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FOREWORD 

This report presents the complete results  of a Study 
of Liquid Oxygen/Liquid Hydrogen Auxiliary Propulsion 
Systems f o r  the Space Tug. It covers both conceptual 
and preliminary design phases of  study and culminates i n  
preliminary design s p e c i f i c a t i o n s  and technology devel- 
opment plans for the system. 

The study was conducted by the Space Division of 
Rockwell International Corporation under Contract 
NAS3-18913 wf.th the National Aeronautics and Space 
Administration, Lewis Research Center (LeRC). Contra~t 
technical direction was provided by J. P, Wanhainen, 
LeRC Program Manager. Space Division Study Manager 
was J. F. Nichols. Study e f for t  on auxiliary 
propulsion engines was performed under a subcontract by 
Aerojet Liquid Rocket Company, 3. O. Sims, Program 
Manager. 
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1. SUMMARY 

This study considered s e v e r a l  p o s s i b l e  methods f o r  apply ing  the  l i qu id -  
l i q u i d  cryogenic oxygenlhydrogen a u x i l i a r y  propulsion concept t o  t he  Space 
Tug. ThPs concept, which i s  based on maintaining t h e  p rope l l an t  i n  t h e  l i q u i d  
phase f r o n  storage t o  t h r u s t e r  i n l e t ,  is  much simpler than  previous oxygen/ 
hydrogen systems which converted t h e  p rope l l an t  to  vapor f o r  d i s t r i b u t i o n  t o  
t h e  th rus t e r s .  

The stuciy revealed t h a t  t h e  b e s t  l i qu id - l i qu id  concept i s  an i n t e g r a t e d  
deaign which uses  t he  Tug main propuls ion  tanks a s  the p rope l l an t  source--as 
opposed t o  a dedicated design which uses  i ts  own sepa ra t e  tanks.  The s e l e c t e d  
i n t e g r a t e d  design u t i l i z e s  c a p i l l a r y  r e s e r v o i r s  f o r  the  p rope l l an t  source 
dur ing  zero-gravity. The r e s e r v o i r s  a r e  r e f i l l e d  on demand dur ing  main o r  
auxiliary engine ve loc i ty  maneuvers. During sus t a ined  a u x i l i a r y  propulsion 
v e l o c i t y  mpseuvers, p ropel lan t  flows through tlne r e s e r v o i r s ,  s o  t h a t  they are 
n o t  depleted. The se!ected concept a l s o  uses nonredundant pumps, accumulators,  
and a t h r u s t e r  feed ~ r r i f o l d  system, a l l  a c t i v e l y  cooled by hydrogen bleed. 

The c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  in t eg ra t ed  system were compared i n  
d e t a i l  with dedicated cryogenic and s t o r a b l e  p rope l l an t  systems. The in t e -  
g ra t ed  concept w a s  found t o  have s u p e r i o r  ( 5  percent )  mission payload 
performance. More s i g n i f i c a l l y , i t  a l s o  provides i nhe ren t  v e h i c l e  v e r s a t i l i t y  
through the  interchangeable a v a i l a b i l i t y  of main and a u x i l i a r y  p rope l l an t s .  
Thin v e r s e t i l i t y  has  ti pervasive in f luence  on the Tug program. It permits  t h e  
planning of Tug missions a i t h  a u x i l i a r y  propulsion impulse requirements l i m i t e d  
only by the  t o t a l  p ropzl lan t  loads  and t h e  reduced s p e c i f i c  impulse of t h e  
l iqu id- l iqu id  t h r u s t e r s  (86 percent a€ that f o r  the main engine) .  Such 
v e r s a t i l i t y  will permit a l a r g e r  po r t ion  of a s  y e t  unforeseen Tug nlissions t o  
be accommodated without payload pena l ty  o r  r e s i z i n g  of t h e  a u x i l i a r y  propulsion 
p rope l r an t  system. 

In tegra ted  system v e r s a t i l i t y  a l s o  permits t h e  a u x i l i a r y  system t o  pro- 
v i d e  abor t  backup capab i l i t y  i n  t h e  event  of a main engine f a i l u r e .  A3.lowing 
for t h e  add i t i ona l  gravfty l o s s e s  due t o  t h e  lower t h r u s t  of t h e  a u x i l i a r y  
system, Tug veh ic l e  and payload recovery can be accomplished f o r  up t o  
60 percent  of t h e  main engine duty cyc l e  without any a p e c t a l  provis ion.  This  
c a p a b i l i t y  r e s u l t s  i n  Tug program c o s t  savings which more than o f f s e t  the 
h ighe r  development cos t s  of t h e  l i qu id - l i qu id  a u x i l i a r y  propuls ion  system. 
These savings are rea l i zed  i n  reduced main engine development and scheduled 
maintenance c o s t s ,  as wel l  as  i n  t h e  probable abo r t  recovery of  t h e  Tug vehi.2le 
and payloads. 

A b r i e f  prel iminary design e f f o r t  r e su l t ed  i n  f u r t h e r  d e f i n i t i o n  of t h e  
i n t e g r a t e d  a u x i l i a r y  propulsion system. This phase of t h e  s tudy  a l s o  
r e s u l t e d  i n  s e v e r a l  improvements which inc rease  system r e l i a b i l i t y  and decrease  
i t s  weight without increas ing  cos t .  



It is recommended that technology development in support o f  the inte- 
grated system concept be pursued. To this end, a detafled plan, enumerating 
technology background, goals, and development approach j-s established for each 
of the four crit ical  technology elements of the system: thruster, pumps, 
zero-g reservoir, and system thermodynamic control. 

It is considered that those racommendea technology developments axe no 
more elusive or formidable than is justified by the potential Tug improvements. 
A l l  of the technology needed j a  based on f i r m  prior art--at least fn building- 
block form, if not as a un i t .  The only requirement is to incorporate the 
technology into pxe-prototype hardware so that design cancepts may be verified 
experimentally. 



Auxil iary propulsion systen (APS) design studies f o r  s e v e r a l  ve r s ions  of 
the Space Tug have been conducted bJ ' n d u ~ t r y  and government organiza t ions  
over  t he  last t h r e e  years. These s t a d i e s  have inva r i ab ly  been only a small  
p a r t  of Tug v e h i c l e  s tud ie s  Sntende6 t o  define t h e  Tug and its program as an 
element of the  Space Transportat ion System. Th.e d e f i n i t i o n  of a f u l l -  
c a p a b i l i t y  r e u s a b l e  Space Tug emerged from these  s t u d i e s ,  and the r e s u l t i n g  
v e h i c l e  s a t i s f i e d  t h e  o r i g i n a l  o b j e c t i v e  i n  terms of performance and u t i l i z a -  
t i o n .  The fu l l - capab i l i t y  Tug is pragxammed f o r  i n f t i a l  use i n  1984-87 and, 
as i t s  name implies, could beneffc la l ly  use what might be  considered as a f u l l -  
r s p a b i l i t y  a u x i l i a r y  propulsion system. 'fils s tudy  cons iders  Tug APS designs 
i n  more depth than was p o s s i k l e  on the  *.Aricle s t u d i e s  in t h e  expec ta t ion  t h a t  
a supe r io r  APS can be evolved. 

The earli: i t -g  s tud ie s  emphasized rre;l~cle performance and v e r s a t i l i t y  
and hence focused un high- perform?^^^. main engities and gaseous oxygen/ 
gaseous bydrogen APS. More recear bcudies have been conducted with less 
s t r i n g e n t  performance goals and e , ~ p h a s i s  on reducing DDT&E c o s t s ,  As a 
result, t he  Zocus i n  these l a t e r  s t u d i e s  s h i f t e d  t o  lower performing main 
engines and e i the r  bipropel-lant o r  monopropellant APS of r e s t r i c t e d  func t iona l  
c a p a b i l i t y .  Future  events may cause t h e  r e a s s e r t i o n  of performance and 
v e r s a t i l i t y  a s  Tug d r ive r  requirements.  The i n t a t  of this study i s  (1) t o  
determine, If another  type of cryogenic APS concept--the l iqu id- - l iqu id  oxygen/ 
hydrogen ( l lqu id- l iqu id  o/H) system--is advantageous t o  the Space Tug mission, 
and (2)  t o  develop for the concept a prel iminary system des ign  a t  t h e  same 
level of matur i ty  as other  candida te  APS des igns  intended f o r  use  wi th  a f u l l -  
c a p a b l l i t y  Space Tug. 

Cent ra l  t o  t h e  study i a  the f e a s i b i l i t y  and p o t e n t i a l  advantages of a 
t h r u s t e r  which accepts oxygen and hydrogen i n  l i q u i d  form a t  t he  t h r u s t e r  
inlet without r equ i r ing  gas generat'lon as  an  in te rmedia te  s t e p .  This concept: 
o r i g i n a l l y  was conceived f o r  a p p l i c a t i o n  t o  t h e  Shuttle r e a c t i o n  c o n t r o l  
sys t t  m (RCS) . The Aeroj  et Liquid Rocket Company (ALRS) p a r t i c i p a t e d  i n  t h d t  
development, beginning i n  1969, through a series of p r o j e c t s  on the much 
l a r g e r  1500-lb t h i d s t  l iqu id- l iqu id  O/H engine needed. Although t h i s  concept 
w a s  n o t  selected fo r  Shuttle, t h e  engine utilized a to rch  i g n i t e r  which by 
i t s e l f  was s u l t a b l e  with modif icat ions as a Ill-N (25-1b) t h r u s t  engine for a 
~ u g  APS : ,nploying the  Iiquil9-liquid concept. A s  a subcont rac tor  i n  t h i s  
study, ALRC has developed the parametr ic  design and programmatic data for the  
Tug APS t h r u s t e r .  Their vrork w i t h  the S h u t t l e  engine i g n i t e r  forms t h e  
experimental basis f o r  the current: e f fo r t .  



2.1 OBJECTIVES 

The o b j e c t i v e  of t he  f i r s t  phase of t h i s  s tudy i s  t o  provide a d a t a  base 
leading to  prel iminary des ign  of a l i qu id - l i qu id  O/H a u x i l i a r y  propuls ion  
system f o r  t h e  f u l l - c a p a b i l i t y  reusable Space Tug. This  i nc ludes  t h e  
analysis of baselfne :onceptual designs a t  two t o t a l  impulse l e v e l s ,  v a r i a t i o n  
of important desfgn pa raue te r s ,  i n t e g r a t i o n  wi th  u t h e r  v e h i c l e  systems, and 
comparison with ea r th - s to rab le  b ip rope l l an t  and hydrazine monopropellant 
a u x i l i a r y  pxopulsion s y s t e m .  The end product of t h e  conceptual  design pnase 
is a cryogenic system def ined  i. d e t a i l  s u f f i c i e n t  t o  determine i ts  advantages, 
i f  any, over  comparable s t o r a b l e  p rope l l an t  designs,  

The o b j e c t i v e  of t h e  prel iminary design phme  i s  t o  de f ine  the best 
cryogenic APS by establishing component requirements,  operating ranges, and 
re f ined  weight es t imates ,  I n  addi t ion ,  t h e  prel iminary design ana lyses  con- 
cen t r a t e  on improvements i n  key design a r e a s  of  t h e  s i n g l e  s e l e c t e d  cryogenic 
system. These improvements provide a t o t a l  design d e s c r i p t i o n  which, toge ther  
w i t h  a p l a n  for  technology development, raise the level of maturity of t h e  
design t o  t h a t  of t he  s t o r a b l e  p rope l l an t  APS des lgns  for Tug. 

2.2 STUDY DESCRIPTION 

The performance of the s tudy  follows the diagram shown i n  Figure  2-1. In 
Task I, i;vo base l ine  dedica ted  ( separa te  p rope l l an t  tanks) l iqu id- l iqu id  O/H 
APS a r e  de f ined  with separate impulse ranges. Using the b a s e l i n e  systems as 

TASK I 11 1 1 1  IV Y VI VI I VIII 
v 7 7 v 7 7 v v 
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Figure 2-1. Study Flow Diagram 
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departure points, multiple concepts are synthesized in Task 11, each with 
specific changes that show potent ia l  for I.mproved performance. The most 
promising of these candidates are selected i n  Task I11 on the b a s i s  of best 
weight, cost ,  and xeliabfl?.ty. In Task I V  integrated APS cancepts (propellant 
from main tanks) are synthesized. The surviving integrated concepts are 
compared with the dedicated concepts i n  Task V, aga in  on the Sasiz of best 
weight, cost, and reliability. The selected concepts are then conpaxed with 
earth-storable monopropellant and bipropellant APS of References 1 and 2 i n  
Task VL t o  determine relative advantages. The best  syatem is shown to be a 
l i q u i d - l i q u i d  O/H system, and 'he study concludes with preliminary design of 
the APS. 
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3, STUDY REQUIREMENTS AND APPROACH 

This sect ion presents the  requirements used i n  the  study as taken from 
the  contract  statement of work, t h e  two system etudies  described i n  
References 1 and 2, and the MSFC Baseline Space Tug Requirements Document 
(Reference 3) . 

3.1 GENERAL REQUIREMENTS 

1. The Tuk is launched and returned to earth by the Shut t le .  

2. The Tug i s  capable of synchronous equatorial orbit payload 
r e t r i e v a l  and mult iple deployment. 

3. The Tug id a reusable, fu l l - capab i l i ty  vehicle.  

4. The maximum operating t i m e  per  mission I s  seven days. 

5 .  The Tug life is 20 missions over a 10-year period, with in ter im 
replacement/refurbishment of components. 

6. The Tug mission model involves 243 f l i g h t s  by a f l e e t  of 
17 vehicles. 

7. The technology l e v e l  is 1977-1980. 

8. The Tug s h a l l  be designed f o r  a successful mission completion 
probabil i ty of 0.97. Th i s  is in terpre ted  t o  mean t h a t  the Tug 
w i l l  leave the Orbiter ,  perform i t s  mission, and re tu rn  t o  the  
Orbiter an 97 percent of its missions. T h i s  r e l i a b i l i t y  figure 
does not account f o r  any degradation which might be caused by 
Shut t le  or payload fa i lures .  Tug recovery probabi l i ty  is  0.99. 

9. The payload center of g rav i ty  s h a l l  be defined a s  being at the 
geometrical center of the maximum 4.57-m (15-f t) diameter, 
7.62-a (25-ft) long payload envelope. 

10. A l l  Tug propulsion systems s h a l l  be required t o  be in a safe 
condition before reent ry  from o r b i t  i n  the Orbiter .  

11. The fac to r s  of safe ty  f o r  y ie ld  and ul t imate  s t r eng th  are 1.1 
and 1.4 times t h e  l i m i t  load,  respectively,  for s t r u c t u r e  o ther  
than pressure vessels.  



12. The fac to r s  of s . l fe ty  f o r  pressure veaaels  a r e  proof a t  1.5 times 
l i m i t  pressure and ultimate (burs t )  at: 2.0 t i m e s  L i m i t  pressure. 

13. The Tug s h a l l  be designed t o  vent  propel lant  boi lof f  gases s a f e l y  
while on the  launch pad, during launch and f l i g h t ,  i n  o r b i t ,  and 
during reent ry  while i n  the  payload bay. 

3.2 AUXILIARY PROPULSION SYSTEM GUIDELINES 

I. A l l  APS i n t e r faces  with the  Tug a r e  compatible, 

2. The APS propellant  tanks may be separa te  o r  integrarod with the  
main propulsion tanks. 

3.  Helium pressurant may be s tored  ir t h e  main propellant  tanka, 

4. The APS geometry u t i l i z e s  16 engines i n  4 quads spaced 90 degrees 
a p a r t  equally around the  Tug circumference. 

5 .  Rotational control of the  Tug about three axes i s  by APS engine 
pairs. 

6. Transla t ional  con t ro l  of the  Tug along th ree  axes may be by 2 o r  4 
engines per axis.  

7. The r e l i a b i l i t y  goal  f o r  the APS is 0.996. This is based on an 
equal apportionment of the Tug ~eliabil'ty goal  of 0.97 among 
7 vehic le  systems, 

8. The APS is  required t o  be f a i l - sa fe  i n  the  v i c i n i t y  of the  
Shutt le .  

3.3 REFERENCE MISSION 

The Tug mission f a r  the  base l ine  conceptual APS design is described as a 
triple payload deployment mission which begins and ends a t  the Shu t t l e  o r b i t .  
The mission r e s u l t s  i n  the  placement of th ree  equal-weight payloads i n  
synchronous equatorial, orbit, Table 3-1 descr ibes  the  mission timeline f o r  
propulsion events.  Cer ta in  o r b i t  maneuver burns t o t a l i n g  370 m/sec 
(1220 ftlsec) a r e  performed by the  MPS i n  Missfon P r o f i l e  A and by the  APS 
i n  Mission P r o f i l e  B. The APS funct ional  requirements f o r  both p r o f i l e s  a l s ~  
show a t o t a l  of 47 m/sec (155 f t l s e c )  f o r  normal APS operat ions,  including 
(1) Tug r e l e a s e  and recovery by the  Shu t t l e  Orbi ter ,  (2) payload r e l e a s e  and 
survei l lance ,  (3) r o l l  a x i s  s t ee r ing  during main engine burns, and ( 4 )  contro l  
of a l l  t h ree  axes during coast periods and APS d e l t a 4  maneuvers. If 
propellant  settling for MI'S burns is performed by t h e  APS, approximately 
24.4 m/sec (80 ft/sec) add i t iona l  ve loc i ty  is required. 



Table 3-1. Mission Timeline for Propulsion Events (Mission A or 3) 
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3.4 VEHICLE DESCRIPTION 

The base l ine  vehic le  se lec ted  for this study i s  shown i n  Figure 3-1. It 
general ly conforms t o  the  Program 2 version defined i n  t h e  General Dynamics 
Convaix Aerospace (CDCA) Cryogenic Tug Systems Study (Reference 1) .  The over- 
all vehic le  weight breakdown is shown i n  Table 3-2, All checked weights are 
influenced by the  APS and a r e  d i f f e r e n t  f o r  each candidate concept. Further- 
more, all MPS-related weights changed during the  study with the  choice of 
engine type and propellant  s e t t l i n g  method. 

Brief descr ip t ions  of each major Tug system are presented i n  the  
following subsections. 

MAIN PROPULSION SYSTEM (MPS) 

A simple representat ion of the r e l a t i v e  loca t ion  of the ElPS is shown i n  
Figure 3-2. Figure 3-3 descr ibes  the  main engine c h a r a c t e r i s t i c s  i n  terms 
of the  a c t u a l  da ta  used i n  the study analyses,  

The baseline M P S  was changed during t h e  study a s  a r e s u l t  of cu r ren t  
s tud ies  by MSFC and LeRC. A t  the ou t se t  of the  study, the  MPS defined by 
McDonnell Douglas Astronautics  Company (MDC) i n  Reference 2 f o r  the  Option 
2 Tug was used, It incorporates a P r a t t  and Whitney Category IIA RL-10 main 
engine with rank head and pumped i d l e  capab i l i ty  and operates a t  a mixture 
r a t i o  of 6.0. The engine has a zero NPSH requirement (permits use of self- 
pressurized propellant  tanks) through use of a low-speed inducer which 
provides two-phase pumping capab i l i ty ,  It a l s o  u t i l i z e s  tank head i d l e  mode 
s e l f - s e t t l i n g  f o r  engine s t a r t .  

A R  QUAD THRUSTERS IQ FUELCELL 

FUELCELL RADIATOR APS OUAO THRUSTERS 141 

FUEL CELL RAOIATOR 

PROBE DOCKING 

102  TANK INSULATION 

SECTION A-A ' LO TANK 
W ~ R T  STRUT 241 

Figure 3-1. Baseline Vehic3.e 
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Table 3 -2 . Vehicle Wei.gi~t Summary 

- 

Description 

S t r u c t u r e  d 
Thermal Control System 

A s  t r i o n i c s  

Propulsion 
Main propulsion 

4 Auxiliary propulsion 

Dry Weight d 
Contingency (13%) 4 
Dry Weight With Contingency 4 
Nonusable F lu ids  4 

APS trapped propel lant  5 APS trapped gas 
MPS trapped propel lan t  
MPS pressutant d 
MPS reserve (FPR) d 

Burnout Weight d 
Expended Fluids d 

Usable APS propel lan t  d 
APS LH2 bleed 4 
Usable MPS propel lan t  * d 
Main tank bofloff vented 
Fuel c e l l  r eac t an t s  d 

Gross Tug Weight at T U ~ / E O S  Separa t ion  

Tug Chargeable Interface Provis ions  

Payload Weight d 

Gross Weight a t  EOS 

Mass Fraction (AV ~ r o p e l l a n t f  1st 4 
I g n i t i o n  Weight) 

* ~ o e s  not  include 58.97 k i l o g r a m  (130 
separa t ion  

System A 
kg (lb) 

965 (2127) 

179 (394) 

459 (1012) 

725 (1599) 
550(1213$ 
175 (386) 

2328 (5132) 

303(667) 

2631(5799) 

324 (715) 
4(8) 
3(7) 

52 (115) 
150(331) 
115 (254) 

2955 (6514) 

23123(50977) 
156(343) 
10 ( 21) 

22859 (50396) 
59 (130) 
39 (8 7) 

26018(57361) * 
1181(2603) 

2225 (4906) 

29483 (65000) 

0.885 

pounds) vented pr io r  

System B 
kg ( lb)  

965 (2127) 

179 (394) 

459 (1012) 

1078(2377) 
550 (1213) 
528(1164) 

2681 (5910) 

348 (768) 

3029 (6678) 

351.(774) 
23 (50) 
20 (44) 
52 (115) 

150(331) 
106 (234) 

3380 (7452) 

24039 (52998) 
1153(2541) 

29(65) 
22759(50175) 

59 (130) 
39 (87) 

27361(60320)* 

1181 (2603) 

883 (1947) 

29483 (65000) 

0.874 

t o  Tug/EOs 
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The IIB engine also operates a t  zero NPSH in pumped idle mode (PIM), and at 
the start of PIM, engine bleed vapor is available and is used to supply 
prepressurization (bootstrap autogenous pressurization) prior to engine 
buildup to full thrust. The minimum tank pressure is set at 11 NICIU* (16 psia). 
The baseline MPS utilizes APS thrust for the pre-start ullage (settling) 
maneuver. As a study alternative, main-tank start baskets (capillnry) axe 
also considered and Tug performance is established for both cryogei~ic and 
storable APS. 
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The MPS includes the following subsystems: 

1. Main Engine TVC - Apollo service propulsion syatem electromechanical 
actuators . 

2. Propellant Utilization - Closed loop with capacitance probes. 
3. Engine and Feedline Conditioning - Conditions feedline and engine 

while operating main engine in tank head idle mode. 

