

F i g u r e  4-8 shows the   hydrogen  tempera ture   a t   the   combustor   in le t  as  a 
f u n c t i o n   o f   t h e   t u r b i n e   s h a f t  power.  The d i f fe rence  be tween  the   hydrogen 
temperature a t  t h e   c o m b u s t o r   i n l e t  and t h a t   a t   t h e   h y d r a u l i c   o i l   c o o l e r   d i s -  
cha rge   (F igu re  4 - 6 )  i s  t h e   t e m p e r a t u r e   r i s e   i n   t h e   r e c u p e r a t o r .  The h i g h  
h y d r o g e n   c o m b u s t o r   i n l e t   t e m p e r a t u r e s   i n d i c a t e   t h a t   t h e   r e c u p e r a t o r  i s  l o c a t e d  
i n  such  a p l a c e   i n   t h e   c y c l e  so as t o   m a x i m i z e   t h e   e x h a u s t   h e a t   u t i l i z a t i o n .  
An a d v a n t a g e   o f   t h e   s e l e c t e d   c y c l e  i s  t h a t  i t  a lways   ope ra tes   t o   max im ize  
e x h a u s t   h e a t   u t i l i z a t i o n ,   r e g a r d l e s s   o f   h y d r o g e n   i n l e t   t e m p e r a t u r e   t o   t h e  APU. 
Thus, a t  h igh  hydrogen APU i n le t   t empera tu res ,   t he   combus to r   i n le t   t empera tu re  
i s  s i g n i f i c a n t l y   h i g h e r   t h a n   a t  low  hydrogen i n l e t   t e m p e r a t u r e s .   T h i s   f e a t u r e  
i s  a d i r e c t   r e s u l t   o f   s e l e c t i n g  an APU c y c l e   c a p a b l e   o f   o p e r a t i n g   a t  a v a r i a b l e  
O/F r a t i o .  A c y c l e   o p e r a t i n g   a t  a f i x e d  O/F w o u l d   h a v e   t o   w a s t e   a l m o s t   a l l   o f  
t h e   t u r b i n e   e x h a u s t   h e a t   a t   h i g h   h y d r o g e n   i n l e t   t e m p e r a t u r e s ,   w h i l e   o n l y   u s i n g  
t h e   e x h a u s t   e f f e c t i v e l y   a t   t h e  minimum  hydrogen i n l e t   t e m p e r a t u r e .  
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5. Exhaust Gas Overboard  Temperature 

F igure  4-9 shows the  exhaust gas overboard  temperature as a f u n c t i o n   o f  
t h e   t u r b i n e   s h a f t  power  output. A t  a l o w  ambient  pressure,   the  turbine  pressure 
r a t i o  rema ins   h igh   ove r   t he   f u l l   r ange  o f  o u t p u t  power so t h a t   t h e   t u r b i n e   e x h a u s t  
temperature is   about   constant ;   consequent ly ,   the  exhaust  gas  overboard  temperature 
cont inues  to   decrease w i th  power o u t p u t  due t o   t h e  improved  recuperator   e f fect iveness 
and  reduced  recyc le   f low  ob ta ined  a t  low power output .  A t  higher  ambient  pressures, 
t h e   t u r b i n e   p r e s s u r e   r a t i o   s t a r t s  to  decrease  as  the  power i s  reduced; hence, the  
tu rb ine   e f f i c i ency   dec reases  and the  turbine  exhaust  temperature  increases. The 
turbine  exhaust  temperature  increases  more  than  of fsets  the  improved  recuperator 
e f fec t i veness   and  the   reduced  recyc le   f low so tha t   the   exhaust  gas overboard 
temperature  increases. 

TRANSIENT  PERFORMANCE 

The APU t rans ient   per formance was eva lua ted   by   us ing   bo th   ana log  and 
d i g i t a l   t r a n s i e n t   p e r f o r m a n c e  programs. The analog model ( d e s c r i b e d   i n   S e c t i o n  7 
of Volume I V )  was c o n f i n e d   t o   s i m u l a t i o n   o f   t h e   l i n e   a c c u m u l a t o r  and  pressure  drop 
e f f e c t s   t o   i n v e s t i g a t e   t h e   r e l a t i o n s h i p s  between the   con t ro l   concept  and  the 
p ressu re   regu la to r / f l ow   con t ro l   va l ve   s tab i l i t y .   Tha t   s tudy   i nd i ca ted   t ha t  
con t inuous   f low can  be  assumed throughout   the APU i f  the   con t ro l s   concep t   i s  
c o r r e c t l y  chosen. Th is   conc lus ion   i s   cons is ten t   w i th   A iResearch   f ind ings   on  
t r a n s i e n t   p e r f o r m a n c e   i n   b o t h   a i r c r a f t  APU's and a i r c r a f t   e n v i r o n m e n t a l   c o n t r o l  
systems, bo th   o f   wh ich   have  components s i m i l a r   t o   t h o s e   o f   t h e  Space S h u t t l e  APU. 

The t rans ien t   d ig i t a l   pe r fo rmance   p rog ram  (wh ich  assumes cont inuous   f low 
throughout  the APU)  was then  used to   es tab l i sh   t he   sys tem  con t ro l s   concep ts  and 
performance. The s e l e c t e d   c o n t r o l s   a r e   d e s c r i b e d   i n   S e c t i o n  7 o f   t h i s  volume. The 
resu l t i ng   sys tem  t rans ien t   pe r fo rmance   i s   desc r ibed   i n   t he   f o l l ow ing  pages. 

The t rans ient   per formance can  be d i v i d e d   i n t o   f i v e   c l a s s e s   o f   c o n d i t i o n s :  

0 S t a r t u p  

0 Response t o   i n l e t   p r o p e l l a n t   p r e s s u r e  changes 

0 Response t o   i n l e t   p r o p e l l a n t   t e m p e r a t u r e  changes 

0 Response t o   o u t p u t  power demand changes 

0 Shutdown 

I f  the APU i s   s u p p l i e d   f r o m  pumps i n t e g r a l   t o   t h e  APU system, there will 
be no s i g n i f i c a n t  changes i n   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 .  However, i f  
the APU i s  supp l i ed   w i th   h igh -p ressu re  gas from  the APS accumulators  rapid 
changes i n   p r o p e l l a n t   p r e s s u r e  and temperature  are  possible.  

Most o f   the   t rans ien t   per fo rmance  g raphs  use g r e a t l y  expanded s c a l e s   t o  
a c c u r a t e l y   r e f l e c t   t h e   d a t a   p r o v i d e d   b y   t h e   t r a n s i e n t   d i g i t a l  program. Thus, 
sp ikes o r  droops i n  a parameter  that  appear  large on t he   g raph   a re   ac tua l l y  
very  smal l   percentage changes in   the  parameter .  
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I n   f a c t ,   t h e   o v e r a l l  change i n   c o n t r o l   p a r a m e t e r s   o v e r   t h e   r a n g e   o f   t r a n s i e n t  
c o n d i t i o n s   i n v e s t i g a t e d  was abou t  1.7 p e r c e n t   i n  speed, 2.5 p e r c e n t   i n   t u r b i n e  
i n le t   t empera tu re ,   and  2.5 p e r c e n t   i n   j e t  pump d ischarge  tempera ture .  And, as 
d i s c u s s e d   i n   S e c t i o n  7, i m p r o v e d   s p e e d   c o n t r o l   i s   e a s i l y   p o s s i b l e   b y   i n c o r p o -  
r a t i n g   l o a d   a n t i c i p a t i n g   i n   t h e  APU c o n t r o l l e r .  

H y d r a u l i c  Pump and   Tu rb ine   To rque   Re la t i onsh ip  

F i g u r e  4-10 shows t h e   t o r q u e   v s   s p e e d   c u r v e s   f o r   b o t h   t h e   h y d r a u l i c  pump 
and  the   tu rb ine .  It shou ld  be n o t e d   t h a t  a v a r i a b l e - d i s p l a c e m e n t  pump will 
a a j   u s t   i t s   s t r o k e  as  speed  changes i n   o r d e r   t o   m a i n t a i n   t h e  demanded hydrau 1 i c  
output   power.   Thus,   the  torque  speed  curves  for   the pump appear   as  hyperbolas 
bounded  by  the  minimum  torque (loss, o r   d r i v e   i n e f f i c i e n c y )   a n d   t h e  maximum 
torque.  The t u r b i n e   t o r q u e   c u r v e s   a r e   a p p r o x i m a t e l y   s t r a i g h t   l i n e s  w i t h  a 
n e g a t i v e   s l o p e .  

A t  in te rmed ia te   power   leve ls ,  a pro longed  torque  mismatch  between  the 
pump a n d   t h e   t u r b i n e  will cause a speed  runaway.  Thus, a torque-balance  speed 
cont ro l   concept ,   such as used i n  turbopumps, i s   n o t   p o s s i b l e .   T h e r e f o r e ,  
maximum s y s t e m   s t a b i l i t y  will be ob ta ined  by   sens ing   bo th   speed  and  speed  ra te  
o f  change.  Such a concept   has   been  se lec ted   fo r   the  APU and i s   d e s c r i b e d   i n  
S e c t i o n  7; t h e   d e s i g n   i s   s i m i l a r   t o   c o n t r o l s   u s e d   o n   e x i s t i n g   A i R e s e a r c h  
t u r b i n e   g e n e r a t o r   s e t s .  
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S t a r t u p  

T h r e e   d i f f e r e n t   s t a r t u p   c o n d i t i o n s   h a v e   b e e n   i n v e s t i g a t e d :  

0 Star tup   w i th   ambien t   hydrogen  and  co ld   oxygen (300OF) 

0 S t a r t u p   w i t h   b o t h   p r o p e l l a n t s   a t   a m b i e n t  (50OOF) temperature 

0 S t a r t u p   w i t h   c o l d   h y d r o g e n  (75OF) and  co ld   oxygen (300'R) 

I n   a l l  cases, i t  i s  assumed t h a t   t h e  APU i t s e l f   i s   i n i t i a l l y   a t  an  ambient  
tempe r a   t u   r e  of 500'R. 

I .  I d e a l   C o n t r o l   S t a r t u p  

To a l l o w   c o m p a r i s o n   o f   t h e   a c t u a l   p e r f o r m a n c e   w i t h   t h a t   o b t a i n e d   b y  an 
i d e a l   c o n t r o l   s y s t e m  (one t h a t   c a n   i n s t a n t l y   a d j u s t   t h e   s y s t e m   o p e r a t i n g  
pa ramete rs   t o   t he   des i red   va lues ) ,   F igu re  4-1 I shows the  system  performance 
u n d e r   i d e a l   c o n t r o l   f o r  a s t a r t u p   w i t h   a m b i e n t   h y d r o g e n  and c o l d   o x y g e n   p r o p e l -  
l a n t s .  The  sudden  change i n   o u t p u t  power o c c u r r i n g  when t h e   t u r b i n e   r e a c h e s  
70,000 rpm i s   n o t   p o s s i b l e   w i t h   a c t u a l   c o n t r o l s .   I n  an ac tua l   con t ro l   sys tem,  
t h e   c o n t r o l l e r   m u s t   s t a r t   r e d u c i n g   t h e   o u t p u t  power as the  speed  approaches 
t h e   d e s i   r e d   v a l u e   i n   o r d e r   t o   a v o i d   a n   e x c e s s i v e   o v e r s h o o t .  

2. A c t u a l   C o n t r o l   S t a r t u p  w i t h  Ambient  Hydroqen  and  Cold  Oxyqen 

F i g u r e  4-12 shows t h e   a c t u a l   s y s t e m   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   r e a l   i s t i c  
c o n t r o l  components f o r   t h e  same c o n d i t i o n s .  The d a t a   i n d i c a t e   t h a t   f u l l  speed 
can  be  reached i n   a b o u t  1.4 s e c .   S u c h   a c c e l e r a t i o n   c a p a b i l i t y   i s   p o s s i b l e  
because  the APU i s   s t a r t e d   u n d e r   n o   l o a d   ( o t h e r   t h a n   i t s   i n t e r a l   l o s s e s   a n d  
t h e   f i x e d   t o r q u e   l o s s e s   o f   t h e   h y d r a u l i c  pumps and  the   a l te rna tor )   and  because 
t h e   i n e r t i a   o f   t h e   r o t a t i n g   a s s e m b l y   i s   q u i t e   s m a l l .   N o r m a l l y   i n   a i r - b r e a t h i n g  
APU where a compressor i s   requ i   red ,  much o f   t h e   s t a r t u p   t o r q u e  i s  r e q u i r e d   t o  
o f f s e t   t h e   c o m p r e s s o r   l o a d i n g   a n d   t h e   s i g n i f i c a n t l y   h i g h e r   r o t a t i n g   a s s e m b l y  
i n e r t i a .  

Because of t h e   h i g h   d e n s i t y   a s s o c i a t e d   w i t h   t h e   c r y o g e n i c  oxygen, t h e  
o x y g e n   f l o w   t h r o u g h   i t s   f l o w   c o n t r o l   v a l v e   i s   m a x i m i z e d   f o r  a g i v e n   v a l v e  
p o s i t i o n .  And, a s   d i s c u s s e d   i n   m o r e   d e t a i l   i n   S e c t i o n  7, the   oxygen  va lve  
p o s i t i o n   i s   f i x e d   r e l a t i v e   t o   t h e   h y d r o g e n   v a l v e   p o s i t i o n   d u r i n g   t h a t   p o r t i o n  
o f   s t a r t u p   a t  speeds  below 20,000 rpm. Thus, t h e   i n i t i a l   o x y g e n   v a l v e   p o s i t i o n  
i s  s e l e c t e d   t o   p r o v i d e  a r e l a t i v e l y  cold s t a r t u p  t o  m i n i m i z e   t h e   t e m p e r a t u r e  
t r a n s i e n t s   a t   t h e   t u r b i n e   d i s k s .  With t h e  300°R oxygen   i n le t   t empera tu re ,   t he  
i n i t i a l   t u r b i n e   i n l e t   t e m p e r a t u r e   i s   a b o u t  1650'R. 
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3. Ac tua l   Cont ro l   S tar tup   w i th   Both   Prope l lan ts   a t   Ambien t   Tempera tures  "" ~ 

F igure  .4-13 shows the   sys tem  s ta r tup   t rans ien t  when b o t h   t h e  oxygen  and 
hydrogen  are  suppl ied to  t h e  APU a t  500'R t h roughou t   t he   s ta r tup .  The data 
i n d i c a t e  a l o w e r   i n i t i a l   t u r b i n e   i n l e t   t e m p e r a t u r e  (1350'R) than i n  the  above 
case w i t h  300'R oxygen  on  startup. The t e m p e r a t u r e   r e d u c t i o n   i s  due t o   t h e  
reduced  f low  ob ta inab le   th rough  the   va lve  f o r  a f i x e d   p o s i t i o n .  

4 .  Ac tua l   Con t ro l   S ta r tup   w i th   Co ld  Hydrogen (75'R) and  Cold Oxygen  (300'R) 

I f  the APU p r o p e l l a n t s   a r e   s u p p l i e d   b y   t h e  APS accumulators,  the 1 ines 
f rom  the  accumulators   to   the APU will probably  approach  ambient  temperatures 
so t h a t  a c o l d   p r o p e l l a n t   s t a r t u p   i s   n o t   p r o b a b l e .  However, i f  t h e  APU 
p r o p e l l a n t s   a r e   p r o v i d e d   b y  pumps i n t e g r a l   w i t h   t h e  APU, t h e n   t h e   i n i t i a l  
propel lant   temperatures will approach  the pump discharge  temperatures. 

F igure  4 - 1 4  shcws the  system  performance  in  such a case. The thermal 
i n e r t i a   o f   t h e   h y d r o g e n   p r e h e a t e r  causes  the i n i t i a l   j e t  pump discharge  temperature 
t o  be equal to   the  ambient   temperature o f  500'R. As the  incoming  hydrogen 
f low  cools   the  preheater ,   the  temperature  a t   which  recyc le  hydrogen  f low 
f o r   h e a t i n g   t h e   p r e h e a t e r   i s   a v a i l a b l e   i s   s u f f i c i e n t   t o   m a i n t a i n   c o n t i n u o u s  
c o n t r o l   o f   t h e   j e t  pump d ischarge  temperature.   S ince  th is   temperature can  be 
m a i n t a i n e d   a t   i t s   s t e a d y - s t a t e   v a l u e   t h r o u g h o u t   t h i s  most  extreme o f   s t a r t u p  
t rans ien ts ,  i t  can  be conc luded   tha t   t he   t empera tu res   o f   t he   l ube   o i l   and  
h y d r a u l i c   f l u i d  will remain a t   s a t i s f a c t o r y   l e v e l s   t h r o u g h o u t   s t a r t u p .  

It should be no ted   t ha t  accommodation  of t h i s   s t a r t u p   t r a n s i e n t  i s  a 
f e a t u r e   p e c u l i a r  t o  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   s i n c e  i t  places a thermal 
i n e r t i a   ( p r e h e a t e r )   i n   f r o n t   o f   t h e   h y d r a u l i c  and lube o i l   c o o l e r s .  Thus, 
hydrogen a t  temperatures  lower  than  about 390'R i s  neve r   i n t roduced   i n to  
the   o i  1 coo le rs .  

Response t o   I n l e t   P r o p e l l a n t   P r e s s u r e  Chanqes 

The e f f e c t s   o f   p r o p e l l a n t   p r e s s u r e  changes  were  assessed  using  the 
ana log   p rogram,wh ich   cons iders   compress ib i l i t y   e f fec ts   in   the  APU duct ing.  
The s t u d y   i n d i c a t e d   t h a t   c o r r e c t   s e l e c t i o n   o f   c o n t r o l   c o n c e p t  will prov ide  
cont inuous   f low  w i th  no p ressu re   va r ia t i ons .  

Response t o   I n l e t   P r o p e l l a n t  Temperature Changes 

NASA has speci f ied  that   the  hydrogen  temperature may v a r y   a t   t h e  APS 
accumulator  from  75'to 500'R i n  2 sec. The e f f e c t   o f  such a temperature 
t r a n s i e n t  i s  n o t  as severe  as  the  s tar tup  case  wi th  75'R hydrogen.  Consequently, 
the  hydrogen  temperature  transient has n o t  been a n a l y z e d   b y   i t s e l f .  
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The  oxygen APS accumul a tor   temperature may va ry  from 300 t o  500% i n  
2 sec. However, un l i ke   the   hydrogen 1 ines, the  oxygen l i n e  and  the  oxygen  va lv ing 
a t   t h e  APU represent a l a r g e   t h e r m a l   i n e r t i a  so t h a t   t h e   t e m p e r a t u r e   t r a n s i e n t  
a t   t h e  APU combustor w i  11 no t   be  nmre  than  about 2O0R/sec, or  20 p e r c e n t   o f   t h a t  
a t   t h e  APS accumulators. However, t o  assess   t he   e f fec ts   o f   t he   oxygen  temp- 
e ra tu re   t rans ien t ,  i t  was assumed t h a t   t h e  oxygen  temperature  could  vary 
f rom 300Oto 500'R i n  I sec, o r  t w i c e   t h e  APS accumula tor   ra te  o f  change, and 
I O  t i m e s   t h e   a n t i c i p a t e d  APU combustor i n l e t   r a t e  o f  change. F igure  4-15 shows 
the  system  response t o  such a c o n d i t i o n   f o r  180 shp  usefu l   output .  

Response to   Outpu t  Power Demand Chanqes 

Severa l   d i f f e ren t   l oad   s teps  have  been  considered: 

0 Stepup  from 0 t o  100 hp use fu l   ou tpu t  

0 Stepup  from 0 t o  180 hp use fu l   ou tpu t  

0 Stepup f rom 0 t o  300 hp ou tpu t  w i t h  s imu 1 taneous  oxygen 
temperature ramp change 

It will be noted  that  the  system  response  to  the  speed change o c c u r r i n g  
w i th   the   load   s tep  does n o t   r e s u l t   e x a c t l y   i n   v a l v e   r e p o s i t i o n i n g   a t  a con- 
s t a n t  O/F r a t i o   ( 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'hanges s l i g h t l y ) .   T h i s  i s  
because   t he   con t ro l l e r   t rans la tes   t he  commanded hydrogen  and  oxygen  flows  into 
v a l v e   p o s i t i o n  commands by  us ing a s i n g l e   c u r v e   r e l a t i n g   v a l v e   f l o w   t o   v a l v e  
area.  Complete  decoupling o f  the  speed command from an e f f e c t   o n   t u r b i n e  
in le t   tempera ture   wou ld   requ i re  a f a m i l y   o f   v a l v e   f l o w / a r e a   c u r v e s   f o r   d i f f e r -  
e n t  O/F r a t i o s  and tu rb ine   i n le t   t empera tu res .  B u t ,   t h e   s i m p l i c i t y   o f f e r e d  
by   t he   se lec ted   con t ro l   concep t   appears   j us t i f i ed .  The temperature i s  con- 
t r o l   l e d   t o   w i t h i n   a b o u t  3 percent,  which i s  more than  adequate. 

F igures  4-16 through 4-18 show the  system  response t o  each o f  these 
cond i t i ons .  The d a t a   i n d i c a t e   t i g h t  speed  and temperature  cont ro l   can be 
maintained  throughout  these  step  load changes ( t h e   a c t u a l  APU will o n l y  see 
ramp power  changes, d i c t a t e d  by  the  response  capabi 1 i t y   o f   t h e   h y d r a u l   i c  
pump) - 
Shutdown 

F igure  4-19 shows the APU speed  vs   t ime  re la t ionsh ip   occur r ing   dur ing  
shutdown. The r e l a t i o n  i s  approximately a s t r a i g h t   l i n e ,   s i n c e  i t  was assumed 
tha t   t he   hyd rau l   i c  pump and a l t e r n a t o r  losses are  constant  torque  losses, 
independent o f  speed. 

Table 4-2 shows the   equ i l ib r ium  tempera tures   fo r   each  o f   the   sys tem  heat  
exchangers a f t e r  a t y p i c a l  shutdown cond i t i on .  The da ta   i nd i ca te   t ha t   t he  
tempera tures   in   the   lube   and  hydrau l i c   o i l   coo le rs   a re   we l l  above the  congeal- 
i n g   p o i n t  o f  e i ther   f lu id .   Fur ther ,   the   recupera tor   tempera ture  i s  over 300'R 
above  the  point   at   which  steam  might be condensed  from  the  turbine  exhaust. 
The low  temperature  of   the  hydrogen  preheater i s  a l s o  qui te   acceptable,   s ince 
t h i s   u n i t  i s  a hydrogen-to-hydrogen  heat  exchanger. 
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TIME,   SEC  AFTER  LOAD  STEP 

Figure  4 - 1 7 .  Actual  Performance,  Load  Stepup  from 0 
t o  180 Hp Useful   Output 
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O 2 4 6 a 
T I M E ,  SEC AFTER SHUTDOWN I N I T I A T I O N  

F i g u r e  4-19. Turb ine  Speed/Time  Relat ion  Dur ing  Shutdown 

Summary 

Table  4-3  summarizes  system  t ransient  performnce. The d a t a   i n d i c a t e   t h a t  
t he   se lec ted   sys tem  can   p rov ide   c lose   speed   and   t empera tu re   con t ro l   ove r   t he  
e n t i r e   o p e r a t i n g   r e g i m e .  Of p a r t i c u l a r   i m p o r t a n c e  i s  t h e   s y s t e m   c a p a b i l i t y   o f  
s t a r t i n g   w i t h  75'R h y d r o g e n   i n l e t   t e m p e r a t u r e .  Such a f e a t u r e   e l i m i n a t e s   t h e  
need f o r  a s e p a r a t e   s t a r t   b o t t l e .  

TABLE 4-2 

HEAT EXCHANGER EQUILIBRIUM TEMPERATURES  AFTER  SHUTODWN 

I Heat  Exchange r I 
~~ ~ 

T e m p e r a t u r e , r /  

Hyd rogen p r e  hea t e  r 

Lube o i l  c o o l e r  

f l y d r a u l   i c   o i  1 c o o l e r  

Recupe r a   t o r  

I ~~ ~ ~ 

38 3 

52 I 

520 

962 

1 

Shutdown c o n d i t i o n s :   S t e a d y - s t a t e   a t  0 hp u s e f u l   o u t p u t  
w i t h  75'R hydrogen  and 300'R oxygen   i n le t   t empera -  
tures,  550'R 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 l e t  
temperature,  I O  ps ia   amb ien t  
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TABLE 4-3 

SYSTEM  TRANSIENT PERFORMANCE SUMMARY 

Transient 

Star tup w i th  
Ambient Propel lants  

S tar tup   w i th   Co ld  
Propellants 

I n l e t  Oxygen Temperature 
Ramp ( I O  times maximum 
ant  i c i pated  rate) 

Load  Steps 

T ~~ ~ 

Maximum E rror Range, Percent I 
r u r b i n e   I n l e t  

+O 
-35. & 

+ I  .94 
- I  I .4* 

+2 .04 

f3 .  I5 

T 
J 

Turbine Je t  Pump Discharge 
Speed Temperature 

+O .35 - 
+0.35 + I  .5 

- I  .25 

+0.0013 - 

+ I  .71 k2.25 

+e Cont ro ls   in ten t iona l l y   des igned  fo r   low  tu rb ine   in le t   tempera ture   a t  
speeds below 20,000  rpm 

APU  OPERATION  FROM INERT GAS 

NASA has spec i f i ed   t ha t   t he  APU be dzsigned t o  operate from i n e r t  
gas ( n i t r o g e n   i s  assumed) whi le   the  vehic le  i s  on  the  ground.  During th is   per iod,  
the  vehic le  will on ly   requ i re   hydrau l i c  power. Consequently, i t  is   no t   necessary  
to operate a t  the  turbine  design speed  (where 400-Hz e l e c t r i c  power would be avai lab le) ,  
n o r   i s  it necessary to   p rov ide   c lose  speed control.  Therefore,  the APU will be 
operated a t  40,000 rpm, i n s t e a d   o f  70,000 rpm, wh i le  on i n e r t  gas. The 40,000 
rpm speed i s   se lec ted   t o   p rov ide  good tu rb ine  performance, w h i l e   s t i  11 operat ing 
a t  a speed we l l  above the   ro ta t i ng  assembly r i g i d  body c r i t i c a l s .  

The i n e r t  gas will be supp l ied   to   the   tu rb ine   th rough a valve  placed 
i n  the combustor d ischarge  l ine .   Th is   shu to f f   va lve   i s   the   on ly   add i t iona l  
piece o f  equipment requ i red   t o   a l l ow  ground  operation. It i s  assumed t h a t  
turb ine speed cont ro l  will be accomplished  by  monitoring  the APU speed  sensor 
(a   spec ia l   connect ion   l ine  can  be placed  on  the APU c o n t r o l l e r  f ront  for t h i s  
purpose)  and t h r o t t l i n g   t h e   i n e r t   f l o w   a t   t h e  ground gas supply  cart.   Figure 
4-20 shows the   requ i red   i ne r t  gas f l o w  vs the  developed  turbine  shaft power f o r  
a wide  range o f   i n e r t  gas supply  temperatures  and  pressures. These data  ind icate 
t h a t  100 hp o f   u s e f u l  power (about 160 shp) can be provided by us ing   i ne r t  gas 
a t  a pressure o f  600 ps ia  and a temperature o f  1200'R. The low  temperature  and 
ro ta t iona l  speed wh i le  on  the  ground  indicate  that  prolonged  operation can be 
sus ta ined  w i thout   a f fec t ing   the   tu rb ine   d isk   mater ia l   des ign   c r i te r ia   fo r  
hydrogen-oxygen operation. 
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F i g u r e  4-20. APU Ground I n e r t  Gas Flow  vs  Developed Power 

INTEGRATED M I S S I O N  PERFORMANCE 

NASA has s p e c i f i e d   t y p i c a l   b o o s t e r  and o r b i t e r   m i s s i o n s   t o  be used as 
b a s e l   i n e s   f o r   e s t a b l i s h i n g   m i s s i o n   p r o p e l l a n t   r e q u i r e m e n t s   a n d  APU o p e r a t i n g  
cond i t i ons .   A iResearch   deve loped   du r ing  Phase I o f   t h i s   s t u d y  a computer 
p r o g r a m   f o r   i n t e g r a t i n g   t h e  APU p r o p e l l a n t   r e q u i r e m e n t s   o v e r   a n y   s p e c i f i e d  
m i s s i o n .   F i g u r e s  4-21 and 4-22 show t h e   o u t p u t s   f r o m   t h i s   p r o g r a m   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 .   F i g u r e  4-21 assumes t h a t   t h e  APU i s  s u p p l i e d  
w i t h  300'R hydrogen  and  F igure 4-22 i s   f o r  75'R hydrogen. The t o t a l  APU p r o -  
pe l l an t   requ i remen ts   a re   summar i zed   i n   Tab le  4-4.  