4. Feed - TJH2 : 7.6-cm (3,O-in. ) lnultilayer insolation (ML1)-wrapped 
ducting to new 7.6-cm (3-in.) prevalve. Ducting transition to 
8.1 cm (3.2 in.) prior to  engine interface. LO2: 10.2-cm (4.0-in.) 
insulated ducting and Parker 10.2-crn (4-in.) prevalve. Ducting 
transition to 11.7 cm (4.7 in.) prior to engine interface. 

5. Fill and Drain - LH2: 5.1-crn (2.0-in.) vacuum-jacketed ducting 
and Parker 5.1-cm (2-in.) valve. Lop: 5.1-cm (2.1411.) insulated 
ducting and Parker 5.1-cm (2-in.) valve. 

6 .  Vent (Type for LH2 and LO ) - Four-valve configuration, two Calmec 
vent and relief valves an8 two Calraec flight vent isolation valves. 
Vent ducting through Tug-Orbiter interface 5.1 cm (2.0 in.). Flight 
vent 2.5 cm (I in.), 

7, Propellant Orientation - Alternatives include APS settling (baseline), 
main engine tank head idle mode self-settling, and start basket. 
Settling time is variable depending on quantity of LH2 in tank. 

8. Main Stage and PIM Pressurization - Autogenous-engine bleed vapor. 
9 .  Pneumatics - S-IVB derivative valves and controls, Pressure Systems, 

Inc. 0. 028-m3 (1-f t3) bottle. 

THERMAL CONTROL 

The thermal. control/fnsulation system characteristics are shown in 
Figure 3-4,  

ASTRIONICS 

The significant characteristics of the astrionics system are listed in 
Table 3-3. 

INITIAL BASELINE AUXILIARY PROPULSION SYSTEM 

The initial baseline APS is a dedicated system with pressure-fed pro- 
pellant. Separate tank capacity versions are defined for Missions A and B, 
The capacity for the Mission A version is 156 kg (343 1b) of propellant for a 
dry weight of 175 kg (386 lb), while the capacity for the Mission 8 version is 
1153 kg (2541 lb) of propellant for a dry weight of 582 kg (1164 1b). The 
system mechanical operation is similar to that of the updated basel ine system 
shown in Figure 4-1. 
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Figure 3-4. I ~ s u l a t i o n  and Thermal Control 

Table 3-3. Astrfonics System Characteristics 

Characteristics 

I Data Management: I 65K memory, data bus tape recorder I I Guidance and Navigation I Electrostat ic  gyro I 
Guidance Update 

Rendezvous and Docking 

I Flight Control 

Communications 

Electromechanical 

Level I autonomy star sensor and horizon 
sensor 

Laser radar 

I USB (NASA) , ~uglground , Tug/payload 

SGLS (DOD), secure, Tuglground, 
~ug/payload 

I Electr ical  Power 
I Instrumentation 

Fuel ce l l  with emergency battery and 
boost pump battery I 
Uses data bus I 

Power Distribution and Control Sol id state and hybrid, boost puinp L inverters - 



Thruster Description 

The base l ine  th rus te r  design i s  depicted in Figure 3-5. For t h e  i n i t i a l  
base l ine  APS t he  specific 2mpulse was assessed a t  3680 N-sec/kg (375 sec ) .  
Later i n  t h e  study, t h e  dedicated APS candidates u t i l i z e d  a reassessed s p e c i f i c  
impulse of 3740 N-aeclkg (381.7 sec)  . 

.The i g n i t e r  is  a spark type with i gn i t ion  being achieved a t  the  forward 
end of the igr i i te r  i n  a highly oxygen-rich environment. For the  baseline 
thrusters, a11 of the oxygen and 8 percent of the  hydrogen is infec ted  around 
t he  spark plug and ign i t ion  occurs a t  a mixture r a t i o  of 50:l. The remaining 
92 percent of the hydrogen is  s p l i t  between the  two s leeves  i n  the combustion 
chamber to  cool the  chamber wa l l  and inner s leeve.  The combustion chamber and 
nozzte  exteneion material  is columbium. The se lec t ion  of columbium permits 
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Figure 3-5. APS Thruster Chamber - Inirtal Baseline 



operation a t  high gas-side wal l  temperatures 1644 K (2500 F) and r e s u l t s  i n  
higher t h r u s t e r  performance, The use of columbium a t  high operat ing tempera- 
tu res  has been demonstrated successful ly on engine components such as the 
Apol1.0 SPS engine nozzle extension. 

The two-sleeve design was se lec ted  as a r e s u l t  of s tud ies  which showed 
t h a t  the single-sleeve design, a d i r e c t  app l i ca t ion  of p r i o r  jgni ter  tech- 
nology, is very low performing. Performance was estimated t o  be approximately 
10 percent lower than the  two-sleeve design, I n  the  single-sleeve desiyn, a l l  
but  8 percent of the f u e l  is ca r r i ed  i n  the  cooling s leeve  and is released as 
f i l m  coolant  upstream of the throat .  This f i lm coolant  then mixes with the 
core gases (MR = 50:l) to  provide add i t iona l  t h r u s t  and spec i f i c  impulse. To 
avoid chamber burnout a t  the  th roa t ,  t h e  f i l m  coolant must be in jec ted  a t  a 
shor t  distance:  3.8  crn (1.5 in . )  o r  less from the  Lhroat. The poor perform- 
ance of t h e  single-sleeve design r e s u l t s  because of the poor mixing of the 
core gases with the  film coolant.  

The two-sleeve design adopted s p l i t s  the  f u e l  between the  inner and ou te r  
s leeves i n  a manner d ic ta t ed  by the thermal analys is .  Some of the  f u e l  cools 
the chamber wall and is in jec ted  j u s t  tlpstrenm of the t h r o a t  a s  f i lm coolant.  
The remaining f u e l  coolant flow is in jec ted  from t h e  s h o r t  innermost sleeve. 
This f u e l  then mixes with the  core gases (MR = 50:l) over a mixing length of 
approximately 11.4 cm (4.5 in.) thereby producing hfgh performance. 

Propellant System Description 

For Mission Profile A, the LOX i s  s tored  i n  one 0.635-111 (25-in.) diameter 
sphere and the  LHp i n  three  0.762-m (30-in,) spher i ca l  tanks. For Mission B,  
a toroidal  LH2 tank of 0.660-m (26-in.) minor diameter and 1.676-m (66-in.) 
major diameter i s  required t o  avoid major Tug vehicle redesign. LOX i s  stored 
i n  nine 0.5715-m (22.5-in.) diameter spher i ca l  tanks. Figures 3-6 and 3-7 show 
the  locat ion  of these tanks f o r  Mission P r o f i l e s  A and B. 

The MLl insu la t ion  f o r  the  APS tanks i s  the  same configurat ion as is  used 
on the main propellant  tanks. Polyurethane foam covered with galdized 
Kapton has been se lec ted  a s  t h e  base l ine  design f o r  the propellant  l i n e  
insula t ion .  

Pressur iza t ion  System Description 

The pressur iza t ion  system includes a 0.57-m (22,s-in.) diameter helium 
sphere located  in the  main LH2 tank, a regu la to r  t o  maintain the  u l lage  
pressure, and a LOX tank pxessurant heater  t o  avaid the adverfie cooling 
e f f e c t s  of the helium, which i s  below the  oxygen t r i p l e  point.  Each of the  
propellant  tankage systems has a r e l i e f  valve t o  p ro tec t  i t  from over- 
pressur iza t ion ,  primarily during periods of r egu la to r  lockup, and a solenoid- 
control led vent  valve for ground operat ions.  

Thermodvnamic Control D e s c r i ~ t i o n  

The thermodynamic con t ro l  system maintains the propellant  feed and 
s torage  system a t  an acceptable temperature Level durinr; the periods when 
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Figure 3-6. APS Propellant Tanks - I n i t i a l  Baseline for Mission A 

Figure 3-7. APS Propellant Tanks - Initial Baseline for Mission B 
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the  t k u s t e r s  a r e  not  f i r i n g .  This  i s  accomplished by maintaining a smal l  
bleed coo lan t  flow through t h e  feedlines and t h e  p rope l l an t  tanks. I n  t h e  
hydrogen system, the LH2 is  drawn from the  f eed l ines  through a Joule- 
Thompson ~ x p a n s i o n  valve. The r e s u l t i n g  low-temperature, two-phase Fluid 
i s  routed t o  t he  APS hydrogen tank through a l i n e  i n  thermal con tac t  with 
t h e  f eed l ines .  The coo lan t  enters t h e  tank through tubing t h a t  i s  thermally 
a t tached  t o  t h e  i n t e r n a l  propell.ant a c q u i s i t i o n  device  as a f inned hea t  
exchanger. This  heat  exchanger coo l s  t he  l i q u i d  and t h e  u l l a g e  i n  the  tank 
and a c q u i s i t i o n  device. A f t e r  e x i t i n g  t h e  tank, t h e  hydrogen bleed is 
routed through an oxygen bleed hea t  exchanger before  being vented overboard 
through a non&ropulsive vent .  The oxygen bleed flow is not expanded but  
ins tead  i s  cooled as it passes  t l lrougt~ t h e  bleed heat exchanger. It t h ~ n  
cools  the LOX l i n e s  and tank i n  a manner similar t o  t h a t  f o r  the  hydrogen 
system. Because of i t s  pressure  l e v e l ,  t h e  LOX bleed i s  not  l o s t  bu t  i s  
returned t o  t h e  main LOX tank. 

Propel lan t  Control Descr ip t ion  

The t o t a l l y  pass ive  p rope l l an t  a c q u i s i t i o n  device  wi th in  t h e  APS propel lan t  
tanks is a separate can (volume is  approximately 20 percent  of tank v~lume). 
It has a screened s l o t  a t  t h e  bottom t o  al low p rope l l an t  t o  flow i n t o  the  can 
during p o s i t i v e  g cnndi t ions  t o  r ep l ace  t h a t  used by the  engines.  The can 
contains  a series of f u l l  h o r i z o n t a l  r e t e n t i o n  screens ,  wi th  narrow v e r t i c a l  
wicking channels connecting t h e  sc reens  near  the  ou t s ide  edge of t h e  can. 
Addit ional  wicking channels  are l oca t ed  ou t s ide  the  can i n  f r o n t  of the 
screened s l o t  t o  form a l i q u i d  accumulator region. A c e n t r a l  s tandpipe  pre- 
vents  t h e  l o s s  of l i q u i d  through the i n l e t  screen.  The s i z e  of t h e  can i s  a 
funct ion of  the amount of gas expected t o  e n t e r  driring veh ic l e  maneuvering. 
Only the last (sump) tank of the t h r e e  serieeconnected LHz tanks  of Mission A 
r equ i r e  the can type of  a c q u i s i t i o n  device;  the  two upstream tanks r e q u i r e  
only a s e r i e s  of c e n t r a l l y  l oca t ed  wicking channels and r e t e n t i o n  sump. The 
nine-LOX-tank conf igura t ion  f o r  Mission B has t h r e e  three- in-ser ies  tank 
un i t s ,  each wi th  a sump tank and two upstream tanks. 



4. DEDICATED CONCEPT DEVELOPMENT 

The dedicated APS ~ l n c e p t s  were generated through a s e r i e s  of parametr ic  
s t u d i e s  t;hich provided improvements t o  an i n i t i a l  b a s e l i n e  system concept. 
Compatible combinations of the  improvements, topz ther  w i t h  changes which 
increased  r e l i a b i l i t y  and reduced c o s t  and weight, were employed i n  each 
candida te  concept. 

Two of the parametr ic  s t u d i e s  i nves t iga t ed  t h e  e f f e c t s  of t h r u s t  level 
and ang le  of app l i ca t ion  on t h e  dynamics of veh ic l e  opera t ions .  Thene s t u d i e s  
r e s u l t e d  i n  reduct ion  of t he  m i n i m i ~ m  impulse b i t  s i z e  from 50 t o  25 msec. 

The t h i r d  parametr ic  s tudy was devoted to  determining the in f luence  of 
engine  design parameters on engine and system c h a r a c t e r i s t i c s .  The b a s i c  
engine  desigr; and performance data r e s u l t e d  from parametr ic  ana lyses  by t h e  
ALRC subcontractor.  This study r e s u l t e d  i n  recommended mixture r a t i o s  and 
area ratios t o  provide optimum performance. These t h r e e  s t u d i e s  axe 
discussed  i n  d e t a i l  i n  the Design Analysia sec t ion .  

In the  fou r th  parametric s tudy ,  a l t e r n a t e  p rope l l an t  s to rage  and feed  
system concepts were synthesized. I n i t i a l l y ,  prel iminary screening  was made 
of poss ib l e  combinations of l i q u i d  acquisition, thermodynamic c o n t r o l ,  and 
p rope l l an t  feed techniques. These combinations form t h e  s a l i e n t  d i f f e r ences  
between the candidate  dedicated system concepts and a r e  discussed i n  t h i s  
s e c t  ion .  

The parametric s tud ie s  a l so  revea led  t h e  i n a b i l i t y  of dedicated systems 
t o  perform l a rge  t o t a l  impulse  task^ effL-:ient:.:*. The APS f o r  Mission B i s  
defined to  have the capab i l i t y  of performing a l l  a t t i t u d e  con t ro l ,  p rope l l an t  
s e t t l i n g ,  and delta-V maneuvers t o t a l i n g  a t  l e a s t  419 m/sec (1375 ft/sec?. 
The impulse requirement is  approximately stwen times t h a t  of Mission A. In 
eva lua t ing  the Rission B c a p a b i l i t y  some disadvantages were f o n d :  t h e  
mission payload c a p a b i l i t y  de4-:eases d r o ~ t f c a l l y  and p rope l l an t  usage inc reases  
s h a r p l y  and c r e a t e s  s e r ious  volume and thermal c o n t r o l  p rob lem f o r  t he  APS 
tank designs . 

Since these shortcomings a r e  a func t ion  of t o t a l  impulse only, system 
coni 'fguraticn changes which could evolve l a t e r  i n  t h e  s tudy  would have no 
e f f e c t  on the conclusion t h a t  E dedica ted  Mission B i s  noc a v i a b l e  concept. 
In consequence, no f u r t h e r  e f f o r t  was expended on dedAcated Mission B 
concepts .  The requirement f o r  Mission B c a p a b i l i t y  is re t a ined ,  however, 
f o r  t h e  in tegra ted  APS concepts. 



4.1  BASELINE THRUSTER 

The conf igura t ion  and performance c h a r a c t e r i s t i c s  of t he  l i qu id - l i qu id  
O/H t h r u s t e r  used i n  t he  dedica ted  APS concept development s t u d i e s  is  
descr ibed i n  the Study Requirements and Approach, Sec t ion  3. 

4.2 PRELIMINARY CANDIDATE SCEEENING 

The development of candida te  APS concepts began with t h e  ,urvey, i d e n t i -  
f i c a t i o n ,  and preliminary screentng  of p o t e n t i a l  combinations of design 
concepts for providing p rope l l an t  o r i e n t a t i o n ,  thermodynanfc c o n t r o l ,  and 
expulsion. Severa l  a l t e r n a t i v e s  f o r  providing each of these  func t ions  are 
l i s t e d  i n  Table 4-1. As can be seen, the number of poss ib l e  combinations is 
too  g rea t  t o  al low a d e t a i l e d  s tudy of each, For t h i s  reason, a prel iminary 
screening was made t o  s e l e c t  t h e  combinations which have the  g r e a t e s t  
p o t e n t i a l  and which represent  t h e  widest v a r i e t y  of approaches t o  APS tankage 
and feed system design. The r e s u l t s  of the screening axe shown i n  t h e  t ab l e .  

A t  the same time, s e v e r a l  d i f f e r e n t  approaches t o  thermodynamic coccro l  
and expulsion were chosen to be used with t h e  baseline c a p i l l a r y  technique f o r  
propel lan t  o r i e n t a t i o n  s o  tha t  t h e  e f f e c t  of each single v a r i a t i o n  on weight, ,  
c o s t ,  and r e l i a b i l i t y  could be i s o l a t e d .  

Table 4-1. Screening Matri.x f o r  Dedicated APS Options 

compatible d e w n t  



The combinations of Table 4-1 which appear v i a b l e  a r e  as follows: 

1. The combination of no zero-g l i q u i d  p rope l l an t  o r i e n t a t i o n ,  no 
vent ing ,  and pump feedout  has design s i m p l i c i t y  but  only minimum 
c o n t r o l  of t h r u s t e r  i n l e t  p rope l l an t  condi t ions .  Low APS weight 
and cos t  would r e s u l t  if the  t h r u s t e r  and v e h i c l e  con t ro l  system 
des igns  could be made compatible w i th  t h e  wide range of 
prope l l an t  d e n s i t i e s  and t h r u s t  l e v e l s .  For t h i s  reason, t h i s  
combination was s e l e c t e d  f o r  f u r t h e r  study. 

5 , 6 ,  These two combinations, which use e i t h e r  a n  i n t e r n a l  o r  an  
e x t e r n a l  heat  exchanger without p rope l l an t  o r i e n t a t i o n ,  are 
s i m i l a r  t o  Combination 1. 

7-18. A l l  of the thermodynamic con t ro l  and expulsion concepts 
i d e n t i f l e d  a r e  compatible wfth l i n e a r  t r a n s l a t i o n  f o r  p rope l l an t  
o r i en t a t ion .  However, f o r  the r e f e rence  Tug mission, approxi- 
mately 25 percent  of the APS prope l l an t  is  consumed f o r  s h o r t  
a t t i t u d e  con t ro l  pulses which may be  required a f t e r  long coas t  
per iods .  The a t t i t u d e  con t ro l  p rope l l an t  may be loaded i n t o  a 
s e p a r a t e  tank provided wi th  a m e t a l l i c  bellows f o r  p rope l l an t  
o r i e n t a t i o n ,  The remaining p rope l l an t  w i l l  b e  s e l f -o r i en t ed  
dur ing  Tug l i n e a r  t r a n s l a t i o n  maneuvers. The combination 
s e l e c t e d  f o r  f u r t h e r  s tudy  u t i l i z e s  tank wall-mounted tubes f o r  
p rope l l an t  thermodynamic con t ro l  and a pump f o r  p rope l l an t  
expulsion. 

The combination of c a p i l l a r y  devices f o r  p rope l l an t  o r i e n t a t i o n  
and an  i n t e r n a l  heat exchanger for prope l l an t  thermodynamic 
c o n t r o l  appears t o  have high p o t e n t i a l  when considered wi th  
e i t h e r  pump o r  p re s su re  expulsion and thus  both  were s e l e c t e d  
f o r  f u r t h e r  eva lua t ion .  This approach uses  the expansion of 
l i q u i d  withdrawn from t h e  s to rage  tank t o  provide a low- 
temperature heat  s i n k  f o r  cool ing the  remaining bulk p r o p e l l a n t ,  
The i n t e r n a l  hea t  exchanger provides the  hea t  t r a n s f e r  a r e a  
between rhe s to red  p rope l l an t  and t h e  co lde r  vent flow. 

24,25. Tank wall-mounted tubes  s e rve  the  same func t ion  a s  an i n t e r n a l  
hea t  exchanger i n  absorbing t h e  heat l e a k  through i n s u l a t i o n  and 
s t r u c t u r a l  supports.  For the former, t he  tank  wa l l  itself 
provides increased h e a t  t r a n s f e r  a r e a ,  whereas for t he  l a t t e r ,  
a bu lk  mi.xer o r  ex t ens ive  f i n  arrangement may be requi red  f o r  
low-g propel lan t  temperature d e s t r a t i f i c a t i o n .  Both combinations 
were se l ec t ed  f o r  f u r t h e r  eva lua t ion .  

31. The only  propel lan t  thermodynamic control concept found t o  b e  
compatible with  t h e  use  of s o l i d  b a r r i e r s  such as m e t a l l i c  
bel lows o r  nonmetal l ic  bladders  was tank wall-mounted tubes.  
The other approaches either phys i ca l ly  interferred with t h e  
b a r r i e r  o r  required f u r t h e r  s epa ra t ion  of t h e  l i q u i d  and vapor  



on the l i q c i d  sLde of the  b a r r i e r ,  Pressure  expulbion is  
required t o  a s s u r e  displacement of t he  b ladder  o r  bellows during 
feedout.  Two combinations were se lec ted  f o r  f u r t h e r  study, one 
us ing  a b ladder  f o r  expulsion of  a l l  the  APS prope l l an t  and one 
using a beilows f o r  o r i e n t a t i o n  of only t h e  a t t i t u d e  c n n t r 3 l  
p ropel lan t .  The l a t t e r  i s  used i n  conjunction wi th  l i n z a r  
a c c e l e r a t i o n  o r  p rope l l an t  s e t t l i n g  and pump feed  f o r  t h e  APS 
prope l l an t  consumed during Tug l i n e a r  t r a n e l a t i o n .  

4.3 CANDIDATE SYSTEM CHARACTERISTICS 

The s e l e c t e d  combinations comprise e i g h t  candidate  systems, i nc lud ing  an  
updated ve r s ion  of the  i n i t i a l  base l ine  system. These are discussed  n e x t ,  
wi th  emphasis on the concepts  which were eventua l ly  s e l e c t e d :  Candidates 3 
and 6. 

UPDATED BASELINE - PRESSURE FEED, INTEWAL HEAT EXCHANGER 

The base l ine  APS tankage and feed system uses c a p i l l a r y  devices  f o r  
p rope l l an t  o r i e n t a t i o n ,  an  i n t e r n a l  hea t  exchanger f o r  p r o p e l l a n t  thermo- 
dynamic c o n t r o l ,  and s t o r e d  helium gas f o r  propel lan t  expulsion.  A mechanical 
flow diagram i s  presented i n  Figure 4-1. The numbers i n  c i r c l e s  are component 
f d e n t i f i c a t i o n  numbers f o r  c o r r e l a t i o n  w i t h  t h e  weight t a b l e s .  

The v a r i a t i o n s  from the i n i t i a l  b a s e l i n e  a r e  a s  fo l lows:  

1. The r e s u l t s  of a thermodynamic c o n t r o l  ana lys i s  showed t h e  need for  
d e s t r a t i f i c a t i o n  f i n s  i n  each p rope l l an t  tank t o  a s su re  reasonably 
uniform cool ing of t h e  propel lan t  i n  zero g rav i ty .  

2, Triply-redundant regulators and i s o l a t i o n  so lenoid  va lves  have been 
added t o  the  helium p r e s s u r i z a t i o n  system t o  improve f i r s t  mission 
r e l i a b i l i t y .  

3. The func t ions  of emergency r e l i e f  and ground f i l l  vent ing  have been 
combined i n t o  one v e n t / r e l i e f  va lve  f o r  each p r o p e l l a n t  tank.  This 
change a l s o  improves r e l i a b i l i t y  by e l imina t ing  the p a r a l l e l  leakage 
pa th  ~ Y ~ V ~ O U S P ~  suffered by t h e  u s e  of two s e p a r a t e  va lves ,  

4 .  The s p e ~ i f i c  impulse and t h r u s t e r  f l o w  r a t e  va lues  have been r ev i sed  
to  r e f l e c t  t he  r e s u l t s  of parametr ic  s tud ie s .  

5 .  The L O X / L H ~  hea t  exchanger used t o  c h i l l  the LOX bleed f l o w  w a s  
r e loca t ed  t o  r ep re sen t  more g raph ica l ly  t h e  o r i g i n a l  i n t e n t  f o r  LOX 
f e e d l i n e  t r a c i n g  by t h e  bleed f low of c h i l l e d  LOX, 
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Figure 4-1. Mechanical Flow Diagram for Updated Basel ine 

CANDIDATE 1 - PUMP FEED, INTERNAL HEAT EXCHANGER 

This concept i s  similar t o  the updated b a s e l i n e  with t h e  except ion t h a t  
expuls ion  is  provided by an e l e c t r i c a l  motor-drlven pump rather than by 
p re s su r i z ing  t h e  s t o r a g e  tanks.  A mechanical flow diagram i s  presented i n  
Figure 4-2. A s m a l l  a c c u m ~ l a t o r  is  provided downstream of both the LOX and 
LH2 pumps t o  provide a p re s su re  r e s e r v o i r  during pum? s t a r t  t r a n s f e n t s  and 
t o  avoid f requent  cyc l ing  of t he  pumps during s h o r t  APS burns.  Approximately 
80 percent  of the accumulator volume is charged with helium gas a t  172  N/cmZ 
(250 ps i a )  which expands t o  138 N / c m 2  (200 p s i a )  upon dep le t i on  of the l i q u i d  
p r o p e l l a n t  r e t a ined  a t  t he  accumulator o u t l e t  by a c a p i l l a r y  screened baske t .  
A t  t h e  s igna l  of a pressure  swi tch ,  t h e  pump refills t h e  accumulator u n t i l  
the trapped helium i s  r e r r e s s u r i z e d  t o  1 7 2  bT/cm2 (250 p s i a ) .  

The p o t e n t i a l  advantages of Candidate 1 over  t he  b a s e l i n e  tankage and 
feed system a r e  reduced weight due t o  e l imina t ion  of t h e  s t o r e d  p r e s s u r i z a t i o n  
gas  system and reduc t ion  i n  the p r o p e l l a n t  s t o r a g e  tank w a l l  th ickness ,  The 
LOX bleed flow can be  returned t o  t h e  APS LOX tank  r a t h e r  than being recovered 
i n  the Tug main LOX tank a s  i s  done f o r  t h e  baseline. This allows a commen- 
surate reduction i n  LOX tank volume and weight. P o t e n t i a l  disadvantages a r e  
increased  complexity and power and reduced r e l i a b i l i t y  a s soc i a t ed  wi th  t h e  
accumulator, pump, and motor. 



Figure 4-2. Mechanical Flow Diagrm f o r  Candldate 1 - Pump 
Feed, I n t e r n a l  Heat Exchanger 

CANDIDATE 2 - H X E D  PHASE PROPELLANT 

Thib concept i s  t h e  s imples t  conceivable  tankage system design, having 
no p rov i s ions  f o r  l i q u i d  p r o ~ e l l a n t  o r i e n t a t i o n  and minimum provisions f o r  
propel lan t  thermodynarnj.~ cont ro l .  

Thermodynarr.ic c o n t r o l  is  provided without  vent ing  through the  use of 
i n t e r n a l  conductive f i n s  f o r  temperature d e s t r a t i f i c a t i o n .  The inf luence  of 
heat  leakage on tank pres su re  r i s e  is  p a r t i a l l y  offset by t h r u s t e r  p rope l l an t  
consumption, Although f e a s i b l e ,  t h i s  method of thermodynamic con t ro l  a l lows 
a  wide v a r i a t i o n  i n  p rope l l an t  temperatures,  depending on p rope l l an t  consump- 
t i o n  and %eat ing  environments. 

The e l e c t r i c a l l y  dr iven  p o s i t i v e  displacement pumps are designed t o  pump 
l i q u i d  o r  gas,  The power requirement for pumping liquid hydrogen t o  supply 
four t h r u s t e r s  sfmultaneously was found t o  be  1600 watts, whi le  the  power f o r  
t h e  same mass flow r a t e  wi th  vapor was found t o  be 34,000 watts. Although 
the  s t o r a g e  tank o u t l e t  could b e  loca ted  so  that l i q u i d  flow would e x i s t  most 
of t h e  t ime, the  e l e c t r i c a l  power supply system would have t o  be designed f o r  
t h e  worst case. 

Because of the  seve re  power requirements and poor control of p rope l l an t  
i n l e t  conditions, Candidate 2 was not considered fur ther .  



CANDIDATE 3 - PRESSURE FEED, TANK WALL-COOLED 

Plechanical and process flow diagrams f o r  Candidate 3 a r e  shown i n  
F igures  4-3 and 4-4. The system weight and c o s t ,  s t a g e  weight, and mission 
t ime l ine  a r e  i t e m h e d  i n  Tables 4-2, 4-3, and 4-4, The C O F '  d a t a  a r e  
d iscussed  l a t e r  i n  t h i s  s e c t i o n  and i n  Sec t ion  6. This  candida te  is  b a s i c a l l y  
t h e  same as t h e  updated base l ine  wi th  the  except ion of the  p rope l l an t  thermo- 
dynamic con t ro l ,  Both use  t h e  same c a p i l l a r y  devices  and helium pressure  
expuls ion ,  a s  w e l l  a s  a hydrogen ven t  system which expands l i q u i d  bleed from 
t h e  f e e d  l i n e  and then r e t u r n s  t o  coo l  t h e  l i n e .  Unlike the  base?.ine, 
however, which uses  a hea t  exchanger i n t e r n a l  t o  t h e  LH2 s to rage  tank,  t he  
hydrogen bleed flow f o r  Candidate 3 is routed through tank wall-mounted tubes 
t o  absorb the  s t o r a g e  tank heat load.  These cool ing  c o i l s  can be concentrated 
a t  s t r u c t u r a l  support and i n s u l a t i o n  pene t r a t ions  t o  minimize t h e  temperature 
s t r a t i f i c a t i o n  effects of  hea t  s h o r t s .  Thus, t h e  i n t e r n a l  d e s t r a t i f i c a t i o n  
forms of t he  b a s e l i n e  a r e  not  requi red .  The hydrogen s to rage  temperature is  
c o n t r o l l e d  by opening and closing t h e  solenoid va lve  (No. 38) upstream of t h e  
expander (No. 16) . 

Af te r  cool ing  the LH2 tanks,  t h e  hydrogen bleed i s  e l e c t r i c a l l y  heated 
t o  a temperature above the freezing p o i n t  of LOX and routed over the LOX feed 
l i n e s  and s t o r a g e  tank. This  approach saves t h e  weight of t h e  LOX bleed and 
i ts  a s soc i a t ed  s to rage  volume, bu t  has t h e  p o t e n t i a l  s a f e t y  hazard of close 
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Table 4-2. Weight and Cost Summary for Candidate 3 

proximity o f  hydrogen and oxygen leakage. This condition i s  considered 
acceptable,  however, since leakage i s  in to  the well-vented intertank 
structure.  Control of the oxygen storage temperature i s  provided by a 
hydrogen bleed flow bypass va lve  (No. 15) .  

CANDIDATE 4 - PRESSURE FEED, MODULAR 

lEFUllR 
L1000. 

Candidate 4 i s  the same as Candidate 3 w i t h  the exception that  the APS 
storage ves se l s  and components are arranged in to  four separate modules, one 
for each thruster quad. The mechanical flow diagram is  presented i n  
Figure 4-5. The modules are  identical and have interconnecting manifolds to 
f a c i l i t a t e  common interfaces  with the Shutt le  cargo bay for propellant f i l l ,  
drain,  and vent.  The major advantage of  th i s  approach is the simplif ied 
development, qual i f icat ion ,  and acceptance t e s t ing  of a s ingle  compact un i t .  
Tug maintenance operations a l s o  can be s impl i f ied  through the f a u l t  ident i -  
f i c a t i o n ,  removal, and replacement of  a complete modular system, 
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Table 4-3.  Vehicle Weight Sunmary for 
Candieate 3 
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Module manifold i s o l a t i o n  valves (No. 51 and 53) have been included to  
take advantage of the  reduced hea t  loads  made p o s s i b l e  by the  shorter feed- 
lines. This advantage is somewhat o f f s e t  by a g r e a t e r  nuriber of propel lan t  
tanks. The t o t a l  hydrogen bleed requi red  can be reduced by 10 kg (22 lb) 
t o t a l  to  8.6 kg (19 lb). The r e l i a b i l i t y  of Candidate 4 is comparatively 
poor, since each of the  modules must func t ion  f o r  complete mission success. 

CANDIDATE 5 - BLADDER FEED 
The mechanical diagram f o r  Candidate 5 is presented i n  F i g u ~ e  4-6. This  

candidate  i s  the  same as Candidate 3 except  t h a t  l i q u i d  p rope l l an t  o r i e n i a t i o n  
i s  provided by a bladder .  Although s e v e r a l  promising bladder ma te r i a l s  were 
i d e n t i f i e d ,  no test-proven material o r  lamina te  was found f o r  cryogenic 
serv ice .  Thus, the  use of a cryogenic b ladder  must be penal ized by r equ i r ing  
support ing research and technology (SR&T) c o s t  and r i s k .  



Table 4-4. Mission Timeline for Propulsion Events, Candidate 3 
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CANDIDATE 6 - PUMl Z E D ,  TANK WALL-COOLED 

The mechanical and process  flow diagrams f o r  Candidate 6 are shown i n  
F igures  4-7 and 4-8. The system weight and c o s t ,  and s t a g e  weights a r e  
l i s t e d  i n  Tables 4-5 and 4 - 6 ,  The cos t  d a t a  are discussed l a t e r  i n  t h i s  
s e c t i o n  and i n  Sect ion 6. This  candida te  is  t h e  same a s  Candidate 1 wi th  two 
except ions.  The primary d i f f e r e n c e  is t h a t  both t h e  LOX and LHz tanks f o r  
Canaidate 6 a r e  cooled by the  bleed flow of hydrogen through e x t e r n a l l y  
mounted tank w a l l  tubes. The ope ra t ion  i s  the  same as t h a t  previously 
descr ibed  f o r  Candidate 3. Although t h e r e  i s  .:.o LOX bleed f o r  Candidate 6, 
t h e  major por t ion  of the weight pena l ty  f o r  LOX bleed could have been saved 
by t h e  APS tank recovery of LOX bleed made possible by t h e  pump pressure 
d i f f e r e n t i a l .  Thus i t  can be seen  t h a t  t h e  weight advantage of tank wa l l  
coo l ing  over i n t e r n a l  heat  exchanger cool tng  is not  as dramatic f o r  a pump- 
feed system a s  i t  i s  f o r  a pressure-feed system. 

The second d i f f e rence  between this candidate  and Candidate 1 i s  the 
method of pressur iz ing  and vent ing  t h e  accumulator. The Candidate 1 accumu- 
l a t o r  i s  charged with helium on t h e  ground by back p re s su r i z ing  through t h e  
accumulator vent  and r e l i e f  valve.  R e l i a b i l i t y  i s  impaired by t h e  a d d i t i o n a l  
leakage  path introduced by these  va lves .  An improved accumulator helium 
charge technique i s  used f o r  Candidate 6. The p r o b a b i l i t y  of helium leakage 

Figure 4-7. Mechanical Flow Diagram f o r  Candidate 6 - Eump 
Feed, Tank Wall Cooled 
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Table 4-5. Weight and Cost Summary f o r  Candidate 6 

from each accumulator i s  reduced by the redundant f i l l  check valves  (No. 8 
and 9). Emergency pressure r e l i e f  i s  provided by r e l i e f  valves No. 42 and 47 
which i n  a fai lure mode would return l iquid  upstrean of the pump where i t  
could be recoverad. 

CANDIDATE 7 - ACCELERATION SETTLED, PUMP AND BELLOWS FEED 

The mechanical flow diagran for Candidate 7 is preuented i n  Figure 4-9. 
This concept provides minimum development r i s k  to  the problem of liquid 
propel lant  o r i ~ n t a t i o n .  Approximately 75 percent o f  the APS propellant is 
stored ir tanks without propellant or ientat ion  devices where pumped feedout 
occu;s only during the APS trans lat ion  maneuvers. A l l  such maneuvers are 
constrained to  +X translat ions so that propellant i s  posit ioned a t  the tank 
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Table 4 4 .  Vehicle Weight Summary 
for Candidate 6 
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out let .  Liquid propellant fee.d during the i n i t i a l  s e t t l i n g  period is 
suppl i ed  by a helium-pressurized metallic bellows. After the propellant has 
s e t t l e d ,  the  LOX and LH2 pumps are turned on. These pumps provide f l o w  for 
four thrusters plus enough to replenish the accumulator for the next s e t t l i n g  
maneuver. The accumulators will provide a l l  of the propellarrt for attltude 
control . 
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Figure 4-9. Rechanical Flow Diagram f o r  Candidate 7 - Accelerat ion-Set t led,  
Pump and Bellows Feed 

CANDIDATE SYSTEM WEIGHT AND COST SUMMARY 

A major c r i t e r i o n  f o r  comparing system op t ions  i s  t h e  payload c a p a b i l i t y  
which can be obtained with  a Tug employing the various systems. To genera te  
data f o r  t h i s  comparison, dry weights  were est imated f o r  each system a t  t he  
component level i n  a form s i m i l a r  to  the statements shown previously i n  
Tables  4-2 and 4-5. The system d r y  weights were then ueed as i n p u t s  t o  a 
t ime l ine  computer program, which res ized the t ank  weights according t o  the 
prope l l an t  and pressurant  needed t o  f l y  the  mission. The output of the 
computer program is a compatible set of A P S ,  Tug, and payload weight d a t a  
which were used t o  readjus t  t h e  tank weights i n  t h e  component veight state- 
ment: for each candidate  system, These e a r l y  d a t a  are sammarized by weight 
category in Table 4-7. The weight and performance d a t a  later were updated, 
as shown i n  Tables 4-2 and 4-5, but: were s u f f i c i e n t  f o r  i n i t i a l  eva lua t ians .  

It can be seen t h a t  Candidate 6 provides t h e  g r e a t e s t  payload c a p a b i l i t y  
and t h a t  pump-feed systems, i n  gene ra l ,  provide greater payload c a p a b i l i t y  
than t h s  pressure-feed systems. 

The dedicated candidate systems also were compared by cast and relia- 
b i l i t y  c r i t e r i a ;  again,  usir,g data generated early in t h e  s tudy.  
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Itemized nonrecurr ing (DDT&E) and f i r s t  u n i t  r ecu r r ing  (hardware) c g s t s  
were computed f o r  t h e  updated b a s e l i n e  arid Candidate 6 concepts,  s i n c e  these  
represented  t y p i c a l  pressure  and pump-feed systems. Equipment cosrs included 
des ign  and development support and t h e  est imated markup over  vendor c o s t s  f o r  
system con t r ac to r  support ,  p r o f i t ,  and overhead. The DDT&E es t ima te s  
inc luded  system c o e A ~ a c t o r  component c o s t s  a s  well a s  subsystem development 
c o s t s .  

Test and maintenance c o s t s  were based on Rockwell c o s t  es t imat ing  
r e l a t i o n s h i p s  (cER's) and Global Pos i t i on ing  System (a  c u r r e n t  Rockwell 
s a t e l l i t e  program) data.  The nonrecurr ing cosrs as soc ia t ed  with assembly and 
checkout,  and wi th  acceptance t e s t i n g ,  fund t h e  prepara t ion  of procedures and 
s p e c i f i c a t i o n s  a s  well as  the initial support .  

The t e s t  hardware cos t s  included one complete vehicle set p lus  10 percent  
s p a r e s  o f  a l l  f l i g h t  hardware, wfth t h e  except ion of t h e  t h r u s t e r s ,  Only 
4 t h r u s t e r s  (one quad) a r e  necessary f o r  DDT&E system tests. 

The cos t  of t h e  i n i t i a l  submi t t a l  of a l l  d a t a  (DRL) requi red  by t h e  
c o n t r a c t  a l s o  was included ,in BDT&E costs. DDT&E system t e s t  programs were 
cos ted  t o  cover t h e  system-level con t r ac to r  q u a l i f i c a t i o n  program, The 
engineering cost associated wfth t h i s  item provldes f o r  system definition, 
s p e c i f i c a t i o n  p repa ra t ion  a t  t h e  system and component l e v e l s ,  and t h e  de f in i -  
t i o n  of r e l i a b i l i t y  and s a f e t y  procedures.  

The cos: o f  maintaining hardware and sof tware  i s  contained wi th in  the 
f i r s t  u n i t  r e c u r r i n g  cos t  for t o o l i n g  maintenance, p e c u l i a r  support equipment, 
f a c i l i t i e s  maintenance, and da ta .  

Table 4-8 summarizes the dedica ted  concept weight,  c o s t ,  and r e l i a b i l i t y  
d a t a  used i n  t h e  dedicated system s e l e c t i o n .  Data f o r  the se l ec t ed  concepts 
a r e  later r e f ined  f o r  cor.lpari.son w i t h  i n t e g r a t e d  systems. 

Table 4-8. Summary of In t e r im  Data for Dedicated APS Se lec t ion  

SELECTION CATEGORY 

DRY WEIGHT, KG (10) 
LIFTOFF WEIGHT, KG (LB) 
BURNOUT WEIGHS, KG (LB) 
PMLOAD, KG (13) 

DDT&E cos r (SM) 
FIRST UNIT COST ($M) 

RELlABl LllY 

NOTE: REVISED WEIGHT, COST, AND REI.IABILITY FOR CANDIDATES 3 AND 6 ARE GIVEN IN THEIR RESPECTIVE 
DlSCU5510N SECTIONS AND SECTION 6. 

1 DEDLCATED APS CANDIDATE 

UPDATED 

PRESSURE 
FEED 

224 (493) 
456 (1005) 
271 (596) 

2003 (4416) 

1 1.638 
1.517 

.9599 

PUMP 
FEED 

(NO.1 )  

168 (370) 
349 (766) 
187 (413) 

2232 (4920) 

12.968 
1.625 

,9472 

TK WALL 
COOLED 

PRESS FEED 
(N0.3) 

225 (495) 
432 (952) 
271 (597) 

2 0 3  (4416) 

11.441 
1.436 

,941 1 

MODULAR 
TW COOL 
PRBS FEED 
(NO.4 )  

242 (534) 
447 (987) 
288 (635) 

1957 (4314) 

11,283 
1.871 

,8801 

TW COOL 
B W D E R  

FEED 
(N0.5) 

227 (500) 
434 (956) 
273 (601) 

1996 (4404) 

12.261 
1.490 

.Pa9  

TK WALL 
COOLED 

PUMP FEED 
(NO.6) 

159 (351) 
340 174a 
179 (394) 

2251 (4962) 

12.604 
1.536 

.9472 

PUMP AND 
BELLOWS 

FEED 
(NO.7) 

251 (554) 
U P  (989) 
2Bb- (631) 

1960 (4320) 

12.489 
1,614 

.9334 



4.4 DESIGN ANALYSIS 

PERFORMANCE ANALYSIS BASIS 

The Tug design c o n s t r a i n t s  and t h e  t r i p l e  payload deployment mission 
requirements were programmed on a digital computer t o  provtde rap id  and 
accu ra t e  computation of performance e f f e c t s  of t h e  APS. One type  of program 
output  is  shown i n  the propulsion t imel ine  t a b l e s  of t h i s  r e p o r t .  