TABLE 4-4 

APU M I S S I O N  PROPELLANT  REQUIREMENTS 

APU Hyd roqen I n le t Temperature 7 
300'R 

Hydrogen, I b  1 Oxygen, I b  Hydrogen, l b  1 Oxygen, I b  I 
~~~~ ~ 

195.9 

111.0 a 109.0  177. I 177.5 

116.4 112.7  194.9 
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Figure 4 - 2 2 .  APU  Mission  Propellant  Requirements  for 75'R Hydrogen  Inlet 
Temperature  to  APU 
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SECTION 5 

PROPELLANT CONDITIONING/THERMAL CONTROL  SUBSYSTEM 

INTRODUCTION 

The 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 m a l   c o n t r o l   s u b s y s t e m   h a s   t h e   f o l l o w i n g  
f u n c t i o n s  : 

( a )   S u p p l y   p r o p e l l a n t s   a t   p r o p e r   t e m p e r a t u r e   a n d   p r e s s u r e   t o   t h e  
t u r b i  ne  power  assembly 

(b )  D i s s i p a t e   w a s t e   h e a t   g e n e r a t e d   i n t e r n a l l y   i n   t h e   t u r b i n e   p o w e r  
u n i t   a t   s u i t a b l e   t e m p e r a t u r e   l e v e l s   f o r   t h e   v a r i o u s   s y s t e m  
components 

The 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 m a l  management concept, shown s c h e m a t i c a l   l y  
i n   F i g u r e  5-1, u s e s   w a s t e   h e a t   f r o m   t h e   l u b r i c a n t ,   h y d r a u l i c   f l u i d ,   a n d   t u r b i n e  
exhaust   gas   to   p reheat   the   incoming  hydrogen.  A r e c y c l e   l o o p   i s   u s e d   i n   t h e  
s y s t e m   t o   m a i n t a i n   p r o p e r   h y d r o g e n   i n l e t   t e m p e r a t u r e s   t o   t h e   v a r i o u s   h e a t  
exchangers. As d i s c u s s e d   i n   S e c t i o n s  2 and 5 o f  Volume IV, i n   t h i s  way t h e   h e a t  
exchanger  design  problems  and  development  r isk  are  minimized. 

lr + 
HYDROGEN 
PREHEATER COOLER *n 

400'R 
W n 

JET 

LUBE OIL 

PUMP I 
I 

@ _ _ _ _ _  J t 
HYDDRAULIC 
OIL COOLER 

1-1 RECU PE RAT0 R I- I '7' 4 HYDRAULIC 
OIL  COOLER 

L r  --Lo- 1 
I I ' TURBINE I 

POWER I 

1 I 
I 

" - 
5-67258 

F i g u r e  5-1. P r o p e l l a n t  Condi t i on ing /Therma l  Management  Subsystem 
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Components 

For the  purposes  o f   descr ib ing  the components forming  the  subsystem, i t  
will be d i v i d e d   i n t o   t h e   f o l l o w i n g :  

Oxygen shutof f /pressure  regulator   va lve  assembly 

Hydrogen  shutof f /pressure  regulator  valve  assembly 

Hydrogen  recycle  f low  control   valve 

Hydrogen r e c i   r c u l a t i o n   j e t  pump 

Duct ing  

Lube o i  1 coo le r  

H y d r a u l i c   f l u i d   c o o l e r  

Recuperator 

Hydrogen  preheater 

Design J u s t i f i c a t i o n s  

Desc r ip t i ons   o f   t he   sys tem components,  above, w i  1 1  be fo l lowed  by a 
summary o f   r e l a t e d   e x p e r i e n c e   w i t h  comparable  hardware t o   i n d i c a t e   t h e   s t a t u s  
o f   p resen t   t echno logy   i n   mee t ing   t he  Space S h u t t l e  APU system  requirements. 

SHUTOFF/PRESSURE  REGULATOR  VALVE  ASSEMBLY 

The s h u t o f f / p r e s s u r e   r e g u l a t o i   v a l v e  assembly, shown i n  Drawing SK68005, 
p r o v i d e s   p r o p e l l a n t   s h u t o f f  and pressure   regu la t ion   func t ions .  

Shutoff  Valve  Element 

The s h u t o f f   v a l v e  i s  so lenoid  actuated.  The poppet  assembly i s  sp r ing -  
loaded  to   c lose  when the   so leno id   i s   deenerg i zed .   I n   t he   even t   o f   any   e lec t -  
r i c a l  power in ter rupt ion,   therefore,   the  va lve  poppets will c lose  and  remain 
c l o s e d   i n  a f a i  1 sa fe   cond i t ion .  The poppet   assembly  cons is ts   o f   dual  , pres- 
sure  balanced  poppets. The p r e s s u r e   a t   t h e   i n l e t   c a v i t y   o f   t h e   v a l v e   o p e r a t e s  
on  equal  and  opposing  areas o f   t he   poppe ts  and  the  convoluted  diaphragms. 
Th is   p ressure   ba lanc ing   o f fe rs  two important  advantages, ( I )  lower   so lenoid 
power requirements,  and ( 2 )  smal ler   solenoid  envelope  requi   rements.  The 
convoluted  d iaphragms  per form  severa l   funct ions  in   the  va lve  des ign.   F i rs t  
the  balanced  and  opposing  areas  of   the  d iaphragms  maintain  the  pressure 
balanced  conf igurat ion  o f   the  poppets.  Second, the  diaphragms  provide a 
g u i d e   f u n c t i o n   f o r   t h e   p o p p e t   t o   m a i n t a i n   t h e   p o p p e t   c e n t e r e d   i n   t h e   o r i f i c e s .  
The s p r i n g   r a t e   o f   t h e   d i a p h r a g m   i n   t h e   r a d i  a1 d i   r e c t i o n   i s   v e r y   h i g h  compared 
t o   t h e   t r a n s v e r s e   d i   r e c t i o n .   O v e r a l l   b a l a n c i n g   o f   t h e   s p r i n g   f o r c e s   i s  
accompl ished  by   ad jus t ing   the   ba lance  spr ing   assembly   a t   the   bo t tom  o f   the  
va 1 ve. 
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The l i s t i n g   b e l o w   p r e s e n t s   t h e   d e s i g n   r e q u i r e m e n t s   o f   t h e   v a l v e   a s s e m b l y .  

Flow, 1 b/mi n 

Temperature, O R  

Pressure ,   ps i  a 

Response,  time, MS 

P ressu re   d rop ,   ps id  

L i   f e ,   c y c l e s  

Leakage,  sccm 

L ine   s i ze ,   i n .  

Maximum Oxygen; 5.089; Hydrogen; 7.07 

Minimum Oxygen 0.259; Hydrogen; 0.434 
Hydrogen 500 

Hydrogen 75 

Maximum Oxygen 500 

imum Oxygen 300 
imum IO00 

imum 500 

M i  n 

Max 

M i  n 

200 

5 a t  500 p s i a   i n  

IO, 000 

50 

l e t  

Oxygen 0.25 
Hydrogen I .  125 

Pressure  Requlator   Valve  E lement  

The p r e s s u r e   r e g u l a t o r   a c c e p t s   t h e   p r e s s u r e   o f   t h e   p r o p e l l a n t   i n p u t  1 i n e  
a n d   p r o v i d e s   r e g u l a t e d   p r e s s u r e   t o   t h e  APU components.  The  method o f  accom- 
p l i s h i n g   t h i s   i s   b y   t h r o t t l i n g   t h e   f l o w   t o  a r a t e   w h i c h   c o r r e s p o n d s   t o   t h e  
use   ra te   in   the   combustor   based  on  a p r e s s u r e   o f   a p p r o x i m a t e l y  500 ps ia .  
Sketch SK 68005 shows  a c r o s s   s e c t i o n   o f   t h e   r e g u l a t o r   a s s e m b l y .  

The r e g u l a t o r   o p e r a t e s   f r o m  a p i   l o t   c o n t r o l ,   i n   t h e   f o l l o w i n g  manner. 
H i g h   p r e s s u r e   g a s   a t   t h e   i n l e t   p o r t   i s   a p p l i e d   t o   t h e   p o p p e t   o f   t h e   r e f e r e n c e  
bel   lows  cav i   ty .  The p o p p e t   i s   s t r o k e d   o p e n   u n t i  1 t h e   p r e s s u r e   i n   t h e   r e f e r e n c e  
b e l   l o w s   c a v i t y   i s  a t  a p r e s s u r e   o f   a p p r o x i m a t e l y  525 p s i a .  A t  t h i s   p r e s s u r e ,  
t h e   r e f e r e n c e   b e l l o w s   i n   l o a d e d   i n   c o m p r e s s i o n   a n d   t h e   p o p p e t   c l o s e s   t o   m a i n t a i n  
the  525 ps ia .  A pressure  communicat ion  passage i s  b u i l t   i n t o   t h e   v a l v e   b o d y  
w h i c h   a p p l i e s   t h e  same 525 p s i a   t o   t h e   c o n t r o l   b e l   l o w s   c a v i t y .   P r e s s u r e   d i  f- 
f e r e n c e   a c r o s s   t h e   c o n t r o l  be l lows  causes  the  main  poppet   to   s t roke  open when 
t h e  down s t r e a m   p r e s s u r e   f a l l s ,   a n d   t o   s t r o k e   c l o s e d  when t h e  down s t ream 
p ressu re   r i ses .  

The p r i n c i p a l   d e s i g n   f e a t u r e s   o f   t h e   r e g u l a t o r   i n c l u d e   a d j u s t a b l e   b a l a n c e  
sp r ing   assemb l ies   f o r   t he   re fe rence   and   con t ro l   poppe ts .   F ina l   poppe t   sea t  
f o r c e   a d j u s t m e n t s   a r e  made u s i n g   t h i s   p r o v i s i o n .  

F l a t   g u i d e   s p r i n g s   a t   e a c h   e n d   o f   t h e   p o p p e t   a s s e m b l y   p r o v i d e   t h e   p o s i t i v e  
p o p p e t   c e n t e r i n g   a c t i o n   w h i l e   s e r v i n g   a s   l o w   r a t e   s p r i n g s   i n   t h e   t r a n s v e r s e  
f o r c e   d i   r e c t i o n .   T h e   f l a t   g u i d e   s p r i n g s   a r e  mu1 t i p o i n t e d   s t a r s ,   w h i c h  a1 low 
f r e e   p r e s s u r e   c o m m u n i c a t i o n   a c r o s s   t h e   s p r i n g   t o   a d j a c e n t   v o l u m e s .  

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



Pa rame t e  r 

Flow 1 b/mi n 

Temperature O R  Maximum 

Minimum 

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

Response  time, MS 

C o n t r o l l e d   o u t l e t  
p ressu re ,   ps ia  

C o n t r o l   p r e s s u r e  
to le rance ,   ps i  

Duct  d iameter,   in.  

Leakage,  sccm 

Oxygen 

5.09 

500 
300 

500 t o  IO00 

.- 

200 

500 

25 

0.25 

I 00 

Hydrogen 

7.07 

500 

75 

500 t o  1000 

200 

500 

25 

I .  I 2 5  

I 00 

A s t u d y  was conducted to d e t e r m i n e   t h e   e f f e c t s   o f   e x p a n s i o n   o f   t h e  
hyd rogen   and   oxygen   ac ross   t he   regu la to r ,   spec i   f i ca l   l y   t he   poss i   b i  1 i t y   o f  
l i q u i f i c a t i o n   c a u s e d   b y  sudden  expansion o f   t h e  gas f rom 500 t o  1000 t o  500 
psia.  Assuming  hydrogen a t  75'R and 1000 ps ia,   and  expansion  to   500  ps ia ,  
r e s u l t s   i n  a hydrogen  temperature  approaching 65'R, a va lue  we1 1 above  the 
2-phase  region.  Therefore,   no 1 i q u i f a c t i o n   o f   h y d r o g e n   s h o u l d   o c c u r   t h r o u g h  
expansion i n   t h e   r e g u l a t o r .  

A s i m i l a r   e v a l u a t i o n   o f   o x y g e n   e x p a n s i o n   f r o m  1000 p s i a  and 300'R t o  a 
p r e s s u r e   o f  500 p s i a   r e s u l t s  i n  some 1 i q u i f i c a t i o n   o f   t h e   p r o p e l l a n t .  No 
such l i q u i f i c a t i o n  will o c c u r   o v e r   t h i s   r a n g e  of expansion i f  t h e   i n i t i a l  
t e m p e r a t u r e   i s  above 308'R however. I n   t h e   e v e n t  some oxygen 1 i q u i  f i  c a t i o n  
does  occur, i t  will be  a f i n e   m i s t   i n   t h e   m o v i n g  gas  stream. Upon c o n t a c t  
w i t h   d u c t   w a l l s   a n d  components down s t r e a m ,   t h e s e   f i n e   p a r t i c l e s  w i  1 1  v a p o r i z e  
so t h a t  n o   s l u g g i n g   o r   f l o w   i n s t a b i l i t y   i s   e x p e c t e d .  

Mechan i ca 1 Des i qn 

I .  Mechanical   L inkages 

Mechan ica l   l i nkage   be tween   the   ac tua to r   and   t he   va l ve   con t ro l   e lemen t  
i s  r e q u i r e d   i n   a l l   v a l v e s .  The s o l e n o i d   v a l v e   i s   d r i v e n   b y  a s o l e n o i d   d i r e c t  
connected  to   the  poppet   assembly.   Back lash  is  a c o n s i d e r a t i o n   i n   t h e   d e s i g n  
o f  t h i s   a s s e m b l y   o n l y   t o   t h e   e x t e n t   t h a t   t o t a l   m o t i o n   o f   t h e   s o l e n o i d  be 
minimized. The d i r e c t   c o n n e c t i o n   e l i m i n a t e s   b a c k l a s h   i n   t h i s   v a l v e .  

The r e g u l a t o r   p i   l o t   a n d   c o n t r o l   p o p p e t  assembl i e s   a r e   b o t h   d i   r e c t   d r i v e n  
f r o m   t h e   r e s p e c t i v e   b e l l o w s   a s s e m b l i e s .   1 n . t h i s   a p p l i c a t i o n   b a c k l a s h   i s  
impor tan t ,   and   t he   d i   rec t   connec t ion   o f   ac tua to r -poppe t   assemb l ies   e l im ina tes  
th i s   mechan ica l   des ign   cons ide ra t i on .  



2. Seals 

Valve  seals   are  impor tant   to   the  shutof f   and  the  regulator   assembl ies.  
Here, the  shutof f   must   seal   to   prevent   excess ive  leakage  dur ing  extended 
pe r iods   o f   qu iescen t   s to rage .  The regu la to r   sea l   i s   impor tan t   f rom  the   s tand-  
p o i n t   o f   t h e   p i l o t   v a l v e   s e a l   o n l y ,   s i n c e   t h e   m a i n   r e g u l a t o r   s t a g e  can leak  
s i g n i f i c a n t l y   ( a n  amount equa l   to   the  minimum system  f low  requirements) and 
the  system  pressure  leve l  w i  1 1  s t i l  1 b e   m a i n t a i n e d   a t   o p e r a t i o n a l   l i m i t s .  

Sea ls   f o r   t hese   app l i ca t i ons   a re   accomp l i shed   us ing   me ta l   t o   me ta l  
surfaces. The v a l v e   b o d i e s   a r e   f a b r i c a t e d   o f   r e l a t i v e l y   s o f t  347 s t a i n l e s s  
s t e l  1. The va l ve  body  seats w i  1 1  be  manufactured  with  square  edges  on 
cy1   i nd r i   ca l   po r t s .  The mat ing  poppets w i  1 1  be f a b r i c a t e d   o f  PH 13-8M0 hardened 
to   approx imate ly   Rockwel l  C 60 t o  62, and will have a No. 2 f i n i s h .   A f t e r  
assembly  and a1 ignment, the  poppet w i  1 1  be o v e r d r i v e n   i n t o   t h e  body  seat, t o  
form a l e a k   t i g h t   s e a l .   S o f t   s e a t s   a r e   n o t   c o n s i d e r e d   i n   t h i s   a p p l i c a t i o n  
because o f   t h e   p r o b l e m s   o f   c o l d   f l o w  and  creep  over  the  extreme  range o f  
tempera t u  res. 

Dynamic seals   are  avoided i n  the   des ign   o f  a1 1 valves. The method o f  
ach iev ing  a seal  between  the  reactant  and  the ambi e n t   i s   b y  use o f  we1 d i  ng, 
o r  by  use o f  diaphragm/bellows  designs.  Convoluted  diaphragms  are  used f o r  
sea l ing   a round  the   poppet   ac tua t ion  mechanism, and a l s o   t o   s e r v e  as  poppet 
guides. These devices  are a s i n g l e   p i e c e  component. 

RECYCLE  FLOW  CONTROL 

T h i s   m o d u l a t i n g   v a l v e   i s   c o n t r o l l e d   b y   t h e   j e t  pump exhaust  temperature 
transducer. A sensed  temperature  less  than 400'R r e s u l t s   i n  a command t o  
open the  recyc le  va lve.  A sensed  temperature  greater  than 400'R r e s u l t s   i n  
a c l o s i n g   o f   t h e   v a l v e .  

Desc r ip t i on  

The va l ve   modu la tes   f l ow   by   ro ta t i on   o f  a b u t t e r f l y   i n   t h e   f l o w  stream. 
Drawing SK 68006 shows t h e   v a l v e   o u t l i n e  and c h a r a c t e r i s t i c s .  A torque  motor 
actuates  the  valve  e lement.  The motor  has a r o t a t i o n   c a p a c i t y   o f  80' t o t a l  
r o t a t i o n   w h i c h   i s   s u f f i c i e n t   t o   m o d u l a t e   t h e   f l o w   f r o m  a f u l l   f l o w   ( f u l l  open) 
t o  an o f f   c o n d i t i o n   ( c l o s e d )   p o s i t i o n .  The valve does not   need  to   seal   leak 
t i g h t  upon  closure. The requirement f o r  t h e   v a l v e   i s   t o   a c c o m p l i s h   f l o w  
modu la t ion  and a leakage  value o f  2 t o  3 p e r c e n t   a t   t h e   c l o s e d   p o s i t i o n   i s  
acceptable. 

The p o s i t i o n   s e n s o r   f o r   t h e   v a l v e   i s  a r o t a r y   d i f f e r e n t i a l   t r a n s f o r m e r .  
Shaping o f   t h e   p o s i t i o n   i n d i c a t o r   o u t p u t  i s  accompli  shed i n  the   con t ro l .  

The packaging o f   t h e   v a l v e   r e f l e c t s   t h e   t h e r m a l   d e s i g n   o f   t h i s  assembly. 
The r e l a t i v e l y   h o t   r e c i r c u l a t i n g  hydrogen  gas  f lowing  through  the  valve  must 
be the rma l l y   separa ted   f rom  the   e lec t r i ca l  components. Th is   i s   accompl ished 
b y   e x t e n t i o n   o f   t h e   a c t u a t o r   s h a f t  a n d   b y   a d d i t i o n   o f  an i n s u l a t i o n   b a r r i e r  
under  the  torque  motor.   Both  these  features  are shown on  the  drawing. The 
tempera ture   o f   the   to rquemotor   w ind ings ,   the   c r i t i ca l   parameter ,   i s   there fore  
1 i m i  t e d   t o  155'C. 
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Performance 

The valve  design  requirements  are  presented i n  t h e   l i s t i n g  below. 

F1 u i  d Hydrogen 

Flow, 1 b/mi n 7.0 

Pressure  drop a t   f u l l  f low,   ps i  0.02 

Operat i   ng  pressure,   psi  a 500 

Temperature  range, O R  700 t o  I075 
Response  time, MS 200 

Duct  diameter,  in. 1.5 

Leakage, sccm IO00 

The cha rac te r i s t i cs   o f   t he   t o rque   mo to r   and   t he   pos i t i on   senso r   a re  
presented  on  the  drawing. 

JET PUMP 

The j e t  pump prov ides  hydrogen  c i rcu la t ion  in   the  thermal   cont ro l   loop.  
Hydrogen  added t o  the APU p rov ides   t he   p r imary   ene rgy   t o   cause   c i r cu la t i on  
o f   the  pump secondary  flow. The u s e   o f   t h i s   s t a t i c   e l i m i n a t e s   t h e   r e q u i r e m e n t  
f o r  a r o t a t i n g   f a n   o r  gas  compressor fo r   hydrogen  c i rcu la t ion .  

D e s c r i p t i o n  

The je tpump  (e jector )   uses  the 500 ps ia   hydrogen  supp l ied   to   the  APU 
i n  a converging  nozzle  where a p o r t i o n   o f  i t s  in te rna l   energy  i s  converted 
t o   k i n e t i c  energy. The h i g h   v e l o c i t y  gas ent ra ins  the  lower   pressure,   low 
v e l o c i t y ,   r e c i r c u l a t i o n  gas f l o w i n g   c o a x i a l l y   w i t h   t h e   n o z z l e .  The combined 
stream  enters a m i x i n g   s e c t i o n  and d i f f uss ing   sec t i on   wh ich   i nc reases   t he  
s ta t i c   p ressure   o f   the   secondary   f low  s t ream  by   reduc ing   the   ve loc i ty .  The 
p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   s e c o n d a r y   f l o w   p o r t i o n   o f   t h e   e j e c t o r   p r o v i d e s  
the  pressure  for   f low  in   the  subsystem components  and duct ing.  The secondary 
f l o w  may be t h r o t t l e d   b y   t h e   r e c y c l e   f l o w   c o n t r o l   v a l v e   t o   y i e l d  a mixed 
tempera ture   o f  400'R a t   t h e   j e t  pump exhaust. 

The j e t  pump c o n f i g u r a t i o n   i s  shown i n  Drawing No. SK68001. The j e t  
pump i s  f a b r i c a t e d   o f   s t a i n l e s s   s t e e l  and we1 ded i n t o   t h e  APU package as an 
i n t e g r a l   p o r t i o n   o f   t h e   d u c t i n g ,  as shown in   the  packaging  drawing.  The leng th  
o f   t h e   m i x i n g  zone i s   e q u i v a l e n t   t o   a p p r o x i m a t e l y  7 t imes  the  mix ing zone 
diameter,  and  the d i f f u s e r  cone angle (7'36') i s   s e l e c t e d   t o   y i e l d  maximum 
s t a t i c   p r e s s u r e   r e c o v e r y   w i t h i n   p r a c t i c a l   d u c t   l e n g t h s .  

Performance 

The pe r fo rmance   requ i remen ts   o f   t he   j e t  pump a r e   p r e s e n t e d   i n   t h e   l i s t i n g  
below. The deta i led  per formance maps are  presented i n   F i g u r e  5-2. Here 
performance i n  terms o f  p ressu re   ra t i os  i s  p resen ted   f o r   va r ious   va lues   o f  
co r rec ted  f 1 ow f a c t o r .  
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I O u t l e t  ' Secondary S i  de Pr imary  S ide 

Flow  rate,  lb/mi n 6.33  6.93 

I n l e t   t o t a l   p r e s s u r e , p s i a  500 

Hydrogen Hydrogen Hydrogen Working f l u i d  

I .o 1.5 0.75 Duct'   diameter,  in. 

408 392 I n l e t  temperature, O R  

465 452 

I 
DUCTING 

Duc t ing   f o r   t he  APU i s   c o n s i d e r e d   i n  two p a r t s ;   t h e   d u c t i n g   w h i c h   i s  an 
i n t e g r a l   p a r t   o f   t h e  APU packaged  assembly,  and the   p rope l lan t   and  exhaust  
duc ts   wh ich   a re   cons idered  to   be   ex te rna l   to   the  package. 

Ex terna l   Duc t inq  

P r o p e l l a n t   s u p p l y   l i n e s   a r e   n o t   i n c l u d e d   i n   t h e   w e i g h t   e s t i m a t e   f o r  
ducting. The p r o p e l l a n t   s u p p l y   l i n e s   a r e   c o n s i d e r e d   t o   i n t e r f a c e   w i t h   t h e  
APU a t  a te rmina l   po in t   on   the   package where o t h e r   i n t e r f a c e s  will be 
accommodated, wh ich   has   e lec t r i ca l  power  and con t ro l   p rov i s ions .   Se rv i ce  
f rom  the  in ter face  (mounted  on  the APU) t o   t h e   p r o p e l l a n t   s h u t o f f   v a l v e s   i s  
0.5  dia for   the  oxygen  and 0.75 d i  a f o r   t h e  hydrogen. The 1 i n e   l e n g t h   f o r  
each   reac tan t   i s  I O  in .  

The turb ine  exhaust   duct ,   connected  to   the  recuperator   out le t ,  i s  s i z e d  
f o r  a 4 in.   d iameter  duct  600 in.  long. The duc t  i s  steel  and  weighs  32.8  Ib. 
Any m o d i f i c a t i o n   i n   t h e   d u c t   o u t l e t   l o c a t i o n ,   o r   d u c t i n g   r o u t e ,  will change 
t h e   d u c t   w e i g h t   i n   d i r e c t   p r o p o r t i o n   t o  any r e s u l t i n g  change i n   d u c t   l e n g t h .  

APU Packaqe Duct inq  

The de ta i led   duc t ing   a r rangement   i s  shown in   t he   packag ing   d raw ing   o f  
Sec t ion  3. F igure  5-3 shows  a s i m p l i f i e d   d u c t i n g   s c h e m a t i c .   o f   t h e  APU. The 
numbers on  the  schematic  correspond  to  the  duct numbers shown on Table 5-1. 
The table  presents  the  duct  d iameter,   length,  number o f  90' bends, and the  
ca lcu lated  pressure  drop  factor ,  Z. The Z f a c t o r   i s   d e f i n e d  as  f o l l ows :  

M z =  2 
W 

and 

p = densi  ty, 1 b/cu f t 

Ap = pressure  drop,   ps i  

W = f lowra te ,   lb /min  

The w e i g h t   o f   t h e   d u c t i n g   i s  based  on  the  use o f   s t a i n l e s s   s t e e l  and a duct 
wa l l   t h i ckness   o f  0.020 in .  
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. .  

Duct 
-N.o. - 

4 

5 

8 

9 

I I  

12 

15 

16 

17 

19 

22 

23 

24 

25 

TABLE 5- I 

APU DUCTING  DESIGN  PARAMETERS 

Duct D i  meter, 
.. in. 

0.25 

0.25 

0.75 

1.0 

I .o 
I .o 
I .o 
0.75 

I . 5  

0.5 

0.75 

0.75 

4.0 

4 .0  

Duct  Length, 
i n. 

3 

3 

2 

6 

2 

14 

5 

5 

2 

2 

3 

4 

8 

600 

No. o f  90' Bends 

I 

I 

I 

I 

0 

2 

I 

2 

2 

I 

0 

0 

2 

3 

Z Factor 
x 104 

I I I O  

70000 

I O  

3.64 

1.18 

I .  14 

3.5 

20.8 

19 

54 

50 

2.74 

0.023 

0. I I85  

APU assembly ducting 1.4 l b  
APU exhaust ducting 32.8 I b  

RECYCLE  VALVE 

-@- SHUTOFF  VALVE 

a PRESSURE  REGULATOR 

@ THROTTLING FLOW  CONTROL VALVE 
5 . h l l l b  

Figure  5-3. APU Ducting  Schematic 
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HEAT EXCHANGER DESIGN CONSIDERATIONS 

As indicated p r e v i o u s l y ,   t h e   s y s t e m  has f o u r   h e a t   e x c h a n g e r s :  

Lube o i l   c o o l e r  

H y d r a u l i c   f l u i d   c o o l e r  

Hydrogen  p reheater  

Recupe r a   t o  r 

A l t h o u g h   c l e a r l y   t h e   d e t a i l e d   d e s i g n   c o n s i d e r a t i o n s   a n d   p r o b l e m   a r e a s  will be 
somewhat d i f f e r e n t   w i t h   e a c h   o f   t h e s e   h e a t   e x c h a n g e r s ,   t h e r e   i s   s u f f i c i e n t  
c o m m o n a l i t y   t o   p e r m i t  a g e n e r a l   d i s c u s s i o n   o f   t h e   d e s i g n   c o n s i d e r a t i o n s   w h i c h  
were   invo lved.   Consequent ly ,   the   p resent   d iscuss ion  will be  concerned w i th  
the   t he rma l   and   s t ruc tu ra l   des ign   cons ide ra t i ons .   (The   p rob lems   assoc ia ted  
w i t h   f l o w   m a l d i s t r i b u t i o n ,   f l o w   i n s t a b i l i t y ,   f l u i d   c o n g e a l i n g   f r e e z i n g ,   e t c . ,  
a r e   d i s c u s s e d   i n   S e c t i o n  2 o f  Volume IV-- these  problems  have  been  so lved  by 
avo id ing   des igns   and   cond i t i ons   where   t hey   wou ld   occu r   and   consequen t l y  do 
n o t   r e q u i r e   d i s c u s s i o n   h e r e . )  

Thermal  Desiqn  Considerat ions 

Paramet r i c   da ta  was d e v e l o p e d   f o r   e a c h   o f   t h e   h e a t   e x c h a n g e r s   u s i n g  
computer  design  program, HO 424A.  The  computer  program  uses  the  physica 
p r o p e r t y   d a t a   o f   t h e   f l u i d s ,   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   t h e   C o l b u r ' n  

a 
1 

modulus'  ( F  and J curves)   da ta ,   and  the   p rob lem  s ta tements ,   and  i te ra tes   to  a 
s o l u t i o n   b y   u s i n g   t h e   f l u i d   p r o p e r t i e s   c o r r e s p o n d i n g   t o   t h e   a v e r a g e  f i l m  
t e m p e r a t u r e s   i n   t h e   h e a t   e x c h a n g e r .   S o l u t i o n s   f r o m   t h i s   a n a l y s i s   a r e   t h e n  
used  as   inpu ts   to   the   heat   exchanger   des ign   p rogram HO 415P, wh ich   de termines  
the   pe r fo rmance   o f   t he   se lec ted   hea t   exchanger   co re   assemb ly .   Genera l   resu l t s  
o f   t h e   p e r f o r m a n c e   p r o g r a m s   i n c l u d e   t h e   f o l   l o w i n g  comments: 

. .  

( a )  Tubu la r   hea t   exchanger   des igns   a re   used   t o   sa t i s f y   con ta inmen t  
o f   h i g h   f l u i d   p r e s s u r e s .   P r e s s u r e   a n d   t h e r m a l   s t r e s s   c o n s i d e r a t i o n s  
f a v o r   t u b u l a r   c o n f i g u r a t i o n s .  

( b )   B a r e   ( u n f i n n e d )   t u b e s   y i e l d   s a t i s f a c t o r y   p e r f o r m a n c e ,   a r e   s i m p l e  
t o   f a b r i c a t e ,   a n d   a r e   e a s i l y   a s s e m b l e d   w i t h   i n t e r n a l   b a f f l e s   f o r  
mu1 t i p a s s   c o n f i g u r a t i o n s .  

( c )   S t a i n l e s s   s t e e l   c o n s t r u c t i o n   i s   u s e d   f o r   t h r e e  o f  the  heat  exchangers 
f o r   c o m p a t i b i l i t y ,   l o n g   m a t e r i a l   l i f e   u n d e r   t h e r m a l  and  pressure 
cyc l ing   loads ,   and  ease  o f   assembly   (we ld ing) .   (Because  o f   the   s t ress  
prob lems,   the   hydrau l i c   coo le r   uses   Incone l  7 1 8 . )  
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Structura l   Design  Considerat ions 

1 .  General 

The des ign  o f   the  heat   exchangers  must   cons ider   the  in ternal   pressure 
and  temperature  condi t ions,   and  a lso  an  a l lowance  for   external   env i ronmenta l  
loadings. The i n t e r n a l   l o a d i n g s   i n c l u d e   t h e   s p e c i f i e d   p r o o f  and b u r s t - t e s t  
condi t ions,  ( I .  5 proof, 2.0 burst),   the  thermal-pressure  cycl ing  requi  rements, 
and  the  most  severe  combinations o f   t h e   o p e r a t i n g   c o n d i t i o n s .  The e x t e r n a l  
load ings   inc lude  v ib ra t ion   (mechan ica l  and acoust ic) ,  shock, steady  accelera- 
t i o n s  and  temperature. I n  each  case  the  design o f   t h e   u n i t  must  demonstrate 
adequate l i f e  and s t r u c t u r a l   i n t e g r l t y  under a1 1 p rac t ica l   load ing   combina t ions .  

The p r e l i m i n a r y   a n a l y s i s  has  considered  the  proof  and  burst   pressure 
cond i t i ons  and a lso   the   des ign   po in t   p ressure- thermal   cond i t ions   fo r   the  
un i t s   wh ich  have apprec iab le  thermal   gradients .  The method o f   a n a l y s i s   u s e d  
t o   a r r i v e   a t  an optimum  design i s   d i f f e r e n t   f o r   t h e   c y l i n d r i c a l   t u b u l a r   u n i t s  
and the  rectangular   tubular   recuperator .   In   each  case however, i n   o r d e r   t o  
min imize   we igh t ,   the   apparent   e las t i c   loca l   s t ress   leve ls   a re   permi t ted   to  