Payload c a p a b i l i t y  and p rope l l an t  usage of a given APS concept io 
determined by cons ider ing  all of the opera t ions  which consume expendables 
during each event of a mission. The events  are categorized i n t o  four types: 
coas t ,  APS ve loc i ty  change (AV), ME'S AV, and payload separa t ion .  Although 
the l a s t  event  does n o t  consume p rope l l an t ,  the r e s u l t i n g  change i n  t o t a l  
weight when a  payload is  separa ted  changes t h e  mass and icertia t o  be 
maneuvered by t he  APS and M P S ,  

Coast opera t ions  r e q u i r e  t h a t  t h e  Tug be he ld  on -a t t i t ude  wi th in  a 
s p e c i f i e d  deadband by t h r u s t e r  couples  5n each axis, Minimum impulse l i m i t  
cyc l ing  is assumed f o r  the deadband opera t ion  and t h e  moment arm of each 
t h r u s t e r  i s  the  r ad ius  t o  t he  t h r u s t e r  l o c a t i o n ,  diminished by the  cos ine  of 
the  c a n t  angle.  The APS s p e c i f i c  impulse i s  degraded f o r  this s h o r t  pulse 
ope ra t ion  i n  accordance wi th  design es t imates  of t h i s  e f f e c t .  

An a t t i t u d e  maneuver sequence of 90 degrees i n  r o l l  and then  i n  p i t c h  is 
assumed t o  occur once each coas t  per iod,  Since no time c o n s t r a i n t s  were 
i d e n t i f i e d ,  a  f u l l  5 minutes is allowed f o r  t h e  maneuver i n  each axis. A 
s h o r t e r  maneuver time would apprec iab ly  i nc rease  p rope l l an t  consumption. 

APS AV maneuvers are performed using the  f o u r  a f t  t h r u s t e r s  (one of each 
cluster), which are pulsed f o r  p i t c h  and yaw s t e e r i n g .  Roll. s t e e r i n g  is  
performed using lateral engines i n  couples.  The h e t  propulsion f o r c e  which 
con t r ibu te s  t o  de l ta -ve loc i ty  is the t o t a l  fo rce  reduced b y  t h e  cos ine  of 
the  c a n t  angle.  

An MPS AV event begfns by s e t t l i n g  t h e  p rope l l an t  by APS, by tank head 
i d l e  mode (THIM), o r  by a pass ive  means such as a s t a r t  baske t .  APS s e t t l i n g  
i s  shown i n  the  t imel ines  f o r  the dedicated Candidate 3 and t h e  in t eg ra t ed  
1-5 APS, The s e t t l i n g  time i s  based on t h e  a c c e l e r a t i o n  c a p a b i l i t y  and t h e  
amount of propel lan t  remaining i n  t h e  main hydrogen tank, and accounts f o r  
4 . 5  f r e e  f a l l s .  

Af t e r  propel lan t  s e t t l i n g ,  the main engine begins i t s  s tar t  sequence: 
THIM ( f o r  chilldown), pump i d l e  mode (PIM), and mainstage. I f  t h e  requi red  
delta-V during an event  is no t  l a r g e ,  t h e  MPS may no t  reach f u l l  s t eady- s t a t e  
t h rus t .  To reflect p r a c t i c a l  opera t ions ,  i t  was assumed t h a t  each succeeding 



t h r u s t  buildup phase woul not  be en tered  un le s s  the engine could be operated 
i n  s teady-s ta te  i n  t h a t  phase fox  a t  l e a s t  5 seconds. The t o t a l  impulse and 
the average s p e c i f i c  impulse dur ing  each buildup phase i s  used t o  compute t h e  
p rope l l an t  usage wi th  t h e  c h a r a c t e r i s t i c  v e l o c i t y  equat ion,  Rol l  c o n t r o l  
du r ing  main engine opera t ion  i s  performed by t h e  AF'S assuming a cons tan t  
p rope l l an t  consumption rate which i s  based on records  of RCS p rope l l an t  
conaumptfon during Apollo CSM SPS engine burns.  

Fuel  c e l l  r e a c t a n t  consumption, and p rope l l an t  l o s s  from main tank 
b o i l c f f  and APS bleed vent ing,  a r e  assumed t o  be cons tan t  rates throughout 
t h e  mission, except that t he  b o i l o f f  ceases  dur ing  MPS opera t ion .  

Propel lan t  and pressurant  tankage weight,  as well as the  quan t i t y  of 
p re s su ran t ,  is r e s i zed  for t h e  dedicated APS concepts based on t h e  p rope l l an t  
actual1.y expended during the  mission,  The program i n i t i a l l y  computes two 
c a s e s  f o r  assumed payloads t o  determine s t age  burnout & e i g h t s  for a f fxed  
gross weight. These da t a  are used t o  p r e d i c t  the  co r rec t  payload, cons ider ing  
tanks  and pressurant  which have been r e s i zed  from known b a s i c  input  d a t a ,  A 
burnout  weight c o r r e c t  t o  wi th in  0.45 kg (1 l b )  results from the t h i r d  
i t e r a t i o n .  

THRUSTER DESIGN POINT SELECTION 

Thrus t e r  Design Analysis 

The e f f e c t  of t h r u s t e r  des ign  parameters on t h r u s t e r  performance w a s  
examined i n  d e t a i l  using the  d a t a  fron t r a d e  s t u d i e s  performed by Aerojet  
Liquid Rocket Company. The ALRC data a r e  summarized i n  Figure 4-10. 

To obta in  these  da ta ,  a paramet r ic  a n a l y s i s  of performance and design 
parameters w a s  conducted over t h e  fol lowing ranges using d e t a i l e d  m a t h e m t i c a l  
models : 

Thrust 111 - 444 N (25 - 100 lb) 
Chamber pressure  59 - 345 ~ / c r n ~  (100 - 500 p s i a )  

Mixture r a t i o  2.0 - 6.0 

Area r a t i o  40 - 200 

The th rus t e r  s p e c i f i c  impulse and c h a r a c t e r i s t i c  exhaust v e l o c i t y  were 
analyzed using a one-dinensional equi l ibr ium and k i n e t i c  performance model. 

Nozzle divergence l o s s  (which w a s  l e s s  t han  I percent  a t  all design 
p o i n t s )  was evaluated using a model that: de r ives  nozzle divergency ef f ic jenc l ;  
and l eng th  from spec i f i ed  a rea  and length  r a t i o s .  A l l  nozzles were designed 
t o  have a length 20 percent g r e a t e r  than the  miminum for a p a r t j ~ u l a r  d e s i g n  
condi t ion .  
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Boundary l a y e r  performance l o s s e s  were eva lua ted  from a model using 
nozz le  c h a r a c t e r i s t i c s ,  chamber p re s su re ,  c h a r a c t e r i s t i c  exhaust  v e l o c i t y ,  
and wal l  temperature r a t i o s .  The boundary l a y e r  l o s s  v a r i e d  from approxf- 
nately 2 t o  4 percent  over t h e  t h r u s t e r  parametr ic  range. 

Thruster  E i l m  cooling losses were derived,  using a s imple mass-weighted 
s t r eam tube model, t o  account for t h e  performance reduct ion  r e s u l t i n g  from 
t h e  use of fue l - r ich  b a r r i e r  cool ing.  The f u e l  f i l m  ( b a r r i e r )  cool ing  
performance l o s s  var ied  from l e s s  than 1 percent  t o  approximately 40 percent  
ove r  t h e  paramet r ic  range. Extremely l a r g e  cool ing  looses  resulted a t  high 
ope ra t ing  mixture r a t i o s  (5-6) and a t  low thrust and high  chamber pressure  
condi t ions .  The performance l o s s  is  l a r g e  under these condi t ions  because of 
the gross  l e v e l  of E i l m  cool ing requi red  and because t h e  c o r e  flow (flow 
inside of t h e  fue l - r ich  b a r r i e r )  performance decreases  s i g n i f i c a n t l y  as t h e  
o v e r a l l  mixture r a t i o  is increased.  In genera l ,  t h e s e  p o i n t s  are considered 
t o  b e  unfeas ib le .  

The energy release performance l o s s  due t o  incomplete mixing e f f e c t s  
were analyzed. By the  na ture  of t h e  thruster design, mixing i s  i n h i b i t e d  so  
t h a t  the  des i r ed  b a r r i e r  cool ing  c h a r a c t e r i s t i c s  a r e  r e t a i n e d ,  A s  a r e s u l t ,  
nonuniform mixture r a t i o  d i s t r i b u t i o n  may p e r s i s t  i n  both t h e  core  and b a r r i e r  
stream tubes. The degree of mixture  r a t i o  m a l d i s t r l b u t i o n  and i ts  e f f e c t  on 
performance has been est imated but w i l l  r e q u i r e  experimental eva lua t ion  and 
v e r i f i c a t i o n .  For the purpose of t h i s  study, an energy r e l e a s e  e f f i c i ~ n c y  of 
95 percent  was s e l e c t e d  a s  a reasonable va lue  t o  achieve dur ing  a thruscer  
development program which would trade off performance with t h e  b e n e f i t s  of 
t h r u s t e r  d u r a b i l i t y  and o p e r a t i a n a l  v e r s a t i l i t y ,  

This e f f i c i e n c y  is t y p i c a l  of t h a t  obtained from a single-element 
c o a x i a l  i n j e c t o r  which the  t h r u s t e r  design concept approximates. 

The flow s p l i t  between t h e  secondary f u e l  and the  t h r o a t  f i l m  coolant  
was analyzed from a heat t r a n s f e r  s tandpoint .  The composition of gases  a t  
t h e  t h r o a t  a l s o  was determined, 

Frorn t he  a n a l y s i s  of s p e c i f i c  opera t ing  cond i t i ons  i t  i s  poss ib l e  t o  
cons t ruc t  a " f e a s i b i l i t y  map" which def ines  reg ions  of acceptab le  combina- 
t i o n s  of t h r u s t ,  chamber pressure ,  and mixture r a t io  f o r  a given w a l l  
temperature.  Such a map shows the usual t rend of increased  cool ing margin 
( i . e . ,  lower wal l  temperatures,  with i nc reas ing  t h r u s t  and decreas ing  chamber 
p r e s s u r e ) ,  The i n i t i a l  base l ine  des ign  l i e s  c l e a r l y  i n  t h e  acceptab le  area 
on the f e a s i b i l i t y  map. 

H number of assumptioris were made to facilitate the analyses :  

1. Throat diameter was sca l ed  assuming cons tan t  Cf, 

2. Contraction r a t i o  was kep t  cons tan t .  

3. Both i 'ue l  s leeves were assumed t o  b e  0.2 cm (0.080 i n . )  thick. 



4. Rectangular coolant  channels  with convection on a l l  s i d e s  were 
assumed i n  both s leeves .  The channels were no t  optimized for wal l  
temperature o r  coo lan t  pressure  drop.  

5. Wall h e a t  t r a n s f e r  c o e f f i c i e n t s  w e r e  based on tu rbu len t  flow ccr re-  
l a t i o n s .  The ox-rich co re  gases were assumed t o  be  f u l l y  mixed a t  
t h e i r  i n j e c t i o n  p o i n t ,  and the  secondary fuel was ncsurned t o  be f u l l y  
mixed with  the  ox-rich co re  a t  the t h r o a t  f i l m  coolan t  i n j e c t i o n  
point .  

6 Fuel  i n j e c t i o n  is a t  a u n i t y  v e l o c i t y  r a t i o  ( i n j e c t e d  f l u i d  t o  co re ) ,  
t o  minimize mixing of t he  stream and t o  lower downstream temperacure. 

7. The b a r r i e r  f i l m  cool ing  a n a l y s i s  w a s  performe~j us ing  an AJAZC 
computer model which i s  based on empir ica l  data.  

8. The t h r o a t  was assumed t o  be the  loca t ion  of l i m i t i n g  w a l l  tempera- 
t u r e ,  Radiation l o s s e s  from the t h r o a t  w a l l  were neglec ted ,  lending 
a degree of conserva t ion ,  perhaps 27.8 K (50 F) t o  t h e  r e s u l t s .  

The peak s p e c i f i c  impulse i n  F igure  4-10 occurs a t  a mixture ratio of 3 
and f a l l s  o f f  severe ly  wi th  mixture r a t i o s  above 4. This  is  unusual when 
compared w i t h  large o/H engines  and i s  apparent ly  due t o  t h e  adverse s c a l e  
e f f e c t  on cool ing  l i m i t s  w i t h  t h e  smal l  film-cooled engine. Also, s p e c i f i c  
impulse is n o t  very s e n s i t i v e  t o  chamber pressure v a r i a t i o n s  and engine 
weight i s  no t  very s e n s i t i v e  t o  a r e a  r a t i o .  

Thruster  and System Performance Analysis 

The r e s u l t s  of the  t h r u s t e r  parametr ic  s t u d i e s  were used i n  'stems 
analyses  t o  determine Tug payload performance ,; a unct ion of tF. u s t e r  design 
point. Both pump- and pressure-feed gener ic  ty ,&s were subjec ted  t o  the 
performance analyses .  

APS c h a r a c t e r i s t i c s  which a f f e c t  payload a r e  shown i n  Fibure 4-11. The 
f i g u r e  p re sen t s  two types of information: (1) APS perfornance requirements,  
and (2)  t h e  performance c a p a b i l i t y  l ines  f o r  the pump- and pressure-feed 
types of APS. This information i s  shown on one c h a r t  f o r  Missions A and B 
by platting t o t a l  impu l se  and payload aga ins t  APS burnout weight.  The t o t a l  
impulse requi red  to  perform e i t h e r  mission inc reases  s l i g h t l y  as t h e  burnout 
weight i nc reases .  A t  the  same t i m e ,  h igher  burnout weight permits  l e s s  pay- 
load. Payload i s  a f f e c t e d  t o  a lesser ex ten t  by the  WS s p e c i f i c  impulse. 
S i n c e  APS c a p a b i l i t y  can be  measured i n  terms of t o t a l  impulse,  and the cap- 
a b i l i t y  depends on system size, the c a p a b i l i t y  l i n e s  are p l o t s  of t o t a l  impulse 
versus burnout weight. 

The t o t a l  impulse r e q u i r e d  f o r  Misslon A i nc reases  cipproximaeely 49 N-see 
fo r  each kg (5 lb-sec f o r  each l b )  of APS burned weight. This s*alue i s  
r e l a t ed  t o  t h e  impulse increment necessary t o  impart t h e  Mission A momentum 
of 104 m/sec (155 f t / s e c )  t o  a u n i t  of mass. The payload decrease  with 
burned weight i s  2.7 u n i t s  of  payload per  u n i t  of burned weight for e i t h e r  
re ference  mission. 
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The APS specific impulse i n f luence  on payload is  low compared t o  t h a t  
of the  I@S: 0.0462 kg per N-sec/kg ( 1  l b / s e c )  and 0.323 kg per  N-sec/kg 
(7 l b / sec )  f o r  Missions A and B, r eepec t ive ly .  The MPS value is nea r ly  
L .62  kg per  N-sec/kg (100 Ib /sec)  i n  comparison. The Mission B payload is  
more s e n s i t i v e  t o  s p e c i f i c  impulse simply becacsc more t o t a l  impulse is 
required.  

The requi red  s i z e  of a  given APS type  i s  found a t  t h e  i n t e r s e c t i o n  of 
i ts  impulse c a p a b i l i t y  l i n e  wi th  t h e  mission impulse requirement: l i n e  i n  
Figure 4-11. Its p ~ y l o a d  c a p a b i l i t y  i s  then found a t  t h a t  burned weight. 
The des ign  po in t s  f o r  t h e  c a p a b i l i t y  l i n e s  shown inc lude  a mixture r a t i c  of 
4 ,  a  chamber pressure  of 103 ~/crn2 (150 p s i a ) ,  and an a rea  r a t i o  of 50. 

The r e s u l t s  of t he  performance opt i rni , .c t ion a n a l y s i s  f o r  Mission A with  
both system types are shown i n  F igure  4-12. Because of unique t h r u s t e r  
parametr ic  performance c h a r a c t e r i s t i c s ,  a  mixture r a t i o  higher  than the  
base l ine  va lue  d id  n o t  prove supe r io r  f o r  t h e  pressure-feed system, as could 
be expected based on t h e  results of s i m i l a r  O/H optimizations f o r  main 
engines. 

For t h e  pressure-feed systems, t h e  loweat chamber pressure  of 69 ~ / c r n ~  
(100 p s i a ) ,  which reduces tank, helium, and helium v e s s e l  weights, is  optimum 
and inc reases  payload about 45 kg (100 l b ) .  Mixture r a t i o s  of 3, 4, and 5 
a r e  very nea r ly  equal  i n  perforrmnce. 

An a r e a  r a t i o  of 50 provides t h e  best performance f o r  both systems and 
a l s o  r e t a i n s  t h r u s t e r  i n s t a l l a t i o n  s u i t a b i l i t y .  

The pump-feed system showed no performance ga in  a t  chamber pressures  
higher  than 103 N/cm (1bO p s i a ) .  This 5s due t o  t h r u s t e r  performance 
c h a r a c t e r i s t i c s ,  which i s  this case  a r e  not unique t o  t h i s  engine concept. 
There i s  l i t t l e  gain i n  s p e c i f i c  impulse performance with chamber pressure  
i n  the  low PC region. The s p e c i f i c  impulse gain was o f f s e t  by increases  i n  
pump power (ba t t e ry )  and accumulator weight.  Pump-feed system performance 
with mixture r a t i o  i s  even f l a t t e r  than f o r  t h e  pressure-feed concept. 

Thrust Level Analvsis 

The t h r u s t  l e v d  of the  APS engines i n f luences  subsystem weight, c o s t ,  
r e l i a b i l i t y ,  and propel lan t  consumption and i s  inf luenced i n  t u rn ,  b.y t h e  
modes i n  which t h e  APS is  operated and, i n  p a r t i c u l a r ,  by tht! pararncters and 
c o n s t r a i n t s  inherent  i n  these  modes. These i n f luences  were inves t iga t ed  wi th  
t he  ob jec t ive  of recommending t h e  most d e s i r a b l e  t h r u s t  level. Since the  
r e s u l t s  w e r e  t o  be used f o r  comparison, t h e  scope of the a n a l y s i s  included 
only those inf luences  which i d e n t i f y  d i s t i n c t i o n s  between APS concepts. , 
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Figure 4-12. Thruster Design Point Selection Data 



D i f f e r e n t  l e v e l s  of t h r u s t  produce va r i ed  performance e f f e c t s  according 
t o  the mode of A P S  opera t ion .  For example, a h igh  thrust l e v e l  is  advan- 
tageous i n  AV maneuvers s i n c e  it reduces p rope l l an t  g r a v i t y  l o s s e s ;  however, 
i t  may i n c r e a s e  the  weight of engines,  va lves ,  and l i n e s ,  I n  c o n t r a s t ,  a 
low t h r u s t  l e v e l  (o r  more p r e c i s e l y ,  a low minimum impulse bit) conserves 
p rope l l an t  i n  the  a t t i t u d e  hold coas t  mode. The t o t a l  e f f e c t  of t h r u s t  l e v e l  
on payload is  shown i n  F igure  4-12, which desc r ibes  high performance in the  
t h r u s t  range which inc ludes  t h e  111-N (25-lb) level .  

Addi t iona l  a n a l y ~ i s  of a l l  Tug f l i g h t  modes, inc luding  deployment and 
r e t r i e v a l  missions, i n d i c a t e s  a c l e a r  preference  for t h e  b a s e l i n e  t h r u s t  l e v e l  
and a l s o  shows t h a t  t h e  Tug payload c a p a b i l i t y  i s  increased  a s  t h e  m.imlnurn 
Impulse b i t  s ize  i s  decreased. The baseline minimum pulse  du ra t ion  was 
decreased from 0.05 t o  0.025 seconds on t h e  b a s i s  of the a n a l y s i s .  

Thruster  Cant A n ~ l e  Anaivsis  

A range  of cant  ang le s  was s tud ied  t o  determine i f  t h e  b a s e l i n e  angle  
of 25 degrees  is  appropr ia te .  Since t h e  Tug must f i t  wi th in  the 4.57-rn 
(15-ft) diameter envelope d i c t a t e d  by the  Orb i t e r ,  t he  APS engines a r e  
recessed i n  t h e  Tug o u t e r  s h e l l ,  r e q u i r i n g  t h a t  t h e  Tug s t r u c t u r e  be  i n su la t ed  
from engine  plume heat ing.  A t  iow cant angles ,  the engine exhaust  impinges on 
the Tug structure (or i n s u l a t i o n )  and decreases  e f f i c i e n c y  by producing a 
nega t ive  f o r c e  and a d e f l e c t e d  exhaust stream. A t  h igh  cant  ang le s ,  t h e  
e f f e c t i v e  t h r u s t  v a r i e s  as t h e  cos ine  of t h e  can t  angle, producing a l o s s  i n  
e f f i c i ency .  The e f f e c t s  of i n s u l a t i o n  weight and v a r i a b l e  e f f e c t i v e  t h r u s t  
due t o  impingement and cos ine  l o s s  were analyzed i n  terms of payload weight 
f o r  the b a s e l i n e  Mission A. The r e s u l t s  show t h a t ,  although t h e  25-degree 
cant  a n g l e  is  a good choice,  a larger can t  angle  would inc rease  payload 
performance, Howevsr, the model assumed f o r  thermal p r o t e c t i o n  should be 
more thoroughly inves t iga t ed  i n  the context  of Tug systems be fo re  cane angle  
requirements a r e  changed. The problems of A P S  i n s t a l l a t i o n  i n t e r f a c e s  a r e  
common t o  a l l  of t h e  cryogenic and ea r th - s to rab le  pr . spe l lan t  APS concepts and 
thus w i l l  no t  revea l  advantages f o r  a s i n g l e  concept. 

Clus te r  Locat ion 

The efficiency of the four  a f t  t h r u s t e r s ,  which a r e  used f o r  t r ans l a -  
t i o n a l  v e l o c i t y  changes, could be increased  n e a r l y  1 0  percent  i f  they were 
or ien ted  a t  zero cant  angle .  Relocat ion of t hese  t h r u s t e r s ,  o r  t h e  e h t i r e  
c l u s t e r s ,  a f t  of t heoxygen  tank midpoint would permit t h i s .  Although the 
increase i n  payload c a p a b i l i t y  afforded by t h e  des ign  change would be small  
f o r  Mission A, considering changes i n  i n s u l a t i o n  weight,  t h e  performmce 
would be g rea t ly  improved f o r  Mission B and f o r  APS backup of an MPS f a i l u r e .  

I n  add i t i on ,  the f a i l u r e  mode to l e rance  of t h e  APS could be improved by 
changing t o  a more a f t  l oca t ion .  The moment arm p a r a l l e l  t o  the  long i tud ina l  
ax i s  of t h e  Tug from t h e  c l u s t e r  s t a t i o n  t o  t h e  center-of-gravi ty s t a t i o n  
could then  be used t o  genera te  p i t c h  and yaw c o n t r o l  torques by f i r i n g  the  
proper r o l l  thrusters. 



Thrus t e r  Design Poin t  Conclusions - 
The opt imizat ion s t u d i e s  y ie lded  no reason for changing t h e  dedicated 

APS design choices  on the  b a s i s  of chamber pressure, mixture r a t i o ,  a r e a  
r a t i o ,  or t h r u s t  l e v e l .  Future  s t u d i e s  of can t  ang le  and APS t h r u s t e r  
l o c a t i o n  should be considered i n  the  context of a l l  Tug systems. 

PROPELLANT ACQUISITION 

A primary d r i v e r  i n  the prope l l an t  s t o r a g e  and feed system design is  to  
provide  for zero-g and low-g space  operat ion.  The c a p a b i l i t y  may be obtained 
by t h e  use of cap f l l a ry ,  b ladder ,  o r  bellows devices ,  or by l i n e a r  acce lera-  
t i o r .  The methcds considered are shown i n  Figure 4-13. 

The ~ a p i l . ~ a r y  devices i nc lude  Concepts A through F. A l l  t he  concepts 
depend on the i e v e l ,  d i r e c t i o n ,  and duty cycle  of a c c e l e r a t i o n  by t h e  
vehicle' s engi  nes . 

Concepr A r e l i e s  on open channel c a p i l l a r y  pumping f o r c e s  Lo r e l o c a t e  
p rope l l an t  a f t e r  a n  adverse maneuver; i ts r e t e n t i o n  c a p a b i l i t y  can withstand 
acce l e ra t ions  of 10-4 g, whereas Tug S S  maneuvers c r e a t e  a c c e l e r a t i o n s  on 
the order of lom2 g. Thus, t h i s  concept cannot provide p o s i t i v e  p rope l l an t  
control .  It i s  no t  s u i t a b l e  f o r  t h e  baseline LOX tank or LH2 sump tank. 
However, this general type of design is s n i t a b l e  f o r  t h e  upstream LH2 t anks .  

Concept B ut i l . izes  screened acqu iq i t i on  channels t o  a c q u i r e  propellant:  
from anywhere wi th in  thc tank. Avai lable  screen  ma te r i a l  is s u f f i c i e n t l y  
f ine  t o  r e t a i n  propel lan t  e a s i l y  i n  a loo2 g a c c e l e r a t i o n  f i e l d .  However, 
the high thrust-to-weight r a t i o  for t h e  Tug MPS culminat ing i n  3 g 's  at  the 
end of the mission exceeds t h e  r e t e n t i o n  c a p a b i l i t y  of even t h e  f i n e s t  mesh 
s c r e e n  a w i l a b l e .  Thus, t h i s  concept: does not: warran t  f u r t h e r  cons idera t ion .  

Concept C,  a ct .n~artmented apprcach which decreases  t h e  tank dimension 
ove r  which the  main engine a c c e l e r a t i o n  acts, would be adequate if compdrtment 
dimensions were s u f f i c i e n t l y  smal l  and f i n e  mesh screen  were used. This 
concept has t h e  following problems: c a p i l l a r y  b a ~ r i e r s  f o r  compartmentation 
must be at tached t o  o r  extremely c l o s e  t o  t he  p re s su re  v e s s e l  wa l l ,  weight i s  
high, and f a b r i c a t i o n  and in spec t ion  a r e  d i f f i c u l t .  Thus, t h i s  concepL is 
el iminated from f u r t h e r  cons idera t ion .  

Concept D is  a screened baske t ,  r e f i l l a b l e  during maqn e c g i ~ n  t h r u s , .  
Gas vhich flows i n t o  the basket  dur ing  feedout under adverse APS maneuvers 2s 
purged (burped) ou t  of the  baske t  back i n t o  the tank under t h e  h y d r o ~ ~ h t i c  
head created by mafir engine burn. F a i r l y  coarse  screen  is  requi red  f o r  t h e  
baske t  and the bubble purge tube  t o  permit gas expulsion. However, coa r se  
s c r e e n  breaks down readLly under MPS burn acce lera t ions  near  t h e  end cf t h e  
mission,  permj t t i n g  propel lan t  t o  ..&ape frum t h e  baske t ,  H.:nce, this 
concept  i s  r e j e c t e d  f o r  t he  dedicated AFS app l l ca t ion .  
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Concept E u t i l i z e s  r e f i l l  dur ing  ME'S and AF'S s e t t l i n g  burns wi th  gas 
vented t o  space, Th i s  e l imina tes  t h e  problem of s c reen  breakdown and 
p rope l l an t  l o s s  encountered with Concept D ,  bu t  adds the complexity of an 
overboard vent valve.  If the screened r e f i l l  p o r t  i s  rep laced  by a valved 
r e f i l l  p o r t ,  the conta iaer  can be pressure- i so la ted  from t h e  t a n k .  Designs 
of t h i s  type have been s tudied by MUAC (Referewe 4 ) .  This concept i s  heavy, 
complex, and l e s s  reliable than Concept F, but  i s  reconsidered f o r  the 
i n t e g r a t e d  APS. 

Concept F was se l ec t ed  f o r  t h e  LOX and LH2 sump tank design.  It is 
pass ive ,  u t i l i z i n g  redundant screerrs of coarse mesh wi th in  t h e  can. I t  uses 
an open-channel communication wick t o  pump p rope l l an t  by c a p i l l a r y  a c t i o n  t o  
t h e  accumulator wick continguous w i t h  t h e  can e n t r y  p o r t .  

Since volume c o n s t r a i n t s  d i c t a t e  t h a t  t h e  hydrogen be s to red  i n  t h r e e  
tr.nks, s e r i e s  feed was chosen. Thus, only t h e  tank  n e a r e s t  t h e  engines need 
be  used as a sump tank t o  provide gas-free l i q u i d  a t  t h e  requi red  temperature 
t o  the engines and t o . t h e  thermal c o n t r o l  system. The upstream tanks need 
no t  always provide l i q u i d  as t h e  sump tank a c t s  a s  a gas accumulator; however, 
che amount of gas t ransferzed  be fo re  l i q u i d  t r a n s f e r  is  complete must be  held 
t o  a manageable amount. Ult imately,  the upstream tanks must be e s s e n t i a l l y  
dep le t ed  of liquid t o  provide good expulsion e f f i c i e n c y .  Following upstream 
tank deple t ion ,  thermal con t ro l  can  be  relaxed t o  allow gas heatup, thereby 
reducing helium pressurant  requirements .  

The LH2 sump tank employs a 0.044 m3 (1.57 f t 3 )  capac i ty  p rope l l an t  
r e t e n t i o n  can t o  a s s u r e  gas-free l i q u i d  feed t o  t h e  engine. Flow out  of the  
can t o  the  engfne is  replaced by f low i n t o  the  can through a screened s l o t  a t  
t h e  bottom of t h e  can (Figure 4-14). The capac i ty  of t h e  call w a s  e s t ab l i shed  
by t h e  amount of gas which could e n t e r  the  can dur ing  the  mission. This  i s  
determined by t h e  frequency, du ra t ion ,  and flow r a t e s  during adverse 
maneuvers ( those  which tend t o  d i s l o c a t e  l i q u i d  from the  l i q u i d  accumulator 
r eg ion  a t  t h e  e n t r y  s l o t  t o  t h e  can ) ,  and t h e  a b i l i t y  of t h e  accumulator 
wicks t o  r e t a i n  propel lan t  dur ing  t h e s e  maneuvers. 

The major l i m i t a t i o n  of the  des ign  is i ts  i n a b i l i t y  t o  r e t a i n  p rope l l an t  
dur ing  sus ta ined  -X, +Y, an< k Z  maneuvers. During such maneuvers, gas w i l l  
flow prematurely t o  tKe davmstreilm tank; however, t h e  r e t e n t i o n  can and wick 
accumulator .in t h e  sump tank se rve  t o  prevent gas  passage t o  t h e  engines.  
The expulsion e f f i c i e n c y  is  expected t o  be a t  l e a s t  0.65 percent .  

Since only one LOX tank i s  used,  the design is  s i m i l a r  t o ,  but smal le r  
than, t h a t  of the LH2 sump tank. The s c a l e  e f f e c t  favors the r e t e n t i o n  and 
r a p i d  r e a c q u i s i t i o n  of p rope l l an t  t o  t h e  screened s l o t  of t h e  can. 

Concept W of Figure 4-13 d e s c r i b e s  a b ladder  system which can  be refur-  
bished a f ~ e r  each mission. Although a bladder  con f igu ra t ion  has been used 
succes s fu l ly  i n  the  Apollo s e r v i c e  module f o r  s t o r a b l e  p rope l l an t s ,  t h e  use 
of b ladders  f o r  cryogenic p r o p e l l a n t s  r equ i r e s  a d d i t i o n a l  development and 
t hus  is not a good competitor, 
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Figure 4-14. Capillary Propellant Acquisition Device 

The bellows (Concept G) can  be used e i t h e r  a s  a r e f i l l a b l e  con ta ine r  i n  
the prope l l an t  tank (dedicated o r  i a t e g r a t e d ) ,  as an accumulator s e p a r a t e l y  
pressur ized  and located internally or e x t e r n a l l y  i n  \:he i n t e g r a t e d  concept,  
or  a s  a s e p a r a t e  p rope l l an t  s to rage  p o s i t i v e  expulsion device  i n  the case  of a 
dedicated system, However, t he  bellows concept has  t h e  disadvantage of high 
weight. 

To minimize t h e  weight pena l ty  of a m e t a l l i c  bellows device, an APS 
tankage system can b e  considered t h a t  uses  the bellows only dur ing  Tug 
a t t i t u d e  con t ro l  maneuvers and relies on vehicle a c c e l e r a t i o n  t o  settle the 
prope l l an t  i n  conventional storage tanks during Tug l i n e a r  translation 
maneuvers, Dedicated . IPS Candidate 7 r e f l e c t s  t h i s  approach. During the 
i n i t i a l  phase of the  l i n e a r  t r a n s l a t i o n ,  propel lant  is drawn from t h e  bellows 
accumulator tank u n t i l  propellant: i n  t h e  main s to rage  tank has been settled. 

PUMP FEED 

Several of the  candida te  APS tankage and feed system concepts use 
e l e c t r i c  motor-driven pumps for prope l l an t  feed. Candidates 1 and 6 u s e  
zero-g prope l l an t  a c q u i s i t i o n  devices  t o  a s su re  a l l - l i q u i d  supply a t  t h e  pump 
I n l e t s .  Candidate 2 was conceived as  a method of e l imina t ing  the development 
effort associated with cryogenic zero-g p rope l l an t  a c q u i s i t f o n  by c a p i t a l i z i n g  
on the projec ted  c a p a b i l i t y  of the l i qu id - l i qu id  thruster t o  accept  mixed 
phase p rope l l an t s  and by incorpora t ing  a pump wi th  a similar mixed phase 
c a p a b i l i t y .  



The pump a n a l y s i s  considered mixed phase flow as w e l l  a s  a l l - l i q u i d  flow. 
The type of flow g r e a t l y  a f f e c t s  pump design, speed, e f f i c i e n c y ,  weight,  
number of s tages ,  development e f f o r t ,  and r e l a t e d  f a c t o r s .  Bas ica l ly ,  there 
are four  types of pumps which can  be consfdered as candida tes  f o r  system 
ope ra t i on ,  bu t  n a t u r a l l y  no s i n g l e  type  can be expected t o  opera te  a t  peak 
e f f i c i ency  f o r  both t h e  l i q u i d  oxygen and l i q u i d  hydrogen system under a l l  
t ypes  of f l u i d  flow. The four t ypes  a r e  c e n t r i f u g a l ,  vane, p i s t o n ,  and gear ,  
e ach  requi r ing  t h e  use of an i n v e r t e r  t o  prevent  excess ive  dc motor brush 
wear and arcing.  

A l l  of the candida te  tankage and feed system concepts incorpora t ing  pumps 
u s e  a downstream accumulator for  p r e s s u r e  o s c i l l a t i o n  con t ro l .  The design of  
i3 combined pump and accumulator combination w i t h  trapped helium u l l age  was 
Lnvestigated. The u l l age  w i l l  expand and c o n t r a c t  a s  p r o p e l l a n t  is 
a l t e r n a t e l y  withdrawn and r e tu rned  t o  t h e  accumulator,  Liquid-gas i n t e r f a c e  
c o n t r o l  can be provided by a c a p i l l a r y  system o r  by a smal l  bellows o r  
b ladder .  

Assuming t h e  helium a c t s  a s  a n  i d e a l  gas ,  the r a t i o  of t h e  i n i t i a l  volume 
o f  helium t o  the  F i n a l  volume of helium (or the t o t a l  volume of the accumula- 
tor) i s  inverse ly  propor t iona l  t o  the  r a t i o  of i n i t i a l  and f i n a l  accumulator 
p ressures .  Thus, t he  t h r u s t e r  i n l e t  p r e s su re  could be con t ro l l ed  between 
138 and 172 ~ / c m 2  (200 and 250 p s i a )  by a  minimum helium-to-accumulator volume 
ratio of 0.80. This i n l e t  pressure v a r i a t i o n  w i l l  r e s u l t  i n  a t h r u s t  
v a r i a t i o n  from 103.5 t o  122 N (23.3 t o  27.5 I h ) .  A review of docking and 
s e p a r a t i o n  maneuvers t nd i ca t e s  t h a t  such a v a r i a t i o n  occur r ing  on a l l  
t h r u s t e r s  simultaneously is accep tab l e .  

A t radeoff  between pump flow and accumulator l i q u i d  capac i ty  has been 
conducted. The minimum accumulator c;lpacity r e s u l t s  when a l l  of t h e  
p r o p e l l a n t  flow f o r  t h e  t h r u s t e r s  is provided by t h e  pump. A s  t h e  pump f low 
r a t e  i s  reduced, more of the  p r o p e l l a n t  flow must  be provided by t h e  
accumulator. Af t e r  t h r u s t  termination.,  pump ope ra t i on  is continued t o  
r e p l e n i s h  the accumulator. The l a r g e s t  o ing l e  demand on the accumulator is  
123,000 ~ / s e c  (27,665 lb-sec) t o t a l  impulse  a t  37.19 hours.  This  is 
equ iva l en t  t o  33.1 kg (73 l b )  of p r o p e l l a n t ,  o r  6.6 kg (14.6 l b )  of LH2 and 
26.5 kg (58.4 l b )  of LOX. The p r o p e l l a n t  is  consumed over  a 275-sec per iod 
by fou r  t h r u s t e r s  burning s imultaneously t o  provide t r a n s l a t i o n .  Thus, as 
the LH2 pump flow approaches zero,  the required accumulator capacity 
approaches 6.6 kg (14.6 lb) of LH2. 

The r e s u l t s  of  a weight trade study f o r  t h e  LH2 accumulator and pump are 
presen ted  i n  Figure 4-15 i n  which the LH2 accumulator weight (a funct ion  of 
capac i ty )  is p l o t t e d  versus  LH2 pump power (a func t ion  of flow r a t e ) .  Pump 
and inverter weights also a r e  shown. As can be seen, minimum weight occurs  
a t  the maximum pump flow and minimum accumulator capac i ty ,  

From a r e l i a b i l i t y  s t andpo in t ,  i t  is desirable t o  l i m i t  t he  number of pump 
cycles per mission t o  approximately 100. Therefore ,  accumulator des ign  p o i n t s  
of 0.45 kg ( 1  lb )  of LH2 and 1.36 kg ( 3  lb) of LOX were s e l e c t e d .  These 
c a p a c i t i e s  a r e  more than adequate t o  handle pump s t a r t  t r a n s i e n t s  up t o  5 s ec .  
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Short-duration a t t i t u d e  control pulses occurring during sustained four- 
t h r u s t e r  l i n e a r  t r a n s l a t i o n  maneuvers a l s o  w i l l  be t~upplied by thu  accumula- 
to r s .  The pump sizes se lec ted  f o r  minimum system weight a r e  0.1 kg/sec 
(0.22 lb / sec )  LOX and 0.0245 kg/sec (0.054 lh/sec) LH2, which a r e  s u f f i c i e n t l y  
g rea te r  than the flow of four thrusters to provide for accumulator 
replenishment. 

The t o t a l  power requirement f o r  both pumps bassad on four-thruster flow 
rare is 2000 warts,  o r  a t o t a l  of 0.98 kwh f o r  a complete nlission. Alrhough 
the  add i t iona l  reac tants  consumed by t h e  e x i s t i n g  Tug f u e l  c e l l s  would be 
neg l ig ib le  - (approximately 0.40 kg (0.88 lb) - f t  is estimated tha t  two 
a d d i t i o n a l  f u e l  c e l l  modules weighing 13.6 kg (30 lb) each would be required 
t o  handle the  ext ra  2000-watt load during peak power periods. I n  comparison, 
a s i lver-z inc  primary b a t t e r y  with a 7-day l i f e  can be added f o r  only a 5-kg 
(11-lb) weight penalty. Because of t h i s  weight savings, the battery approach 
was se lec ted  fo r  the  pump power supply. 

THERMAL CONTROL 

One of the most c r i t i c a l  design considera t ions  fo r  a cryogenic APS is  
thermodynamic contro l  of the  propellants .  Proper thermodynamic control  of LOX 
and LH2 is  necessary t o  avoid tank overpressur iza t ion ,  loss of propellant  
through venting, and excessively warm prope l l aa t s  a t  the  t h r u s t e r  i n l e t .  I n  
addit ion,  f o r  a tankage system using c a p i l l a r y  screened compartm~znts f o r  
zero-g propellant  o r i en ta t ion ,  thermodynamic con t ro l  is  required to  prevent 
vaporizat ion o r  drying out  of the c a p i l l a r y  wicks, 



Five c o n t r o l  concepts were considered, inc luding  no vent ing ,  d i r e c t  
overboard vent ing ,  and t h r e e  types of thermodynamic vent ing  with hea t  
exchangers: i n t e r n a l ,  i n t e r n a l  wi th  bulk mixer, and wall-mounted, 

Each of t h e s e  concepts is based on thermal i s o l a t i o n  of t h e  s to rage  tanks  
and feed  l i n e s  through t h e  use  of mul t i layer  i n s u l a t i o n  and low conductfviry 
suppor ts .  Heat t r a n s f e r  of t h e  i n s u l a t i o n  w a s  analyzed and the  thermodynamic 
c o n t r o l  system h e a t  loads e s t ab l i shed .  Each candida te  concept was evaluated 
and performance p red ic t ions  a r e  presented f o r  c r i t i c a l  ope ra t iona l  
c l i a r a c t e r i s t i c s  . 

E f f e c t i v e  thermal conduct iv i ty  va lues  of 0.312 J/hr-m-K (4 x low5 
~ t u / h r - f t - R )  and 0.249 J/hr-m-K (5 x 10-5 Btu/hr-ft-R) were taken from 
Reference 5 for the LOX and LH2 i n su l a t ion ,  r e spec t ive ly .  