e x c e e d   t h e   y i e l d   s t r e n g t h   o f   t h e   m a t e r i a l .   I n  such  instances an e l a s t i c -  
p l a s t i c   a n a l y s i s  i s  conducted  to   demonstrate  adequate  cyc l ic   l i fe .  The s p e c i f i c  
methods  employed f o r   t h e   d e t e r m i n a t i o n   o f   t h e   a p p a r e n t   e l a s t i c   s t r e s s   l e v e l s  
i n   t h e   c y l i n d r i c a l  and  rec tangu lar   t ype   un i ts   a re   b r ie f l y   d iscussed below. 

2. Cy1 i n d r i c a l   T u b u l a r   U n i t s  

The s t resses  and d e f l e c t i o n s  due to   p ressu re  and temperature  loadings 
are  evaluated  and  the  designs  optimized  using  A,iResearch X0560 d i g i t a l  computer 
program. The s t i f f n e s s  and s t r e n g t h   c h a r a c t e r i s t i c s   o f   t h e   r i n g   d i m p l e d   t u b e s  
are  measured  by  test   and  these  data  input  to  the  program and  used i n   e s t a b l i s h -  
ing   a l lowab le   s t resses .  The program computes t h e   s t r e s s e s   i n   t h e   p e r f o r a t e d  
header  p lates,   the  shel  1, the  heads, and i n   t h e  tubes. The s t r e s s e s   i n   t h e  
header   p la te   and  in   the   tubes   a re   ob ta ined  a t   severa l   rad ia l   loca t ions   wh i le  
t h e   s t r e s s e s   i n   t h e   s h e l  1 and  the  head  are  obtained  at   the  header  p late.  
S p e c i a l   a t t e n t i o n   i s   g i v e n  t o  t h e   s t r e s s e s   t h a t   e x i s t   i n   t h e   t u b e s  and a t   t h e  
tube-header  brazed  interface.  Speci f ical ly,   the  outputs  f rom  the  program 
wi th   in te rna l   p ressures   and/or   thermal   load ings   a re  as fo l lows: 

HEADER PLATE 
LIPS 

4 3 1  
SHELL 

TUBE  SUPPORT TUBE  SUPPORT 

- 

LED 1 

PLATE 
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Tubes 

Header P1 a t e  

She1 1 

Head 

The u n i   t s  

Ax ia l   and   bend ing   s t resses   a t   each   t ube  now descr ibed  by  a 
r a d i a l   l o c a t i o n ,  r. The t u b e   b e n d i n g   s t r e s s   i s   a t   t h e   j o i n t  
t o   t h e  header  p late.  

The ax ia l   de f lec t ion ,   s lope,  moment, and   bend ing   s t ress   a t  
each  rad ia l   loca t ion ,  r. 

The a x i a l   a n d   b e n d i n g   s t r e s s   i n   t h e   h e a d e r   p l a t e   l i p   a t  
Locat  i on 

The a x i a l  
Loca t i on 

The a x i  a1 

The a x i a l  

1 .  

and  bending  stress 
3 .  

and  bending  stress 

and  bending  stress 

n t h e   h e a d e r   p l a t e   l i p   a t  

n the   she l  1 a t   L o c a t i o n  2. 

n the  head a t   L o c a t i o n  4 .  

i nco rpo ra te  a head, h e a d e r   p l a t e ,   a n d   s h e l l   j o i n t   c o n f i g u r a t i o n  
as shown above. The head i s  we1 ded t o   t h e   h e a d e r   p l a t e  1 i p on  the  head s i  de 
whi l e   t h e   s h e l  1 i s  b razed   t o   t he   header   p la te  1 i p  on  the  shel  1 s ide.  The 
reason f o r   t h i s   t y p e   o f   j o i n t   i s   t o  remove the   we ld  and  braze  areas  from  the 
j u n c t i o n   a r e a s   o f   t h e  head  and she l l   w i th   t he   header   p la te .  The i n t e r n a l  
pressure  and  thermal   loadings  incur   cons iderable  bending moments a t   t h e  
j unc t i on   a reas   wh ich   i n   t he   sub jec t   des igns   a re   t aken   by   t he   pa ren t   me ta l   o f  
t he   i n teg ra l   header - l i p   con f i gu ra t i on   w i thou t   impos ing   h igh   s t resses   nea r   t he  
j o i n t s .  

The p r e h e a t e r   a n d   t h e   l u b e   o i l   c o o l e r   a r e  made o f  Type 347 s t a i n l e s s  
s t e e l   w h i l e   t h e   h i g h   p r e s s u r e   h y d r a u l i c   o i l   c o o l e r   i s  made o f  Inconel  718. 
The para1  le1   f low  p reheater  has considerable  thermal   gradients   and  incorporates 
a c o n v o l u t i o n   i n   t h e   s h e l l   t o  accommodate the   me ta l   t empera tu re   d i f f e ren t i a l  
between  the  tubes  and  the  shel 1 and a l s o  a r a d i a l   f l e x i b l e   j o i n t  between  the 
i n l e t  header p l a t e  and  the  shel 1 t o  accommodate the   rad ia l   tempera ture   d i  f- 
f e r e n t i a l  be tween  the   header   p la te   and  the   she l l .   Wi thout   these  f lex ib le  
j o i n t s   t h e   l o c a l   p l a s t i c   s t r e s s e s   i n c u r r e d   b y   t h e   d e s i g n   p o i n t   p r e s s u r e s  
and  temperatures  are  too  h igh  to  be commensurate w i t h   t h e   r e q u i r e d   l i f e .  

Considerable  care  must  be  taken i n   t h e   i n t e r n a l   d e s i g n  o f  the  tube  bundle 
support  system i n  1 i g h t   o f   t h e   v i   b r a t o r y  and a c o u s t i c   e n v i  ronment.  Previous 
e x p e r i e n c e   o n   s i m i l a r   u n i t s   i n   h i g h   v i b r a t o r y  and  acoust ic  environments has 
shown tha t   the   tubes  can s u f f e r   c o n s i d e r a b l e   f r e t t i n g  damage b y   v i b r a t i n g  
a g a i n s t   t h i n  gage s u p p o r t   o r   b a f f l e   p l a t e s .  The subject   des igns  use  th ick 
s u p p o r t   p l a t e s   w i t h   c l o s e   t o l e r a n c e   h o l e s   t o   e l i m i n a t e  any  tube f r e t t i n g  
prob lem.   Suf f i c ien t   tube  suppor t   p la tes   must  be  used so that   the  fundamenta l  
tube  na tura l   f requenc ies   a re  above the   p redominan t   exc i ta t i on   f requenc ies   i n  
t h e   i n s t a l   l a t i o n .  

2. Rectanqular  Tubular  Recuperator 

The des ign   incorpora tes   f lex ib le   s ide   p la tes   and  exhaust  gas duc t i ng  
t o   a l l o w   d i f f e r e n t i a l   t h e r m a l  movement between  the  tube  bundles  and  the  outer 
box   s t ruc tu re .  The f l e x i b i l i t y  i s  ob ta ined   by   i nco rpo ra t i ng   f o rmed  beads 



i n  t h e   p l a t e s   i n   t h e   a p p r o p r i a t e   d i r e c t i o n s .  As a r e s u l t   o f   t h i s   f l e x i b i l i t y  
t h e   i n t e r n a l   p r e s s u r e   l o a d s   f r o m   t h e   h y d r o g e n   m a n i f o l d s   a r e   r e a c t e d   b y   t h e  
tubes  alone. The d e s i g n   a l s o   i n c o r p o r a t e s  a f l e x i b l e   s t r i p  between  the  header 
p l a t e s   o n   t h e   i n l e t - o u t l e t   s i d e  so as to  p e r m i t   r e l a t i v e   t h e r m a l   e x p a n s i o n  
between  the  two  tube  bundles.  

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   s t r e s s e s   i n   t h e   h e a d e r   p l a t e s   a n d   t h e  
t u b e s   a r e   o b t a i n e d   b y   c o n s i d e r i n g  a s t r i p   o f   t h e   h e a d e r   p l a t e  as a beam on 
mu l t i suppor t s .   Each   t ube  now i s   r e p r e s e n t e d   a s  a l i n e a r   a n d   t o r s i o n a l   s p r i n g  
suppor t i ng   t he   header   p la te .   Bo th   p ressu re   and   t he rma l   l oad ings   a re   imposed  
on  the  system  and  the  model i s   a n a l y z e d   u s i n g   t h e   A i R e s e a r c h  VO 245 beam 
program.  The  model  enables  eval  uati   on o f   t h e   s t r e s s   t o  be made under  any 
g i v e n   s e t  o f  i n t e r n a l   p r e s s u r e  a n d   t e m p e r a t u r e   d i s t r i b u t i o n   c o n d i t i o n s   t h r o u g h  
the   tube  bund le .  

L o c a l   p r e s s u r e   a n d   t e m p e r a t u r e   s t r e s s e s   a t   t h e   t u b e   a n d   h e a d e r   j o i n t  
a r e a   a r e   o b t a i n e d   u s i n g   t h e  X0815 t r i angu la r   e lemen t   p rog ram.  The  program 
considers  ax i -symmetr ic   e lements o f   t r i a n g u l a r   c r o s s   s e c t i o n .  

3. A l l o w a b l e   S t r e s s   L e v e l s   a n d   E l a s t i c - P l a s t i c   A n a l y s i s  

I n  g e n e r a l ,   t h e   s t r e s s   l e v e l s   a t   t h e   p r o o f   a n d   b u r s t   p r e s s u r e   c o n d i t i o n s  
a r e   k e p t   b e l o w   t h e   y i e l d   a n d   u l t i m a t e   s t r e n g t h s   r e s p e c t i v e l y   o f   t h e   m a t e r i a l  
a t   t h e   r e l e v a n t   t e m p e r a t u r e .   I n  some c a s e s   h i g h l y   l o c a l l i z e d   y i e l d i n g   a t  
t h e   p r o o f   p r e s s u r e   c o n d i t i o n   i s   p e r m i t t e d  as l o n g   a s   t h e r e   i s  no  measurable 
permanent  set. The s t e a d y   a n d   t r a n s i e n t   s t r e s s   l e v e l s   a t   t h e   m o s t   s e v e r e  
o p e r a t i n g   c o n d i t i o n s   m u s t  be e v a l u a t e d   i n   t e r m s   o f   c r e e p   a n d   f a t i g u e .  Where 
these   s t resses  go i n t o   t h e   p l a s t i c   r a n g e  an e l a s t i c - p l a s t i c   a n a l y s i s  must be 
c o n d u c t e d   t o  show s u f f i c i e n t   c y c l i c  1 i f e  capabi 1 i t y .   The re   i s   no   c reep  
p rob lem  fo r   t hese   un i t s   s ince   t he   t empera tu res   l eve l s   a re   no t   h igh   enough  
t o  make c r e e p   c r i t i c a l ,  however   the   des ign   po in t   s t resses  do go p l a s t i c  
i n  some l o c a t i o n s .  The e l a s t i c - p l a s t i c   a n a l y s i s   i s   a c c o m p l i s h e d   u s i n g   t h e  
Wetzel-Morrow  method w i t h  Neuber   hyperbolas.   The  method  g ives  the  s tab i l ized 
t o t a l   s t r a i n   r a n g e   t h a t   t h e   m a t e r i a l   a t t a i n s   d u r i n g   t h e   l o a d   c y c l e .  The 
number o f   c y c l e s   t o   f a i l u r e   i s   t h e n  computed  us ing  the  Manson-Hal ford  formula.  
T h i s   e l a s t i c - p l a s t i c   a n a l y s i s   p r o c e d u r e   i s   c o m p u t e r i z e d   ( A i R e s e a r c h   P r o g r a m  
X0870) and a t h e o r e t i c a l  S / N  c u r v e   c a n   r a p i d l y  be   genera ted   f o r   any   ma te r ia l  
and f o r  a n y   g i v e n   t y p e   o f   c y c l i c   l o a d i n g   a n d   s t r e s s   c o n c e n t r a t i o n   l e v e l .  

LUBE OIL COOLER 

T h i s   h e a t   e x c h a n g e r   p r o v i d e s   c o o l   i n g   o f   t h e   l u b r i c a n t   b y   h e a t   e x c h a n g e  
w i th   t he   hyd rogen   l oop .  The l u b r i c a n t   h e a t   l o a d   i s   p r i m a r i l y  a f u n c t i o n   o f  
APU o u t p u t  power. As a consequence, t h e   t e m p e r a t u r e   o f   t h e   l u b r i c a n t  w i  1 1  
approach  an  equi 1 i b r i  um v a l u e   f o r   s t e a d y   s t a t e   p e r f o r m a n c e   w h i c h  w i  1 1  be 
a f u n c t i o n   o f  APU o u t p u t  power,  ambient  pressure,  and  hydrogen i n l e t  tempera- 
t u r e   t o   t h e  system.  Volume V g i v e s   t h e   e q u i l i b r i u m   t e m p e r a t u r e s   r e a c h e d   b y  
t h e   l u b r i c a n t   f l u i d   u n d e r   s t e a d y   s t a t e   c o n d i t i o n s .  
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D e s c r i p t i o n  

The l u b e   o i l   c o o l e r   i s  a   four-pass,   counter- f low,   shel l -and- tube  heat  
exchanger .   The  hydrogen  f lows  ins ide  the  tubes i n  a s i n g l e  pass.  The l u b e  
o i  1 f l o w s   o u t s i  de the   t ubes  i n  four   passes  as d i   c t a t e d   b y   t h e   p r e s e n c e   o f  
f l o w   b a f f l e s  w i th in  the   hea t   exchanger   she l l .  SK68000 i s  a d r a w i n g   o f   t h e  
u n i t   s h o w i n g   t h e   f l o w   p a t h s .  The   d raw ing   shows   a   f l ow   ba f f l e   a t   t he   pe r iphe ry  
o f   t h e   t u b e   b u n d l e   w h i c h   p r e v e n t s   l u b e   o i l   f r o m   b y p a s s i n g   t h e   t u b e s   a l o n g   t h e  
shel  1 w a l l .  The u n i t   i s  assembled   by   b raz ing   the   tubes   in to   the   header ,   and 
the   she l  1 i s   c l o s e d   b y   w e l d i n g .  

M o u n t i n g   o f   t h e   u n i t   i s   a c c o m p l i s h e d   b y   t h e   a t t a c h m e n t s  shown f o r   t h e  
l u b e   o i l   i n l e t   a n d   o u t l e t .  The f l a n g e s   a t t a c h   d i r e c t l y   t o   t h e  gearbox,  thereby 
e l i m i n a t i n g   i n t e r c o n n e c t i n g   d u c t i n g .  

Performance 

The l u b e   o i l   c o o l e r   i s   d e s i g n e d   f o r  a t o t a l   h e a t   t r a n s f e r   r a t e   o f  
1303 Btu/min.  The  hydrogen i n l e t   t e m p e r a t u r e   i s   c o n t r o l l e d   b y   t h e   r e c y c l e  
l o o p   f l o w   c o n t r o l   t o  a  minimum of 400°R. T h i s  limit i s   e s t a b l i s h e d   t o   p r e v e n t  
c o n g e a l i n g   o r   f r e e z i n g  of  t h e   l u b e   o i l   i n   t h e   l u b e   o i l   c o o l e r  as d i s c u s s e d   i n  
S e c t i o n  2 o f  Volume IV. The h e a t   e x c h a n g e r   d e s i g n   c h a r a c t e r i s t i c s   a r e   l i s t e d  
below.   F igures 5-4 t h rough  5-6 p r e s e n t   t h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s  of 
t h e   u n i t   i n   t e r m s   o f   h e a t   t r a n s f e r ,   p r e s s u r e   d r o p  and e f f e c t i v e n e s s  as f u n c t i o n s  
o f   v a r i o u s   v a l u e s   o f  flow ra te .  

Co ld   S ide   Hot  S i  de 

F l u i d  

F low  ra te ,   lb /min  

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

Out le t   t empera tu re ,  O R  

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

To ta l   p ressure   d rop ,   ps i  

E f f e c t i v e n e s s  

Duct   d iameter ,   in .  

Hydrogen 

13.26 

400 

425.7 

500 

I .9 

0. I81 

1 .  I25  

Number o f   t u b e s  220 

Tube d iamete r  0. I25  i n .  OD 

Tube w a l l   t h i c k n e s s  0.008 in .  

Tube des i g n a t  i on 

I n s i  de PLNTD 

Outs ide  SI3 I50100 
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MIL-L-7808 

30 

543 

44 3 

I 00 

0. I 
0.694 

0.25 





HOT FLOW I L B / M I N I  

COLD FLOW l L B / M I N I  

F i g u r e  5-4. Lube O i l  Heat  Exchanger  Heat  Transfer 
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Figure  5-5. Lube Oi l  Heat  Exchanger Pressure Drop 
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F i g u r e  5-6. Lube O i  1 Heat -Exchanger   E f fec t i veness  
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HYDRAULIC FLUID COOLER 

The h y d r a u l i c   f l u i d   c o o l e r   i s  a dual   heat   exchanger   assembly  which  cools  
h y d r a u l i c   f l u i d   f l o w   f r o m   t h e  two h y d r a u l i c  pumps wh ich   a re   mounted   on   the  
APU gearbox.  Hydrogen  f lowing  through  the  heat  exchanger on t h e   c o l d   s i d e  
serves as t h e   h e a t   s i n k   f o r   h y d r a u l i c   c o o l i n g .  The a v a i l a b l e   h y d r a u l i c   c o o l -  
i ng  capaci t y  depends  upon  the 
c0nd.i ti ons   (ou tpu t   power   leve l  
a t u r e ) .   S e c t i o n  6 o f  Volume I 

D e s c r i p t i o n  

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 n d   t h e  APU o p e r a t i n g  
, ambient   p ressure ,   and  hydrogen  in le t   temper -  
V d i s c u s s e s   t h e   h y d r a u l i c   c o o l i n g   p r o b l e m s .  

The h y d r a u l i c   f l u i d   c o o l e r  i s  a s h e l l - a n d - t u b e   u n i t  shown i n   t h e   D r a w i n g  
SK 68003. Hydrogen   f l ows   on   t he   ou ts ide   o f   t he   t ubes   i n   two   passes  i n  a 
c r o s s   c o u n t e r   f l o w   d i r e c t i o n   w i t h   r e s p e c t   t o   t h e   h y d r a u l i c   o i  1. The h y d r a u l i c  
o i l  (4100 p s i a )   f l o w s   o n   t h e   i n s i d e   o f   t h e   t u b e s .   T h i s   r e s u l t s   i n  a w e i g h t  
sav ing   because  the   heat   exchanger   she l l   i s   no t   exposed to t h e   h i g h   p r e s s u r e  
excep t   i n   t he   two   head   a reas .  

A c i r c u m f e r e n t i a l   b a f f l e   i s  shown i n  t h e   d e s i g n   w h i c h   e l i m i n a t e s   f l o w   o f  
hydrogen  be tween  the   tube  bund le   and  the   she l  1 o f   t h e   u n i t .   T h i s   o f f e r s  
i n c r e a s e d   p e r f o r m a n c e   a t   n e g l i g i b l e   w e i g h t   p e n a l t y .  

The u n i t  i s  assemb led   by   b raz ing   t he   t ubes   i n to   t he   header   p la tes .  The 
o u t e r   s h e l  1 and  head  assembl ies  are  welded. 

Performance 

T h e   d e s i g n   r e q u i r e m e n t s   o f   t h e   h y d r a u l   i c   o i  1 c o o l e r   a r e  1 i s t e d  below. 
The v a l u e s   o f   f l o w  a n d   h e a t   t r a n s f e r   a r e   n o t e d   t o   c o r r e s p o n d   t o   t o t a l   q u a n t i t i e s  
f o r   b o t h   h y d r a u l i c   f l u i d   l o o p s .  The v a l u e s   f o r   e a c h   o f   t h e   d u a l   u n i t s   i s ,  
therefore,  one-ha1 f o f   t h e  1 i s t e d   q u a n t i   t i e s .  

F igu res  5-7 th rough 5-9 p r e s e n t   t h e   d e t a i l e d   o p e r a t i o n a l   c h a r a c t e r i s t i c s  
o f   t h e   d e s i g n e d   u n i t .  The v a r i a t i o n s   o f   h e a t   t r a n s f e r ,   p r e s s u r e   d r o p  and 
e f f e c t i v e n e s s   a r e   p r e s e n t e d  as f u n c t i o n s   o f   c o m b i n a t i o n s   o f  gas  and 1 i q u i d  
f l o w   r a t e s .  The u n i  t i s des i gned t o   p r o v i  de a c o l  d s i  de e f f e c t i v e n e s s   o f  
app rox ima te l y  0.65 a t  maximum f l o w .   T h i s   p r e v e n t s   t h e   p o s s i b i l i t y   o f   s u p p l y -  
i n g   h y d r o g e n   t o   t h e   r e c u p e r a t o r   a t  a tempera ture  so l o w   t h a t   f r e e z i n g   o f  
t u r b i  ne  exhaust gas cou l  d occur. 
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HOT F L O W   ( L B / M I N I  

C O L D  FLOW ( L B / M I N l  

F i g u r e  5-7. H y d r a u l i c  O i  I Cooler Heat  Exchanger  Heat  Transfer 
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F i g u r e  

COLD FLOW l L B / M l N )  

5-8. H y d r a u l i c  O i l  Cooler  Heat  Exchanger  Press 

5-6 

u r e  

,7290 

Drop 
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Figure  5-9 .  Hydrau l   i c  Oil Cooler   Heat   Exchanger  Effect iveness 
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Cold  Side  Hot  Side 

F I  u i  d 

Flow  rate, 1 b/min 

Hydrogen Chevron M 2 V  
I 3.2 6*4c I 492.5* 

I n l e t  temperature, O R  425.8  550 

Outlet   temperature,  O R  508. I 544. I 

I n l e t  pressure,   ps ia  500 4000 

Total   pressure  drop,  psi  0.6 0. I 

Ef fec t i veness  0.663  0.047 

Duct  diameter,  in. 2.0 0.5 

Tota l   heat   t rans fer red ,   B tu /min  1697 

'' " 1492' - h f o r  each o f  2 separate  hydraul  i c  o i  1 passes. 2 

2 'w = \j f o r  each o f  2 separate  hydrogen  passes. 

Number o f  tubes 679 each  uni t 

Tube diameter 0.125 in .  OD 

Tube wa l l   t h i ckness  0.01 0 in. 

Tube des i gnat i on 

I n s i  de PLNTD 

Outside SB 125100 

HYDROGEN PREHEATER 

This  hydrogen-to-hydrogen  heat  exchanger  serves  to  equal ize  the  temperatures 
o f   t h e   p r i m a r y  and  secondary  hydrogen  inputs  to  the j e t  pump to   ach ieve   un i fo rm ly  
h i g h  pumping  performance ( p a r t i c u l a r l y   f o r   v e r y   l o w   h y d r o g e n   i n l e t   t e m p e r a t u r e s  
t o   t h e  system). The hot   recyc led  hydrogen  pass ing  through  the  preheater   is  
c o n t r o l l e d   b y   t h e   r e c y c l e   f l o w   c o n t r o l   v a l v e   t o   m a i n t a i n   t h e   j e t  pump discharge 
tempera ture   o f  400°R for   the  mixed  pr imary  and  recyc led  hydrogen  f lows.  

Desc r ip t i on  

The preheater  i s  a two-pass, c ross-para l le l   f low  un i t .   Hydrogen  f rom  the  
r e c i   r c u l a t i n g   c o o l a n t   ( h o t   s i d e )   f l o w s   i n  a s i n g l e   p a s s   a x i a l l y   a l o n g   t h e  
heat  exchanger  inside  the  tubes. The hydrogen  supp l ied   to   the  APU ( c o l d   s i d e )  
flows i n   t h e   s h e l  1 s i d e   i n  a two-pass  para1  le1  f low  direct ion.  The shel 1 
(shown i n  Drawing SK 68004) i nc ludes  a convo lu te   l oca ted   i n   t he   cen te r   nea r   t he  
f l o w   b a f f l e .   T h i s   c o n v o l u t e   a l l o w s   a x i a l   d i f f e r e n t i a l   e x p a n s i o n   o f   t h e   s h e l l  
w i th   respect   to   the  tube  bundle.  The header p l a t e   o n   t h e   h o t   h y d r o g e n   i n l e t  
end i s   a t t a c h e d   t o   t h e   s h e l  1 us ing  a J type  welded seam. T h i s   c o n f i g u r a t i o n  
a1 lows  rad ia l   growth  o f   the  header   and/or   the she1 1 whi l e  rnai n t a i n i n g   t h e  
induced  s t ress  leve ls   to   workable  leve ls .  





The  heat  exchanger i s  assembled   us ing   b razed  tube/header   p la te   assembl ies .  
The she l l   and   head  c losures   a re   we lded.  

Performance 

The 1 i s t i n g   b e l o w   p r e s e n t s   t h e   d e s i g n   r e q u i r e m e n t s   f o r   t h e   h y d r o g e n  
preheater   heat   exchanger .   F igures  5-10 th rough  5-1 2 p r e s e n t   t h e   d e t a i   l e d  
p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f   t h e   u n i t  shown i n   d r a w i n g  SK 68044. The 
c u r v e s   g i v e   r e l a t i o n s h i p s   o f   h e a t   t r a n s f e r ,   p r e s s u r e   d r o p   a n d   e f f e c t i v e n e s s  
f o r   c o m b i n a t i o n s   o f   h o t   a n d   c o l d   f l o w .  

Co ld   S ide   Ho t   S ide  

F1 u i  d 

F low  ra te ,   lb /min  

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

Ou t le t   t empera tu re ,  O R  

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

T o t a l   p r e s s u r e  drop, p s i  

E f f e c t i  veness 

Duct   d iameter ,   in .  

Hydrogen 

6.93 

7 5  

392 

50 0 

0. I 

0.44 8 

I .  125 

Hydrogen 

6.33 

7 82 

408.2 

452.8 

0.4 

0.529 

1.5 

T o t a l   h e a t   t r a n s f e r r e d ,   B t u / m i n  8410 

Number o f   t u b e s  3 80 

Tube d i  ame t e  r 0.100 i n .  OD 

Tube w a l l   t h i c k n e s s  0.010 i n .  

Tube d e s i g n a t i o n  

I n s  i de DMP05 

Ou ts ide  S B  135100 

RECUPERATOR  HEAT EXCHANGER 

Th is   hea t   exchanger   ope ra tes   w i th   hyd rogen   on   t he   co ld   s ide   and   t u rb ine  
exhaus t   gas   on   t he   ho t   s i  de. It s e r v e s   t o   p r o v i d e   s u f f i c i e n t   h e a t   i n p u t   i n t o  
t h e   c y c l e   f o r   p r o p e l l a n t   t h e r m a l   c o n d i t i o n i n g   ( w i t h   l o w   i n l e t   h y d r o g e n   t e m p e r a -  
t u r e s )  and t o   i m p r o v e   c y c l e   t h e r m a l   e f f i c i e n c y   b y   r e c o v e r i n g   w a s t e   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 .   O v e r a l l   c y c l e   c o n s i d e r a t i o n s   i n   r e c u p e r a t o r   l o c a t i o n  
a n d   d e s i g n   a r e   d i s c u s s e d   i n   S e c t i o n  2 o f  Volume IV. 

D e s c r i p t i o n  

The r e c u p e r a t o r   i s  a box  and  tube  design as shown i n  Drawing SK 68002. 
The exhaust gas f r o m   t h e   t u r b i n e   f l o w s   i n  a s i n g l e   p a s s   t h r o u g h   t h e   s h e l l   s i d e  
o f  the   hea t   exchanger .   Th i s   m in im izes   t he   p ressu re   d rop   i n   t he   exhaus t  gas 
stream.  The  hydrogen  f lows i n   c r o s s   c o u n t e r   f l o w   t h r o u g h   t h e   t u b e s   o f   t h e  
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F i g u r e  5-10. Preheater  Heat  Exchanger  Heat  Transfer 
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F igure  5-12. Preheater  Heat  Exchanger  Effectiveness 
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unit .  Th is   f l ow   a r rangement  a1 l o w s   t h e   b o x   s t r u c t u r e   t o  be 1 i g h t l y   p r e s s u r e  
loaded  by   the   exhaust   gas   ( less   than 10 ps i ) ,   and   t he   h igh   p ressu re   hyd rogen  
(450 t o  500 p s i a )   i s   c o n t a i n e d   w i t h i n   t h e   t u b e s   o f   t h e   h e a t   e x c h a n g e r .  

An e x p a n s i o n   j o i n t   i s   i n c l u d e d   i n   t h e   f l a t   s h e l l   s u r f a c e   b e t w e e n   t h e  two 
h y d r o g e n   p a s s e s .   T h i s   f l e x i b l e   j o i n t   r e l i e v e s   s t r e s s e s   w h i c h   w o u l d   o t h e r w i s e  
o c c u r  due t o   t e m p e r a t u r e   d i f f e r e n t i a l s   a p p r o a c h i n g  600'R. As d i s c u s s e d   i n  
t h e   s t r u c t u r a l   d e s i g n   c o n s i d e r a t i o n s   f o r   t h i s   u n i t ,   d i m p l e s   a r e   i n c l u d e d  i n  
s e c t i o n s   o f   t h e   f l a t   b o x   s i d e s   t o   p r e v e n t   s t r e s s   b u i l d u p   w h i c h   c o u l d   l e a d   t o  
shortened  component 1 i fe. 

Performance 

The 1 i s t i n g   b e l o w   p r e s e n t s   t h e   d e s i g n   r e q u i r e m e n t s   f o r   t h e   r e c u p e r a t o r .  
The d e t a i l e d   p e r f o r m a n c e   f o r   t h e   h e a t   e x c h a n g e r   i s   p r e s e n t e d  i n  F i g u r e s  5-13 
t h rough  5-15. T h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s   i n c l u d e   r e l a t i o n s h i p s   f o r   h e a t  
t r a n s f e r ,   p r e s s u r e   d r o p ,   a n d   e f f e c t i v e n e s s   f o r   v a r i o u s   v a l u e s   o f   h o t   a n d   c o l d  
s ide   f l ow .  The  performance o f   t h i s   u n i t   i s  a t r a d e   o f f   b e t w e e n   h i g h   e f f e c t -  
i veness   on   the   ho t   s ide   to   inc rease  sys tem  per fo rmance,  as opposed t o   e x h a u s t  
gas c o o l i n g   t o   t h e   e x t e n t   t h a t   f r e e z i n g   o f   t h e   e x h a u s t   p r o d u c t s   c o u l d   o c c u r .  
A minimum  exhaust  gas o u t l e t   t e m p e r a t u r e   o f  700'R i s  u s e d   t o   s a t i s f y   b o t h  
requi  rements. 

Co ld   S ide   Hot   S ide  

F1 u i  d 

F low  ra te,  1 b/mi n 

I n l e t   t e m p e r a t u r e  

Ou t le t   t empera tu re ,  O R  

I n l e t '   p r e s s u r e ,   p s i a  

To ta l   p ressu re   d rop ,   ps i  

E f f e c t i v e n e s s  

Duct  d iameter,   in.  

Hydrogen 

13.26 

508. I 

781.8 

4 56.7 

3.8 

0.334 

I .o 

T o t a l   h e a t   t r a n s f e r r e d ,   B t u / m i n  12750 

3bMinimum a l l o w a b l e   o u t l e t   t e m p e r a t u r e  = 700'R 
iki"aximum i n l e t   t e m p e r a t u r e  1388'R 

Number o f  tubes  770 

Tube  di  ameter 0.100 i n .  OD 
Tube w a l l   t h i   c k n e s s  0.008 i n .  

Tube d e s i g n a t i o n  

I n s  i de DMP 03 

Outs ide  SB 300100 

Hydrogen-Steam 
(60-40 by  Mass) 

12 
I 326. 93+3+ 

81 0.43C 

6.6 

3.0 

0.631 

4.0 
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I -  

C O L D  FLOW ( L B / M I N )  

Figure 5-13. Recuperator Heat Exchanger Heat Transfer  

78 

5-67261 



C O L O  FLOY I L B l M l N l  S-67286 

F i g u r e  5-14. Recupera tor   Heat   Exchanger  Pressure Drop 
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5-67205  

F igure  5-15. Recuperator  Heat  Exchanger  Effectiveness 
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DESIGN BASES 

Val v i   n q  

The APU v a l v e s   d e s c r i b e d   e a r l i e r   a r e   b a s e d   o n   d e s i g n s   o f   v a l v e s   i n  
comparable  appl icat ions.   Figure 5-16 conta ins  two drawings o f   s p e c i f i c   v a l v e s  