I n s u l a t i o n  th icknesses  of 1.27 t o  2.54 cm (0.5 t o  1 in . )  were assumed 
and t h e  heat l e a k  values s o  ca l cu la t ed  were doubled t o  account f o r  s t r u c t u r a l  
suppor t s  and i n s u l a t i o n  layup effects. The resultant h e a t  loads are: 

Tank, J / h r  ( ~ t u / h r )  

Feedl ine,  J / h r  ( ~ t u / h r )  

T o t a l  11080 (10.5) 1 25700 (24.4) 

Because of t he  s t rong  s e r , s i t i v i t y  of cryogenic system design to  heat load  
magnitudes, these values were recomnuted by us ing  d a t a  from another  source 
(Reference 6) and applying t h e  r a d i a t i o n  hea t  t r a n s f e r  equat ion.  Close agree- 
ment between the  two methods was reached. Because of the importance of 
minimizing hea t  leak ,  ar: e f f e c t i v e  emit tance va lue  of 0.002 was se l ec t ed  a s  a 
des ign  point .  Therefore,  t h e s e  va lues  - 25700 and 13.080 J/hr (24.4 and 10.5 
~ t u / h r )  t o t a l  f o r  LH2 and LOX - a r e  used f o r  a l l  dedfcated concepts.  

I f  hea t  load t o  s torage  volume r a t i o s  a r e  low and i f  p rope l l an t  with- 
drawal i s  evenly d i s t r i b u t e d  over  t h e  s to rage  per iod ,  a  closed-tank o r  no- 
ven t ing  concept can be considered. Tank pressure  rise m y  be completely o r  
p a r t i a l l y  o f f s e t  by t h r u s t e r  p rope l l an t  consumption. T h i s  concept was 
analyzed f o r  t h e  base l ine  System A mission p r o f i l e  and h e a t  loads  previous ly  
presented .  Using t h e  open system genera l  energy equat ion,  t h e  i d e a l  condi t ion  
of a mixer system was assumed t o  i so thermal ize  the l i q u i d  and vapor p rape l l an t .  
The p rope l l an t  w a s  assumed t o  be s a t u r a t e d  a t  atmospheric pressure  a t  S h u t t l e  
l i f t o f f  . 

Propel lan t  temperature and vapor pressures  were found t o  be excess ive  f o r  
t h e  164-hour mission,  reaching 31.8 K (57.4 R) and assuming 105 ~ / c r n ~  (153 
p s i a )  i n  the LH2 tank f o r  the l a s t  APS burn. For t h i s  reason,  no-venting has 
been el iminated a s  a v i ab le  thermodynamic c o n t r o l  concept,  t h i s  a p p l i e s  t o  
e i t h e r  pump-feed o r  pressure-feed i n i t i a l  condi t ions .  



n f t e r  conciuding t h a t  some form of vent ing  is requi red  f o r  thermodynamic 
con t ro l  of t h e  p rope l l an t s ,  t h e  s imples t  method t o  be  considered is  d i r e c t  
overboard vent ing of t h e  u l l a g e  t o  r e l i e v e  tank pressure  and reduce p rope l l an t  
temperature by vapor iza t ion  of the  bulk l i q u i d .  This  approacll is  i d e a l  f o r  
ground opera t ions  o r  f o r  space vehic les  which can provide an a r t l f i c f a l  g rav i ty  
by r o t a t i o n  o r  l i n e a r  t r a n s l a t i o n .  

D i rec t  overboard ven t ing  i n  a  zero-g o r  low-g environment, however, w i l l  
r e s u l t  i n  excess ive  l a s s  of l i q u i d  p rope l l an t .  Cap i l l a ry  screen  b a r r i e r s  
which work w e l l  t o  block t h e  passage of gas  through a l i q u i d  f i l m  w i l l  no t  
adequately r e t a r d  the  f low of l i q u i d  when e i t h e r  wet o r  dry,  Locat ing t h e  
vent  o u t l e t  a t  the  u l l a g e  a l s o  is  d i f f i c u l t  because of t h e  v a r i a b l e  l i q u i d  
o r i e n t a t i o n  r e s u l t i n g  from the  mult i -axis  t h r u s t i n g  of t h e  APS. Even a f t e r  
l oca t ing  t h e  u l l age ,  s i g n i f i c a n t  l i q u i d  entrainment i n t o  t h e  ven t  flow can 
r e s u l t  f o r  high l i q u i d  mass l e v e l s .  

P e r i o d i c a l  p rope l l an t  s e t t l i n g  and vent ing  a l s o  has been considered 
whereby t h e  propel lan t  temperature and pressure  would be allowed t o  r i s e  
between s e t t l e d  vents.  Th i s  approach has  t h e  s e r i o u s  drawback of n o t  providing 
the  subcooling necessary t o  preclude vapor entrapment wi th in  t h e  zero-g 
c a p i l l a r y  compartments o r  t h e  t h r u s t e r  feed manifold. For t h e s e  reasons,  
d i r e c t  overboard vent ing was no t  considered further'. 

Thermodynamic vent ing  can be used t o  remove energy from the p rope l l an t  
tanks i n  zero-g without the high weight pena l ty  of r e l e a s i n g  l i q u i d  t o  space,  
This method of thermodynamic con t ro l  works by withdrawing l i q u i d  from t h e  
tank, expanding i t  t o  a low-pressure and -temperature two-phase f l u f d ,  and 
then vapor iz ing  the  l i q u i d  by heat t r a n s f e r  f r o n  t h e  s to red  p rope l l an t .  
Although the  propel lan t  o r i e n t a t i o n  system normally a s su re s  l i q u i d  withdrawal, 
t h e  system can s t i l l  work e f f i c i e n t l y  i f  unusual condi t ions  a l low gas i n t o  the 
vent system. 

Heat exchange between t h e  cold expanded ven t  f l u i d  and t h e  s t o r e d  
p rope l l an t s  can be accomplished I n  s e v e r a l  d i f f e r e n t  wiiys. I f  h e a t  exchangers 
i n s i d e  t h e  tanks are used, expanded hydrogen can h e  psssed through an  LH2 tank 
i n t e r n a l  heat exchanger and then  through a hydrogen/oxygen e x t e r n a l  heat 
exchanger be fo re  i t  i s  vented overboard. The c h i l l e d  oxygen i s  routed  through 
a  LOX tank i n t e r n a l  hea t  exchanger and then is recovered i n  the  Tug main 
propulsion LOX tank. For t h i s  system, heat t r a n s f e r  frcm t h e  bulk prope l l an t  
and u l l a g e  volume depends on fluid convection and conduction a s  we l l  a s  
conduction through s ' t r u c t u r a l  members and hea t  exchanger f i n s .  Natura l  
convection was found t o  be a s i g n i f i c a n t  con t r ibu to r  t o  the  t o t a l  heat 
t r a n s f e r  a t  10'5 g ,  bu t  on ly  a small c o n t r i b u t o r  a t  . For Mission A, 
the veh ic l e  w i l l  be i n  g r a v i t y  environments less than g f o r  up t o  
52 hours a t  a  time while  coas t ing  a t  geosynchronous o r b i t ,  A t  t h i s  low 
acce l e ra t ion  l e v e l ,  conduction is by f a r  t h e  predominant hea t  t r a n s f e r  mode. 

A temperature s t r a t i f i c a t i o n  a n a l y s i s  of t h e  no-venting case  showed t h a t  
s t r a t i f i c a t i o n  i n  zero g caused unacceptable p re s su re  r i s e s .  A P S  prope l l an t  
usage du r ing  these periods i s  no t  s u f f i c i e n t  t o  maintain a  cold environment. 



I n t e r n a l  h e a t  exchanger and p rope l l an t  bu lk  mixers have Leen evaluated 
a s  a par t  of several study programs (References 7 and 8). The mixers reduce 
thermal  s t r a t i f i c a t i o n  and b r ing  t h e  bulk f l u i d  i n  contac t  with t h e  hea t  
exchanger. Although such systems perform w e l l ,  they have t h e  disadvantage of 
complexity and t h e  hazardous requirement f o r  e l e c t r i c a l  power i n  t he  LOX tank. 
For thermodynamic con t ro l  concepts u t i l i z i n g  expended GH2 t o  chl.11 the  LOX 
system, an a d d i t i o n a l  ex t e rna l  hydrogenloxygen hea t  exchanger is  requi red  t o  
prec lude  the potent ial .  hazard of hydrogen leakage wi th in  the LOX tank. It is 
be l i eved  t h a t  these  disadvantages can be circumvented by t h e  use ?P tank w a l l -  
mounted heat exchanger tubes. The f a b r i c a b i l i t y  and performance of tank 
wall-mounted hea t  exchangers have been demonstrated succes s fu l ly  i n  two 
experimental programs (References 33 and 34). 

By concentrat ing ex te rna l  tank  wall-mounted hea t  exchanger tubes a t  h e a t  
s h o r t s  under t h e  in su la t ion ,  t h e  tank  o r  feed l i n e  hea t  load can be essen- 
t i a l l y  in te rcepted  before i t  reaches  the  p rope l l an t  and temperature s t r a t i f i -  
c a t i o n  is  v i r t u a l l y  eliminated. This  approach e l imina tes  rha vaed for bulk  
mixers o r  i n t e r n a l  conduction f i n s .  

During t h i s  s tudy,  13 d i f f e r e n t  tube a t t a c h w n t  designs were evaluated 
from t h e  s tandpoint  of thermal performance and ? . ~ ~ C w c t t v i t y .  From these ,  a 
concept  u t i l i z i n g  l o c a l  brazing t o  conta in  a ttih =::thin a chem-milled channel 
ha s  been se lec ted  f o r  weight, c o s t ,  and reliabl".*cy assessment because of i t s  
favorable  heat  t r a n s f e r  and p r o d u c i b i l i t y  cha rac ; , e r i s t i c s .  

Various techniques have been s tud ied  f o r  providing t h e  t h r u s t e r  i n l e t  
temperature requirements. A l l  of t h e s e  concepts involve b leeding  LH2 from 
t h e  tank  to  the  t h r u s t e r  i n l e t s  and then expanding t h e  hydrogen flow through 
a Joule-Thompson va lve  t o  a lower temperature t o  a c t  as a h e a t  s ink .  

For the base l ine  concept, t h e  expanded hydrogen bleed is used t o  coo3 the  
LH2 feed  l i n e s  and s torage  tanks and then t o  cool  t h e  oxygen bleed flow i n  an  
e x t e r n a l  hydrogen/oxygen heat  exchanger. Thf s bleed flow is  then used t o  
t r a c e  the  LOX feed  l i n e s .  If the  l i n e s  a r e  no t  t raced ,  t h e  LOX feed l i n e s  a r e  
cooled only by t h e i r  i n t e r n a l  flow, The oxygen feed l i n e  hea t  load is such 
t h a t  e i t h e r  the bleed flow r a t e  o r  the  temperature r i s e  a r e  excessive,  For 
example, an 11.1 K (20 R) temperature r i s e  d i c t a t e s  a 0.27-kg/hr (0.5-lb/hr) 
b l eed  flow r a t e ,  r e s u l t i n g  i n  a 44.5-kg (98-lb) propel lan t  l o s s  f o r  a 
164-hour mission. 

A s  another a l t e r n a t i v e ,  Joule-Thompson expansion of t h e  oxygen bleed was 
considered.  The coli oxygen would be routed around the  LOX feed l i n e s  and 
t.!~en would cool t h e  LOX s to rage  tank .  This approach has the. advantage of 
e l imina t ing  the weight, cos t ,  and p o t e n t i a l  hazard assoc ia ted  with the  
hydrogen/oxygen e x t e r n a l  hea t  exchanger, The ~ d d i t i o n a l  hea t  s i n k  provided 
by t h e  expanded oxygen reduced t h e  LOX bleed flow t o  8.05 kg/hr  (0.117 Ib /h r )  
o r  a t o t a l  l o s s  of 8.6 kg (19.2 l b )  f o r  a feed l i n e  temperature rise of 
11,l K (20 R ) ,  

A t h i r d  a l t e r n a t i v e  was evaluated. which elilfiinates LOX 'uleed a l toge ' ih r r .  
A f t e r  cooling t h e  LH2 tank, the expanded LI12 blaed f l u i d  is routed under t h e  
mul r i l aye r  i n s u l a t i o n  around t h e  LOX feed l i n e s  and $:torage tank,  absorbing 



t h e  complete heat load of t h e  LOX system, The hydrogen bleed is  warmad with 
a  10-watt e l e c t r i c a l  heater t o  a temperature of 72.2 K (130 R) t o  preclude 
f reez ing  of t h e  oxygen. As t h e  design f low r a t e  of 0.0605 kg/hr  (0.133 l b / h r )  , 
26000 J/hr (24.6 Btu/hrj  a r e  a v a i l a b l e  for cooling,  while  the  LOX system heat 
load is  only 11100 3/hr (10.5 ~ t u / h r ) .  To avofd over-coolirl&, a con t ro l  
valve would be provided t o  bypass the  e l e c t r i c a l  heater and LOX tankage 
system. Although t h i s  concept: saves t h e  weight of the hydrogen/oxygen hea t  
exchanger and t h e  LOX bleed,  i t  docs i n c r e a s e  the potential hazard assoc ia ted  
with c l o s e  proximity leakage of hydrogen and oxygen. This  hazard is  avoided 
while i n  the Shu t t l e  cargo bay, however, s i n c e  cool ing  i s  no t  needad during 
the app l i cab le  f l i g h t  p h ; ~ ~ : .  

RELIABILITY ANALYSIS 

The inherent  s u b j e c t i v i t y  of r e l i a b f l i t y  assessment was recognized ear ly  
i n  t he  s t u d y  and a  procedure was devised t o  permit  a f a i r  comparison of AFS 
concepts,  F i r s t ,  t he  s t o r a b l e  b ip rope l l an t  APS r e l i a b i l i t y  was computed 
using the d a t a  i n  Reference 2. The purpose.was t o  vexify t h a t  t h e  a l l oca t ed  
goal  of 0.996 could be reached using the quoted component f a i l u r e  r a t e s  wi th  
t h e  144-hour, s i n g l e  payload deployment mission used i n  Reference 2. It was 
a l s o  necessary t o  understand the success path l o g i c  i n  order t c  r e c t i f y  any 
d i f f e rences  i n  t h e  l i q u i d - l i q u i d  O/K APS system logic. Since i t  was a more 
analogous case  and more detailed data were available on rbe  s t o r a b l e  bipro-  
p e l l a n t  system, i t  was chosen f o r  t h i s  purpose over  the  &:orable mono- 
p rope l l an t  system. 

Concurrently,  i n i t i a l  analyses of rhe l i qu id - l i qu id  D/H APS r e l i a b i l i t y  
centered around t h e  refinement of f a i l u r e  rate data aiid t he  d e f i n i t i o n  of 
opera t ing  times, and culminated i n  t h e  description given i n  Table 4-9, 

Next, a s  shown i n  Table 4-10, the s t o r a b l e  b ip rope l l an t  APS r e l i a b i l i t y  
was reassessed  by using the r e f i ~ n d  f a i l u r e  r a t e  d a t a  and then by imposing 
the t r i p l e  payloed placement mission wfth  r e f i n e d  c r i t e r i a .  The change from 
the s i n g l e  to  t he  t r i p l e  payload placerncnt mission produced t h e  more 
pronounced e f fec t  on r e l i a b i l i t y .  Thp storable monopropellant APS was then 
evaluated.  

F i n a l l y ,  the  r e l i a b i l i t y  of each l i q u i d - l i q u i d  O/H candidate  concept was 
computed, a s  shown i n  the t ab l e .  The r e l i a b i l i t y  a n a l y s i s  was c lose ly  
coordinated with the design e f f o r t  t o  assess component opera t ing  l i f e  
c h a r a c t e r i s t i c s  and t o  d e f i n e  component redundancy needs on a r a t i o n a l  b a s i s .  
A l l  of the cryogenic APS candida1:e f a i l u r e  ratas were adjus ted  by including 
environmental degradation (K f a c t o r s ) .  The effect of t h e  degradation a l s o  
is shown in the t a b l e  for the updated baseline concept. 

A t  this pofn t  i n  the r e l i a b i l i t y  study, t h e  d a t a  were s u f f i c i e n t l y  
compaf:ible t o  permit concept s e l e c t i o n ,  a l though none of t h e  candidates  
a c t u a l l y  achieved the reliability goal. The r e l i a b i l i t y  i nc rease  necessary 
i n  each case  was assumed t c  b e  avai lable  through the SRtT development of 
c r i t i c a l  components. 



Table 4-9.  Liquid-Liquid O/H APS Failure Rates 

ORIGINAL PAGE IS 
OF POOR QUALITY 

I 

h Total  

24 .O 
14.4 
6.6 

32.5 
19.5 
0.75 
0.115 
0.069 
0.0114 
0.2976 
3.6 
3.75 
5.0 

3R. 25 
6.75 
5.0 

45.0 
27.0 
50.0 
30.0 
45.0 
27 -0  
18.1475 
10.8885 
8.625 
5.175 
2.975 
1.785 
0.057 
0.114 
0.855 
0.1 
0.16 

43.5 
26.1 
31. 
18.6 
0.3 
0.18 

BOX of valve FR is i n  teakagq; 90% of t~ = 50 cycles - 3-position valve 
remaining FR i n  i n  unenergized operation 
r t a t a  ti..., f a i l u r e  to re turn) ;  L 6  = 10 cycles - vent 
10% i 4  i n  anargized s t a t e  (i.e., t7 - 32.8 hours - 20% duty cycle 
f a i l  t o  operate)  on heater  
t i  - 164 hourr - mission time t g  - 5,060 cycles - regulator  
t 2  2,300 cycles  - mingle t h ru s t e r  t = .25 hours - max burn on any 
miamion operat ion t%rus t e r  
t 3  = 82 hour. - aamtmred f a i l u r e  tlO- 23'3 cycles - assumed standby 
point operation 
L4 - 1 cycle  - isolation 

Compone~t 

Solanoid valve 
(thruster) 

Ipn i t r r  

l r o l a t i on  valve 
(dual co i l )  

O r  i f  ice 
Capillary device 

Tank-HI 
Tank-cryogenic 
Bladder 
Soilnoid valve 
(3-porition) 
Check valve 

Heat exchanger 
RalteE valve 

Burnt d imc / rd i a f  valve 

Vmnt valve 

Rapulator 

F i l t e r  
Haarer 
F i l l  valve and cap 
Liner and f i t t i n g s  
Nozt~a/chamber 
Pup-a1.c t r  i c  

AccmuLator 

Source 

Shutt le  

Planning 
Research 
RI (TA66) 

AVCO 
RI (72-2) 

R I  (72-2) 
Apollo 
FUCDAC 
R I  (TA66) 

>LiCDAC 

RI (TA66) 
JPL 

WCDAC 

JPL 

Apollo 

JPL 
JPL 
JPL 
JPL 
FUCDAC 
Saturn 

Autonccics 

hpol l l i  

4 = F.R. x 10'~ 

4.8 

0.6 

6.5 

0.15 
0,023 

0.0114 
0.2976 
3.6 

.75 Operate 
1.0 Leak 
7.65 Leak 
1.35 Operate 
1.0 
P.0 

10.0 

9.0 

3.6295 Leak 

1.725 Return 

0.595 Operate 

0.0114 
0.0228 
0.171 
0.02 
0.16 
8.7 

6.2 

0 -06 Lead 

K F a c e ~ r  

LH 5 
LOX 3 - 
LH 5 
LOX 3 
LH 5 
L a  5 
LOX 3 - 

- 
LH 5 

Ltl 5 

LH 5 
LH 5 
LOX 3 
LH 5 
LOX 3 
tH 5 
LOX 3 
LH 5 
LOX 3 

LH 5 
LH 5 
LH 5 
LH 5 - 
LH 5 
LOX 3 
LH 5 
LOX 3 



Table 4-10. System Relrabi l iry  Values 

Configuration - 
Storable Propellant APS Analyses 

Bipropellant 

Bipropellant 

Bipropellant 

Monopropellant 

Basel ine Environment Comparison 

Candidate Com~arison 

0. Baseline 

1. Pump fead 

2 .  Mixed phase 

3. Pressure feed, tank 
wall-cooled 

4.  Modular 

5 .  Bladder feed, tank 
wall-cooled 

6 Pump feed, tank 
wall-cooled 

7. Pump & bellows f e e d ,  
acceleration settling 

Cont , i t i o n  I 
Failure 

Mission 1 Rate 1 K Factor 1 Reliability 

* - McDonnell Douglas data 

I R - Study data 



5 .  INTEGRATED CONCEPT DEVELOPMENT 

This  s ec t ion  descr ibes  tiie development of an  in t eg ra t ed  cryogenic APS 
concept.  Initial, carididate screening  eva lua t ions  and a summary of t h e i r  t r a d e  
s tudy  b a s i s  fire p ~ z s e n t e d  and followed by & d e t a i l e d  d e s c r i p t i o n  of the  
s e l e c t e d  in tegra ted  concept. The design,  opera t ion ,  weight,  performance 
c a p a b i l i t y ,  cos t ,  and an i n i t i a l  a p p r a i s a l  of suppor t ing  research  and 
technology (SR6rT) requirements for t h e  APS and i ts  major components a r e  def ined  
and discussed. The  impact of t h e  APS on o the r  v e h i c l e  subsystems a l s o  is 
presented,  Design analyses  and assumptions made i n  developing t h e  in t eg ra t ed  
APS concept and def in ing  its c h a r a c t e r i s t i c s  a r e  included a t  t h e  end of t h i s  
s ec t ion .  