which i 1 l u s t r a t e  some o f   t he   des ign   f ea tu res   emp loyed   i n   t he  APU va lv ing .  The 
p ressu re   re l i e f   va l ve ,  P393298-1, uses a f l a t   g u i d e   s p r i n g   t o   a s s u r e   a l i g n m e n t  
o f   i n t e r n a l   p a r t s  which have re la t i ve   mo t ion .   Th i s   me thod   o f   pa r t s   a l i gnmen t  
i s  used i n   t h e  APU shuto f f ,   regu la to r   and  the   f low  cont ro l   va lves .  The va l ve  
assembly shown a l so   i nc ludes  a be l lows  assembly   fo r   pos i t i ve   sea l ing   be tween 
mov ing   par ts ,   and  fo r   p ressure   ba lanc ing   o f   in te rna l   ac tua t ion   fo rces .   Th is  
approach i s  used i n   t h e  APU regu la to r ,   and   t o  a lesser  degree  by  the  balanced 
convoluted  diaphragms o f   t h e   s h u t   o f f  and f low  cont ro l   va lves .  

The s o l e n o i d   s h u t   o f f   v a l v e  shown i n  Drawing P393720-2, i nc ludes   f ea tu res  
of s o l e n o i d   o p e r a t i o n   ( s i m i   l a r   t o   t h e   s h u t   o f f   v a l v e )   b e l  lows s e a l i n g   o f   m o v i n g  
p a r t s   ( s i m i l a r   t o   s h u t   o f f ,   r e g u l a t o r  and f low  control   valves),   hardened  poppet 
i n  a s o f t  body   sea t   ( s im i l a r   t o   shu t   o f f ,   r egu la to r ,   and   f l ow   con t ro l   va l ves ) ,  
p r o v i s i o n   f o r   v a l v e   p o s i t i o n   i n d i c a t i o n ,   ( s i m i l a r   t o   f l o w   c o n t r o l   v a l v e  and 
recycle  valve).  Primary  and  secondary  seals  are shown i n   t h e   d e s i g n   t o   e l i m i n a t e  
external   leakage  through  s ta t ic   seal   areas.  

J e t  Pump 

Many AiResearch a i r   c y c l e   r e f r i g e r a t i o n  systems f o r   a i r c r a f t   u t i  1 i z e   j e t  
pumps. These va ry   g rea t l y   i n   s i ze ,   depend ing  upon t h e   r e f r i g e r a t i o n   c a p a c i t y  
o f   t h e   a i r   c y c l e  system w i th   p r imary   a i r   f l ow   rang ing   f rom  abou t  2 0  t o   o v e r  
1000 l b   p e r  min.  AiResearch  has  developed a number o f  smal l e r   j e t  pumps f o r  
cryogenic  systems  and  for   portable 1 i fe  suppor t   systems  (us ing  cryogenic   or  
h igh   p ressure   b rea th ing  gas supply) .   Figure 5-17 shows r e p r e s e n t a t i v e   t e s t  
d a t a   f o r  an a p p l i c a t i o n   o f   t h i s  type ,   wh ich   invo lved  tes t ing   o f  a number o f  
d i f f e r e n t  designs. 

Heat  Exchanqers 

F igure  5-18  presents   severa l   tubular   shel l  and tube  cryogenic  heat 
exchangers t h a t  have  been  produced i n   q u a n t i t y ,  and  which  operate  over  the 
temperature  range o f   i n t e r e s t   f o r   t h e  APU hydrogen  preheater. The u n i t  shown 
i n   F i g u r e  A fo r   t he   p r imary   oxygen   supp ly   hea te r   i nc ludes   p rov i s ions   f o r   p re -  
v e n t i o n   o f   c o o l a n t   f r e e z i n g  problems. S im i la r   des ign   cons ide ra t i ons   a re  
i nc luded   i n   d raw ings  shown e a r l i e r   f o r   t h e   l u b e   o i l  and h y d r a u l i c   o i l   c o o l e r s .  
F igure  5-19 shows s t a i n l e s s   s t e e l  and  aluminum o i l   c o o l e r s   b u i l t   f o r  a number 
o f  aerospace  appl icat ions.  A l l  o f   t h e   u n i t s  shown use s h e l l  and tube  cons t ruc t ion .  

Conventional gas turbine  engine  recuperators  have many design  requirements 
i n  common w i t h   t h e   r e g e n e r a t o r   f o r   t h i s   a p p l i c a t i o n .  Some o f   t h e   t u b u l a r  
recuperators ,   des igned  fabr icated  and  proven  in   serv ice  are shown i n   F i g u r e  
5-20. Recuperators  have  been  developed  and  produced f o r  such  engines as the  
T-56, T-78 and the  1-53. 

81 

I 



F i g u r e  5-16. Applicable  Valve  Designs 

d, M I X I N G   S E C T I O N   D I A ,   I N .  

F igure  5- 17. Pressure  Rise vs Mix ing  Sect ion  Diameter  5-67293 
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CRYOGENIC HEAT EXCHANGERS 

Among the  cryogenic  heat 
exchangers  designed  and  fabricated  by 
AiResearch  are  two  cryogenic  heaters 
used i n   t h e  Gemini  spacecraft. One 
u n i t ,  shown in  the  upper  photograph, 
i s  used f o r  two  separate  appl   icat ions:  
to   heat   cryogenic   hydrogen and t o   h e a t  
cryogenic  oxygen. The heat  exchanger 
i s  o f   the   she l l -and- tube  type ,   fabr i -  
c a t e d   e n t i r e l y   f r o m   s t a i n l e s s   s t e e l  
using  brazed  and  welded  construct ion.  
The comp le te   un i t  shown has  two  sepa- 
r a t e   c o o l a n t   c i   r c u i t s   f o r  redundancy. 
The f l o w   c o n f i g u r a t i o n   i n  each s e c t i o n  
i s   c r o s s   c o u n t e r f  low, w i  th  the  oxygen 
making  one  pass  through  the  tubes and 
the MCS198 coo lan t   f l ow ing   ove r   t he  
tubes. The d i v i s i o n  between  the  two 
u n i t s  i s  a p l a t e   a c r o s s   t h e   s h e l l   t h a t  
separa tes   the   coo lan t   c i   rcu i   t s .  The 
oxygen  tubes  are  continuous  through 
bo th   un i t s .  

The cryogenic  heat  exchanger 
shown in   the   cen ter   photograph i s  the 
pr imary  ECS oxygen  supply   heater   for  
the  Gemini  capsule. The f l u i d s ,  flow 
con f igu ra t i on ,  and cons t ruc t i on   a re  
i d e n t i c a l   t o   t h o s e  of t h e   u n i t   p r e -  
v ious ly   descr ibed.  An unusual   feature 

. . . . .  ....;. 2 ,  . . . . . . .  .. .~ - . . . . . . . .  . . . . . . . . .  .. % . I. . . . . . . . .  . . .  , d m - ,  
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i n   t h e   d e s i g n   o f   t h i s   u n i t  was the  use o f  a specia l   s leeve i n s i d e  the she1 1 
t o   m i n i m i z e   b y p a s s i n g   o f   l i q u i d .  A m a n u f a c t u r i n g   l i m i t a t i o n  o f  norlnal s h e l l  
and tube  designs i s  t h a t   t h e  space  between  tubes  and  shell i s  g rea ter   than 
t h a t  between  tubes;   th is   permi ts  a small amount o f   f l u i d   b y p a s s i n g .  I n  the 
o r i g i n a l   d e s i g n   o f   t h i s   u n i t ,   t h e   b y p a s s i n g   i n c u r r e d  some M C S 1 9 8  f l - e e ~ i n g  
problems. The use o f  the   spec ia l   s leeve  to   reduce  bypass ing   e l im ina ted   the  
f reez ing  problem  complete ly .  

A prototype  heat   exchanger   for   the LEM hel ium  system  also was f a b r i c a t e d  
and  tested.  This  uni t ,  shown in  the  lower  photograph, was d e l i v e r e d   t o  
Grumman f o r  use i n  R&D work  on  the LEM Helium System. The heat  exchanger i s  
a s h e l l - a n d - t u b e   u n i t ,   f a b r i c a t e d   e n t i r e l y   o f   s t a i n l e s s   s t e e l .  The u n i t  was 
des igned   fo r  a p a r a l l e l   f l o w   c o n f i g u r a t i o n ,   w i t h   s u p e r c r i t i c a l   h e l i u m   f l o w i n g  
ins ide  the  tubes and a w a t e r - g l y c o l   m i x t u r e   f l o w i n g   i n   t h e   s h e l l .  The c r i t i -  
c a l   d e s i g n - p o i n t   o p e r a t i n g   c o n d i t i o n   f o r   t h i s   h e a t  exchanger was t o   h e a t  2.36 
l b   pe r   m in   o f   2500-ps ia   he l i um  f rom 55'R t o  460'R w i t h  399 I b   p e r   m i n   o f  
w a t e r - g l y c o l   a t  530'R. 

F igu re  5-18. Cryogen ic   F lu id  Heat  Exchangers 
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TUBULAR O I L  COOLERS 

AiResearch has designed  and bu i l t   seve ra l   t housand   s ta in less   s tee l  and 
aluminum o i l   coo le rs   o f   she l l -and - tube   cons t ruc t i on .  One t y p e   o f   u n i t ,   b u i l t  
f o r   t he   Genera l   E lec t r i c  J79-5 engine,  had an i n t e r n a l   f u e l  bypass  tube i n  
the   co re .   Ano the r   un i t ,   bu i l t   f o r   t he   McDonne l l   F - IO IA   a i r c ra f t ,  had  an 
i n t e r n a l   f u e l  bypass  tube  that  used  the same type o f  f u e l   p r e s s u r e   r e l i e f  
valve.  

O the r   t ubu la r   f ue l - to -o i l   coo le rs   have  been  produced  by  AiResearch f o r  
t he  GE J79-9 main   eng ine   and  a f te rburner   fue l   c i rcu i ts ,  G E  J85, J93-3, CF700 
and X21 1 engines,  the  North  American Hound  Dog Miss i le ,   the  Douglas ASD, the  
Lockheed E l e c t r a   h y d r a u l i c   o i l  system,  and the   Nor th rop  SM-62 m i s s i l e .  More 
than 3000 u n i t s  have  been d e l i v e r e d   f o r   t h e  GE J79-8 engine,  and  several 
thousand  more will be b u i l t .   T y p i c a l   t u b u l a r   u n i t s   m a n u f a c t u r e d  by  AiResearch 
a re  shown above. 

Figure 5-19.  Oil Cooler U n i t s  
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P L A T E - F I H  RECUPERATOR HODULE 

RECUPERATORS 

AiResearch  has  developed  and 
produced  recuperators   for  gas t u r b i n e  
and  turboprop  engines  since 1958. Fuel 
c o n t r o l   s t u d i e s ,   f u e l   f o u l i n g   i n v e s t i -  
gat ions,   and  endurance  test ing  of  a 
I - l b - p e r - s e c   r e c u p e r a t o r   f a b r i c a t e d   a t  
t h a t  time prov ided   da ta   requ i red   t o  
develop  recuperators   for   larger   engines 
Compact 1 ightweight   recuperators   have 
s ince  been  developed fo r   h igh   ho rse -  
power a i r c r a f t   e n g i n e s  where  long 
endurance a t   p a r t i a l - l o a d   e n g i n e   o p e r -  
a t i o n  i s  required  Developments  also 
are  under way f o r   r e c u p e r a t o r s   f o r  use 
w i th   t he  smal 1 gas turbines  produced 
by  the  AiResearch  Phoenix  Division. 

AiResearch  has  produced  recuper- 
a tors   urder   A i r   Force,  Army, and  Navy 
cont rac ts ,  and as a subcon t rac to r   t o  
a number o f   eng ine   manufac turers .  
Techniques f o r   f a b r i c a t i n g   t h e  modules, 
and f o r   j o i n i n g   t h e  modules t o   f o r m  a 
recuperator,  have been developed. The 
various  types  of  modules  developed  and 
p r o d u c e d   a r e   i l l u s t r a t e d  by the   p la te -  
f in ,   s t ra ight - tube,   and  curved- tube 
modules shown above. 

CURVED- W E t  MtLIJPERATOR HODULE 

STRAIGHT-TUBE  RECUPERATOR HODULE 

F-2344 

Computer programs  that   account   for   such  factors  as f i n - j o i n t   r e s i s t a n c e ,  
mater ia l   p roper t ies ,   b raz ing   mater ia l   we igh t ,   f low  conf igura t ion ,   nonun i fo rmi t ies ,  
hea t  leakage,  and in terpass  mix ing  assure  opt imum-design,   h igh-ef f ic iency 
recupera tors   w i th   the   lowest   pena l t ies   in   we igh t ,   s ize ,  power,  and cos t .  

Figure 5-20. Recuperator  Experience 
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SECTION 6 

TURBINE POWER UNIT 

INTRODUCTION 

The  turbine  power unit consists of three  major  subassemblies,  each 
containing a number of  functionally-related  components,  as  follows: 

(a) Hydrogen-oxygen  combustor  assemblies  with  propellant  flow  control 
valves, hot  gas manifold, and turbine  inlet  nozzles. 

(b) Turbine  rotating  assembly  with  rotors,  bearings,  housing,  inter- 
stage  nozzles, and exhaust  ducting 

(c)  Gearbox  assembly  with  gearing,  accessory  mounting  pads, and integral 
lubricant  scavenging and pumping system. 

Functional  Interfaces 

Figure 6-1 shows  the  functional  interfaces  between  the  turbine  power unit 
assemblies and the  other  two APU subsystems  (controls and propellant condi- 
tioning/thermal  control). It should  be  noted that as presently  defined,  the 
alternator and hydraulic pumps are  not a part of this subsystem,  although  the 
shaft power  and  thermal  control  requirements  have  been  considered in detail in 
system  design. 

Desian  Justifications 

This section  will first contain  descriptions  of  the  three  major  assemblies 
which  will  be  followed by design  justifications (in terms of  state-of-the-art 
experience) for  the  various  concepts  selected. 

HYDROGEN-OXYGEN COMBUSTOR ASSEMBLY 

The  hydrogen-oxygen  combustor  assembly  delivers a controlled  flow  of  hot 
gas  to  the  turbine,  using  as  inputs,  gaseous  hydrogen and oxygen  from  the 
propellant  conditioning  subsystem and signals  from  the  controls  subsystem  for 
actuation  of the  propellant  flow  control  valves.  Drawing SK68007 shows  the 
combustor-flow control  valve  assembly,  less  the  hot gas manifold  which is welded 
to  the  open  end  of  the  combustor  shown in the  drawing. The combustor  assembly 
has  the  following  functions: 

control of total  propellant  flow  to  match  power  demand of the turbine 

0 control of oxygen to  hydrogen  mixture  ratio  to  control  turbine  inlet 
temperature 

0 mixing  of  hydrogen  and  oxygen  for  uniform  combustion 
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CONTROLS  SUBSYSTEM 
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PROPELLANT  CONDITIONING/THERMAL  CONTROL  SUBSYSTEM 

F igu re  6-1. Turb ine  Power U n i t  System I n t e r f a c e s  

0 i gn i t ion   o f   the   combustab le   mix tu re  

0 p r o v i d e   t o   t h e   t u r b i n e  a gas stream at   un i form  temperature,  
pressure,  and  f low  for  each power l eve l   requ i red  

The combustor  assembly  consists of three  major  elements: ( 1  ) hydrogen  f low 
con t ro l   va l ve ;  ( 2 )  oxygen  f low  control   valve;   and ( 3 )  t he  combustor. 

Flow  Control  Valves 

Hydrogen  and  oxygen  f low  are  cont ro l   led  by  separate  e lect r ica l   ly -dr iven 
f low  modulat ing  va lves  us ing  ba lanced  poppet   des igns  to  limit t h e   f o r c e  
requirement of the  torquemotor   actuator   ( thereby  min imiz ing  weight   and power 
consumption  for  these  components). 

1 .  Performance  Character i s t  i cs 

The performance  requirements o f   t h e  two propel lant   va lve  assembl ies  are 
p resented   in   Tab le   6 -1 .   Spec i f i ca t ions   o f   the   ind iv idua l  components a r e  
inc luded  in   the   d rawing .  The to rque  motor   se lec ted   exh ib i ts  a l inear   charac-  
t e r i s t i c   o f  poppet  stroke (CA) as a f u n c t i o n   o f   t h e  maximum con t ro l   supp l i ed  
to   the  torque  motor .  The r e l a t i o n s h i p  i s  shown i n   F i g u r e  6-2. 
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TABLE 6-1 

FLOW CONTROL VALVE  REQUIREMENTS 

- 

Flow,  lb/min  Maxi mum 

Minimum 

Temperature O R  Maxi mum 

Minimum 

- - " . . " 

. ~- 

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

Response  time, MS 

Lea ka ge, s ccm 

F low  con t ro l  tolerance, 
percent  o f  f l o w  

Duct  d iameter,   in.  

Va lve   pos i t ion   feed  back  
requ i red  
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F igu re  6-2. Flow  Control  Valve  Area v s  Torque  Motor  Current 
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A principal  feature of the  valve  design is the individual electric  drive 
of each  valve  using  torquemotors.  The  torque motor provides  the high spring 
rate in the drive  direction  (similar to a gear  train)  and also  offers  fast 
response  to  system  control  commands. The reliability of the  torque  motor is 
superior to a motor  and  gear  train  assembly.  The  valve  response of 100 cps is 
calculated. The individual electrical  signals to the  torque  motor  and  the 
individual feed  back  sensor  output  complete  the  control loop. 

The poppet  position  sensors are linear  differential  transformers. The 
poppets  are  straight  conical  elements,  shaping of the  flow-position  command 
relationship  to a logarithmic  function is accomplished  within the controller. 

2. Packag i ng 

The  arrangement of  the  valves  with  respect  to  the  combustor  injector 
affords a relatively flat assembly  outline  which  lends  itself  to  the  package 
configuration  shown in Section 3 .  

3 .  Seals 

The propellant  flow  control  valves  need  not  seal at the  low flow  condition 
since  the  upstream  shutoff  valves  perform  this  function.  The flow control 
valves  are  designed  to  provide a flow  modulation  ratio of  approximately 1 . 4 : 1 ,  
which  does  not  include  sealing. 

The  pressure  forces of the dual, pressure  balanced  poppet  assembly  are 
equalized at the  seal  area by the  opposing  dual-convoluted  diaphragms.  These 
diaphragms  serve to center  the  poppets in the bore of the  seat  because of hiqh 
spring rate in the  radial direction,  while  exhibiting a low  spring  rate in the 
transverse d i rec 

Dynam i c sea 
achieving a seal 
bellows  designs. 
actuation  mechan 

t 

1 

I 

Ion. 

s are  avoided in the  design of the  valves.  The  method of 
between the propellant and the  ambient is by use  of  diaphragm/ 
Convoluted  diaphragms  are  used  for  sealing  around  the  poppet 
sm,  and  also  to  serve as poppet  guides. These devices  are a 

single  piece  component.  Since  they 
leakage  occurring at a weld is elim 

4 .  Adjustment 

The  balance  spring  assembly a1 

contain  no  weld joints, the  possibility of 
inated. 

lows final adjustment  of  actuation  torque 
requirements  after  assembly.  The  balance  spring  on  the  oxygen  valve  wil!  be 
adjusted  to  drive  the  valve  to  the  most  closed  position in the  event of loss 
of  electrical  power.  The  hydrogen  valve  balance spring will  be  set  to  drive 
the valve  to  the  full  open  position in the  event of an electrical  failure. 
Use  of this approach  to fai 1 safe  operation el iminates  the  possibility of a 
combustor  outlet  temperature  higher than the  desired 2060'R. 



5. Thermal Considerations 

Thermal protection of electrical drive components is provided by the com- 
bination of resistance to heat transfer to the vicinity of the components, 
insulation of the component mounting from direct contact with the metal 
structure, and radiant heat loss to an environment at an average temperature 
of 500'R. Implementation of these considerations in the design ml 
thermal stress imposed on  the electrical components of the valve 

6. Position Feedback Sensor 

n i mi zes the 
assemblies. 

The  flow control valve requires accurate valve element posit i 
control. The poppet assembly i's tracked using a linear variable differential 
transformer (LVDT) sensor. Backlash between the torquemotor, poppet assembly, 
and the LVDT is eliminated by the use of flexture joints.  This method of 
joining parts allows minor relative angular motion by flexing of thin members 
while maintaining positive linear relationships. 

7. Alternative - . .  Mechanically Linked Valve Concept 

An analysis  was performed to compare the  individual electrically driven 
valves with the mechanically 1 inked propellant valve approach. Both approaches 
use the same electronic control concept (assuming both are pressure modulated 
turbines, and operate from the same control sensors). Either valving approach 
requires two actuators, one for valve element position control for total flow 
of propellants, and one for relative control of  one valve element with respect 
to the other to yield mixture ratio control. Signal  feed back (used on elec- 
trical or mechanical valve assemblies) insures accurate positioning of the 
electrically driven valve even if the electronics tend to drift. The  same is 
true of the mechanically linked valves, based upon individual valve element 
position sensor information. The mechanically linked valves exhibit one 
characteristic which will require additional design and development effort and 
that is alignment and backlash. Mechanically linked propellant valves require 
that the propellants be brought into proximity prior to the valves and well 
ahead of the combustor injector. The separate electrically controlled valves 
eliminate this  potential compromise to system safety. 

The comparison summarized above results in the conclusion that the use of 
mechanically linked valving offers no advantage over the individual electrically- 
driven valves. The electrically-driven valves with position feedback provide 
separation of the propellants without compromise of safety goals, afford greater 
packaging flexibility and offer the potential for simplified assembly,  adjust- 
ment, and checkout. 

Hydrogen-Oxygen Combustor 

on feedback 

The function of the combustor is ( I  ) to provide uniform mixing of the 
hydrogen and oxygen for uniform combustion, (2) to provide for ignition of tt 
resultant mixture, and ( 3 )  to provide to the turbine a gas stream at uniforr 
temperature, pressure, and flow for each power level required. 
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I. Combustor,  Performance  Requirements 

The p r i n c i p a l   d e s i g n   r e q u i r e m e n t s   o f   t h e   c o m b u s t o r   a r e   t o  ( I )  p r o v i d e  
e f f i c i e n t ,   r e l i a b l e   p e r f o r m a n c e   t h r o u g h o u t   t h e   o p e r a t i o n a l   r a n g e   o f   f l o w   a n d  
p ressu re ,   (2 )   p rov ide  a u n i f o r m   t e m p e r a t u r e   p r o f i l e   a t   t h e   t u r b i n e   n o z z l e  
i n l e t ,   a n d   ( 3 )   t o   a v o i d   h i g h   w a l l   t e m p e r a t u r e s   a n d   l o c a l i z e d   h o t   s p o t s   o n  
t h e   c o m b u s t o r   e x t e r i o r .  

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

TABLE 6-2 

D E S I G N  CRITERIA FOR APU HYDROGEN-OXYGEN COMBUSTOR 

~~ - ~. i .. . .. - 

P r o p e l   l a n t s  Oxygen Hydrogen 
" 

~" . 

Feed  Pressure,   psia 26 m i  n 26 

max 500 500 

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

450 Chamber ps  i a  

35 13 P r e s s u r e   d r o p   a t   h i g h   f l o w ,   p s i a  

300 - 500 700 t o  I 100 

Chamber O R  2060 

We igh t   f l ow   l b /m in  0.7 t o  13.5 

1 M i x t u r e   r a t   i o   l b   0 2 / l b  H2 

1 L i f e   c y c l e s  

0.5 t o   0 . 8  

IO00 

2.  Combustor D e s c r i p t i o n  

The combustor i s  shown i n   s e c t i o n a l   v i e w   i n   D r a w i n g  SK68007.  The 
combustor  head i s  machined  f rom a s t a i n l e s s   s t e e l   c a s t i n g   a n d   c o n t a i n s   t h e  
hyd rogen   and   oxygen   man i fo lds   i nc lud ing   t he   cav i t i es   f o r   t he   p rope l l an t   con -  
t r o l   v a l v e s .  T h e   h y d r o g e n   i n j e c t i o n   h o l e s   a r e   d r i l l e d   d i r e c t l y   i n t o   t h i s  
c a s t i n g ,   w h i l e   t h e   o x y g e n   i n j e c t o r   i s  a s e p a r a t e   p a r t   t h r e a d e d   i n t o   t h e  com- 
bustor   head.  The  body t u b u l a r   p o r t i o n   o f   t h e   c o m b u s t o r  i s  w e l d e d   t o   t h e  
combustor  head t o   a s s u r e   l e a k   t i g h t   a s s e m b l y .  The  combustor  head i s   n e v e r  
sub jec ted   to   combust ion   tempera tures ,   there fore ,   h igh- tempera ture   sea ls   a re  
not   requ i red. 

The body o f  t h e  combustor i s  o f  CRES 347 steel   which  combines  low  cost ,  
a v a i l a b i  1 i t y ,  ease o f  f a b r i c a t i o n   ( m a c h i n i n g ,   f o r m i n g ,   a n d   w e l d i n g )   w i t h   h i g h  
s t r e n g t h  a t  t h e   o p e r a t i n g   t e m p e r a t u r e   o f  2060'R. The  combustor  head i s  an 
i n t e g r a l   p a r t  of t h e   t u r b i n e   i n l e t   s c r o l l ,   t h e r e f o r e ,   h i g h   t e m p e r a t u r e   s e a l s  
a r e   n o t   r e q u i r e d   w i t h i n   t h e   p r e s s u r i z e d   r e g i o n s .  
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3. H y d r o g e n   I n j e c t   i o n  

I n   t h i s  c o m b u s t o r   d e s i g n   t h e   h y d r o g e n   i s   i n t r o d u c e d   a x i a l l y   a l o n g   t h e  
i n n e r  chamber w a l l   t h r o u g h  a s e r i e s   o f   h o l e s   f r o m   t h e   h y d r o g e n   i n l e t   m a n i f o l d .  
A l t h o u g h   t h e   i n j e c t o r   p r e s s u r e   d r o p   i s   s m a l l ,   t h e  gas i s   i n t r o d u c e d   a t  a v e l o c -  
i t y   o f   s e v e r a l   h u n d r e d   f e e t   p e r   s e c o n d   v e l o c i t y .   T h i s   p r o d u c e s  a c o o l i n g  gas 
l a y e r   a l o n g   t h e  chamber w a l l .  Thus, cool   combustor chamber w a l l s   a r e   o b t a i n e d  
w i thou t   t he   use   o f   add i t i ona l   dev i ces   such   as   s leeves ,   coo l i ng   j acke ts ,   o r  
o t h e r   d e v i c e s   a n d   t h e   h o t   c o m b u s t i o n   c o r e   i s   m a i n t a i n e d   i n   t h e   c e n t e r  of t h e  
chamber   by   hydrogen  gas   f low  a long  the   wa l ls .  

4. Oxygen I n j e c t   i o n  

The  oxygen i s   i n t r o d u c e d   t h r o u g h  a g roup   o f   sma l l   ho les   nea r   t he  chamber 
c e n t e r   l i n e   i n  a d i r e c t i o n   n e a r l y   p a r a l l e l   w i t h   t h e   h y d r o g e n  flow. Hydrogen 
f l o w   i n   t h e   c e n t e r   o f   t h e  chamber i s   w e l l - m i x e d   a s   t h e   a v e r a g e   v e l o c i t y   a t  
t h e   p o i n t   o f   o x y g e n   i n j e c t i o n   i s   o n l y   o n e - t e n t h   o f   t h a t  when i t  leaves   the  
i n j e c t o r .   T h i s   s w i r l i n g ,   p l u s   t h e   v e l o c i t y   o f   t h e   o x y g e n   j e t ,  causes r a p i d  
m i x i n g   i n   t h e   c e n t e r   o f   t h e  chamber   and  ensures   rap id   and  essent ia l l y   comple te  
combust ion.  

A s  mix ing   occurs   in   the   combustor   be tween ( I )  the  combust ion  products ,  
(2 )   the   heated   bu t   uncombusted   hydrogen  in   the   core   reg ion ,   and (3)  t h e   w a l l -  
c o o l i n g   h y d r o g e n ,   t h e   r e s u l t a n t   t e m p e r a t u r e   i s   m a i n t a i n e d   a t   t h e   d e s i r e d  2060'R 
a t   t h e   t u r b i n e   i n l e t .  

5 .  I g n i t i o n  

I g n i t i o n   i s   a c c o m p l i s h e d   b y  means o f  a s p a r k   p l u g   l o c a t e d   a d j a c e n t   t o   t h e  
chamber w a l l   a n d   o u t s i d e  o f  the   ho t   combust ion   a rea .   Th is   loca t ion   p romotes  
l o n g   p l u g   l i f e   s i n c e  i t  i s  neve r   i n   t he   combus t ion   zone   excep t   a t   t he  moment 
o f   i g n i t i o n .  The i g n i t i o n  sequence  a l lows  fo r  a s l i g h t   o x y g e n   l e a d   ( a p p r o x i -  
ma te l y  50 ms) which f i l l s  t h e  chamber w i th   oxygen  and when t h e   h y d r o g e n   f l o w   i s  
s t a r t e d  a f l a m m a b l e   m i x t u r e   o c c u r s   m o m e n t a r i l y   a t   t h e   s p a r k   p l u g .  Once t h e  
combustor i s  i g n i t e d ,   t h e   s p a r k   p l u g   c a n   b e   t u r n e d   o f f .  

TURBINE CONFIGURATION/MECHANICAL DESIGN 

The APU t u r b i n e   i s  a 2 -s tage  p ressure-compounded  ax ia l   f low  tu rb ine   ra ted  
a t  450 shp a t  70,000 rpm. Drawing SK39908 shows the  turb ine,   gearbox,   and  the 
h y d r a u l i c  pumps a n d   a l t e r n a t o r .  The f o l l o w i n g  pages  descr ibe   the   se lec ted  
t u r b i n e   c o n f i g u r a t i o n  and the   mechan ica l   des ign   s tud ies   conduc ted   t o   i nsu re  
i n t e g r i t y .  

D e s c r i p t i o n   o f   C o n f i g u r a t i o n  

The t u r b i n e   a s s e m b l y   i n c l u d e s   t h e   t u r b i n e   d i s k s ,   s h a f t ,   b e a r i n g s ,   b e a r i n g  