5.1 CANDIDATE SGREENING 

Parametric studies and candida te  screening eva lua t ions  appl ied  t o  
dedica ted  APS concepts idenzified p o t e n t i a l  combinations of design concepts 
f c r  providing propel lan t  a c q u i s i t i o n ,  thermodyaamic con t ro l ,  and propel lan t  
feed f o r  a cryogenic APS utilizing such a tankage system, A f t e r  the  elimina- 
t i o h  ~f opera t iona l ly  incompatible and low p o t e n t i a l  combinations, weight, 
r e l i a b i l i t y ,  and cos t  t rade  s t u d i e s  r e s u l t e d  i n  t h e  selection of the fol iowing 
conce; ts f o r  dadicated systems : 

Function -- Design - 
Propel lant  acqu i s i t i on  Cap i l l a ry  devices  

Thermodynamic con t ro l  

Propel lant  feed 

m Expanded H2 bleed f ced l ine  
t r a c i n g  and tank w a l l -  
mounted cool ing  c o i l s  

Pump feed with p re s su re  
feed a l t e r n a t e  

The p r inc ipa l  c h a r a c t e r i s t i c  of an in t eg ra t ed  cryogenic APS is t h a t  Its 
p rope l l an t s  a r e  drawn d i r e c t l y  from the MPS tanks w3.thour t h e  neces s i ty  for 
s e p a r a t e  s torage.  This d i f f e rence  i n  design has i t s  most s i g n i f i c a n t  impact 
on the approach t o  propel lant  a c q u i s i t i o n .  The func t iona l  requirements for 
prope l l an t  thermodynamic. con t ro l  and p rope l l an t  feed can s t i l l  be sa . t i s f i ed  
us ing  techniques s i m i l a r  t o  those  app l i ed  t o  t h e  dedicated concepts.  The 
fo l lowing  s e c ~ l o n  presents  t he  r e s u l t s  of t r a d e  s tudy and screening  eva lua t ions  
f o r  s e v e r a l  p ropel lan t  a c q u i s i t i o n  concepts.  This  i s  followed by a review of 
t h e  pressure  versus pump a l t e r n a t i v e s  for p rope l l an t  feed a s  they apply t o  an  
i n t e g r a t e d  APS. 



PROPELLANT ACQUISITION 

Figure  5-1 presents  schematic r ep re sen ta t ions  of t he  concepts considered 
f o r  p rope l l an t  a c q u i s i t i o n  for an i n t e g r a t e d  system. The concepts considered 
are r e s t r i c t e d  t o  c a p i l l a r y  systems s i n c e  o t h e r  techniques were el iminated 
during t h e  a n a l y s i s  of dedica ted  systems because of excessive weight (bellows),  
technology r i s k  (bladders) ,  o r  i n a b i l i t y  t o  s a t i s f y  t h r u s t e r  i n l e t  require-  
ments (mixed phase). 

The c a p i l l a r y  systems evaluated f o r  an i n t e g r a t e d  APS can be c l a s s f f i e d  
as e i t h e r  nonvented (nonm-refillable) o r  vented ( r e f i l l a b l e ) .  The vented 
s y s t e m  can be fu r the r  subdivided as e i t h e r  i n t e r n a l l y  vented o r  overboard 
vented. As t he se  cuncepts evolved dur ing  t h e  s tudy ,  candidate  n ~ d b e r s  were 
assigned (1-1 through 1-51 as shown on Figure  5-1. For t h i s  phase of the 
study, a l l  the  candidate  concepts were considered t o  be i n s t a l l e d  wi th in  the  
main p r o p e l l a n t  tanks. Subsequerlt e v a l u a r i  on of thr f a c t o r s  in-.-3lved with 
l ~ c a r i o n  of the zero-g r e s e r v o i r  a r e  presented i n  Skction 5.3, Dektgn 
Analyses. The most Eavcrable i n s t a l l a t i o n  was found t o  be ex te rna l  t o  t h e  
main tank. 

Two nonvented systems were considered. The first, based on t5e p r i n c i p l e  
of vapor accumulation (Candidate I-3), c o n s i s t s  of a zero-g r e se rvo i r  o r  
container  fncorporat ing a screened i n l e t  p o r t  and i n t e r n a l  compartments 

ZERO-G RESERVOZ!i 

SCREEN VENT- 

*SCREEN YLNTEO ( 1 - 1 )  

VALVE VENTED 
WITH LIQUID SENSOR 

-- 

QRIG~NAL PAGE IS 
OF POOR QUALIW 

Figure  5-1, In t eg ra t ed  Cryogenic APS Cap i l l a ry  Syi:tems Considered 



sepa ra t ed  by self-wicking screeits. The screened i n l e t  p o r t  prevents  t he  l o s s  
of l i q u i d  during adverse acce l e ra t ion  while  t h e  i n t e r n a l  sc reens  a s su re  
vapor-free feed t o  the APS pumps and t h r u s t e r s ,  The i n t e r n a l  design is  
b a s i c a l l y  the  same a s  t he  one f o r  dedicated APS tanks  shown on Figure 4-14. 

When p rope l l an t s  i n  the  MPS tanke ere s e t t l e d ,  APS opera t ion  would draw 
*ranee l i q u i d  p rope l l an t  d i r e c t l y  through t h e  zero-g r e s e r v o i r  without  the  en, 

of vapor.  When p rope l l an t s  i n  the M f S  tanks are n o t  s e t t l e d ,  APS opera t ion  
would draw vapor i n t o  the  zero-g r e s e r v o i r  where i t  would be t rapped by t h e  
compartment screens.  On o r b i t ,  Tug acceleration l e v e l s  a r e  n o t  g r e a t  enough 
t o  a l l ow venting of the  vapor through the screens  by l i q u i d  displacement.  
Thus, t h e  zero-g r e s e r v o i r  must be  l a r g e  enough t o  accumulate any vapor which 
might e n t e r  dur ing  adverse a c c e l e r a t i o n  maneuvers. The volumes computed were 
0.062 m3 (2.2 f t3) and 0.48 m3 (17 f t3) f o r  t h e  LOX and LH2 r e s e r v o i r s  , 
r e s p e c t i v e l y ,  with either Mission A o r  B. Although simple and completely 
pass ive ,  the vapor accumulation concept was not s e l e c t e d  because i t  is heavy 
and l a c k s  t h e  misslon f l e x i b i l i t y  c h a r a c t e r i s t i c s  of a r e f i l l s b l e  design. 

The second nonvented c a p i l l a r y  system is  s i m i l a r  t o  t h e  vapor accumulation 
concept  except t h a t  vapor i s  no t  allowed t o  e n t e r  t h e  zero-g r e se rvo i r .  Th i s  
would be accomplished by extetiding c a p i l l a r y  channels  throughout t h e  MPS tanks 
t o  transport vapor-free l i q u i d  t o  the r e se rvo i r .  Performance a n a l y s i s  of t h i s  
conc~spt  showed it t o  be imprac t ica l ,  however. A t  b e s t ,  t h e  ex tens ive  channel 
system Is heavy. I f  t he  channels are made large enouglr t o  provide an 
adequate flow rate, t h e i r  cap i l l a ry  r e t e n t i o n  f o r c e  is  no t  g r e a t  enough t o  
prevent  dra in ing  dur ing  adverse a c c e l e r a t i o n  maneuvers. I f  smaller channels 
o r  screened duc t s  a r e  used, then an  excessive number o r  an imprac t i ca l ly  f i n e  
mesh size a r e  r equ i r ed  t o  provide a s a t i s f a c t o r y  flow without  i nges t ing  vapor. 

To consider  a l i g h t e r  weight approach t o  p rope l l an t  a c q u i s i t i o n ,  r e f i l l -  
a b l e  vented concepts ware synthesized and zvaluated.  The most obvLcus approach 
t o  zero-g r e s e r v o i r  r e f i l l  i.s t o  ven t  t h e  accumulated vapor back into t h e  MVS 
tank ( i n t e r n a l  vent tng) .  The advantage of i n t e r n a l  vent ing  as compared t o  
overboard veb-'jng i s  i n  recovery of: the vapor and af.y en t r a ined  l i q u i d  o r  
liquid overf ;.t;;;:, 

The simplefir r e f i l l a b l e  design uses a p a s s l ~ e  screened vent  (Candidate 
1-1, Figure  5-1). When propel lan t  i s  s e t t l e d  by Tug +X v e l o c i t y  maneuvers, 
vapor i s  forced through the  screened ven t  by h y d r o s t a t i c  head. A s tandpipe  
can be used t o  provide add i t i ona l  head pressure.  Durfng adverse a c c e l e r a t i o n ,  
the ~ e t t e d  screens a' t h e  r e se rvo i r  i n l e t  and vent  prevent  the encrance of 
vapor and thus the loss of l i q u i d .  A d e t a i l e d  a n a l y s i s  of this concept,  
i nc lud ing  predict6 r s t a t i c  head l e v e l s ,  screen mesh s i z e s ,  and ref i l l  flow 
rates, is presented i n  Section 5.3. In  t h a t  a n a l y s i s ,  comparison of t he  
p r e d i c t e d  and r--qufrei r e f i l l  r a t e s  r evea l s  t h a t  i n s u f f i c i e n t  t ime is a v a i l a b l e  
f o r  r e f i l l  a f t c  p rope l l an t s  have been s e t t l e d  dur ing  planned Tug l i n e a r  
t r a n s l a t i o n s ,  

Analysis  of a va lve  vented concept (Candidate 1-4, Figure 5-1) showed 
h ighe r  b u t  s t i l l  inadequate r e f i l l  r a t e s  f o r  reasonable  va lve  s i z e s .  The 
a d d i t i o n  of a pump t o  increase the r e f i l l  flow as shown f o r  CanGidate 1-2 
provldes  an adequate r e f i l l  time bu t  adds s i g n i f i c a n t l y  t o  t h e  system com- 
plex i ty  i n  terms of either an extra pump or  a d d i t i o n a l  valving t o  u t i l i z e  the 
APS feed pump. For these  reasons, i n t e r n a i l y  vented r e f i l l  of t h e  zero-g 
r e s e r v o i r  was r.ot s e l ec t ed  f o r  t h e  In tegra ted  APS. 



The b e s t  way t o  accomprfsh r e se rvo i r  r e f i l l  was found t o  be by use of an 
overboard vent  (Candidate 1-5). The amount of vapor l o s t  is minimal, only 
0.95 kg (2.1 Ib) ner  v i s s ion .  The higher ,  flow-driving, p re s su re  t i f f f e r e n t i a l  
allows complete r e f i l l  dur ing  any programed Al?S o r  MPS burn of e i t h e r  
Mission A or B. I n  t h e  event of a more extreme mission f o r  which a t t i t u d e  
con t ro l  demands a r e  g r e a t e r ,  o r  zero-g coas t  peric~cr, :re longer, t h e  mission 
p r o f i l e  can be modified t o  include a special s e t t l i n g  maneuver f o r  t h e  
s p e c i f i c  pur2ose of r e f f l l i n g  the APS r e s e r v o i r .  A more d e t a i l e d  design and 
ope ra t iona l  d e s c r i p t i o n  of t h i s  concept i s  presented i n  the next sec t ion .  

PROPELLANT FEED 

A f t e r  s e l e c t i n g  an overboard-vent r e f i l l a b l t  c a p i l l a r y  system f o r  pro- 
p e l l a n t  acquisition, a t t e n t i o n  was d i r ec t ed  towart t3e opt ions  a v a i l a b l e  for 
prope l l an t  feed t o  the t h r u s t e r s .  Trade s t u d i e s  conducted for t h e  dedicated 
cryogenic systems narrowed t h e  c h o k e  down t o  two bas i c  conepts: pump feed 
and p re s su re  Eeed. Analysis  conducted i n  support  of i n t e g r a t e d  cryogenic APS 
included a t i i i rd  a l t e r n a t i v e :  a hybrid concept u t i l i z i n g  pump feed for LH2 
and pres su re  feed f o r  LOX. The hybrid concept was considered t o  have 
p o t e n t i a l  m e r i t  because previous ana lys i s  of t he  dedicated APS revca led  t h a t  
the majx weight penal ty  f o r  pressura  feed is a t t r i b u t a b l e  to  the low density 
of hydrogen propel lan t ,  and the  high density of helium a t  l iqu id  hydrogen 
temperature and the  engine feed pressure,  152 ~/crn2 (220 p s i a )  . Simi l a r  
hybrid concepts have been proposed f o r  Tug by others ' . rences 9 and 10). 

Mechanical schematics and d e t a i l e d  weight statsw-1-6 were prepared f o r  
each of t h e  three prope l l an t  feed  systems under consrderat ion.  The 1-7 
schematic is shown i n  Figure  5-2. Detailed weights for the pres su re  feed  
concept (1-6) and t h e  hybrid concept (1-7) are presented Ear both  Missions A 
and B in Tables 5-1 through 5-4. 

The schematics and d e t a i l e d  weights f o r  t h e  pump feed concept (1-5) a r e  
presented i n  t h e  next sec t ion .  

The r e s u l t s  of the weight and performance comparison a r e  summarized i n  
Table 5-5. These data i nc lude  a 13 percent contingency f o r  wefght and growth. 
Power supply opt iuns shown i n  t a b l e  are discussed i n  Sect ion 5.2 .  The pump 
Eeed c o n c e ~ k  (1-51, us ing  e i t h e r  power cption, i s  t h e  s e l e c t e d  i n t e g r a t e d  
cryogenic APS design. 

A s  can be  seen from t h e  data, the pres su re  feed  (1-6) concept is  
considerably heavier  than t h e  pump feed (1-5) concept, e s p e c i a l l y  f o r  the 
higher  t o t a l  impulse requirement of Mission B. The hybrid concept (1-7) I s  
shown schematical ly  on Figure  5-2. Its des ign  and opera t ion  are t he  same 
as for Candidate 1-5 on the hydrogen side and Candidate 1-6 on the LOX s i d e .  
For either concept, 1-6 o r  1-7, pressure  feed dictates pressure i s o l a t i o n  
va lves  between the  pressure-fed zero-g r e s e r v o i r  and t h e  corrksponding MPS 
tank. Morecver, t he  pressure-fed accumulator must be large enough t o  s u s t a i n  
APS opersCi0t-i during r e s e r v o i r  r e f i l l ,  Since d i r e c t  through f l o w  from the 
MPS tanks t o  the t h r u s t e r s  i s  not poss ib l e ,  the pressure-fed 2eroa.g r e s e r v o i r s  
tiiust s e  l a r g e r  than f o r  pump feed.  Mission-required ASS impulse also coatrols 
the  s i z e  of pressure-fed r e s e r v o i r s  and helium tanks.  For t h i s  reason the 
pressure-fed refillable concepts ,  although somewhat better than d e d k a t e d  



Table 5-1. APS Weight Summary for Candidate 1-6 
(Mfscf on A) 

Table 5-2. -4PS Weight Summary for Candidate 1-6 
(Mission B) 
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Table 5-3. APS Weight: Summary for randidate 1-7 
(Mission A) 
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Table  5-4. APS Weight Sumnary for Candidate 1-7 
(Mission 8 )  
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Figure 5-2. LH2 Pump Feed, Lax Pressure Feed (1-7) Mechanical Diagram 



Table 5-5. In tegra ted  Cryogenic APS Prope l l an t  Feed Concepts Considered 

concepts,  have l i t t l e  mission f l e x i b i l i t y .  These influences a r e  shown 
g raph ica l ly  on Figure 5-3. The pump feed concept (1-5) has  t h e  lowest dry  
weight a t  total impulse l e v e l s  above 3.6 x lo5 N-sec (0.8 x 105 lb-sec) for a 
primary b a t t e r y  pump power supply system and above 18.7 x 105 N-sec 
(4.2 x 105 lb-sec) f o r  a f u e l  cell pump power supply system. 

5 . 2  INTEGRATED CONCEPT PESCRIPTION 

Candidate 

1-5 

1-6 

1-7 

The t h r u s t e r  s e l ec t ed  for t h e  i n t e g r a t e d  concept Zs e s e n t i a l l y  the same 
as t h e  b a s e l i n e  t h r u s t e r  descr ibed i n  Section 3.4. The only major change i n  
the engine opera t ing  po in t  is  a reduct ion  i n  nominal s t eady- s t a t e  mixture 
r a t i o  from 4.0 t o  3.0. In  addition, f o r  Mission B des igns ,  an  a r e a  r a t i o  
of 200 was selected. The c h a r a c t e r i s t i c s  of t h e  thruster are l i s t e d  i n  
Table 5-6.  

Propel lan t  
Feed 

Pump 

Pressure (both 
LH2 and LOX) 

Hybrid (pump 
LH2, pressure 
LOX) 

Power 
supply 

Primary b a t t e r y  

Fue l  c e l l  

NA 

Primary battery 

Fuel cell 

Performance s e n s i t i v i t i e s  t o  inlet condi t ions  were determined for t h e  new 
baseline engine, using the same techniques as f o r  rhe dedica ted  system 
analys is .  These d a t a  show t h a t  wi th  a nominal i n l e t  pressure of 152 ~/crn2 
(220 p s i a ) ,  s a f e  engine s t a r t s  can b e  achieved wi th  hydrogen i n l e t  temperatures 
up t o  approximately 39 K (70 R) for oxygen inlet temperatures over a range of 

Zvaluation 

Se lec ted  
(Mission A 
base l ine )  

Se lec ted  
(Mission B 
base l f  ne) 

Heavy, 
low mission 
E l e x i b i l i  t y  

Heavy f o r  
Mission B, 
l o w  mission 
EXexibi l i  t y  

A Dry WeJLght 

Mission A 
[kg ( l b ) ]  

0 (0) 

23 (52) 

36 (80) 

5 (10) 

14 (32) 

-- 
Mission B 
[kg ( l b ) ]  

28 (61) 

24 ( 5 4 )  

298 (658) 

; 55 (121) 

42 (93) 
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Figure 5-3. APS Dry Weight as a Function of APS Impulse 

90 to 111 K (160 t o  200 R). The d a t a  a l s o  i n d i c a t e  t h a t  from a t h  rster 
viewpoint, i t  is des i rab le  t o  mafntain or b i a s  t h e  tank pressure cont ro ls  s o  
tha t  the oxygen i n l e t  pressure is  152 t?/cm2 (220 psia: maximum and the f u e l  
i n l e t  pressure is t h a t  same value hs a minimum. In *loing so,  performance 
v a r i a t i o n s  are minimized. In  p a r t i c u l a r ,  engine MR is  s h i f t e d  i n  a favorable 
d i rec t ion .  The option of irnplelnenting t h i s  b i a s  should be reconsidered a f t e r  
completion of preliminary t h r u s t e r  development tests. 

Pre- and post-burn thermal a n a l y s i s  and impulse b i t  ana lys i s  were a l s o  
conducted for the new baseline and are presented i n  the  t h r u s t e r  design 
point discussion i n  Section 5.3. Those analyses show t h a t  a pulsing 
performance l eve l  of 80 percent of s teady s t a t e  is  achievable a t  a minimum 
impulse b5.r of 2.23 N-sec (0 .5  lb-sec). 

The generic f a i l u r e  r a t e s  assumed f o r  the t h r u s t e r  components a r e  based 
on ALRC data  and experience f o r  i g n i t e r s  on cryogenic propel lants  a t  a higher 
th rus t  sca le ,  and on valves f o r  s t o r a b l e  propellant  service.  Experience w i th  
the igniter for the  5560 N (1250 Ib) Shut t l e  RCS t h r u s t e r  Contracts 
NAS3-15850 IITA) and NAS3-16775 (ETR) has demonstrated t h a t  a safe, r e l i a b l e  
t h r u s t e r  can be developed t o  meet t h e  system goals.  One t h r u s t e r / i g n i t e r  
tes ted  a t  ALRC achieved more than 44,000 cycles while a second th rus te r  
delivered t o  NASA/LeRC was f i r e d  successfu;tly 51,OC)O times. 

ALRC experience with small solenoid-actuated propellant  valves ind ica tes  
that they a r e  very r e l i a b l e .  For example, on the  5-lb t h r u s t e r  program, a 
storable bipropellant  valve was used which experienced no f a i l u r e s  i n  



Table 5-6. Thruster  Charac te r i s t i c s  f o r  In tegra ted  Concepts 

3,425,000 cycles.  The upper 50 percent confidence l i m i t  on f a i l u r e  rate for 
this valve is  2 x 10-7 f a i l u r e s  per  cycle.  The following discusifon provides 
the  basis  f o r  t h i s  f a i l u r e  rate. 

During the 5-lb t h r u s t e r  program, t e s t i n g  subjected three  d f f fe ren t  
engines t o  300,000, 50,000, and 50,000 cyc les  with no fa i lu res .  The 
300,000-cycle series corresponded t o  the maximum desfgn goal. Additfonal test 
data  were obtained on the Moog bipropel lant  valve. These data  include one 
valve cycled 1,000,000 t i m e s  on the  Minuteman program and vendor t e s t s  of 
27,000 cycles on each of 75 valves. These tests, including the c i t e d  engine 
tests, represent  3.425 x lo6 cycles without f a i l u r e .  

Mission B I t e m  

DDTdE and f i r s t  u n i t  c o s t s  have been estimated a t  $5.8 and $75,000, 
respectively.  DDTdE cost  i s  t rea ted  as a government-furnished procurement 
(GFP) i n  subsequent cos t  comparisons since a program of t h a t  magnitude would 
ordinar i ly  be purchased i n  t h a t  manner. 