c a r r i e r   a n d   p r e - l o a d   s p r i n g ,   t h e   i n t e r s t a g e   n o z z l e ,   t h e   e x h a u s t   m a n i f o l d ,   a n d  
the  overspeed  sensor .  The t u r b i n e   s t a g e s   a r e   c a n t i   l e v e r e d   w i t h   t h e   s e c o n d  
s tage  inboard .  The d i s k  shapes a r e   i d e n t i c a l ,   t h e   o n l y   d i f f e r e n c e   b e i n g   t h e  
b l a d e   h e i g h t   i n c r e a s e   f r o m   t h e   f i r s t   t o   s e c o n d   s t a g e ,   T h i s   c o m m o n a l i t y   o f  
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d i s k s   i s   a t t r a c t i v e  from a m a n u f a c t u r i n g   c o s t   s t a n d p o i n t   w h i l e   c o n c u r r e n t l y  
sat is fy ing  the  thermodynamic  per formance  requi rements.   At tachment   o f   the 
wheels i s   b y  means o f   c u r v i c   c o u p l i n g s   a n d   o f f - c e n t e r l i n e   b o l t s .   T h i s   c o n -  
cept  was se lected  because i t  of fers  assembly  ease  and  also  because  of   the  low 
d e g r e e   o f   d i s k   m a t e r i a l   w e l d a b i l i t y .   A d d i t i o n a l l y ,   t h e   c o n d u c t i v e   c o n t a c t  
r e s i s t a n c e   o f   t h e   c u r v i c   c o u p l i n g   i n t e r f a c e s   a c t s  as a t h e r m a l   b a r r i e r .  

The t u r b i n e   s h a f t   b e a r i n g s   a r e  25 mm, angu la r   con tac t   bea r ings   o f  “50 
t o o l   s t e e l  (60 Rc or   greater)   which  have  been  extens ive ly   used  by  A iResearch 
i n   s i m i l a r   a p p l i c a t i o n s   a t   t h e  same speed and l o a d i n g   c o n d i t i o n s .  They a r e  
sp r ing   l oaded   to  125 l b  nomina l   p re load  fo rce  and  spray  lubr icated  and  cooled.  
The hot   end  bear ing has s p e c i a l   c o o l i n g   p r o v i s i o n s   p r o v i d e d   b y   i n c o r p o r a t i n g  
g r o o v e d   i n n e r   b o r e   f o r   a d d i t i o n a l   o i  1 f l ow   a round   the   sha f t .   Fu r the r ,   t he re   i s  
a p o s i t i v e   f l o w   o f   o i  1 i n s i d e   t h e   d r i  1 l e d   s h a f t   t h a t  i s  c i r c u l a t e d  by t h e   h o t  
end o i  1 s l i n g e r .  

The t u r b i n e   s h a f t   s e a l   i s  a c r i t i c a l   d e s i g n  component, f o r m i n g   t h e   o n l y  
p o t e n t i a l   p a t h   f o r   o i l   m i g r a t i o n   f r o m   t h e   t u r b i n e   a n d   g e a r b o x .  Such o i l   l o s s e s  
m i g h t   b e   i n c u r r e d   d u r i n g  APU opera t i on   and /o r   du r ing   s tandby  mode w h i l e   t h e  
v e h i c l e   i s   i n   o r b i t .   E v e r y   e f f o r t  has  been  concentrated  on a des ign   tha t  
m in im izes   and   nega tes   t he   l oss   o f   l ub r i can t .  The s e l e c t e d   d e s i g n   s o l u t i o n   i s  
a mechanica l   carbon  face  seal   that   is   be l lows  actuated.  The a n t i c i p a t e d  wear 
r a t e   o f   t h e   s e a l   f a c e   i s   m i n i m a l   s i n c e  i t  i s   b o t h   l u b r i c a t e d   a n d   c o o l e d   b y   o i l  
vapor   dur ing APU o p e r a t i o n .  An a l t e r n a t e   s e a l   d e s i g n   t o   g i v e   g r e a t e r  wear l i f e  
has  been  cons idered  and  would  cons is t   o f  a p ressu r i zed   l i f t - o f f   sea l   assemb ly .  

Mechan i ca 1 Des i gn 

The  Phase I1 mechan ica l   des ign   s tud ies   represent   an   ex tens ion   o f   those 
performed  during  Phase I (descr ibed  in   Append ix  B o f  Volume 1 1 ) .  However, 
NASA-d i rec ted   des ign   changes  have  necess i ta ted   reana lys is   o f   the   tu rb ine .  
NASA has s p e c i f i e d   t h a t   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   b e   r e d u c e d   f r o m   t h e  
2260’R used  dur ing Phase I t o  2060’R. Fur the r ,  NASA has e l   im ina ted   use   o f  
hydrogen  passages i n   t h e   t u r b i n e   c a s i n g  a s  a means o f   c o o l i n g   t h e   t u r b i n e   d i s k s ,  

The mechan ica l   des ign   ana lyses   a re   as   fo l lows:  

0 t u r b i n e   d i s k   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   d i s t r i b u t i o n s  

0 t u r b i n e   d i s k   a l l o w a b l e   s t r e s s e s  

0 t u r b i n e   d i s k   s t e a d y - s t a t e   a n d   t r a n s i e n t   s t r e s s   d i s t r i b u t i o n s  

0 t u r b i n e   d i s k   c o n t a i n m e n t  

0 r o t a t i n g   a s s e m b l y   c r i t i c a l  speeds 

0 r o t a t i n g  assembly   bear ing   opera t ing   cond i t ions  
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1 .  T u r b i n e   D i s k   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   D i s t r i b u t i o n s  
. . - - - - - - -~ 

Approx ima te l y  100 nodes  were  used t o  model t h e   r o t a t i n g   a s s e m b l y   w i t h  a 
t r a n s i e n t   t h e r m a l   a n a l y z e r   p r o g r a m   b a s e d   o n  a m o d i f i c a t i o n  o f  the   Runge-Kut ta  
r e l a x a t i o n   t e c h n i q u e .   F i g u r e s  6-3 and 6-4 show t h e   r e s u l t i n g   s t e a d y - s t a t e   a n d  
t r a n s i e n t   t u r b i n e   t e m p e r a t u r e   p r o f i l e s .  The t r a n s i e n t   p r o f i l e s  assume t h a t   t h e  
i n i t i a l   t u r b i n e   i n l e t   t e m p e r a t u r e   i s  2060'R; however ,   the  cont ro ls   have  been 
d e s i g n e d   t o   r e d u c e   t h e   t e m p e r a t u r e   b e l o w   t h i s   l e v e l   d u r i n g   s t a r t u p .   T h e s e   d a t a  
were  computed  us ing  the  assumpt ion o f  no   case  coo l ing .  A consequence of t h e  
l a c k  o f  c a s e   c o o l i n g   i s   t h a t   t h e   t u r b i n e   d i s k s   a r e   n e c e s s a r i l y   s i z e d  t o  lower  
a l l o w a b l e   s t r e s s e s ,   a n d   a r e   t h e r e f o r e   r e l a t i v e l y   h e a v i e r .   T h e   d a t a   i n d i c a t e  
f i r s t   s t a g e   t u r b i n e   b l a d e   t e m p e r a t u r e s  o f  a p p r o x i m a t e l y  1300'F and a hub 
tempera tu re  o f  abou t  I190 'F .   Second  s tage  tempera tures   a re   less   s t r ingent  
and   a re  of pr imary  consequence for t h e   t r a n s i e n t   c o n d i t i o n .  

2. T u r b i n e  ~~ D i s k   A l l o w a b l e   S t r e s s e s  
. 

T a b l e  6-3 shows t h e   f o u r   s t r e s s   c r i t e r i a   c o n s i d e r e d   i n   s e l e c t i n g   t h e  
t u r b i n e   d i s k   s t e a d y - s t a t e   a n d   t r a n s i e n t   a l l o w a b l e   s t r e s s e s .   T h e   l o w e s t  
v a l u e s  f o r  s t e a d y - s t a t e   a n d   t r a n s i e n t   c o n d i t i o n s   h a v e   b e e n   u s e d   i n   o b t a i n i n g  
t h e   s e l e c t e d   d i s k   d e s i g n s .   F i g u r e s  6-5 and 6-6 p l o t   t h e   a l l o w a b l e   s t r e s s e s  
o f   t h e   d i s k s  a s  a f u n c t i o n   o f   d i s k   r a d i u s ,   u s i n g   t h e   s t e a d y - s t a t e   t e m p e r a t u r e  
p r o f i l e s   o f   F i g u r e s  6-3 and 6-4. 

TABLE 6-3 

CRITERIA FOR SELECTING 
ALLOWABLE D I S K  STRESSES 

" - 

Overspeed 

Disk  grow t h  

Low c y c l  e f a t i g u e  

Maximum a l l o w a b l e  
y i e l d  a n d   u l t i m a t e  
s t r e s s e s  
" 

~~ - 

Desi  gn  Overspeed I .  3 (Nominal   des i  gn speed) 
91,000  rpm 

Uses 80 P e r c e n t   o f   u l t i m a t e   s t r e s s  as a 1 imi t 

L i m i t s   c r e e p   e f f e c t s   t o  0. I p e r c e n t   o v e r a l  1 
a l l o w a b l e   g r o w t h ;   b l a d e   t i p / c a s i n g   c l e a r a n c e  
mai n t a i   n e d  

S t r e s s   s t r a i n   h y s t e r e s i s   f a t i g u e   e f f e c t s  
cons i d e r e d   u s i n g   a n   e x t e n s i o n   o f   N e u b e r '  s r u l e  
a n d   t h e  Manson-Hal f o r d   e q u a t i o n  

Uses s a f e t y   m a r g i n   a p p l i e d   t o   y i e l d   a n d  
u l t i m a t e   s t r e s s   o f   d i s k   m a t e r i a l  
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The low cycle  fatigue  allowable  stress  was  obtained using a computerized 
elastic-plastic  stress-strain analysis. Figure 6-7 shows the relationship 
between the number of cycles and the allowable  stress used in this study. 
The  disk  areas  adjacent to the bolt holes were  a focal  point of this analysis 
because of the stress  concentration factor associated with the holes. 

The limiting stresses in steady-state  are the 0.1 percent creep criterion 
on the first  stage and the fatigue limit on the second stage. In the transient, 
the limiting stresses  on both stages are 90 percent of the allowable yield 
stress. 

3 .  Turbine  Disk  Steady-State and Transient  Stress -~ Distributions 

Figures6-8 and 6-9 show the radial  and  tangential components of  the 
combined centrifugal and  thermal stresses on the first and second state 
disks during steady-state  operation.  The figures also  show the allowable 
stress for each disk. The selected designs are within the allowable stress 
enve 1 ope, 

Figures 6-10 and 6-1 I show the components of the combined stresses on 
the disks  during the startup transient (at 10 sec  after  startup  with the 
disk  at speed). Again,  the  designs are  within the allowable  stress envelope. 

In both steady-state and transient stress  distributions, the discontinuity 
in stress at mid-radius is due to the influence of the curvic coupling 
platform. 
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Figure 6-7. Stress vs  Cycles to Failure for Udimet 700 
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4 .  Turb ine   D isk   Con ta inmen t  

B a s e d   o n   t h e   m u l t i - n o d e   t h e r m a l   a n a l y s i s   o f   t h e   r o t a t i n g   a s s e m b l y ,   t h e  
t u r b i n e   c o n t a i n m e n t   m u s t   b e   d e s i g n e d   t o   o p e r a t e   a t  1000 t o  13OOOF. The  con- 
t a i n m e n t   m u s t   p r o t e c t   a g a i n s t  a t r i - h u b   b u r s t   a t  130 percent   o f   normal   speed.  
Waspaloy  has  been  se lected for  t h e   c o n t a i n m e n t   m a t e r i a l   b e c a u s e  of i t s   h i g h  
u l t i m a t e   s t r e n g t h   a n d   e l o n g a t i o n   c a p a b i l i t y .  

The  conta inment   des ign will c o n t a i n   a g a i n s t  a t r i - h u b   b u r s t  of e i t h e r  
t u r b i n e   d i s k ,   a s   w e l l   a s   c o n t a i n i n g   t h e   u n f r a c t u r e d   d i s k .  The s t r u c t u r e   i s  
d e s i g n e d   u s i n g   a n   e m p i r i c a l   e q u a t i o n   r e l a t i n g   t h e   a r m o r   t h i c k n e s s  t o  t h e   d i s k  
k i n e t i c   e n e r g y   ( m a i n l y   t r a n s l a t i o n a l   e n e r g y ) .   T h e   a n a l y s i s   h a s  a s a f e t y   f a c t o r  
of 1.5. The w e i g h t   p e n a l t y  fo r  c o n t a i n m e n t   i s  7 l b   ( a n   a d d i t i o n a l  2-3 l b   o f  
c o n t a i n m e n t   m a t e r i a l   i s   a v a i l a b l e ,   b e i n g   r e q u i r e d   f o r   t h e   c a s i n g ) .  

5. R o t a t i n g   A s s e m b l y   C r i t i c a l  Speeds 

A m u l t i - n o d a l   c o m p u t e r   a n a l y s i s  was used to d e t e r m i n e   t h e   c r i t i c a l   s p e e d s  
a n d   t h e   s h a f t   w h i r l   a m p l i t u d e s  as a f u n c t i o n   o f   t h e   s p e e d   o f   r o t a t i o n .  
F i g u r e  6-12 shows t h e   a n a l y t i c a l  model  and  Figure 6-13 p r e s e n t s   t h e   v a r i a t i o n  
i n   b o t h   r i g i d  and f l e x u r a l   r e s o n a n t   f r e q u e n c i e s   a s  a f u n c t i o n  o f  t h e   b e a r i n g  
mount s p r i n g   r a t e   a n d   t u r b i n e   r o t a t i o n a l  speed.   These  da ta   ind ica te   tha t  a 
s u s p e n s i o n   s p r i n g   r a t e   o f  15,000 l b / i n .  w i l l  a l l o w   t u r b i n e   o p e r a t i o n   a t   b o t h  
t h e  70,000 rpm normal  speed  and  the 40,000 rpm speed as used when r u n n i n g   f r o m  
i n e r t  gas  on  the  ground. 

and 
r a d  i 
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and 

F i g u r e  6-14 d e p i c t s   t h e   v i b r a t i o n a l   a m p l i t u d e   v s   s p e e d   f o r   t h e   a s s e m b l y  
the  modal  shapes f o r  a r e p r e s e n t a t i v e   b e a r i n g  mount s p r i n g   r a t e .  The 
a l   d e f l e c t i o n s   a r e   b a s e d   o n  a b a l a n c i n g   a c c u r a c y   o f  0 .18  gm-in.  These 
e c t i o n s   a r e   w i t h i n   t h e   d e s i g n   b l a d e   t i p - t o - c a s i n g   c l e a r a n c e   o f  0.012 i n .  

Rota t i n.9  AssembJ y Bear i ng  Operat i ng Cond i t i  ons 

The the rma l   ana lyze r   p rog ram  (desc r ibed   under  t u r b i n e   d i s k   s t e a d y - s t a t e  
t r a n 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 )  was used t o   d e t e r m i n e   t h e   h o t - e n d  

b e a r i n g   t e m p e r a t u r e s   d u r i n g   b o t h   s t e a d y - s t a t e   r u n n i n g   a n d   a f t e r   s h u t d o w n  when 
t h e   t h e r m a l   e n e r g y   i n   t h e   d i s k s   i s   d i s s i p a t e d   d u r i n g   t h e r m a l   s o a k b a c k   i n t o   t h e  
b e a r i n g   c a r r i e r   a n d   o t h e r   s u r r o u n d i n g   m e t a l .  The s t e a d y - s t a t 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   o n   t h e   l u b e  o i l  tempera ture .  I n  shutdown, i t  i s  
dependen t   on   t he   t he rma l   ene rgy   o f   t he   d i sks ,   and   t he   t he rma l   capac i t y   o f   t he  
s u r r o u n d i n g   m a t e r i a l s .  

I n   o p e r a t i o n ,   t h e   h o t - e n d   b e a r i n g   i s   c o o l e d   b y  60 I b / h r  of o i l  sprayed 
i n t o   t h e   b e a r i n g   c a s e   a n d   b y  an a d d i t i o n a l  120 l b / h r   o f  o i l  passed  th rough  the  
t u r b i n e   s h a f t   a n d   o u t   u n d e r   t h e   b e a r i n g   i n n e r   r a c e .   I n   s t e a d y - s t a t e   o p e r a t i o n ,  
t h e   b e a r i n g   i s   a t  I15OF. 

A f t e r  shutdown,   the  bear ing o i l   f l o w   s t o p s   a n d   t h e   b e a r i n g   t e m p e r a t u r e  
i n c r e a s e s   u n t i l   a n   e q u i l i b r i u m   s t a t e   i s   r e a c h e d .   F i g u r e  6-15 shows t h e   b e a r -  
i ng   t empera tu re   as  a f u n c t i o n   o f   t i m e   a f t e r   s h u t d o w n   f o r  t w o  d i f f e r e n t   c o n d i -  
t i o n s ;   o n e   i n   w h i c h   t h e  APU i s   i m m e d i a t e l y   s h u t d o w n ,   a n d   t h e   o t h e r   i n   w h i c h  
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t h e  APU o p e r a t e s   f o r  3 m i n u t e s   a f t e r   i n i t i a t i o n   o f   s h u t d o w n   a t  a reduced 
t u r b i n e   i n l e t   t e m p e r a t u r e  (1600'R).  Preshutdown r e d u c t i o n   o f   t h e   i n l e t  
t e m p e r a t u r e   f o r   t h i s   t i m e   i n t e r v a l   a l l o w s   t h e   d i s k s   t o   e q u a l i z e   t o   t h e  new 
in le t   cond i t i ons ;   t hus ,   reduc ing   t he   t empera tu re   d i f f e rence   be tween   the   d i sks  
and  the  bear ing.  

Imed ia te   shu tdown   w i thou t   i n le t   t empera tu re   reduc t i on   has   been   se lec ted  
s i n c e   t h i s   a l l o w s   t h e  APU t o  be  shutdown i n  emergencies  wi thout  harming 
the   bea r ings .   Th i s  does,  however, r e q u i r e   a d d i t i o n   o f  a h i g h - c a p a c i t y  
t h e r m a l   i n e r t i a   t o   r e d u c e   e q u i l i b r i u m   t e m p e r a t u r e .  A Resorc ino l  wax has  been 
s e l e c t e d   f o r   t h i s   p u r p o s e .  The wax has a m e l t i n g   p o i n t   o f  23OoF, a s p e c i f i c  
heat   o f   about   0 .4  Btu/ lb   and a h e a t   o f   f u s i o n  of 83 B t u / l b .  The we igh t   pena l t y  
incur red   by   add ing   the  wax i s  about I I b .  

It s h o u l d   b e   n o t e d   t h a t   t h e   f i n a l   b e a r i n g   t e m p e r a t u r e   a f t e r   s h u t d o w n  
exceeds  the  NASA-specif ied maximum temperature of 29OoF f o r   t h e   l u b e   o i  1 .  
However, the   shu tdown  t rans ien t  will cove r   on l y  a s m a l l   p o r t i o n  of t h e  APU 
l i f e  and i s  con f i ned   t o   an   ex t reme ly   sma l l  amount of o i l .  AiResearch  has 
opera ted   var ious   lubr ican ts   (no tab ly   MIL-L-23699  and  MIL-7808)   a t   tempera tures  
up t o  350'F fo r   ex tended  per iods  of t ime. 
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TURBINE AERODYNAMIC DESIGN 

Des i qn Requi  rements 

The t u r b i n e   i s   r e q u i r e d  to  o p e r a t e  w i t h  a h i g h - e n e r g y   w o r k i n g   f l u i d  

( w i t h   a d i a b a t i c  heads i n   t h e   r a n g e   f r o m  1.5 t o  2.5 x IO6 f t - l b   p e r   l b )  and 
va ry ing   p ressu re   ra t i o   (wh ich   depends   upon   ou tpu t   power  and ambien t   p ressure ,  
as  shown i n   F i g u r e  6-16).  A l t h o u g h   t h e   t u r b i n e   c a n   c o n c e i v a b l y   o p e r a t e   o v e r  
a w i d e   r a n g e   o f   p r e s s u r e   r a t i o  (from 6 t o   a p p r o x i m a t e l y  70), n o t   a l l   o f   t h i s  
r a n g e   i s   o f   e q u a l   i n t e r e s t .   F i g u r e  6-17, f o r  example,  shows t h e   r a n g e   o f  
p r e s s u r e   r a t i o  f o r  the NASA Boos te r   m iss  ion p r o f i l e .  It can  be  seen f r o m  t h i s  
t h a t   o p e r a t i o n   a t   m o d e r a t e   p r e s s u r e   r a t i o s   ( i n   t h e   r a n g e  from 7 t o  13) will 
be p a r t i c u l a r l y   i m p o r t a n t .   I n   a d d i t i o n ,   a n y   t u r b i n e   d e s i g n   i s   c o n s t r a i n e d  
b y   t h e   r e q u i r e m e n t  f o r  d e l i v e r y  o f  f u l l  power   ou tpu t   (400   hp   a t   t he   gea rbox )  
a t   s e a - l e v e l   a m b i e n t   p r e s s u r e   w i t h  a maximum t u r b i n e   i n l e t   p r e s s u r e   o f   4 5 0   p s i a .  

Aerodvnamic   Des ian   Ana lv t i ca l   Procedure  

Several   computer  programs  were  used t o  a s s i s t   i n   t u r b i n e   d e s i g n  and 
eva lua t i on   o f   pe r fo rmance .   F i r s t ,   t he   des ign   p rog ram  (A iResearch   A -1205)  
was used t o   e s t a b l i s h   t u r b i n e   d e s i g n   p a r a m e t e r s   s u c h  as n o z z l e   a r e a   r a t i o s ,  
a r c   o f   a d m i s s i o n ,  and b l a d e   h e i g h t   F o r   s e l e c t e d   i n p u t   p a r a m e t e r s   s u c h  as 
r o t a t i o n a l  speed,  number o f   s t a g e s ,   r o t o r   d i a m e t e r ,   i n l e t   p r e s s u r e ,   d i s c h a r g e  
p r e s s u r e ,   w o r k i n g   f l u i d   p r o p e r t i e s ,   c h o r d   w i d t h ,  and t i p   c l e a r a n c e .  Then, t h e  
o f f -des ign -po in t   pe r fo rmance   ana lys i s   p rog ram  (A iResearch  TMAP) was used t o  
e s t a b l i s h   t u r b i n e   p e r f o r m a n c e  maps w h i c h   g i v e   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   o u t p u t  power  and t u r b i n e   d i s c h a r g e   p r e s s u r e   ( t u r b i n e   i n l e t   p r e s s u r e  was 
c o n t a i n e d   i n   t h e   o u t p u t   p o w e r   p a r a m e t e r ) .   F i n a l l y ,   t h e   t u r b i n e   p e r f o r m a n c e  
maps w e r e   f e d   i n t o   t h e   c y c l e   s t e a d y   s t a t e   p e r f o r m a n c e   p r o g r a m   t o g e t h e r   w i t h  
o t h e r  component o f f - d e s i g n   p e r f o r m a n c e   d a t a   t o   e s t a b l   i s h   t u r b i n e   p e r f o r m a n c e  
a t   t h e   s y s t e m   l e v e l .  It was n e c e s s a r y   t o   p e r f o r m  much o f  t h e   t u r b i n e   d e s i g n  
a n a l y s i s   a t   t h e   s y s t e m   l e v e l   t o  ( I )  i n s u r e   p e r f o r m a n c e   c o m p a t i b i l   i t y   o v e r   t h e  
e n t i r e   e n v e l o p e   o f   o p e r a t i n g   c o n d i t i o n s  and ( 2 )  o b t a i n   p r o p e r   o p t i m i z a t i o n   o f  
i n te rna l   des ign   pa ramete rs   ( such  as 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 ,   p i t c h  
l i n e   v e l o c i t y ,   t u r b i n e   d e s i g n   p o i n t   p r e s s u r e   r a t i o  and  power l e v e l ,   e t c . ) .  

Genera 1 Cons ide ra t i ons  

The genera l   des ign   requ  i rements 1 i s t e d   a b o v e   h a v e   l e d   t o   s e l e c t   i o n   o f  a 
two-s tage   p ressu re -compounded   ax ia l - f   l ow   impu lse   t u rb ine   des   i gn .   Bo th   s tages  
a r e   p a r t i a l   a d m i s s i o n .   I n t e g r a t e d   m i s s i o n   p r o p e l l a n t   r e q u i r e m e n t   s t u d i e s   h a v e  
i n d i c a t e d   t h a t  minimum p r o p e l l a n t   c o n s u m p t i o n   i s   o b t a i n e d   b y   d e s i g n i n g   t h e  
t u r b i n e   n o z z l e   a t  an a l t i t u d e ,   p a r t  power   cond i t ion .  The b l a d i n g   i s   d e s i g n e d  
f o r  o p t i m u m   p e r f o r m a n c e   a t   t h e   h i g h   o v e r a l l   p r e s s u r e   r a t i o s   a n d   v e l o c i t i e s  
o b t a i n e d   a t   t h e  maximum p o w e r   p o i n t .   T h i s   c o n c e p t   r e s u l t s   i n  a t u r b i n e   h a v i n g  
a h i g h   e f f i c i e n c y   o v e r  a w i d e   r a n g e   o f   o p e r a t i n g   c o n d i t i o n s   a n d   u t i l i z e s   w e l l  
e s t a b l i s h e d   p r i n c i p l e s  as will be  d iscussed.  
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The prob lem  o f   des ign ing  a t u r b i n e   t o   o p e r a t e   o v e r  a range o f   i n l e t  Mach 
number f r o m   s u b s o n i c   t o   s u p e r s o n i c   c o n d i t i o n s   i s   n o t  new. P a r t i a l - a d m i s s i o n  
superson ic   s tages   a re   convent iona l l y   used in steam  turb ines  which show h i g h  
t u r b i n e   e f f i c i e n c y   o v e r  a wide  range o f  i n l e t  Mach number. A i r c r a f t   a c c e s s o r y  
t u r b i n e s   f r e q u e n t l y   o p e r a t e   a t   h i g h   p r e s s u r e   r a t i o s   c o r r e s p o n d i n g   t o   s u p e r -  
son ic   cond i t i ons .   Cons ide rab le   da ta   a re   ava i l ab le   f rom  th i s   sou rce   show ing  
h igh  per formance  over  a wide  range o f   i n l e t  Mach number. Another   impor tant  
a r e a   r e q u i r i n g   s u p e r s o n i c   t u r b i n e   d e s i g n  has  been m i s s i l e  APU's u s i n g   l i q u i d  
monopropellants  (such as hyd raz ine   o r   e thy lene   ox ide )  and s o l   i d   p r o p e l l a n t s  
( p r i n c i p a l l y   l o w - t e m p e r a t u r e  ammonium n i t r a t e  compos i te   t ype   so l i d   p rope l l an ts ) .  
Again, t e s t   d a t a   a r e   a v a i l a b l e  show.ing good performance  over a wide  range  o f  
i n l e t  Mach number. 

Since  the  expansion  (and  hence e x i t   p l a n e   v e l o c i t y )   a c r o s s   t h e   t u r b i n e  
nozz le  i s  f i x e d  by  the  geometry,  the  question  arises  concerning  the  mechanism 
by   wh ich   w ide- range  e f f i c ien t   per fo rmance  i s   ob ta ined.   C lear ly   what   occurs  
be tween   the   t u rb ine   i n le t  and the   nozz le   ou t l e t   (a t   t he   d i scha rge   a rea   p lane )  
i s   impor tan t .  The exper imen ta l   da ta   a re   reasonab ly   we l l   co r re la ted   by   t he  
assumpt ion   o f  a f ree-st ream  expansion  between  the  nozz le  out le t  and t h e   r o t o r  
b l a d e s .   S u f f i c i e n t   a r e a  i s  a v a i l a b l e   f o r   t h i s   e x p a n s i o n   t o   o c c u r  as a r e s u l t  
o f   t h e   c l e a r a n c e s   r e q u i r e d   f o r   i n s t a l l a t i o n   o f   t h e   n o z z l e   g e o m e t r y  and f o r  
m e c h a n i c a l   s e p a r a t i o n   o f   t h e   r o t a t i n g  and s t a t i o n a r y   p a r t s .   I n c r e a s i n g   t h e  
expansion  area has n o t   r e s u l t e d   i n   a n y   s i g n i f i c a n t  improvement i n  Performance 
f o r   t h e   r a n g e   o f   i n l e t  Mach number o f   i n t e r e s t   h e r e .  

Turbine  Nozzle  Design 

It was e s t a b l i s h e d   i n   t h e  Phase I s t u d i e s  and conf  i rmed  dur ing Phase I 1  
t h a t  optimum t u r b i n e   p e r f o r m a n c e   i s   o b t a i n e d   w i t h   u n e q u a l   s p l i t   i n   p r e s s u r e  
r a t i o  between  the  two  stages. The f i r s t  stage i s  des igned   fo r  a h i g h e r  
p ressu re   ra t i o   wh ich ,  as  will be d iscussed,   remains   cons tan t   w i th   vary ing  
o v e r a l l   p r e s s u r e   r a t   i o .  

I .  F i rs t -S taqe   Nozz le  

kP2 

'TI 1" ' W ,  CA2 

v v 
I ST 2ND 
STAGE STAGE 



The f l o w   t h r o u g h   t h e   f i r s t - s t a g e   n o z z l e   i s   g i v e n   b y :  

WI 0 = PICAI 

and the   f l ow   th rough   the   second-s tage   nozz le   ( f o r  a s u p e r c r i t i c a l   p r e s s u r e  
r a t i o )   i s   g i v e n   b y :  

W2 A& = P2CA2 

The d i f  ference  between  the f i r s t  and  second  stage  f lows, WI - W2, is repre-  

sented  by a l eakage   f l ow   wh ich   i s   p ropor t i ona l   t o   i n te rs tage   p ressu re ,  

wI - w2 kP2 

By c o m b i n i n g   t h e   t h r e e   p r e v i o u s   e q u a t i o n s ,   t h e   f o l l o w i n g   e x p r e s s i o n   f o r   f i r s t -  
s t a g e   p r e s s u r e   r a t i o  can  be o b t a i n e d :  

CA I 

It can, t h e r e f o r e ,  be seen t h a t   f o r   c o n s t a n t  CAI, CA2, T I ,  and T2, 

- 
p2 

= cons tan t  

Therefore,   s ince  the f i r s t  s tage   p ressu re   ra t i o   rema ins   cons tan t   ( va ry ing  
s l i g h t l y   w i t h  O/F r a t i o  because o f  i t s  e f f e c t s  on s p e c i f i c   h e a t   r a t   i o ) ,   t h e  
f i r s t   s t a g e  will opera te   a t   cons tan t   cond i t i ons  and c o n s t a n t   s p e c i f i c   w o r k  
o u t p u t   f r o m   t h e   w o r k i n g   f l u i d   ( F i g u r e  6-1 8) w i t h   c o n s t a n t   i n l e t  Mach number 
(Figure  6-1 9). 

C o n s e q u e n t l y ,   v a r i a t i o n s   i n   o v e r a l l   p r e s s u r e   r a t i o  will be r e f l e c t e d   i n  
v a r i a t i o n s   i n   t h e   s e c o n d - s t a g 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 .  As i n d i c a t e d  
b y   F i g u r e  6-20, i t  i s   e x p e c t e d   t h a t ,   w i t h   i n c r e a s i n g   p r e s s u r e   r a t  io,   the 
t u r b i n e  w i  1 1  be a b l e   t o   c o n v e r t  a p o r t i o n   o f   t h e   i n c r e a s e d   a d i a b a t i c  head i n t o  
u s e f u l   o u t p u t   w o r k .   I n   o t h e r  w o r d s ,   r e d u c t i o n s   i n   t u r b i n e   e f f i c i e n c y   r e s u l t -  
i n g   f r o m   o f f - d e s i g n   o p e r a t i o n  will be more  than o f f s e t   b y   i n c r e a s e d  head,  and 
t h e   p r o d u c t   o f   t u r b i n e   e f f i c i e n c y  and a d i a b a t i c  head will i n c r e a s e   w i t h  
p r e s s u r e   r a t i o   o v e r   t h e   r a n g e   o f   p r i m a r y   i n t e r e s t .  
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2 .  Second-Staqe  Nozzle 

It has  been  well  established  that  nozzle  discharge  gas  velocity  increases 
with  pressure  ratio  beyond  the  design  point  for  both  converging  and  supersonic 
nozzles  by  expansion  outside  the  nozzle.  This  type  of  behavior is also 
experienced  with  turbine  nozzles  where  there is  no choking  or high shock 
losses in the  rotor  blading  to limit nozzle  pressure  ratio.  (Incidentally, 
downstream  choking is sometimes  intentionally  used  to  provide a type  of 
inherent  speed  control.)  Assuming  careful  design Gf the  rotor  blading  to 
minimize  flow  losses,  the  after-expansion  leads  to  increased  useful work  out- 
put with  increasing  pressure  ratio  .beyond  the  design  point. As mentioned 
previously,  test  data  are  correlated  by  the  assumption  of  free-stream  expan- 
sion  between  the  nozzle  outlet  and  the  rotor  inlet. This will be  illustrated 
subsequently in this  section. This expans  ion  takes  place in the wedge-shaped 
segment  between  the  nozzle  exit  plane  and  the  rotor  inlet  plane  (Figure 2-21 ). 
The radial expans  ion  provided  by  the  blade  inlet  area  overlapping  the  nozzle 
discharge  area is important  to  off-design  performance  of  the  second  stage. 

Turbine  Desiqn  Parameters 

Table 6 - 4  summarizes  the  design  characteristics  of  the  turbine  design in 
terms  of  the  major  geometrical  parameters  for  the  two  stages.  Use  of  identi- 
cal  symmetrical  rotor blading is assumed and reaction is neglected. It is 
probably  possible  to  improve  performance  through  use o f  nonsymmetrical  blad- 
ing and different  blading  design  for  the  two  stages.  Detailed  evaluation of 
flow  distribution  and  reaction  effects  may  also  be  important  to  attainment  of 
maximum  performance.  These  factors  should be considered during the  detailed 
des i gn phase  of APU deve  lopment. 

TABLE 6 - 4  

TURBINE DESIGN PARAMETERS 

Nozzle  effective  throat  area, s q  in. 
Nozzle  exit  area, s q  in. 

Nozzle  type 
Number  of  nozzles 
Percent  admiss  ion 
Blade  height, in. 
Axial  chord  length, in. 

Number  of  blades 
Pitch  diameter, in. 

Nozzle  exit  angle,  degrees 

Blade  inlet  angle,  degrees 
Blade  exit  angle,  degrees 

First Stage 

0 . 1 1 7 0  

0 .  I800 

Axisymmetric 
4 

21.35  

0 . 2 6 5 0  

0 . 3 5 0 0  

85 

5 . 5 6 6  

16 

23 

23 

Second  Stage 

0 . 4 2 7 0  

0.4700 

Two-dimensional 
16 

5 5 . 0 0  

0 . 3 3 0 0  

0 . 3 5 0 0  

85 

5.631 

16 

23 

23 



Rotor  B 1 ad i ng 

F i g u r e  6-19 shows t h a t   t h e   f i r s t   s t a g e   r o t o r   o p e r a t e s   w i t h  a const.ant 
i n l e t   a b s o l u t e  Mach number o f  1.7 and the  second  stage  operates w i th  a v a r i -  
b l e   i n l e t   a b s - o l u t e  Mach number ranging  up t o  1.85 a t   t h e  maximum pressure 
r a t i o   ( t h i s   c o r r e s p o n d s   t o  a maximum i n l e t   r e l a t i v e  Mach number o f   a p p r o x i -  
mate ly  1.60, which  serves as t h e   d e s i g n   p o i n t   f o r   t h e   r o t o r   b l a d i n g ) .  The 
impu lse   b lad ing   des ign   f o r   h ighe r  Mach numbers i s  d i f f e r e n t   f r o m   t h a t   o p t i -  
m a l l y  used f o r  low o r   t r a n s o n i c  Mach numbers. F i r s t ,   sma l l   b lade   ang les  
(22-23 degrees)   are  used  wi th   supersonic   turb ines  (as compared w i t h  30 degree 
b l a d e s   f o r   t y p i c a l   t r a n s o n i c   t u r b i n e   d e s i g n s ) .  Second, to   m in imize   shock  
losses,   the  buckets   have  sharp  in le t  edges, close  spacing  between  blades, and 
f l ow   channe l   cu rva tu re   des igned   fo r   cance l l a t i on   o f   t he   shocks   wh i l e   t u rn ing  
the   f low.   F ina l l y ,   the   b lades   ex tend above and b e l w  t h e   n o z z l e   e x i t   a r e a   t o  
a 1  low a f te r -expans   i on   i n   t he   rad   i a l   d i rec t   i on .  

Stage  Performance 

Table 6-5 1 i s t s  t he   pe r fo rmance   o f   t he   two   t u rb ine   s tages   f o r   t he   f o l  low- 
i ng   t h ree   t yp i ca l   ope ra t i ng   po in ts   (wh ich   co r respond   to   t he   re fe renced   case  
numbers f o r  ove ra l l   sys tem  pe r fo rmance   i n  Volume V): 

Space (0 ps  i a  ambient)   zero  net  output  power:  Case I 

Mode power (100 hp   ne t   ou tpu t  power, IO ps i a  ambient   pressure) :  
Case IO 

Sea l e v e l  maximum output  power:  Case 16 

The v a r y i n g  O/F r a t i o s  shown f o r   t h e s e   t h r e e   c o n d i t i o n s   r e s u l t   f o r   c y c l e  
energy   ba lances   fo r   the   sys tem.   Turb ine   per fo rmance  var ia t ions   due  to   d i f fe r -  
ences i n   w o r k i n g   f l u i d   m o l e c u l a r   w e i g h t  and s p e c i f i c   h e a t   r a t i o  (vs a r e s u l t  
o f  O/F r a t i o   v a r i a t i o n s )   a r e   t a k e n   i n t o   a c c o u n t   i n   t h e   a n a l y t i c a l   p r o c e d u r e s  
used  here f o r   t u r b i n e   p e r f o r m a n c e   p r e d i c t i o n .  

It w i  I1 be no ted   t ha t   t he   p roduc t   o f   t he   s tage   p ressu re   ra t i o   exceeds   t he  
o v e r a l l   p r e s s u r e   r a t i o   f o r   t h e   t u r b i n e .   T h i s  i s  due t o   t h e   i n t e r s t a g e   p r e s s u r e  
r e c o v e r y   i n   p a r t i a l   c o n v e r s i o n   o f   t h e   k i n e t i c  head from the  f i r s t  s t a g e   i n t o  
s t a t i c   p r e s s u r e   r i s e .  

V e l o c i t y   T r i a n g l e s  

F igure  6-22 g i v e s   t h e   v e l o c i t y   t r i a n g l e s   f o r   t h e   t h r e e  cases l i s t e d  
p r e v i o u s l y .  The d i f f e r e n c e s  shown f o r   t h e  f i r s t  s tage   a re   due   t o   va r ia t i ons  
i n  thermodynamic  proper t ies  resul t ing  f rom  the O/F r a t i o   r e q u i r e d   t o   s a t i s f y  
cyc le   energy  ba 1 ances . 



TABLE 6-5 

TYPICAL STAGE  PERFORMANCE 

~~ "" . ~ 

O v e r a l l   p e r f o r m a n c e  
~~- ~ 

k ( 1  b / sec )  

PR 

Output  S H P  

E f f i c i e n c y  

O/F 
". ~.~ ~ 

F i r s t   s t a g e  

H~~ ( I 0 6  f t )  

u/co 

E f f  i c  

' I T  

I ency 

p2s  ( P S  ; a >  
- " - 

Second s t a ge 

H~~ ( I 0 6  f t )  

u/co 

E f f i c i e n c y  

~~ 
~~ ~~~~ 

S pace, Ze ro  
Power  (Case I ) 

-- - 

0.0229 

7 1 .   I 4  

51 .3 

0.506 

0.649 
~ 

I .352 

0 .   I 824  

0.4562 

49.80 

8.44 

I .508 

0 .  I747 

0.41  58 

10.08 

0.700 

115 

Mode Power 
(Case IO) 

0.0794 

16.81 

156.3 

0.567 

0.638 

I .363 

0 .  I816 

0.4558 

173. I 

29.3 

0.832 

0.2352 

0.5659 

35.00 

10.30 

Sea-  Leve 1, 
Maxi  mum 
Powe r 
(Case 1 6 )  

0.2049 

26.94 

423.3 

0.557 

0.696 

I .312 

0 .   I 852  

0.4626 

439. I 

75.0 

I .051 

0.2093 

0.51 47 

89.2 

16.30 



C = ABSOLUTE VELOCITY 

W = RELATIVE VELOCITY 

U = ROTOR PITCH LINE VELOCITY 

CY = NOZZLE  ANGLE 

B = RELATIVE VELOCITY 
TANGENTIAL VECTOR  ANGLE 

F i g u r e   6 - 2 2 .   T y p i c a l   T u r b i n e   V e l (  

OUTPUT  POWER 

AMB, PRESS. 

CASE NO. 

FIRST STAGE 

I 

w I  I 

u I  I 

$ 1  I 
CY I 

21 

w2 I 

u2 I 

PI I 

5 2  

w12 

u12 

$12 

c22 

w22 

u22 

p22 

SECOND STAGE 

CY 2 

8950 

7330 

I701 

19.7 

16.0 

4452 

5968 

I701 

23.0 

871 0 

707 I 

I721 

19.8 

16.0 

42  88 

581  9 

I721 

23.0 

MODE 

I O  

IO 

8988 

7367 

I701 

19.7 

16.0 

448 I 

5998 

1701 

23 .O 

6987 

5354 

I721 

21 . I  

16.0 

2984 

4500 

I721 

23.0 

MA X 

14.7 

16 

881 8 

71 97 

I701 

19.7 

16.0 

4349 

5864 

I701 

23.0 

7739 

61 03 

I721 

20.5 

16.0 

3574 

5095 

I721 

23.0 

5-70503 
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Thermodynamic  Paths 

F igu re  6-23 dep ic t s   t he   t he rmodynamic   pa ths   ob ta ined   i n   t he   two   t u rb ine  
s t a g e s   f o t   t h e   t h r e e   o p e r a t i n g   c o n d i t i o n s   g i v e n   p r e v i o u s l y .  A s  i n d i c a t e d  
p rev ious l y ,   f i r s t - s tage   pe r fo rmance   rema ins   essen t ia l l y   cons tan t .  As i n d i c a -  
t e d   b y   t h e   i n c r e a s e d   e n t r o p y   i n   e x p a n s i o n ,   t h e   s e c o n d - s t a g e   i s   l e s s   e f f i c i e n t  
a t   h i g h e r   p r e s s u r e   r a t i o s .  

Reduced Backpress  ure 

F igu re  6-24 g i v e s   o v e r a l l  and stage  performance  and a p a r t i a l  breakdown 
o f   t h e   l o s s e s  as f u n c t i o n s   o f   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   ( f o r   c o n s t a n t  
w o r k i n g   f l u i d   t h r o u g h f l o w  = 0.2049 l b   p e r   s e c ) .  As b e f o r e ,   f i r s t - s t a g e   p e r -  
formance  remains  constant,   second-stage  incidence and nozz le  losses  increase 
w i t h   d e c r e a s i n g   b a c k p r e s s u r e .   B l a d e   d i s k   f r i c t i o n  and scavenging  losses 
decrease  wi th   backpressure.  The d e c r e a s e d   t u r b i n e   e f f i c i e n c y   i s  more than 
o f fse t   by   the   inc reased  ad iabat ic   heat   and  inc reased  tu rb ine   ou tpu t   power   i s  
ob ta ined  w i th   reduced  backpressure .  

Overal l   Performance 

F igures  6-25 and 6-26 show t u r b i n e   e f f i c i e n c y  as f u n c t i o n s   o f   v e l o c i t y  
r a t i o  and o v e r a l l   p r e s s u r e   r a t i o .   F i g u r e  6-27 shows the   tu rb ine   per fo rmance 
map which was inpu t   t o   t he   cyc le   ana lys i s   p rog ram  to   de te rm ine   t he   sys tem 
per formance  data  g iven  in  Volume v. 

S u b s t a n t i a t i o n  - of   Per fo rmance  Pred ic t ions  

1 .  Nozz le  Per formance  Corre la t ion 

Because o f   t h e   i m p o r t a n c e   o f   p r e d i c t i n g   o f f - d e s i g n - p o i n t   p e r f o r m a n c e   o f  
the  second-stage  nozzles,  a check was  made o f   t h e   p e r f o r m a n c e   p r e d i c t i o n   g i v e n  
by  the TMAP ( t u r b i n e   o f f - d e s i g n   a n a l y s i s )   p r o g r a m .   F i g u r e  6-28 shows s a t i s -  
f a c t o r y  agreement w i t h  pub1  ished  nozzle  data. 

2 .  Turb ine   Per fo rmance  Cor re la t ion  

To subs tan t i a te   t he   pe r fo rmance   p red ic t   i ons   es tab l   i shed   f o r   t he  Space 
S h u t t l e  APU, the  TMAP program was used t o  assess  the  performance o f  a Zeus 
t u r b i n e   w h e e l * f o r   w h i c h   d e t a i l e d   t u r b i n e   d e s i g n  and  dynamometer t e s t   d a t a  
were   ava i lab le . '   F igure  6-29 show< t h e   r e s u l t s   o f   t h e   p e r f o r m a n c e   c o r r e l a t i o n  
a t   two   o f f -des ign   p ressu re   ra t i os   co r respond ing   t o   ove rexpans ion  and under- 
expans ion   (des ign   p ressu re   ra t i o  = I O ) .  The Zeus t u r b i n e   i s  a pa r t i a l -admiss ion ,  
s i n g l e - s t a g e   s u p e r s o n i c ,   a x i a l - f l o w   i m p u l s e   d e s i g n   s i m i l a r   t o   t h a t   s e l e c t e d  
f o r   t h e  Space S h u t t l e  APU tu rb ine   s tages .  

* O r i g i n a l l y   d e v e l o p e d   a t   A i R e s e a r c h   f o r  a p r o p e l l a n t  APU for the  Nike-Zeus 
m i s s i l e .  
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Figure 6-25. Turbine  Efficiency vs  Velocity  Ratio 
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Figure 6-26. Turbine  Efficiency v s  Pressure  Ratio  at 
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Figure 6-27. Turb ine  Ef f ic iency vs Developed Power 
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F igure  6-29. Zeus Turbine  Off -Design Computer 
Program  Performance  Correlation 
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3. Eff  iciency-Head  Product  Correlation 

As further  verification  of  the  increase in usable  specif 
with  pressure  ratio, a correlation  was  made of the  normalized 

isentropic  Mach  number  parameters  for  the  second-stage.  This 
depends  upon  the  des ign  Mach  number.  As shown by Figure 6-30 

ic work output 
TT H~~ and 
correlation 
, the  predicted 

performance  for  the  second-stage  falls  between  test  data  for  two  different 
design  Mach  numbers.  This  correlation  appears  to  establ ish  reasonable  conf id- 
ence in the  validity of  the  analytical  techniques  used  to  predict  off-design 
performance. 

GEARBOX 

The  other  major  component  of  the  turbine  power unit, in addition  to  the 
rotating  assembly, is the  gearbox.  The  gearbox  provides  the  following 
functions : 

Output pad  for  electrical alternator 

Output pad for  hydraul  ic  pumps 
Means  of  circulating  oil  through  the  gearbox  and  the  rotating 
assembly 

Input pad  for  the  rotating  assembly 

Structural  support  for  the  entire  turbine  power unit 

It should  be  noted  that  the design of  the hydraulic pump and  the  alternator is 
outside the  scope of this  study  contract.  However, it was  necessary  to  briefly 
consider  these  units  when  designing  the  gearbox.  For  this  study,  the  units 
considered were 99-120 gpm  Abex  Ap27V  hydraulic pump units  while  the  alternator 
(generator)  was a 60-75 KVA Westinghouse 946F501 - ' I .  These components are 
representative  designs  that  are  compatible  with  the  basic  requirements of 
the APU problem  statement. 

Gearbox  Configuration 

The gearbox  shown in SK39908 is a straight  spur  gear  configuration  with 
a single mesh  reduction  to  the  alternator  and a double mesh  reduction  to  each 
of the  hydraulic  pumps. This  arrangement  results in the minimum number of 
gears  and a lightweight,  close  coupled, rigid housing  assembly.  Gear  sizes 
and  proportions  have  been  computer  designed and are based  on a 20 degree 
tooth  pressure  angle. The tooth  loading  on  the high speed  pinion  and  the 
pinion  bearing  load are the  most  critical  parts of the  entire  assembly. 
AiResearch  experience in similar  designs  indicate  that  conservative  design 
values  should  be  used in such  cases  particularly  where  the  pinion is driving 
a pulsating  load  such  as a multi-cylinder, high pressure pump. Accordingly, 
the  pinion  tooth Hertz stresses  have  been  limited  to 150 ksi. 

Input drive  to  the  gearbox is provided  by a qui 1 1 shaft  connecting  the 
turbine  shaft  and  gearbox input shaft.  Use  of a quill shaft  permits consider- 
able  freedom in the  choice  of  the  bearing  mount  flexibility and also minimizes 
the effects  of  alignment  variances and torque  pulsations. 



The  gearbox   hous ing   cons is ts   o f  a 1 
each o f   c a s t ,   r i b b e d   c o n s t r u c t i o n .  Hous 
The r e q u i r e m e n t s   f o r   l i g h t w e i g h t ,   h i g h  r 
volume f o r   t h e   o i l   a r e   s a t i s f i e d   b y   t h i s  

ightweight   assembly  o f   two  ha lves,  
i n g   m a t e r i a l   i s  355 aluminum a l l o y .  
i g i d i t y ,  and  minimum i n t e r n a l   f r e e  
design. 

L u b r i c a t i o n   a n d   C o o l i n g  

The d e s i g n   o f   t h e   o i l   l u b r i c a t i o n  and  cool ing  system  is   based  on a proven 
concept   p rev ious ly   demonst ra ted   w i th  a working  model.  Each o f   the   gears  
operates  as a drag pump, scavenging  the  o i l -vapor   mix ture  and  pumping i t  
t h r o u g h   g l a n d s   i n   t h e   h o u s i n g   t o  th.e c e n t r a l   p o r t i o n  of t h e   a l t e r n a t o r   d r i v e  
gear. The o i l   i s   t h e n   c e n t r i f u g e d   t o   t h e  cup  shaped rim where t h e   p e r i p h e r a l  
speed i s   a b o u t  400 f t / s e c .   T h i s  speed  creates  the  necessary  pressure  head  to  
dual o i l  scoops  where  the o i l   i s   p i c k e d  up f o r   d i s t r i b u t i o n .  The o i l   c i r c u i t  
r e s i s t a n c e s   a r e   c a r e f u l l y   d e s i g n e d  so t h a t   t h e   o i  1 will be p r o p e r l y   d i s t r i b u t e d .  
A t o t a l   f l o w   o f  6 gpm a t  200 p s i d   i s   p r o v i d e d ,   h a l f   o f   t h i s   f l o w   a c t i n g  as 
c o o l a n t   f o r   t h e  a1 t e r n a t o r .  The a1 t e r n a t o r   o u t l e t   c a v i t i e s  as shown requ i   re  
m i n o r   m o d i f i c a t i o n s   t o   p r o v i d e  a p o s i t i v e   o i l   s c a v e n g i n g   b a c k   t o   t h e   g e a r b o x  
b u t   t h i s  i s  n o t  a problem  of  consequence. 

A1 ternate  Gearbox 

Bo th   spu r   and   p lane ta ry   gea r ing   were   cons ide red   f o r   t h i s   app l i ca t i on .  
However, the  speed  reduct ions  are  such as 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 
we igh t   advantage  over   p lanetary   gear ing   fo r   the   tu rb ine   speed  o f  70,000 rpm. 
An a l t e r n a t e   g e a r b o x   i n c o r p o r a t i n g   p l a n e t a r y   g e a r i n g   i s  shown by  drawing 
SK 39906. This   p lanetary   gearbox  i s  app rox ima te l y  25 p e r c e n t   h e a v i e r   t h a n   i t s  
spur   gear   counterpar t   and i s  p resen ted   t o  show an a1 ternat ive  ar rangement  
which  might  have  advantage i n  packaging. It i s   f r e q u e n t l y   n e c e s s a r y   f o r  
packaging  reasons  to   se lect   gearbox  conf igurat ions  which  are  not   opt imum 
f r o m   t h e   s t a n d p o i n t   o f  minimum weight.  

D E S I G N  BASES 

The paragraphs  fo l   lowing  summar ize  the  s ta te-of - the-ar t   exper ience,   which,  
i n   p a r t ,   l e d   t o   s e l e c t i o n  o f  the  combustor   assembly  conf igurat ion  descr ibed 
p r e v i o u s l y   i n   t h i s   s e c t i o n .   S i n c e  a m a j o r   o b j e c t i v e   o f   t h e   p r o g r a m  was t o  
e s t a b l i s h  a sys tem  conf igura t ion   w i th   acceptab le   deve lopment   r i sk ,  i t  i s  
i m p o r t a n t   t o   r e l a t e   t h e   p r o p o s e d   c o n c e p t s   t o   t h e   p r e s e n t   t e c h n o l o g y  base. 
I n  summary, i t  can be s ta ted   t ha t   p rev ious l y -desc r ibed   combus to r -con t ro l  
va l ve   concep t   i s   a t ta inab le   a t   l ow   deve lopmen t   r i sk .  

wdrogen-Oxygen - Combustor  Techno1  gy 

I - "" I P E C S  Combustor 

Ten  years ago, as a p a r t   o f  a company-funded  program f o r  development  of 
an I n t e g r a t e d  Power Envi  ronmental  Control  System ( I P E C S )  concept,  AiResearch 
bu i  I t  and t e s t e d  a gas   genera tor   des ign   s im i la r   to   tha t   p roposed  here .  The 
un ique   f ea tu res   o f   t h i s   des ign   were  as f o l   l o w s :  
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(a)   Very  low  pressure  d . rop  in   the  hydrogen  f low,   conserv ing  the  avai lab le 
head f o r   d r i v i n g  a t u r b i n e  and m in im iz ing   t he   hyd rogen   supp ly   p ressu re  
requ i rernent. 

( b )   D i f f u s i o n   f l a m e   d e s i g n ,   w i t h   c o m b u s t o r   w a l l s   c o o l e d   b y   t h e   i n l e t  
hydrogen  f low.  

Table 6-6 l i s t s   t h e   d e s i g n   c h a r a c t e r i s t i c s   o f   t h e   t e s t   c o m b u s t o r .   F i g u r e  6-31 
shows hardware and genera l   pe r fo rmance   cha rac te r i s t i cs   wh ich  met a l l   o f   t h e  
des ign   requ i rements   fo r   the   sys tem.   Success fu l   in tegra ted   sys tem  tes ts   (w i th  
a c t i v e  O/F c o n t r o l  ) were  performed  wi th  no  problems  wi th  combustor  stabi  1 i t y  
o r   e f f i c i e n c y   o v e r  a reasonably   wide  range  o f   pressure and O/F r a t i o .  

TABLE 6-6 

I P E C S  COMBUSTOR DESIGN FEATURES 

Hydroqen I n l e t  

I n j e c t o r   h o l e   d i a m e t e r ,   i n .  

Number of ho les  

Tota l   area,   in .  2 

Nominal  pressure  drop,  psi 

Oxygen I n  1 e t  

I n j e c t o r   h o l e   d i a m e t e r ,   i n .  

Number of holes 

Tota l   area,   in .  2 

Nominal   pressure  drop,  psi  

Chambe r 

Ins ide   d iameter ,   in .  

Length ( t o  t u r b i n e   s c r o l l ) ,  in .  

Volume ( i n c l u d i n g   t u r b i n e  s c r o l l ) ,  in .  3 

Tu rb ine   nozz le  area, i n .  2 

Chamber L4k, i n. 

0. I 89 

8 

0.224 

Chamber pressure/40 

0.0645 

8 

0.0262 

Chamber pressure/8 

I .90 

4. I 

25. 7 

0. I 1 2  

2 30 
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PERFORMANCE CHARACTERISTICS 
0 0.4 - 0.6 : 1 O/F 

0 1700 "R 

50 - 220 PSlA 

0 0.30 - 1.20 LB/MIN 

0 140 L' 

F i g u r e  6-31. I P E C S  Hydrogen-Oxygen  Combustor 

2 .  Space S h u t t l e  APU Combustor 

Recent ly ,  as a p a r t   o f  a company-funded  program i n   s u p p o r t   o f   t h e  Space 
S h u t t l e  APU study,  AiResearch  has b u i l t  and t e s t e d  a f u l l - s c a l e  gas g e n e r a t o r  
based  upon  the IPECS d e s i g n   d e s c r i b e d   p r e v i o u s l y .   F i g u r e  6-32 shows t h i s  
u n i t .  It h a s   d e m o n s t r a t e d   r e l i a b l e   i g n i t i o n  and s t a b l e   c o m b u s t i o n   o v e r  a 
range o f  chamber p r e s s u r e   v a r y i n g   f r o m  90 t o  400 p s i a  and o f  O/F r a t i o   v a r y i n g  
from 0.24 t o  I .O. T y p i c a l   t r a n s i e n t   p e r f o r m a n c e   t e s t   d a t a   a r e  shown i n  
F i gure  6-33. 

F- I3642 
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IN. DIA 5-70496 

F i g u r e  6-32. Space S h u t t l e  APU Test  Combustor 

DATE RUN H50 

1 INCHBEC 
TIME 

7-19-71 

Tc = 850 F 
- 

REF 

5-70400 

F i g u r e  6-33. Spa.ce S h u t t l e  APU Combustor 
Transient  Test  Performance 



F low  Con t ro l   Va lve   Techno loqy  

S e c t i o n  5, P r o p e l l a n t   C o n d i t i o n i n g  Components, c o n t a i n s  a summary o f  
d i   r e c t l y   r e l a t e d   h a r d w a r e   e x p e r i e n c e   f o r   t h e   v a l v e s   u s e d   i n   t h e  APU. The 
r e l a t e d   e x p e r i e n c e   s e c t i o n   p o i n t s   o u t   d e s i g n   s i m i l a r i t i e s  of t h e  APU components 
w i t h  performance  proven  components  used i n  o t h e r   a e r o s p a c e   a p p l i c a t i o n s .  A 
t a b l e   i s   i n c l u d e d   w h i c h   l i s t s   d i r e c t l y   a p p l i c a b l e   d e s i g n s  f o r  t h e   f l o w   c o n t r o l  
va l ves   desc r ibed   he re .  

The s e l e c t e d   p r o p e l l a n t  f low c o n t r o l   v a l v e   c o n c e p t   i s   i n d i v i d u a l   e l e c t -  
r i c a l l y   d r i v e n   m o d u l a t ' i n g   v a l v e s  w i t h  v a l v e   e l e m e n t   p o s i t i o n   f e e d b a c k .  The 
se lec ted   me thod  o f  f low c o n t r o l   i s   d e r i v e d   f r o m   p r o v e n   d e s i g n s   o f   c a b i n   p r e s -  
s u r e   c o n t r o l   s y s t e m s   u s e d   c u r r e n t l y   o n   c o m m e r c i a l   p a s s e n g e r   a i r c r a f t .  The 
b a s i s  fo r  the  APU f l o w   c o n t r o l   i s   t h e   e l e c t r o n i c - p n e u m a t i c   c a b i n   p r e s s u r e  
c o n t r o l   s y s t e m  shown i n  F i g u r e s  6-34 and 6-35. The  system  p ic tured  has  been 
i n s t a l l e d   o n   t h e   B o e i n g  707/300 s e r i e s   a i r c r a f t   a n d   s u c c e s s f u l l y   o p e r a t e d   f o r  
o v e r  2 years.  It r e p r e s e n t s  a f o u r t h   g e n e r a t i o n   e v o l u t i o n   i n   b o t h   v a l v e   a n d  
c o n t r o l   d e s i g n  f o r  t h i s   a p p l   i c a t i o n .  

F i g u r e  6-36 shows t h e  1 i n e a r i   t y  of the  feedback  sensor  i n  response t o  
an a l t i t u d e  change o f  o n l y  100 f t .  The s i g n a l   g e n e r a t e d   f o r   t h i s   s m a l l   c h a n g e  
i n   p r e s s u r e   i s  6 v o l t s   w h i c h   p r o v i d e s   a m p l e   r e s o l u t i o n   w i t h i n   t h e   c o n t r o l l e r  
f o r   v a l v e   a c t u a t i o n .  

Turb  i ne 

F i g u r e  6-37 shows r e p r e s e n t a t i  ve A i  Research   superson ic   t u rb ines  whose 
des igns   fo rm a b a s i s   f o r   t h e  APU t u r b i n e   d e s i g n .   T e s t   d a t a   f o r   t h e  Zeus 
t u r b i n e   i s  shown i n   F i g u r e  6-38. The  Zeus t u r b i n e   b l a d i n g   i s   u s e d   o n   t h e  
S p a r t a n   t u r b i n e   a n d   i s   s i m i   l a r   t o   t h a t   p r o p o s e d   f o r   t h e  Space S h u t t l e  APU. 

Gearbox 

A iResearch   des igns   and   manu fac tu res   a lmos t   a l l   o f   t he   gea rboxes   used   on  
i t s  gas t u r b i n e s   a n d  A P U ' s .  These  designs  form a b a s i s   f o r   t h e   s e l e c t e d   g e a r -  
b o x   f o r   t h e   S p a c e   S h u t t l e  APU. Some o f   t h e   m o s t   a p p l i c a b l e   g e a r b o x e s   a r e :  

Appl  i c a t i o n  Power, Hp Speed, Rpm 

Spar tan  APU 70- I40  70,000 

SST Boost  Compressor 2 80-400  73,800 

TSE 231 He1 i c o p t e r   E n g i n e  400- 500 60,000 

A i r  Force  Advanced  Technology 400-600  80,000 
A i  r c r a f t  APU 



F i g u r e  6-35. Cabin  Pressure  Contro l   ler  
and  Valve  System 
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F i g u r e  6-36. Feedback  Sensor  Response C h a r a c t e r i s t i c  
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F i g u r e  6-37. Axial   Flow  Impulse  Turbine  Wheels 

BLADING D E S I G N E D  AT  U/Co = 0.26, 
PRESSURE RATIO = 35 

2 
0 NOZZLE DESIGNED AT PRESSURE 

RATIO = I O  

0 50 PERCENT A D M I S S I O N  

0 
0 0. I 0.2 0.3 

u/ co 

0.4 0.5 0.6 

F i g u r e  6-38. Zeus Turb ine  Dynamometer Test  Data 



SECTION 7 

SYSTEM  CONTROLS 

INTRODUCTION 

Th is   sec t i on   p resen ts   t he   se lec ted   con t ro l   sys tem  des ign   and   t he   bas i s  
o f   t h e   d e s i g n .   A d d i t i o n a l l y ,  it b r i e f l y  s u m n a r i z e s   t h e   d i g i t a l   t r a n s i e n t  
per formance  program  that  has  been  used  as  the  primary means f o r   a s s e s s i n g  
cont ro ls   per fo rmance.  The c o n t r o l s   a r e   d i v i d e d   i n t o   t h r e e   a r e a s :  

0 p r i m a r y   c o n t r o l s  - those  used  by  the APU t o   m a i n t a i n  speed  and 
tempera tu re   con t ro l   du r ing   ope ra t i on  

0 secondary   con t ro l s  - t h o s e   c o n t r o l s   r e q u i r e d   t o   p r o v i d e   s t a r t u p /  
shutdown,  component  monitoring,  and  emergency  shutdown  capabil i ty 

0 sensors - t o   p r o v i d e   t h e   s i g n a l s   r e q u i r e d   f o r   t h e   p r i m a r y  and 
secondary   con t ro l   f unc t i ons .  

The b u l k   o f   t h e   c o n t r o l   d e s i g n   e f f o r t  has  been  placed  on  ODtimizing  the 
p r i m a r y   c o n t r o l   c i r c u i t r y .  The s u p p o r t i n g   s t u d i e s   o f  Volume I V  i n d i c a t e   t h a t   t h e  
d e s i r e d   p r i m a r y   c o n t r o l s   f o r   t h e  APU a r e  as f o l l o w s :  

0 t u r b i n e   i n t e r s t a g e   t e m p e r a t u r e   ( w h i c h   i s   p r o p o r t i o n a l   t o   t u r b i n e  
i n l e t   t e m p e r a t u r e )  

tu rb ine   speed 

0 j e t  pump d ischarge  temperature  ( temperature  a t   which  hydrogen  is  
p r o v i d e d   t o   t h e   l u b e   o i l   c o o l e r )  

TO a s s e s s   t h e   c i r c u i t r y   r e q u i r e d  t o  implement  these  funct ions,   both  analog 
and d i g i t a l   t r a n s i e n t   a n a l y s e s  have  been  performed. The ana log   s tud ies   a re  
d e s c r i b e d   i n   S e c t i o n  7 o f  Volume IV. The d i g i t a l   s t u d i e s   u s e d   t h e   a n a l y t i c a l  
methods p rev ious l y   used   f o r   des ign   o f   t he   comp le te   eng ine   con t ro l   sys tems  
for  AiResearch-produced  propuls ion  engines  (ATF-3  and TFE 731)  and a i r c r a f t  
APU's ( f o r  747  and D C - I O ) .  B o t h   s t u d i e s   i n d i c a t e d   t h a t   t h e   d e s i r e d   c o n t r o l s  
s h o u l d  be i n t e g r a t i n g   c o n t r o l s ,  as  compared w i t h   d r o o p   c o n t r o l s .  

The p r i m a r y   o b j e c t i v e   o f   t h e   a n a l o g   s t u d i e s  was t o   e s t a b l i s h   t h e  
r e l a t i o n  b e t w e e n   t h e   c o n t r o l   t y p e   a n d   a n y   p r e s s u r e / f l o w   f l u c t u a t i o n s   i n   l i n e s  
be tween   the   p ressu re   regu la to rs   and   t he   f l ow   con t ro l   va l ves ,   and   t o   de te rm ine  
t h e   r e q u i r e d   c o n t r o l  component  response  times. The d i g i t a l   s t u d i e s  were  used t o  
de termine  the   sys tem  t rans ien t   tempera tures   and component o p e r a t i n g   c o n d i t i o n s  
th roughou t   t he   t rans ien ts .  The d i g i t a l   p r o g r a m  was a l s o   u s e d   t o   e s t a b l i s h  
the  opt imum  control   gains,   compensat ion,   and  coupl ing.  
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PRIMARY  CONTROLS  DESCRIPTION 

The system  performance  studies  conducted  during Phase I 1  i n d i c a t e d   t h a t  
the  optimum method o f   u t i l i z i n g   t h e   s e l e c t e d   p r i m a r y   c o n t r o l   s i g n a l s  i s  as 
f o l  lows : 

0 t u rb ine   i n le t   t empera tu re  - ad jus t   the  oxygen f low  ( increase  or  
decrease)  while  simultaneously  sl ightly  changing  (decreasing  or 
increasing)  the  hydrogen  f low S O  t h a t   t h e   t o t a l  mass f low (and hence 
tu rb ine  power)  remains constant 

0 t u r b i n e  speed - simultaneously  adjust   both  the  hydrogen and 
oxygen  f lows  maintaining a constant  turbine  temperature so t h a t  
power i s   c o n t r o l l e d  

0 j e t  pump discharge  temperature - a l t e r   t h e  hydrogen  recycle 
f l o w   t o   t h e  hydrogen  preheater 

When t h e   t r a n s i e n t   d i g i t a l  program was used t o  assess  the  performance o f  
such an optimum  control, it became apparent  that  i t  was poss ib le   to   reduce  the 
contro ls   complex i ty  and the   i n te rcoup ing   o f   t he   con t ro l   s i gna ls   by   ad jus t i ng  
on ly   the  oxygen f l o w   c o n t r o l   v a l v e   i n  response to   the  turb ine  temperature 
s igna l .  The r e s u l t i n g   s l   i g h t  speed change w i  11 be control  led  by  the  speed 
c o n t r o l  loop,  which will ad jus t   bo th   the  oxygen and hydrogen  f low  control  
va l ve   pos i t i on .  Thus, w i th   t h i s   s imp l i f i ca t i on ,   t he   se lec ted   p r imary   con t ro l  
c i r c u i t s   a r e  as  shown i n   F i g u r e  7-1. 

FREQUENCY 
COMPENSATION 

SENSE0 
TURBINE 
SPEED 

POSITION -1 
I I .  I I I 

SPEED 
INTEGRATOR 

CI n m  .. "_ 
REFERENCE - 

Hz FLOW 1 
POSITION 

FEEOBACK I 
OXYGEN 
FLOW 

VALVE 

TEMPERATURE + 4 INTEGRATo& REFFRFUPF CONTROL 

TURBINE  POSITION 
INTERSTAGE 
TEMPERATURE 

FEEOBACK 

RECYCLE 
FLOW 
CONTROL 
VALVE SENSED 

JET PUMP 
DISCHARGE 
TEMPERATURE 

Figure 7-1. Primary  Control   Circui ts - Block  Diagram 
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All t h r e e   p r i m a r y   c o n t r o l   o u t p u t s   ( p o s i t i o n   s i g n a l s   t o   t h e   h y d r o g e n  
and  oxygen f l o w   c o n t r o l   v a l v e s ,   a n d   t o   t h e   r e c y c l e  f low c o n t r o l   v a l v e )   a r e  
g e n e r a t e d   b y   i n t e g r a t e d   c i r c u i t s   w i t h   f r e q u e n c y   c o m p e n s a t i o n   a p p l i e d   t o   t h e  
incoming  sensed  s ignals.  The d r i v e   s i g n a l   t o   t h e   o x y g e n   v a l v e   c o n s i s t s  o f  
the   p roduc t   o f   the   cond i t ioned  speed  and  tu rb ine   tempera ture   s igna ls ;   thus ,  
a change i n   t u r b i n e   t e m p e r a t u r e  will on ly   d r ive   the   oxygen  va lve ,   whereas  
a change i n  speed will d r i v e   b o t h   v a l v e s .  

The t r a n s f e r   f u n c t i o n s ,   o r   r e l a t i o n s   b e t w e e n   t h e   s e n s e d   i n p u t ,   t h e  
r e f e r e n c e   i n p u t ,   a n d   t h e   r e s u l t i n g   i n t e g r a t e d   o u t p u t   s i g n a l   a r e   g i v e n   i n  
Table 7-1.  These r e l a t i o n s  were  determined  us ing  the assumed sensor  and  valve 
response   t imes   shmn  i n   Tab le  7-2.  The  method o f   d e t e r m i n i n g   t h e   t r a n s f e r  
f u n c t i o n  was t o  use t h e   t r a n s i e n t   d i g i t a l   p r o g r a m   t o   d e t e r m i n e   s y s t e m   r e s p o n s e  
when one o f   t h e   c o n t r o l   v a l v e s  was p e r t u r b e d   f r o m   i t s   e q u i l i b r i u m   p o s i t i o n .  The 
r e s u l t i n g   e r r o r s   i n   t h e   s e n s e d   s i g n a l s   p r o v i d e d  by the  program  gave a b a s i s  
f o r   s e t t i n g   t h e   g a i n   a n d   r e s p o n s e   r e q u i r e d   b y   t h e   c o n t r o l   c i r c u i t s .  Bode 
p l o t s   i n d i c a t i n g   t h e   r e l a t i o n  between  the  ga in  and  the  f requency  for   each 
c o n t r o l   f o r   f o u r   s y s t e m   p e r t u r b a t i o n s   w e r e   u s e d   t o   g e n e r a t e   t h e   d e s i r e d  
c i   r c u i   t s .  

A iResearch   has   p rov ided  bo th   ga in   and  phase  marg ins   to   insure   con t ro ls  
s t a b i l i t y   o v e r   t h e   a n t i c i p a t e d   v a r i a t i o n s   i n   i n d i v i d u a l  APU systems  and 
i n   t h e   c o n t r o l l e r  component  performance  var iat ions  Over  the  l i fe/ temperature 
p r o f i l e   a n t i c i p a t e d   f o r   t h e  APU. 

F i g u r e  7-2  shows how t h e   c i r c u i t   t r a n s f e r   f u n c t i o n s  can  be  implemented. 
Such  an imp lementa t ion   i s   used  in   the   h igh   and  low  spoo l   speed  governor   con t ro l  
c i r c u i t s   o f   t h e   f u e l   c o n t r o l s   f o r   t h e   f l i g h t - p r o v e n  ATF-3 and TFE 731 engines. 

Because o f   t h e   n o n l i n e a r i t y  between  the  oxygen  and  hydrogen  f low  valve 
pos i t i on ,   and   t he   resu l t i ng   f l ow   th rough   the   va l ve ,  i t  i s   n e c e s s a r y   t o   p r o v i d e  
a r e l a t i o n   t o  compensate f o r   t h i s   i n   t h e   c o n t r o l   l o g i c .  Consequently,  the  oxygen 
and  hydrogen c i r c u i t s  u s e   t h e   f l o w / e f f e c t i v e   a r e a   r e l a t i o n  shown i n   F i g u r e  7-3 
as a b a s i s   f o r   c o n t r o l .  A t  l o w   f l o w s ,   t h e   v a l v e   a r e a   i s   d i r e c t l y   p r o p o r t i o n a l  
t o   t h e   t h r o u g h f l o w   s i n c e   t h e   p r e s s u r e   r a t i o   a c r o s s   t h e   v a l v e   i s   g r e a t e r   t h a n   t h e  
c r i t i c a l   p r e s s u r e   r a t i o .  As the   f l ow   i s   i nc reased ,   t he   va l ve   a rea   mus t  become 
s i g n i f i c a n t l y   g r e a t e r   t o   o f f s e t   t h e   r e d u c e d   p r e s s u r e   d r o p   a c r o s s   t h e   v a l v e .  
I m p l e m e n t i n g   t h e   f u n c t i o n   o f   F i g u r e  7-3 will r e q u i r e   f o u r   a m p l i f i e r s .  
M u l t i - a m p l i f i e r   f u n c t i o n   g e n e r a t o r s   a r e   f r e q u e n t l y   u s e d   a t   A i R e s e a r c h   i n  
such   d i ve rse   app l i ca t i ons  as j e t  eng ine   con t ro ls ,   cab in   p ressure   con t ro ls ,  
a u x i l l a r y  power un i t   con t ro ls ,   and  un in te r rup ted   power   sources .  

F i g u r e  7-4 shows the   con t ro l   pe r fo rmance   ob ta ined   du r ing  a t y p i c a l  
t r a n s i e n t   c o n d i t i o n ,  a load  s tep.  



CONTROL CIRCUIT 

T u r b i n e   I n t e r -  
stage  Temperature 

Tu rb ine  Speed 

J e t  Pump D is -  
charge  Temperature 

Table 7-1 

PRIMARY CONTROLS  TRANSFER  FUNCTIONS 

TRANSFER  FUNCTION 

G(S)  = 
0.00526(0.15S+I)( 1.5S+I) H2-02 F l o w   R a t i o  

S ( 0 .  I 5  S+I) "R - Sec 

G ( S )  = 
. 0.001 (0.25s + I )  (0.25S+-I) H2 Flow 

S (O.O5S+I) RPM-Sec 

G ( S )  = 
0.046 ( I  .5S+I)(S+I) 

s( 0.05s+ I ) 

Table 7-2 

ASSUMED CONTROLS RESPONSE TIMES 

ITEM 

SENSORS 

Tu r b  i ne  Speed 

Turb ine   In te rs tage  Tempera ture  

J e t  Pump Discharge  Temperature 

~ ~~ 
~~ 

~ . .  

VALVING 

Flow  Control   Valves 

Pressure  Regul   ators 

RESPONSE TIME 

0.002 sec 

I .5 sec a t  6 1 
t h rough f low  

I .O s e c   a t  12 
th roughf   low 

I .5 sec a t  5 1 
t h rough f low  

I .O sec a t  IO 
th rough f low  

b/mi n 

1 b/mi n 

b/mi n 

1 b/mi n 

0.005 sec. 

0.03-0.05 sec. 



R ,  C I  S+I 
E = -  
0 

I=, I I 
Re R4 R2+R3 

+-  

Figure  7-2.  Typical  Control  Mechanization 

0 50 I 00 
FLOW,  PERCENT 

5 - 6 7 2 4 2  

0 VALVES  SET FOR LINEAR 
H2 CA - O2 CA RELATION 

AT T i t  = 2060°R, O/F = 0 . 6  

NONLINEAR  FLOW-CA  RELATION 
COMPENSATES  FOR PRESSURE 
RATIO CHANGE 

5-67243 

Figure 7-3. Hydrogen and Oxygen Flow Control  Valve  Compensation  Curve 
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F i g u r e  7-4. C o n t r o l s   R e s p o n s e   t o   L o a d   S t e p   f r o m  0-to-180 hD U s z f u l  3 u t ? u t ;  
75'R Hydrogen  and  300°R  Oxygen I n l e t   T e m p e r a t u r e .  10 p s i a  
Amb ien t  
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SECONDARY CONTROLS DESCRIPTION 

T h e   s e c o n d a r y   c o n t r o l s   f u l f i l l   t h e   f u n c t i o n s  o f  s ta r tup ,  shutdown, 
component s t a t u s   m o n i t o r i n g ,   a n d   f a u l t   d e t e c t i o n .  

Startup/Shutdown 

Tab le  7-3 shows t h e  sequence of o p e r a t i o n s   r e q u i r e d   d u r i n g   s t a r t u p  
and  shutdown.  Consistent w i th  normal a i r c r a f t   p r a c t i c e ,  i t  i s  assumed 
t h a t   t h e  APU c o n t r o l l e r  w i  11 be d i r e c t l y   c o n n e c t e d   t o  a 28 vdc  power  bus 
so t h a t   t h e   c o n t r o l l e r   i s   e n e r g i z e d  when the   bus   i s   ene rg i zed .  Thus, i t  
i s   o n l y   n e c e s s a r y   t o  open  the  hydrogen  and  oxygen  shutof f   va lves  and  to  
e n e r g i z e   t h e   c o m b u s t o r   i g n i t o r   t o   s t a r t u p .  To i n s u r e   l o w   i n i t i a l   i g n i t i o n  
temperatures, i t  will probab ly  be d e s i r a b l e   t o   i n i t i a t e   h y d r o g e n   f l o w  
s l i g h t l y   p r i o r   t o  oxygen  f low,  although  AiResearch has r e p e a t e d l y   s t a r t e d  
combustors  using  an  oxygen  lead as w e l l .  To s t a r t   w i t h  a r e l a t i v e l y   l o w  
t u r b i n e   t e m p e r a t u r e ,   t h e   o x y g e n   v a l v e   p o s i t i o n   i s   f i x e d   r e l a t i v e   t o   t h e  
h y d r o g e n   v a l v e   p o s i t i o n   u n t i l   t h e   t u r b i n e   r e a c h e s  20,000 rpm. This  conce 
has several   advantages: 

0 t h e r m a l   s h o c k   t o   t h e   t u r b i n e   d i s k s   i s   m i n i m i z e d   ( n o t e   t h a t   a t   l o w  
rpm, t h e   t u r b i n e   e f f i c i e n c y   i s   l o w  enough so t h a t   t h e r e   i s   e s s e n t  
no  temperature  drop  across  the  turb ine,   thus a c o l d   s t a r t   i s  
des i r a b l   e )  

0 a s h o r t   d u r a t i o n   o f   h e a t i n g   b y   t h e   t u r b i n e  gas p r i o r   t o  assuming 
con t ro l ,   assu res   t ha t   t he   t u rb ine   i n te rs tage   t empera tu re  has  been 
b rough   we l l   above   i t s   i n i t i a l ,   amb ien t   t empera tu re  

Shutdown is   accompl ished  by   c los ing   the   oxygen  and  hydrogen  shuto f f  
va lves .  

Component S ta tus   Mon i to r i nq  

The APU c o n t r o l l e r  will p r o v i d e   s e v e r a l   d i f f e r e n t   s i g n a l s   f o r   s t a t u s  
m o n i t o r i n g   b y  a c e n t r a l i z e d   v e h i c l e   d a t a   m o n i t o r .  These s i g n a l s   a r e  as 
f o l  lows: 

t u r b i n e   i n t e r s t a g e   t e m p e r a t u r e  

tu rb ine   speed  

j e t  pump discharge  temperature 

regulated  hydrogen  pressure 

regulated  oxygen  pressure 

1 ube o i 1 tempera t u  r e  

t 

a l   l y  



l u b e   o i l   p r e s s u r e  

0 r e c y c l e   v a l v e   p o s i t i o n  

0 o x y g e n   f l o w   c o n t r o l   v a l v e   p o s i t i o n  

The s igna ls   have   been   se lec ted   t o   max im ize   t he  amount o f   i n f o r m a t i o n   o b t a i n e d  
b y   m o n i t o r i n g ,   w h i l e   s t i l l   l i m i t i n g   t h e  number o f   m o n i t o r e d   s i g n a l s  to  a 
reasonable  leve l .   S ince  most  o f  t h e   s i g n a l s   a r e   u s e d   w i t h i n   t h e  APU c o n t r o l l e r  
i t s e l f ,   t h e  amount o f   c o m p l e x i t y  added t o   p r o v i d e   s i g n a l s   f o r   m o n i t o r i n g   i s  
s l i g h t .   O n l y   t h e   r e g u l a t e d   o x y g e n   p r e s s u r e   i s   n o t   u s e d   d i r e c t l y   w i t h i n   t h e  
c o n t r o l l e r .  

F a u l t   D e t e c t   i o n  

F igu re  7-5 p resents  a summary fau l t   l oq i c   d iaq ram  based   on   t he   s tudy  
presented  as S e c t i o n  8 o f  Volume IV. The d i a g r a m   i n d i c a t e s   t h a t   t h e   f o l l o w i n g  
parameters   shou ld   be   used  to   p rov ide  emergency  shutdown  signals: 

0 c o n t r o l l e r   i n t e r n a l   m o n i t o r i n g   ( c o n t i n u o u s   c h e c k i n g   o f   c o n t r o l l e r  
c i r c u i t s   a t   k e y   p o i n t s   d e f i n e d   b y   t h e   c o n t r o l  or de ta i l ed   des ign )  

tu rb ine   ove r - tempera tu re  

0 tu rb ine   over -speed 

0 turb ine  under-speed 

0 regulated  hydrogen  pressure 

l u b e   o i l   t e m p e r a t u r e  

0 l u b e   o i l   p r e s s u r e  

A d d i t i o n a l l y ,  i t  may be d e s i r a ' b l e   t o   i n c o r p o r a t e   s i g n a l s   f r o m   r e l a t e d  
subsystems,  such as t h e   a l t e r n a t o r   a n d   t h e   h y d r a u l i c  pumps i n   t h e  APU c o n t r o l l e r .  

C o n t r o l l e r   i n t e r n a l   m o n i t o r i n g   i s  a s tandard  feature  on  A iResearch 
e n g i n e   c o n t r o l l e r s .   T y p i c a l l y ,  a p r o p u l s i o n   e n g i n e   c o n t r o l l e r  will have 
m o n i t o r i n g   a t   a b o u t  80 i n t e r n a l   p o i n t s .  The APU c o n t r o l l e r   i s   c o n s i d e r a b l y  
s i m p l e r   t h a n   a n   e n g i n e   c o n t r o l l e r  so t h a t  i t  i s   e s t i m a t e d   t h a t  40 t o  50 p o i n t s  
m i g h t   r e q u i r e   m o n i t o r i n g .  

It s h o u l d   b e   n o t e d   t h a t  it is   necessary   to   mon i t0 . r   the   regu la ted   hydro-  
gen p r e s s u r e   s i n c e   l o s s   o f   t h a t   p r e s s u r e   w o u l d   r e s u l t  i n  tu rb ine   over   tempera ture .  
A l though  the   over tempera ture   sensors   wou ld   ind ica te   such a cond i t i on ,   t he  
tempera tu re   t rans ien t   cou ld   be  so a b r u p t   t h a t   t h e   s e n s i n g   l a g   m i g h t  be 
unacceptable. 



Table 7-3 

STARTUP/SHUTOOWN PROCEDURES 

L~TARTUP I 

0 Dr ive  H and 0 f low  valves to  s t a r t u p   p o s i t i o n s  2 2 
(aus tomat ic   w i th   .app l i ca t ion  o f  power  because  sensed 
speed i s  below 20,000 RPM) 

0 Open hydrogen  shutoff  valve 

0 Open oxygen s h u t o f f  Val ve 

0 Turn on combustor i g n i t o r  power 

Sw i t ch   t o   t u rb ine   t empera tu re   con t ro l   a t  20,000 RPM 

Close  oxygen shuto f f   va lve  

0 Close  hydrogen  shutoff  valve 

TEYP AND 

I - b 7 I P L  

GEARBOX 
FAILURE 

SHUTDOWN 

CONTROL AND 

Figure 7-5. F a u l t  Logic Summary 
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Secondary  Control   Implementat ion 

F i g u r e  7-6 shows a b lock   d iag ram o f  the   secondary   con t ro ls .  

PILOT  FAULT OVERRIDE 

SHUT  DOWN o2 s. 0. 
VALVE 

TURBINE OVERTEMP 

LUBE  OIL  OVERTEMP 
H2 S.O. 
VALVE - 1 1  - 

LUBE  OIL PRESSURE 
- 

IGNITION 
Hz  PRESSURE - 

FAULT 
INDICATOR 

TURBINE SPEED 

F i g u r e  7-6. Secondary   Con t ro l   C i r cu i t s  - Block  Diagram 

SENSORS 

Table 7-4 l i s t s   t h e   s e n s o r s   u s e d   i n   t h e   s y s t e m   t o g e t h e r   w i t h   t h e i r  
f u n c t i o n  and  normal  operating  ranges. B r i e f  d e s c r i p t i o n s  o f  these  sensors 
f o l  low. 

Turb ine  In ters taqe  Temperature  Sensor  

Tu rb ine   i n te rs tage   t empera tu re   sens ing   i s   accomp l i shed  w i t h  s h i e l d e d  
thermocouple  us ing a tungsten-26$  rhenium  and  tungsten-5%  rhenium  ungrounded 
j u n c t i o n .  These m a t e r i a l s   a r e   s u i t a b l e  fo r  hydrogen  environments,   but   require 
p ro tec t ion   f rom  oxygen  o r   s team;  hence, s h i e l d i n g   i s   e s s e n t i a l .   A i R e s e a r c h  
s tud ies   o f   rhermocoup le   response  (per fo rmed  w i th  a mul t i -noda l   thermal   ana lyzer  
p rog ram)   i nd i ca te   t ha t   t he   des i   red   response   can   read i   l y   be   a t ta ined   w i th  a 
shielded  thermocouple.  As a consequence,   s ince  sh ie ld ing does p rov ide   p ro -  
t e c t i o n ,  a sh ie lded  thermocouple i s  used.  Figure 7-7 shows the  dimensions  and 
l i s t s   t h e   g e n e r a l   c h a r a c t e r i s t i c s   o f   t h e   s e n s o r .  Each temperature  sensor  probe 
c o n t a i n s  two  independent  thermocouple  elements, one fo r   p r imary   con t ro l   pu rposes  
(o f   t u rb ine   i n le t   t empera tu re ) ,   t he   o the r   f o r   secondary   mon i to r i ng   f unc t i ons .  
The t h e r m o e l e c t r i c   o u t p u t   p r o v i d e s  an est imated  reso1ut i .on Df  20°F i n   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 t r o l .  



TABLE 7-4 

APU SENSORS 

SENSOR 

T u r b i n e   I n t e r -  
stage  Temperature 

J e t  Pump Discharge 
Temperature 

Regu 1 a t e  d Hydro- 
gen Pressure 

Segulated Oxygen 
Pressure 

Lube Oil Temper- 
a t u r e  

,ube Oil Pressure 

Secycl e Val  ve 
"os i t i o n  

Hydrogen F1 ow 
Contro l   Valve 
Pos i t  ion  

3xygen  Flow  Contro 
V a l v e   P o s i t i o n  

Tu r b  i ne  speed 
{ overspeed) 

Tu r b  i ne speed 
( c o n t r o l )  

FUNCTION 

p, s 

p, s 

S 

S 

S 

S 

S 

P 

P 

S 

P 

NORMAL 
OPERATING 
RANGE 

I705 f 42'R 

390-500'R 

500 F 25 p s i a  

500 F 25 p s i a  

460-760'R 

I 75-225 ps i a 

0-80 degrees 

0.001-0.015 i n .  

0.001-0.015 i n .  

70,000 ? 1200rpn 

6000 ? 100 rpm 

SENSOR TYPE 

The rmocoupl e ( dua 1 
e 1 ement) 

The rmocoupl e ( dua 1 
e 1 ement) 

L i n e a r   v a r i a b l e - d i f f e r -  
e n t i a l   t r a n s f o r m e r  

L i n e a r   v a r i a b l e - d i f f e r -  
e n t i a l   t r a n s f o r m e r  

The  rmocoup 1 e 

L i n e a r   v a r i a b l e - d i f f e r -  
e n t i a l   t r a n s f o r m e r  

R o t a r y   v a r i a b l e - d i f f e r -  
e n t i a l   t r a n s f o r m e r  

L i n e a r   v a r i a b l e - d i f f e r e n  
t i a l   t r a n s f o r m e r  

L i n e a r   V a r i a b l e - d i f f e r e n  
t i a l   t r a n s f o r m e r  

l e1   uc tance   p i ckup  

le1   uc tance  p i   ckup 

P = P r i m a r y   c o n t r o l   f u n c t i o n  
S = Secondary   con t ro l   f unc t i on  
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Considerable  experience  exists  with the selected  thermocouple  materials 
in high-temperature  hydrogen  environments i n  both commercial and aerospace 
application.  These  materials  are readily available at low cost. 

\ 
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Figure 7-7. Turbi ne Interstage  Temperature  Sensor 



Recycle  Val  ve Pos i ti on  Sensor 

R e c y c l e   f l o w   c o n t r o l   v a l v e   p o s i t i o n  will be  mon i to red   by  a r o t a r y  
v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r   t y p e   s e n s o r   w h i c h   i s   d i s c u s s e d   i n   m r e  
d e t a i l   i n   t h e   d e s c r i p t i o n   o f   t h e   c o n t r o l   v a l v e .  

Hydrogen  F low  Contro l   Valve  Posi t ion  Sensor  

P o s i t i o n   o f   t h e   h y d r o g e n   f l o w   c o n t r o l   v a l v e   i s   m e a s u r e d   b y  a conven- 
t i n a l   l i n e a r   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r   t y p e   s e n s o r .  As d i s c u s s e d   i n  
t h i s   s e c t i o n ,   t h e   s i g n a l   f r o m   t h e   s e n s o r   i s   u s e d   i n   t h e   p r i m a r y   t u r b i n e  
c o n t r o l s .  The s e n s o r   i s   d i s c u s s e d   i n  more d e t a i l   i n   t h e   d e s c r i p t i o n  o f  t h e  
hyd rogen   f l ow   con t ro l   va l ves .  

Oxygen Flow  Contro l   Valve  Posi t ion  Sensor  

The o x y g e n   f l o w   c o n t r o l   v a l v e   p o s i t i o n   s e n s o r  
the   hyd rogen   f l ow   con t ro l   va l ve .  

Turbine  Overspeed  Sensor 

i s s i m i l a r   t o   t h a t   u s e d  on 

t u r b i n e   s h a f t   t o  sense 
ch  woul d cause a l o s s  

senses o f  a d r i ve   gea r  

The tu rb ine   ove rspeed   sensor   i s   l oca ted   on   t he  
t u r b i n e   s p e e d   i n   e v e n t   f a i l u r e   i n   t h e  power t r a i n  wh 
o f   s igna l   f rom  the   no rma l   speed   con t ro l   senso r   (wh ic  

i 
h 

i n   t he   gea rbox ) .  The tu rb ine   overspeed  sensor  i s  a convent iona l   re luc tance 
t ype   p i ckup   o f   t he   t ype   used   on   mos t   A iResearch   t u rb ines   f o r   t h i s   pu rpose .  

Turb ine  Speed Control  Sensor 

To p r o v i d e   h i g h   r e s o l u t i o n   c a p a b i l i t y ,   t h e   t u r b i n e   s p e e d   c o n t r o l   s e n s o r  
supp l   ies  an ou tpu t   f requency   o f  IO kHz. To s u p p l y   t h i s   h i g h   f r e q u e n c y ,   t h e  
r e ! u c t a n c e   p i c k u p   i s   u s e d   i n   c o n j u n c t i o n   w i t h  a 6000 rpm gear   (which has 100 
h o l e s   t o   p r o v i d e   t h e  des i red   f requency)  . 
.!et Pump Discharge  Temperature  Sensor 

This   temperature  sensor   operates  a t   moderate  temperatures (390 t o  500'R) 
in  pure  hydrogen.  Convent ional   chromel-alumel  thermocouples w i  1 1  be s u i t a b l e  
f o r   t h i s   a p p l i c a t i o n   a n d  will p r o v i d e   h i g h e r   r e s o l u t i o n   f o r   t h i s   c o n t r o l   t h a n   t h e  
tungs ten - rhen ium  the rmocoup le   used   f o r   t u rb ine   i n te rs tage   t empera tu re   sens ing .  
As before,  each  sensor  probe w i  11 contain  two  thermocouple  e lements,   one  for  
p r i m a r y   c o n t r o l   ( o f   j e t  pump d ischarge  tempera ture) ,   the   o ther   fo r   secondary  
m o n i t o r i n g   f u n c t i o n s .  

Regulated  Hydroqen  Pressure  Sensor 

A c o n v e n t i o n a l   a i r c r a f t   t y p e  1 i n e a r   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r  
t y p e   o f   p r e s s u r e   t r a n s d u c e r  w i  1 1  be  used fo r   sens ing   regu la ted   hyd rogen  
pressure .   Exper ience  w i th   th is   t ype   o f   sensor  has shown t h a t   m o u n t i n g   o f  
the  sensor  may b e   i m p o r t a n t   f o r   p r o p e r   p e r f o r m a n c e   a n d   r e 1   i a b i l   i t y   i n  
e n v i r o n m e n t s   w i t h   h i g h   a c o u s t i c   n o i s e   l e v e l s  o r  h i g h   v i b r a t i o n .  



Regulated Oxygen Pressure  Sensor 

The regulated  oxygen  pressure  sensor  will be s i m i l a r   i n   d e s i g n   t o  
the   regu la ted   hydrogen  p ressure   sensor ,   descr ibed  p rev ious ly .  

Lube O i  1 Temperature  Sensor 

A chromel-alumel  thermocouple w i  11 be used t o  measure  lube o i l  
temperature,   which  can  vary  over a range o f   a p p r o x i m a t e l y  460 t o  760'R. Since 
t h i s  will be. used fo r   mon i to r i ng   pu rposes   on l y ,  a s ing le  e lement   thermocouple 
will s u f f i c e   f o r   t h i s   a p p l i c a t i o n .  

Lube Oil Pressure  Sensor 

The l u b e   o i l   p r e s s u r e   s e n s o r  will c o n s i s t  of  a 1 i n e a r   v a r i a b l e  
d i f f e r e n t i a l   t r a n s f o r m e r   t y p e   p r e s s u r e   t r a n s d u c e r   s i m i l a r   t o   t h o s e   u s e d   f o r  
rnon i t o r i  ng  regula  ted  hydrogen  and  oxygen  pressures, 

PERFORMANCE 

The p r i m a r y   c o n t r o l s   p e r f o r m a n c e   i s   p r e s e n t e d   i n   S e c t i o n  3 o f   t h i s  volume. 
The d a t a   t h e r e   i n d i c a t e   t h a t   t h e   c o n t r o l  can m a i n t a i n   t i g h t  speed  to lerances 
d u r i n g   s t e p  changes i n   t h e  APU o u t p u t  power ( i n   a c t u a l i t y ,   t h e   o u t p u t  power 
will n o t  have a s t e p  change due t o   t h e   s l o w  - 0.05 t o  0.075  sec - response 
o f  the h y d r a u l i c  pump).  The Sec t ion  3 d a t a   a l s o  show t h a t   t h e   t u r b i n e  
temperature  can be c o n t r o l l e d   t o   w i t h i n   a b o u t  35'R d u r i n g  the  s t e p   l o a d  
changes  and t o   w i t h i n  42'R d u r i n g  20O0R/sec  changes i n   t h e   i n l e t  oxygen 
temperature. The j e t  pump d i s c h a r g e   t e m p e r a t u r e   i s   c o n t r o l l e d   t o   w i t h i n  
l O o R  d u r i n g   t h e   w o r s t   s t e p   l o a d   c o n d i t i o n   a n d   i s   e s s e n t i a l l y   c o n s t a n t   d u r i n g  
i n l e t  oxygen  tempera ture   t rans ien ts   (because  the   hydrogen  f low  i s   no t  
ad justed  by  turb ine  temperature  changes) .  

I n  s teady   s ta te   ope ra t i on ,   t he   t u rb ine   speed  will be c o n t r o l l e d   t o  
2 0.3 p e r c e n t ,   w i t h   m o s t   o f   t h i s   e r r o r   b e i n g   a s s o c i a t e d  w i t h  the  accuracy 
o f   t h e   s p e e d   r e f e r e n c e   s i g n a l   ( i n   w h i c h  a t i m i n g   c l o c k   i s   n e c e s s a r y ) .  The 
tu rb ine   t empera tu re   reso lu t i on  will be about +20°R, based  on  AiResearch 
exper ience   w i th   h igh   t empera tu re   t he rmocoup les   i n   s im i l a r   app l i ca t i ons .  

G r e a t l y   i m p r o v e d   t u r b i n e   s p e e d   c o n t r o l   d u r i n g   t r a n s i e n t s  can  be 
o b t a i n e d   b y   i n c o r p o r a t i n g  some f o r m   o f   l o a d   a n t i c i p a t i o n   i n t o   t h e   s p e e d  
c o n t r o l   c i r c u i t .  Such a f e a t u r e   i s  a s tandard   par t   o f   A iResearch-manufac tured  
con t ro l   sys tems   fo r   commerc ia l   and   m i l i t a ry   t u rb ine -d r i ven   genera to r   se ts .  
I n  these  generator   sets ,   0 .25  percent   speed  contro l   can  be  mainta ined  for  
load   s teps   f rom 0 t o 1 0 0   p e r c e n t   o f   r a t e d   o u t p u t .   I n   t h e  APU a p p l i c a t i o n ,  
l o a d   a n t i c i p a t i o n   c o u l d  be   ob ta ined   by   p rov id ing   t he  APU c o n t r o l l e r   w i t h   t h e  
c o n d i t i o n e d   h y d r a u l i c  pump d ischarge  pressure  s ignal   used  by  the pump as the 
means o f  c o n t r o l l i n g   t h e  pump displacement,  and  hence pump d r i ve   t o rque .  



I f  s u c h   a n t i c i p a t i o n   i s   p r o v i d e d ,   t h e n   t h e  APU c o n t r o l l e r  can be d e s i g n e d   t o  
a l t e r   t h e   h y d r o g e n   a n d   o x y g e n   f l o w   c o n t r o l   v a l v e   p o s i t i o n s   a t   t h e  same t ime  
t h a t   t h e  pump d i s p l a c e m e n t   i s   b e i n g  changed. A t  p r e s e n t ,   t h e   c o n t r o l l e r  
o n l y   a l t e r s   t h e   v a l v e   p o s i t i o n s   a f t e r  a l o a d  change  causes a change i n   t h e  
tu rb ine   speed   and   speed   ra te   o f  change. 

CONTROLS PACKAGING 

F i g u r e  7-8 shows t h e   c o n t r o l l e r   i n p u t s   a n d   o u t p u t s .   F i g u r e s  7-1 
and 7-6 i n d i c a t e   t h e   c i r c u i t r y   r e q u i r e d   f o r   t h e   p r i m a r y   a n d   s e c o n d a r y   c o n t r o l s  
r e l a t i n g   t h e   i n p u t   a n d   o u t p u t   s i g n a l s .  The e l e c t r o n i c s  will be  packaged i n  
a s tandard  ATR package  used  on  both  commercial  and m i l i t a r y   a i r c r a f t .  
F i g u r e  7-9 shows a t y p i c a l  package, ( a  3/8 ATR s h o r t )  a tu rbo fan   eng ine   f ue l  
c o n t r o l   c u r r e n t l y   i n   c o m m e r c i a l   a i r c r a f t   s e r v i c e .  The e l e c t r o n i c s   f o r   t h e  
APU a r e   e s t i m a t e d   t o   r e q u i r e   a p p r o x i m a t e l y  60 p e r c e n t   o f   t h e  volume r e q u i r e d  
b y   t h e   t u r b o f a m   e n g i n e   f u e l d   c o n t r o l .  However, i f  a d d i t i o n a l   c o n t r o l  
f u n c t i o n s   r e q u i r e d   b y   t h e   a l t e r n a t o r  and   t he   hyd rau l i c  pumps a r e   i n c o r p o r a t e d  
i n t o   t h e  APU c o n t r o l l e r ,   t h e  package  would  probably  require a 3 /8  ATR s h o r t .  

I n t e r n a l   P a c k a g i n g  

I n t e r n a l   p a c k a g i n g   o f   t h e  ATR will be  based  on  current  AiResearch 
methods  used f o r   a i r c r a f t   e n g i n e   f u e l   c o n t r o l s ,  as shown i n   F i g u r e  7-9. 
A t w o - s i d e d   p r i n t e d - c i r c u i t   m o t h e r   b o a r d   i n t e r c o n n e c t s   t h e  edge c a r d  
c o n n e c t o r s   o f   t h e   i n d i v i d u a l   c i r c u i t   b o a r d s .  The c i r c u i t s   a r e   p l a c e d  on 
t w o - s i d e d   p r i n t e d   c i r c u i t   b o a r d s   w h i c h   a r e   w a v e - s o l d e r e d   f o r   h i g h   r e l i a b i l i t y .  
Heat d i s s i p a t i o n   i s   p r o v i d e d   b y   r e g u l a t i n g   t h e   e l e c t r o n i c s   d e n s i t y ,   r e l y i n g  
on conduc t ion   and   rad ia t i on   t o   t he   su r round ing   box .  

External   Arranqement 

External ly ,   the  package will have  an input /output   connector   and a t e s t  
connector.  The t e s t   c o n n e c t o r   a l l o w s   c o m p l e t e   c h e c k o u t   o f   t h e   c o n t r o l l e r  
w i t h   t h e   i n p u t / o u t p u t   c o n n e c t o r   i n   p l a c e .  The c o n t r o l l e r  packaged  weight will 
be about 7 l b .  

C o m p a t i b i l i t y   w i t h   V e h i c l e   M u l t i p l e x i n g  ~ . System 

A k e y   f e a t u r e   o f   t h e   s e l e c t e d   c o n t r o l   c o n c e p t   i n   w h i c h   c o n t i n u o u s   c o n t r o l  
(as  opposed t o  pulsed, o r  bang-bang c o n t r o l )   i s   u s e d   i t s   c o m p a t i b l i t y   w i t h  
t h e   v e h i c l e   m u l t i p l e x i n g   s y s t e m .   T h i s   f a c i l i t a t e s   l o c a t i n g   t h e   c o n t r o l l e r  
remote ly   f rom  the  APU. Norma l l y ,   t he   mu l t i p lex ing   sys temopera tes   a t   abou t  
100 Hz sampling  frequency;  AiResearch has eva iua ted   such a sampl ing   ra te  
w i t h   i t s   d i g i t a l  p rogram  and  found  comple te   con t ro l   compat ib i l i t y .  
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DESIGN BASIS 

The  controller  design  selected  for  the  Space  Shuttle  APU is based  on 
AiResearch  experience  summarized in Table 7-5. 

SHUTTLE  APU REQUIREMENT 

Long  Life 

Closed  Loop  Control 

Biopropel  lant Flow Controls 

Simul taneously-pos i t ioned 

Electrically-actuated  valves 

Speed  Control  at  Constant 
O/F Rat io 

Tempera  tu re Control  by 
Adjusting  Oxygen Flow Only 

Fault  Detection  and 
Monitoring of  Both  System 
and  Control  ler 

Table 7-5 

SHUTTLE  APU  DESIGN BASIS 

Aircraft  Compatibility 
( env i ronmen t, packag i ng, 
multiplexing,  etc) 

APPLICABLEAIRESEARCH ExPERIEN~CE 
~~ ~ ~~ - 

20,000 hr  Gas  Turbine  Generator  Controls 
5,000 hr MTBF propulsion  engine  controls 

IPECS H2-02 APU Controls 
Gas  Turbine  Generator  Sets 
Propulsion  Engine  Controllers 
Aircraft  APU  Controllers 
Air  Inlet  Control  Systems 

IPECS H2-02 APU  Controls 

IPECS H2-02 APU  Controls 
A i r  Inlet  Control  Systems 

~~ 

. - . " ~~ ~ "" " ~- 

IPECS H2-02 APU  Controls 

- ~ .. 

I PECS H2-02 APU  Controls 

~ ~ ~ " ~" - ~ ~~ ~ 

Propulsion  Engine  Controllers 
Aircraft  APU  Control  lers 
A i r  Inlet  Control  Systems 

Propulsion  Engine  Controllers 
Aircraft  APU  Controllers 
A i r  Inlet  Control  Systems 

" - - "- " - 



IPECS Control  System 

I n  1961, as p a r t   o f  an  in-house  development  program,  AiResearch 
b u i l t  and   t es ted  a cryogenica l ly -suppl ied  hydrogen/oxygen APU i n   w h i c h  
tu rb ine   in le t   tempera ture   and  tu rb ine   speed  were   con t ro l led   by   coup led ,  
c l o s e d - l o o p   c i r c u i t s   s i m i l a r   t o   t h o s e   e v o l v e d   d u r i n g   t h e   p r e s e n t   s t u d y .  
F i g u r e  7-10 shows a b l o c k   d i a g r a m   o f   t h e   c o n t r o T   c i r c u i t r y .  The  speed 
s i g n a l   i s   f r o m   t h e   a l t e r n a t o r   o u t p u t  (APU l o a d  was an a l t e r n a t o r   o n l y ) ,  
and  the   tempera ture   s igna l   i s   f rom a sensor   loca ted   in   the   combustor  
d i scha rge   f l ow  1 ine.  

F igu re  7-1 1 shows representa t ive   sys tem  tes t   per fo rmance  da ta .  
The  speed c o n t r o l   l o o p   p r o v i d e s   s p e e d   r e g u l a t i o n   t o  wi th in  * 1 percen t  
over  a 15: l  l o a d   s t e p  change.  The t e m p e r a t u r e   c o n t r o l   l o o p   p r o v i d e s   i n l e t  
t e m p e r a t u r e   c o n t r o l   t o  * 12 percen t .  These c o n t r o l s  were deemed adequate 
f o r   t h e   i n t e n d e d   a p p l i c a t i o n  so  t i g h t e r   a c c u r a c y   ( w h i c h   i s   e a s i l y   o b t a i n a b l e  
w i th  present   techno logy)  was no t   a t tempted.  

Gas Turb ine  Generator   Sets  

The  gas tu rb ine   genera tor   se ts   manufac tured   by   A iResearch   use  
c o n t r o l   c o n c e p t s   s i m i l a r   t o   t h o s e   f o r   t h e  APU. F i g u r e  7-12 shows a b l o c k  
d i a g r a m   o f   t h e   g e n e r a t o r   s e t   c o n t r o l   c i r c u i t r y   a n d   F i g u r e  7-13 shows t e s t  
per fo rmance  o f  a s e t   d u r i n g  a s t e p   i n   o u t p u t  power  from 0 t o  100 pe rcen t  
o f   r a t e d   l o a d .  Because t h e   c o n t r o l s   i n c o r p o r a t e   l o a d   a n t i c i p a t i o n ,   t h e  
tu rb ine   speed change d u r i n g   t h e   l o a d   s t e p   i s   l e s s   t h a n  0.25 percent .  
These con t ro l s   a re   des igned  f o r  20,000 h r   l i f e   i n  a c o m m e r c i a l   i n s t a l l a t i o n .  

P r o p u l s i o n   E n g i n e / A i r c r a f t  APU Con t ro l s  

A iResearch   manu fac tu res   mos t   o f   t he   wor ld ’ s   a i r c ra f t  APU’s, and many 
o f  t h e   p r o p u l s i o n   e n g i n e s   p r i m a r i l y   f o r   s m a l l e r ,   p r i v a t e   a i r c r a f t ) .  The 
ATF-3 s p o o l   t u r b o f a n   p r o p u l s i o n   e n g i n e   c o n t r o l s   a r e   t y p i c a l   o f   t h e   c u r r e n t  
c o n t r o l s   t e c h n o l o g y   s e l e c t e d  f o r  t h e  Space S h u t t l e  APU. The ATF-3 engine 
c o n t r o l l e r  uses a w i n s   t e c h n o l o g y   c o n t r o l   f o r   e a c h   o f   t h e   t h r e e   p r i m a r y   c o n t r o l  
parameters,   h igh  pressure  spool  speed, fan  spool speed, a n d   t u r b i n e   i n l e t  
temperature. The c o n t r o l s   s e l e c t s   t h e   l o w e s t   f u e l   f l o w   r e q u i r e d   b y   a n y   o f  
t h e   p r i m a r y   c o n t r o l   p a r a m e t e r s .   T h i s   f l o w   i s  compared w i t h   t h e   d e c e l e r a t i o n  
f u e l   f l o w   ( a c c e r a t i o n  and d e c e l e r a t i o n   c o n t r o l   i s   r e q u i r e d   t o   p r e v e n t   s u r g e )  
a n d   t h e   h i g h e r   f l o w   i s   s e l e c t e d .  The s e l e c t e d   v a l u e   i n   t u r n   i s  compared w i th  
t h e   f l o w   r e q u i r e d   f o r   a c c e l e r a t i o n   c o n t r o l   w i t h   t h e   l o w e r   v a l u e   b e i n g   t h e  
commended f u e l   f l o w   f o r   t h e   e n g i n e .   F i g u r e  7-14 shows a b lock   d iagram o f  
t h e   c o n t r o l  system. The c o n t r o l l e r  has a 5000 hr  MTBF. The packaging  and 
c o n t r o l s   d e s i g n   o f   b o t h   t h e  ATF-3 and TFE-731 ( c o n t r o l s  shown i n   F i g u r e  7-9) 
a r e  s i m i  l a r .  

I n l e t   D u c t   C o n t r o l s  

The  F-14 f i g h t e r   i n c o r p o r a t e s  a double ramp and   b leed   doo r   i n le t .   Th i s  
y i e l d s  a system w i t h  3 a c t u a t o r s   p e r   i n l e t .  The s i x  i n l e t   c o n t r o l   a c t u a t o r  
on  the F-14 a r e   e l e c t r o n i c   l i k e d   t o   m a i n t a i n   d e s i r e d  i n l e t  geometry. 
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Such a concep t   e l im ina tes   t he   h igh   ma in tenance   ( r i gg ing ,   back lash   e l im ina t i on ,  
l ub r i ca t i ng ,   e t c )   assoc ia ted   w i th   mechan ica l   va l ve   sequenc ing .   F igu re  7-15 
shows the   con t ro l   sys tem.  

DIGITAL TRANSIENT PERFORMANCE PROGRAM 

The b u l k   o f   t h e   c o n t r o l s   d e s i g n   w o r k  has  been  performed  using a 
d i g i t a l   t r a n s i e n t   p e r f o r m a n c e   p r o g r a m   w r i t t e n   f o r   t h e  APU a p p l i c a t i o n .  
Table  7-6  summarizes  the  system  model,  the d i g i t a l   t r a n s i e n t   s t u d y  scope 
a n d   t h e   o b j e c t i v e .  The p r o c e d u r e   u s e d   f o r   e v a l u a t i n g   t h e   c o n t r o l s   i s  shown 
i n   F i g u r e  7-16. 

The d i g i t a l  program i s  modeled a f t e r   e x i s t i n g   d i g i t a l   t r a n s i e n t  
programs  used fo r   des ign   o f   A iResearch-manufac tured   p ropu ls ion   eng ines   and 
a i r c r a f t  APU's.  The  Space S h u t t l e  APU p rog ram  cons is t s   o f   abou t  10,000 
p rog ram  ca rds   (d i v ided   i n to  34 subrout ines) ,   and 3000 da ta   i npu t   ca rds .  
The program i s   w r i t t e n   i n   F o r t r a n  V f o r   t h e   U n i v a c  I108 computer. 

Table  7-6 

TRANSIENT STUDIES--SCOPE/OBJECTIVE 

ISYSTEM MODEL I 
0 Use s teady -s ta te   pe r fo rmance   cu rves   f o r  

combustor,  and  gearbox 
j e t  pump, valves, 

0 Use t u r b i n e  11 vs  speed f o r   p r e s s u r e   r a t  
es tab l   i sh   t u rb ine   pe r fo rmance  

i o   l i n e s   t o  

0 Use newly -deve loped  t rans ien t  H X  model wh ich   inc ludes  
pe r fo rmance   co r rec t i on   assoc ia ted   w i th  HX c o n s t r u c t i o n  

0 Assess   response  dur ing   s ta r tup ,   s tep   load   app l   i ca t  
and i n l e t   p r o p e l l a n t   t e m p e r a t u r e   t r a n s i e n t s  

pe r f o rman ce 

ion,  shutddwn, 
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F i g u r e  7-1 6. D ig i ta l   Con t ro l   S tudy   P rocedure  - Block  Diagram 

F i g u r e  7-17 summarizes t h e  program  method o f   s o l u t i o n   a t  each  t ime 
increment   dur ing  the  imposed  t rans ient .  A t  each t ime ,  the  program  converges 
t o  a s o l u t i o n   i n   w h i c h   t h e  sum o f   the   squares   o f   the   normal ized   independent  
v a r i a b l e  ( a t o t a l   o f  7 i n d e p e n d e n t   v a r i a b l e s   a r e   r e q u i r e d )   e r r o r s   i s   l e s s  
than I p a r t   i n  1,000,000. 

AiResearch  developed a new method o f   es t ima t ing   hea t   exchanger   t rans ien t  
performance on a 3 mode b a s i s  as p a r t   o f   t h i s   c o n t r a c t .   F i g u r e  7-18 shows 
t h e  poss ib le   heat   exchanger   con f igura t ions   hand led   by   the  model,  and  displays 
the   log ic   p rocess   used fo r  per fo rmance  p red ic t ion .   Normal ly ,  3 mode models 
a r e   n o t   u s a b l e   f o r   t r a n s i e n t   p e r f o r m a n c e   p r e d i c t i o n   b e c a u s e   t h e   r e s u l t s   v i o l a t e  
the  second  law  of  thermodynamics. However, b y   i n c o r p o r a t i n g  a c o n s t r u c t i o n  
f a c t o r   ( w h i c h   i s  an i n d i c a t i o n   o f   t h e   a v e r a g e   t e m p e r a t u r e   g r a d i e n t   a v a i l a b l e  
f o r   h e a t   t r a n s f e r )   i n   t h e   t h e r m a l  model, i t  i s   p o s s i b l e   t o   s a t i s f y   t h e   s e c o n d  
law. The s e l e c t e d  model p r e d i c t i o n s  have  been  compared w i t h  those  ob ta ined 
f rom a 42 model   heat   exchanger   t rans ient   per formance  analys is .  The com- 
p a r i s o n   i n d i c a t e s   t h a t   t h e  APU heat  exchanger  model i s   i n  good  agreement w i t h  
the  more s o p h i c a t e d   m u l t i - n o d a l   a n a l y s i s .  
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SECTION 8 

PUMPED LIQUID  CYCLES 

INTRODUCTION 

As indicated  previously,  the  Phase 11 baseline  system  concept  was  based 
upon  use of propellants  supplied  as  high-pressure  gas  (on  the  order  of 500 
psia minimum)  from  the  Auxiliary  Propulsion  System (APS). Because  of  the 
questions  concerning  the impact  of .APU operation  on  APS  turbopump  life  (by 
greatly  increasing  the  number  of  operational  cycles),  NASA  directed  that  the 
study  include  consideration  of APU systems  with  integral pumping provisions. 

Since  the  range  of  propellant  inlet  conditions  specified by  NASA  for  the 
baseline  system  includes  that  obtained in a liquid-supplied  system  with  inte- 
gral  propellant  pumps,  the  baseline  system  data are  applicable to  the  pumped 
cycles.  Specifically,  the  propellant pumping power  must  be  considered as 
output power in calculating  propellant  consumption.  The  other  cycle  perform- 
ance parameters are determined  for  the  propellant  temperature  and  pressure 
delivered by  the  pumps. Figure 8-1 illustrates  the  functional  interfaces be- 
tween  the  propellant  pumps  and  the  baseline APU cycle.  From  this, it can be 
seen  that  the  propellant  pumps  represent  the  major  new  element.  As  discussed 
in Section 5 of  Volume IV the system  can  be  simplified by eliminating  the 
recycle  flow  control  where  inlet  propellant  temperature  remains  relatively 
constant.  Since  this  will  be  the  case  for  the  liquid-fed  system,  the base- 
line  cycle  can  be  modified in this  way  (shown in Figure 8-2 )  for  pumped 
1 iquid operation. 

PUMP DESIGN  CRITERIA 

Optimum  cycle  performance  will  be  obtained  with  liquid-fed  systems  for 
pump  delivery  pressures on the  order  of I100 psia. Table 8-1 summarizes  the 
design  requirements  for  the  hydrogen  and  oxygen  pumps. 

TABLE 8-1 

PUMP DESIGN  REQUIREMENTS 

Flow, Ib/mi,n 
max  imum 
mi n imum 

max i mum 
minimum 

State 
Pressure, psi 
Net  positive  suction  head, psi 

Output pressure, psi 

Fluid 

ife, hr 

Oxygen 

5 
0.25 

I100 
900 

Subcooled 1 iquid 
50 
IO 
3000 

Hydrogen 
~~ 

7.07 
0 . 4 3  

I100 
900 

Subcooled 1 iquid 
50 
IO 
3000 
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TYPES OF PUMP CONSIDERED 

Cons ide ra t i on  was g i v e n   t o   p o s i t i v e - d i s p l a c e m e n t   a n d   c e n t r i f u g a l  pumps. 
Cosomodyne was s o l i c i t e d   f o r   p r e l i m i n a r y   i n f o r m a t i o n   c o n c e r n i n g   p o s i t i v e -  
d isp lacement   c ryogen ic  pumps and  responded w i t h  a techn ica l   p roposa l ,  a p o r -  
t i o n  of w h i c h   i s   i n c l u d e d   i n   t h i s   s e c t i o n .  

The Cosmodyne approach  centered   on   the   use   o f   cons tan t   and  var iab le   f low 
p o s i t i v e   d i s p l a c e m e n t  pumps. The h i g h   d e l i v e r y   p r e s s u r e  was t h e   p r i n c i p a l  
r e a s o n   f o r   s e l e c t i n g  t h i s  approach.  The Cosrnodyne ana lys i s   conc luded   tha t  
t h e   p o s i t i v e   d i s p l a c e m e n t  pump bes t   su i t s   t he   hyd rogen   p rob lem  s ta temen t ;  a 
firm recommendation o f  a pump p r e l i m i n a r y   d e s i g n  was n o t   r e c e i v e d   f o r   t h e  
oxygen   app l i ca t i on .  

A iResearch  evaluated  the same problem  s tatements  by  us ing  h igh-speed 
c e n t r i f u g a l  pumps. T h i s   a n a l y s i s   i n d i c a t e d   t h a t   t h e   o x y g e n   c e n t r i f u g a l  pump 
bes t   su i ts   the   oxygen  p rob lem  s ta tement ,   and a c e n t r i f u g a l  pump will no t   ap -  
pea r   reasonab le   f o r   t he   l i qu id   hyd rogen   app l i ca t i on .  

The r e s u l t s   o f   t h e   s t u d y   a r e   t h e r e f o r e  as f o l l o w s :  

L i q u i d  oxygen pump, cen t r i f uga l   t ype ,   A iResearch   des ign  
L iqu id   hyd rogen  pump, pos i t i ve   d i sp lacemen t   t ype ,  Cosmodyne des ign  

OXYGEN LIQUID PUMP 

Pos i t i ve   D isp lacemen t  Pump Concept 

Analysis  of  the  performance  requirements  based  upon a p o s i t i v e   d i s p l a c e -  
ment pump revea led   t he   f o l l ow ing   des ign   cons ide ra t i ons .   F i r s t ,   t he   ex t reme-  
l y  l ow   f l ow   ra tes   requ i re   on l y  a s i n g l e - c y l i n d e r  pump; second,  an  accumulator 
i s   r e q u i r e d   i n   t h e  pump d i s c h a r g e   l i n e   t o  smoo th   p ressu re   f l uc tua t i ons .  
Th i rd ,  i t  i s   n e c e s s a r y   t o   i n c l u d e   p r o v i s i o n s   f o r   b y p a s s i n g   t h e  pumped f l u i d  
t o   t h e   s t o r a g e   t a n k   t o   o b t a i n   t h e   h i g h   t u r n d o w n   r a t i o   w h i l e   m a i n t a i n i n g   a d e -  
q u a t e   n e t   p o s i t i v e   s u c t i o n  head (NPSH)  a t   t h e  pump i n l e t .   T h e r e f o r e ,  i t  i s  
c o n c l u d e d   t h a t   t h i s   t y p e   o f   p o s i t i v e   d i s p l a c e m e n t  i s  n o t   p r a c t i c a l   f o r   t h e  
p r e s e n t   a p p l i c a t i o n .  

C e n t r i f u g a l  Pump Design 

Analysis  of   the  performance  requirements  based  upon  the  centr i fugal  
pump approach   revea ls   t he   necess i t y   f o r  a small ,   high-speed pump t o  match 
the  low  f low,  h igh  head  requirements.  The u n i t   s t u d i e d  i s  a two-stage  cen- 
t r i f u g a l  pump. The two  impel lers  are  mounted  on  opposi te ends o f   t h e   e l e c t r i c  
motor   shaf t .   Table 8 -2  shows the   pe r t i nen t   da ta  o f  the   des ign .  

The speed o f  100,000 rpm has  been  chosen  close t o   t h e   o p t i m u m   e f f i c i e n c y  
p o i n t .  The sma l l   s i ze   and   na r row  channe l   w id th   o f   t he   impe l l e rs   a re   w i th in  
t h e   s t a t e   o f   t h e   a r t .  The performance  losses due to   inc reased  inaccuracy  
a r e   i n c l u d e d   i n   t h e   e s t i m a t i o n   o f   e f f i c i e n c y .   P a r t - l o a d   p e r f o r m a n c e   i s  shown 
i n   F i g u r e  8-3 .  The p ressu re   r i se ,  pump e f f i c i e n c y ,  and s h a f t  power a r e   g i v e n  
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TABLE 8-2 

LIQUID OXYGEN PUMP DESIGN DATA 

F l u i d  
I n l e t   t e m p e r a t u r e  (maximum) 
I n l e t   p r e s s u r e  (maximum) 
NPSP 
Pressure r i se (des i gn) 
Weigh t   f low  (des ign)  
Pump des ign  
Number o f   s t a g e s  
Speed 
S P e c i f i c  speed  of   stage 
S u c t i o n   s p e c i f i c  speed o f   f i r s t   s t a g e  
Impel ler   Reynolds No. 
E f f i c i e n c y  
S h a f t  power 
Dimensions 
I m p e l l e r   t i p   d i a m e t e r  
I m p e l l e r   t i p   w i d t h  
I m p e l l e r   i n l e t   e y e   d i a m e t e r  
D i f f u s e r   d e s i g n :   S i n g l e   o u t l e t   c o n i c a l  
Overa 1 1  l e n g t h  
Overa l l   d iameter  
T o t a l   w e i g h t  

Subcooled l i q u i d  oxygen 
186.777'R 
50 p s i a  
IO p s i  
1000 p s i d  
5 lb /min maximum 
C e n t r i f u g a l  
2 
100,000 rpm 
395 
7483 
1 . 1  x 10 
44.5 pe rcen t  
.772  hp 

0.551 i n .  
0.015 in .  
0.200 i n .  

6.6 i n .  
3 .5   i n .  
6 l b  

as   func t ions   o f   f low  ra te   a t   cons tan t   speed.  The sha f t  power i n c l u d e s   t h e  
b a l l   b e a r i n g   l o s s e s ,   b u t   t h e   e f f i c i e n c y   v a l u e s  do no t .  

HYDROGEN LIQUID PUMP 

Pos i t i ve   D isp lacemen t  Pump Concept - 
The pump s e l e c t e d   f o r   t h e   h y d r o g e n   a p p l i c a t i o n   i s  a 5 - c y l i n d e r ,   a x i a l -  

p is ton   type   and i s  des igned  to  be d i r e c t l y   d r i v e n   f r o m  a constant   speed  e lec-  
t r i c a l   m o t o r .  It c o n t a i n s   b o t h  a cryogenic  pumping  port ion  and a d r i v e   p o r -  
t i o n   w h i c h   i s   a c t u a l l y  an i n t e g r a l   e l e c t r i c   m o t o r .  The pump i s  compact, l i g h t -  
weight,  and  has  been  designed f o r  a 3000-hour l i f e .  A d raw ing   o f   t he  pump i s  
shown i n   F i g u r e  8 - 4 .  L e a d i n g   c h a r a c t e r i s t i c s   o f   t h e  pump a r e  l i s t e d   i n   T a b l e  
8-3. 
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Figure 8-4. Constant Flow Pump  Outline of  Cosmodyne SK-8K-843 



d.  The c r y o g e n i c   p i s t o n   a l w a y s   t r a v e l s   t o   t h e  same p o i n t   a t   t o p - d e a d - c e n t e r  
of i t s   s t r o k e ,   t h u s   f i x i n g   t h e   c l e a r a n c e   v o l u m e   a n d   t h e r e f o r e   t h e   c o m p r e s s i o n  
r a t i o .   T h i s   i s  ext r .emely   impor tant   in  a c ryogen ic  pump. It i s   l i k e l y   t h a t  
gas  bubbles will b e   p r e s e n t   i n   t h e   c y l i n d e r   a n d  i f  t h e   c o m p r e s s i o n   r a t i o   i s  
t o o   s m a l l ,   t h e   p r e s s u r e   i n   t h e   c y l i n d e r  will n o t   r i s e   t o   t h e   p o i n t   w h i c h  will 
open  the  d ischarge  va lve.  The gas will then   rema in   i n   t he   cy l i nde r   and   t he  
pump will cav i ta te .   Ma in ta in ing   t he   c lea rance   vo lume  a t   an   abso lu te  minimum 
assu res   good   vo lumet r i c   e f f i c i ency   and   m in im izes   t he   ne t   pos i t i ve   suc t i on  
pressure  requi   rements.  

e. The n u t a t i n g   p l a t e   d i r e c t l y   d r i v e s   t h e   h y d r a u l i c   s e q u e n c i n g   v a l v e .  
Wh i le   t he   sequenc ing   va l ve   cou ld   be   d r i ven   i ndependen t l y ,   d r i v ing  i t  w i t h  
t h e   n u t a t i n g   p l a t e   p o s i t i v e l y   r e l a t e s   t h e   h y d r a u l i c   v a l v e   t i m i n g   t o   t h e  
s t r o k e   o f   t h e   p i s t o n s .   L e a d i n g   c h a r a c t e r i s t i c s   o f   t h i s   h y d r a u l i c a l l y   d r i v e n  
pump assembly  are shown i n   T a b l e  8-4 below: 

TABLE 8-4 

HYDRAULICALLY D R I V E N  PUMP ASSEMBLY LEADING  CHARACTERISTICS 

Flow 

D i scharge  pressure 
Pump i n l e t  

Pressure 
NPSH 

Hydrau 1 i c d r i v e  
Hydrau l   i c   supp ly   p ressu re  
Hydraul  i c f l o w  

We i gh t  
S ize:  

D i ameter 
Length 

S e r v o v a l v e   e l e c t r i c a l   s u p p l y  

0 . 4 3  t o  7.07 Ib/min 
0.73 t o  12.0 gpm 
1000 ps i g  maximum 

50 p s i a  maximum 
10 p s i  minimum 

3000 ps i g 
0 . 3  t o  6.0 gpm 
25 I b  

5 i n .  
20-3/8 i n .  
24 vdc, 80 ma 

C e n t r i f u g a l  Pump Design 

The c o n v e n t i o n a l   c e n t r i f u g a l ,   o r   B a r s k e - t y p e  pump d e s i g n   o f   t h e   l i q u i d  
hydrogen pump rep resen ts   ex tens ions  of c u r r e n t   d e s i g n   p r a c t i c e s .  To reach 
a n   a c c e p t a b l e   l e v e l  o f  s p e c i f i c  speed, h i g h   r o t a t i v e  speed i s   r e q u i r e d ,  
( w e l l   o v e r  100,000 rpm)  even when using  two  stage  design. The  power r e q u i r e -  
ment i s   h i g h   ( o v e r  15.7 h p )   w i t h  50% e f f i c i e n c y .  The h i g h  speed  and h i g h  
power rep resen ts  a f e a s i b i l i t y   p r o b l e m  fo r  t h e   e l e c t r i c   m o t o r   d e s i g n .  

Reduct ion of t he   speed   i s   poss ib le   us ing  a two-s tage  regenera t ive  pump 
(vor tex-pump)  des ign.   Th is  pump w o u l d   r u n   a t  60,000 rpm hav ing  37.6  percent  
e f f i c i e n c y   a n d   r e q u i r i n g  a 20.9 h p   e l e c t r i c   m o t o r .   P e r t i n e n t   d a t a   f o r   t h i s  
pump i s  shown i n   T a b l e  8-5. 
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I TABLE 8-5  

LIQUID HYDROGEN PUMP DESIGN DATA 
. ~- 

Fluid 
Inlet temperature 
Inlet pressure 
NPSP 
'Pressure rise (design) 
Weight flow (design) 
Pump design 
Number of stages 
Speed 
Specific speed of stage 
Suction specific speed of 

first stage 
Rotor Reynolds No. 
Eff i ci ency 
Shaft power 

DIMENSIONS 
Impeller tip diameter 
Impeller ti p  width 
Intake duct  diameter 
Motor type 
Rotor  diameter 
Rotor length 
Stator outside diameter 
Stator length with windings 
Motor weight 
Pump unit outside diameter 
Pump unit overall length 
Pump unit weight 

Subcooled liquid hydrogen 
45.7'R 
50 psia 
2.8 psi 
1000 psid 
7.07 lb/minimum 
Regenerative (vortex) 
2 
60,000 rpm 
139.2 
261 7 

5 . 0 7 ~ 1 0  
37.6 percent 
20.9 h p  

6 

2.156 in. 
0.250 in. 
0.350 in. 
4-POLE induction 
2.0 in. 
2.8 in. 
4.0 in. 
4.3 in. 
12.05 Ib 
4.5 in. 
7.5 in. 
19.8 Ib 

An off-design performance map is presented in Figure 8-6 which illus- 
trates a major disadvantage of this  design: the power requirement increases 
with  decreasing flow rate. Because of this characteristic, the  pump would 
evaporate the fluid at  low flow rates. A control would be required  to regu- 
late a liquid bypass, to assure a minimum flow through the plmp that would 
exceed the minimum value  for evaporation. 

The electric motor would be an induction  motor  having 4 inch overall 
diameter and 4.3 inch overall  length and weighing 12.05 lb. The relatively 
small motor size is achieved at  the expense of the converter (if required). 
Based upon a motor input voltage of 270 vdc, the converter value is estimated 
to be 3.5 cu ft and to weigh 130 I b .  These facts, together with the basic 
pump design problems,  preclude further consideration of the centrifugal  pump 
approach to meeting the requirements for cryogenic 1 iquid hydrogen  pumping. 