Mission A 

The t h r u s t e r  SR&T program required fs estimated by this  system contrac- 
t o r  a t  $1.8 M over an 18-month program. L i t t ? e  t e s t  exper ience  has been 
obtained for a liquid-liquid O/H th rus re r  a ~ i d  none i n  the  APS t h rus t  l e v e l  
range, Accordingly, a gre-prototype concept: confirmation test program which 
also explores concept p o t e n t i a l  and defines achievable d e s i g n  characteristics 
i s  necessa ry .  The program, a s  a rninimtzm, should i n c l u d e  th rus t  chamber, 

Thrus t ,  N ( lb )  
Chamber pressure,  t4/cm2 (sec) 
Mixture r a t i o  
Nozzle a r e a  r a t i o  
Speci f ic  impulse, N-sec/kg (sec) 

Steady s t a t e  
Pulse t r a i n  (cold) 

Minimum bit, N-sec (lb-sec) 
Steady s t a t e  flow r a t e ,  kg/sec ( lb/sec)  
Throat diameter,  cm ( in.)  
Chamber diameter, cm (in.) 
Chamber length,  cm ( ~ n . )  
Nozzle length ,  cm (in. j 
Nozzle e x i t  diameter, cm ( in , )  
Notrinal propellant  i n l e t  temp, K (R) 

Fuel 
0xidiz;r 

Nominal propel lant  i n l e t  pressure,   ern' (ps ia)  
Quad weight, kg ( lb)  

Thrust chamber assemblies ( 4 )  
Valves (8) 
Redundant power supply (1) 

To ta l  

111 (25) 
103 (150) 

3 
5 0 

3910 (398.7) 
3069 (313.0) 

200 

4002 (408.1) 
3202 (326.5) 

2.2 (0.5) 
0.0284 (0.0627) 

0.909 (0.358) 
1.90 (0.748) 
18.2 (7.18) 

8.15 (3.21) 
6.60 (2.6) 

18.7 (7.35) 
12.9 (5.1) 

28 (50) 
92 (165) 
157 (220) 

4.7 (10.4) 
2.2 (4.8) 
1 .2  (2.7) 

8.1 (17.9) 

5.8 (12.8) 
2.2 ( 4 . 8 )  
1.2 (2.7) 

9.2 (20.3) 



i g n i t e r ,  and valve development t e s t s  t o  v e r i f y  steady state and minimum b i t  
perfornlance, l i f e ,  and cooling and i n l e t  temperature condi t ion  design l i m i t s  
a t  a b a s e l i n e  chamber pressure.  A more ex tens ive  SR&T plan  would culminate  
i n  experimental  development, des ign  v e r i f i c a t i o n ,  and p e r i p h e r a l  (design 
l i m i t )  t e s t i n g  of a complete t h r u s t e r  quad assembly. Additional s p e c i f i c  
o b j e c t i v e s  i d e n t i f i e d  by ALRC inc lude :  columbium chamber machining and 
c o a t i n g  ma te r i a l s  experimental i nves t iga t ions ;  testing/devclopment of r h r u s t  
chamber cooling; determinat ioa of thermal t r a n s i e n t s  and impulse bit; and 
valve  and i g n i t e r  l i f e  t e s t i ng .  

Thrus te r  refurbishment requirements  were based on f a i l u r e  r a t e  data. To 
avoid system r e l i a b i l i t y  degradat ion,  the average replacement q u a n t f t i e s  pe r  
v e h i c l e  over 20 mfsoions a r e  computed t o  he 22 o u t  of the 32 t h r u s t e r  
valves and 2 of t h e  1 6  i g n i t e r s  (see Tables 5-7 and 6-2). Thrus t  chamber 
l i f e  exceeds the  20 mission requirements f o r  e i t h e r  Mission B (54 hours) o r  a 
main engine backup abort- (17 hours) .  

PROPELLANT SYSTEM AN3 LLZP~ENTS 

The i n i eg ra t ed  cryogenic APS concept s e l e c t e d  f o r  comparison with t h e  
dedica ted  cryogenic and s t o r a b l e  A P S  has the  fol lowing bas i c  des ign  
c h a r a c t e r i s t i c s :  

Function Design 

Propel lan t  acqu i s i t i on  Capillary dev ice  wi th  
overboard vent  r e f t l l  

Propel lan t  feed Pump and accumulator 

Thermodynamic con t ro l  Expanded H2 bleed feed 
l i n e  t r a c i n g  and tank 
wall-moun ted c;)oliag 
c o i l s  

Th i s  concept has been designated 1-5 t o  d i s t i n g u i s h  i t  from t h e  o t h e r  
i n t e g r a t e d  concepts which were eva lua ted  but  e l imina ted .  Process  flow and 
mechanical flow diagrams f o r  Candidate 1-5 are shown i n  F igures  5-4 and 5-5 .  
The system c o n s i s t s  of s zero-g r e s e r v o i r  connected t o  the  MPS tanks and 
conta in ing  cap i l l a ry  screens and c o l l e c t o r  tubes to supply vapor-free 
p rope l l an t  t o  a t h r u s t e r  feed pump. An accumulator is  provided downstream of 
the pump t o  minimize pump shor t  cyc l e s ,  The entire system is insu la t ed  with 
mul t i l aye r  i n s u l a t i o n  (MLI) t o  provide  a r a d i a t i o n  b a r r i e r  and minimize hea t  
leaks t o  the  cold f eed l ines ,  pumps, and tanks. The system h e a t  loads are 
absorbed by hydrogen bleed flow which i s  tapped o f f  downstream of the pump 
and expanded through s Joule-Thompson expander t o  a p re s su re  of 7.9 N / C ~  

(11.4 p s i a )  and a temperature of SS K. This cold hydrogen bleed is f i r s t  
routed through ,ool ing c o i l s  mounted on the outs ide  of t h e  zero-g r e s e r v o i r .  
The b l eed  then t r a c e s  the  hydrogen f eed  l i n e  manifold, absorbing hea t  through 
saddleblock segments brazed between the c h i l l  l i n e  and feed l i n e .  After 
l eav ing  the hydrogen system, t h e  bleed is  e l e c t r i c a l l y  heated above the 
f r e e z i n g  temperature of oxygen and rou ted  along the axygen systerr. i n  a 
manner s i m i l a r  t o  t h a t  f o r  the hydrogen system, a f t e r  which i t  i s  vented 
overboard through the MPS vent  system. 



Figure 5-4. Pump Feed, Overboard Vent Rpfill (1-5) Process Diagram (Hetric units) 
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Figure 5-4. Pump Feed, Overboard Vent R e f i l l  (1-5) Frocess Diagram (English Units) 
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Each component i n  the mechanical diagram has a designated ident i f icat ion 
number shown in  an adjacent c ircle .  These numbers allow correlation between 
the schematic and the APS weight and cost tables presented i n  Tables 5-7 and 
5-8, for Missions A and B, respectively.  The tables  present the dry weight, 
DDT&E cost, firat unit cost ,  and s ing le  vehicle refurbishment cost estimated 
for each component. The weight and cost  values shown are influenced by APS 
pump power s u p p l i s d  by primary batter ies  for Mission A and an increased '2ug 
fuel cell capability for Mission B.  These options were selected on the basis 
of maximum pn;T?.aad capability (discussed later i n  t h i s  section). The DDT&E, 
first unit ,  and refurbishments costs were estimated using the same estimating 
techniques applied to the dedicated systems ( see  Section 4 ? 3 ) .  

Table 5-7. Candidate 1-5 Component Weights and Costs (hiission A) 
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Table 5-8. Candidate 1-5 Component Weights and Costs (Mission B) 

Tables  5-9 and 5-1@ present Tug stage weight s ta tements  f o r  Missions h 
and 3. The payload weights are based on perfcl.mance as shown i n  the mission 
timelines of Tables 5-11 and 5-12. Together w,th r e l i a b i l i t y  assessments,  
t h i s  weight and cos t  d a t a  comprise the primary basis f o r  comparison wi th  the 
se l ec t ed  dedicated systems and s t o r a b l e  APS des igns ,  

Table 5-13 summarizes the major rel labkl i ty  d r i v e r s  f o r  the 1-5 integrated 
cryogenic APS concept. The t a b l e  l ists f a i l u r e  modes, t he  components involved, 
their generic failure rate, and a definition of t h e i r  redundancy arrangement 
f o r  ee.ch of the components causing a s i g n i f i c a n t  con t r ibu t ion  to the total 
number of failures i n  the APS per  Tug mission. The summation of the fa i lure  
con t r ibu t ions  (X 10-6) subtracted from 1.0 yields a 0,9935 predic ted  
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Table 5-9. Concept 1-5 Stage Weight Statement 
(Mission A) 

*Includes RSS w i t h  MPS reserve of 10% o f  APS trans1 
o r b i t  maneuver d e l  ta-V (Miss ion B) . 

Table 5-10. C o n c i ~ t  1-5 Stage Weight Statement 
(Mission B) 
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Table 5-11, dissicn T i m e l J ~ e  for Propulsion Events - Concept 1-5, 
Battery Option (Mission A) 
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Table 5-12. Mission Time3.ine for Events - Concepc -5, 
Fuel Cell Option (Mission B) 
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Table 5-13. Rel iabi l i ty  Summary 

Note: Generic failure rates are from Table 4-9 un less  updated i n  Section 5-2. 

reliability compared to  a goal of 0.996. Several potential r e l i a b i l i t y  
improvement techniques have been ident i f ied,  however, that l ead  to  the con- 
clusion that the r e l i a b i l i t y  goal is achievable. Some of these techniques 
are discussed i n  the following sections; fox  example, halving the 
accumulator fa i lure  rate by conducting SR&T life cycle tests would resu l t  i n  
a reliability o f  0.9955. 

, 

r 

The objective of the APS tankage and feed system is to s a t i s f y  
continuously the following thruster inlet requiremeats: 

LOX 

SYSTEM 

CRY0 1-5 

Pressure, ~ / c m  (psia)  

Minimum 134 (195) 

Nominal 151 (220) 

Maximum 168 (2453 

Temperature, K (R) 

Minimum 

Nominal. 

Maxfmum 

FAILURE MODE 

THRUST LOSS 
PROP LOSS 

PRESS LOSS 

PROP OVER TEMP 

flour functional areas of the system are influenced by these raquirew - -  
the ZOXO-g reservcir, pump, accumulator, and the thermodynamic contra1 systan:. 
Each of these areas is discussed i n  terms of its design, operation, perform- 
ance, r e l i a b i l i t y ,  cost and refurbishment requirements, and SR&T goals. 

PROP FEED LOSS 
I I ALL OTHER 

A conceptual. design of the zero-q reservoir is presented on Figure 5-6 
along with a summary of i t s  weight, r e l i a b i l i t y ,  and cost characterist ics  for 
both IBX and LH2. The L 2  rr-servoir is shown as representative c ince  kha 

-- 

PUMP/MOTOR ( 2 )  
FEED CHECK VALVE (8) 

FAILURE CONTRIB 
PER 106 MISSIONS COMPONENT 

- 
3.0 
9.0 

THRUSTER ( 1 6 )  
THRUSTER VALVE (32) 
ISOLATIOfi VALYE (8) 
ACCUMLATOR ( 2 )  
TANK (2) 
REFILL VENT (a) 
He RELIEF VALVE 4 
HE PRESS SWITCH 141 
BLEED SOLENOID (1) 
BLEED EXPANCFR ( t  ) 

GENERIC 
FAILURE RATE 

(10-6 HR) REDUNDANCY 

- 
NONE 
WAD CONNECTED 

14 OF 16 
4.8 
6.5 
3.13(1.56) NONE 
0.2976 NONE 98 
9.0 punD CONNECTED 27 

I ( .9955) 
5 
109 
475 

9.0 
8.0 
6.5 
0.15 

STANDBY 
NONE 
NONE 
NONE 

43 6470 
160 
240 Ti = .9935 
123 



ACQUISITION TUBES 

325 X 2300 MESH SCREEN - 5 PLACES 

50.8-CM (20-IN.) DIAMETER 

X 800 KESH SCREEN 

BLEED 

CHARACTERlSTICS 

DRY UEfGHT KG~LBI* 
VOLUME, M3 (FT ) 
PROPELLANT CAPACITY, KG (LB) 

LH2 RESERVOIR SHOWN 
*INCLUDING TANK, INSULATIOV, COOLING COILS, 
A740 CAPILLARY DEVICES 

Figure 5-6. In tegra ted  Cryogenic APS Zero-G Reservoir 

EQUIVALENT IMPULSE, N-SEC (10-SEC) 47150 (1 0600) 
ATTITUDE HOLD CAPABILITY (HR) I 
TRA?PEO LIQUID RESIDUAL, KG (LB) 0 .4 (0 ,9 )  0.3(0.6) 
RELIADILITY* 

F A I L U R E V I O ~  i l ~  .426 '"i" .5126 
F A I L U X  RATE SOURCE APOLLO, P72-2, JPL 

COST {5100C)* 
SRST 

I 
500 

DDTLE 
:ST Uf I IT  

LOX 

1 + 4  (3.0) 
0.008(.28) 
9.1 (20.1 1 

design of the LOX reservoir is s i m i l a r .  The r e s e r v o i r  i s  divided i n t o  two 
compartments separated by a 165 x 800 mesh c a p i l l a r y  b a r r i e r .  The upper 
compartment has ths capability of be lng  r e f i l l e d  (purged of vapor) during 
each of the AFS t r a n s l a t i o n a l  maneuvers and MFS burns.  The lower compartment: 
o f f e r s  a degree of redundancy, The des ign  is such t h a t  under normal 
ope ra t ing  conditions,  no vapor w i l l  enter the  lower compartment until 
dep le t ion  of the upper compartment. However, should an off-design condi t ion  
occur ,  the  lower compartment can accumulate some vapor before any vapor is  
drawn i n t o  the acqu i s i t i on  tubes and on t o  t h e  APS pump. A s  the thermal 
c o n t r o l  system condenses t h i s  vapor,  the c a p i l l a r y  a c q i i s i t i o n  tubes w i l l  
r e p l e n i s h  tne lower compartment wit11 more liquid. 

L'+2 
5,7(12.6)  

0.065 (2 .3 )  
4.5{10.D) 

The acqu i s i t i on  rubes provide a communication pa th  f o r  l i q u i d  from the 
L ,per  to the lower compartment. They are arranged to  be i n  con t r ac t  with  
~ z ~ u i d  under any a d i ~ e r s e  acce l e ra t ion  t h a t  might b e  imposed. The 325 x 2300 
Dutch t w i l l  self-wicking screen covers are designed t o  be wetted during the  
e n t i r e  mission. In t h i s  way these  screens will p r e f e r e n t i a l l y  pass  liquid 
whi le  blocking vapor flow due t o  the bu0.ble p re s su re  a t  the Liquid/vapor 
interface. 

Figure 5-7 g re sen t s  a t fmeline p r o f i l e  over t h e  r e f e rence  mission f o r  the 
liquid propel lant  level i n  t he  LH2 zero-g r e se rvo i r .  This profile i s  based on 
worst-case propel lan t  o r i e n t a t i o n  within the  MPS tank. Thus any APS prope l l an t  
demand during per iods  when liquid i s  not positively settled w i l l  r e s u l t  i n  a 
reduct ion  of  reservo5.r l i q u i d  l e v e l  as vapor is drawn from t h e  MPS tank. 



Figure 5-7. Hydrogen Reser~,.~*r Propelt1 a n t  P r o f i l e  

The rapid drops i n  l i q u i d  Level show' :tn the f fgure  r e s u l t  from APS 
propellant  withdrawal during t h ~  f n i ? i a l  pt.,:;)sllant s e t t l i n g  per iod  of a 
t r a n s l a t i o n a l  maneuver, while tl,e alwer drops a r e  aue t o  a t t t t u d e  cont ro l  
operat ion and hydrogen bleed for thermal contro l .  

After  the  propellants  are s e t t l e d  d u r i z ~  e i t h e r  an HPS o r  APS t r a n s l a t i o n  
maneuver, the  r e f i l l  overboard vent valves a r e  opened and the zero-g 
rese rvo i r  is  repleaished t o  100 percent l i q u i d .  Raff les  ln the  tank vent e x i t  
minimize l o s s e s  due t o  l i q u i d  entrainment above rh ich  l iqu id  point: sensors 
a r e  i n s t a l l e d  to  a c t i v a t e  c losure  of the  vent  valves. APS propellant  demand 
f o r  the remainder of the linear t r a n s l a t i o n  is provided by a d i r e c t  f l o w  of 
l iqu id  from the  ME'S tank through the  reoervoi r  and i n t o  the APS pump. Thus 
the r e se rvo i r  s i z e  is not  af fec ted  by extended APS l f n e a r  t r ans la t ion  burns. 
I n  addition, since APS operat ion was as~umed for propel lant  s e t t l i n g  p r i o r  to  
any MPS burn, vapor accumulation i n  t h e  zero-g rese rvo i r  is the same f o r  
e i t h e r  Mission A or B. 

Typical. liquid propel lant  o r i en ta t ions  wi th in  the APS zero-g rese rvo i r  
a r e  i l l u s t r a t e d  i n  Figure 5-8 for zero-g coas t  and f o r  ME'S burn phases. To 
avoid l i q u i d  draining and gas ent ry  i n t o  t h e  c o l l e c t o r  tubes during MPS burn, 
the capillary screens must be sized t o  provide a bubble pressure g rea te r  than 
the s t a t i c  head (Dimension X i n  the figure!. The nlaxima vehic le  a x i a l  
accelera t ion  that can be imposed without dra in ing of the 325 x 2300 mesh 
screen-covered co l fec to r  tubes i s  shown i n  Figure 5-9 a s  a function of 
hydrogen l i q u i d  f r ac t ion  remaining wi th in  t h e  reservoi r .  Also shown is the  
upper envelope of accelera t ion  and l iqu id  f r a c t i o n  conditions pred ic ted  from 



POTENTIAL BUBBLE ENTRY 

LIQUID 

TYPICAL PROPELLANT ORIENTATION I N  
' RESERVOIR PRIOR TO APS SETTLING RESERVOIR DURING MPS BURN 

Figure 5-8. Stability o -  Capillary Collectors During M P S  Firing 

0 .I0 .20 .30 -40 -50 .60 .70 .80 -90 1.00 
RESERVOIR PROPELLANT REMAINING FRACTION 

Figure 5-9. Capability and Opexeting Envelope E I ~  Screened Collector Tubes 

the mission profile of Figure 5-7. The collector tube screens have been 
designed for a minimum safety factor of 2 i n  preventing vapor entry. 



The t o t a l  impulse capac i ty  of the  LOX and LH2 zero-g r e s e r v o i r s  is 
equiva len t  t o  47151 N-sec (10600 lb-sec) ,  of which 78 percent  is  contained i n  
the upper compartment, For t h e  maximum prope l l an t  consumption per iod  shown on 
Figure  5-7, t h i s  capaci ty provides a margin of 2825 N-sec (635 lb-sec) ,  o r  
6 percent  of t h e  r e se rvo i r  volume, before  vapor would break i n t o  t h e  lower 
compartment and 8016 N-sec (1802 lb-sec),  o r  17  percent  of the r e s e r v o i r  
volume, before  vapor could be drawn i n t o  t h e  pump. 

Although t h e r e  a r e  c u r r e n t l y  no i n d i c a t i o n s  t h a t  o t h e r  Tug missions 
would impose more severe impulse o r  s t a t i c  head requirements on t h e  design of 
t h e  zero-g r e s e r v o i r ,  a d d i t i o n a l  c a p a b i l i t y  can be provided by an  extra zero-g 
r e s e r v o i r  r e f i l l  opera t ion  accomplished dur ing  an  a d d i t i o n a l  APS l i n e a r  
t r a n s l a t i o n  burn. 

The r e l i a b i l i t y  of t h e  LOX and LH2 zero-g r e s e r v o i r s  has  been est imated 
t o  bs 0.426 and 0.5126 f a i l u r e s  per  m i l l i o n  hours ,  r e spec t ive ly ,  based on 
generfe  f a i l u r e  r a t e s  f o r  cryogenic tanks,  c a p i l l a r y  devices ,  and l i n e s  and 
f i t k i n g s  of 0.2976, 0.023, and 0.02 f a i l u r e s  per  m i l l i o n  hours ,  r e spec t ive ly .  
The gener ic  f a i l u r e  r a t e s  were mul t ip l i ed  by cryogenic K f a c t o r s  of 3.0 f o r  
LOX and 5.0 f o r  LW2. The sources  of r e l i a b i l i t y  d a t a  are t h e  Apollo program 
f o r  the  tanks,  P72-2 Spacecraf t  heat p ipe  s u p p l i e r s  f o r  t h e  c a p i l l a r y  devices ,  
and JPL f o r  t h e  l i n e s  and f i t t i n g s .  

SR6T requirements for t h e  zero-g r e s e r v o i r  a r e  d i c t a t e d  p r imar i ly  by t h e  
i n t e r n a l  c a p i l l a r y  devices.  Although f i imi la r  devices  are ope ra t iona l  wi th  
s t o r a b l e  p rope l l an t ,  no f l i g h t  experience e x i s t s  f o r  cryogenic propel l -ants .  
However, t h e o r e t i c a l  ana lyses ,  f l u i d  p r o p e r t i e s  research ,  and s c a l e  model drop 
and pushover f l i g h t  t e s t s  ( sho r t  dura t ion  zero-g t e s t s ) ,  accomplished i n  a  
s e r i e s  of research  programs c a r r i e d  out  f o r  more than a decade, have placed 
cryogenic c a p i l l a r y  device technology on a sound bas i s .  More recently, sub- 
s c a l e  and f u l l - s c a l e  t e s t  programs have been c a r r i e d  o u t  a t  minus one g ,  
( re ferences  11, 12,  and 13) and a d d i t i o n a l  work i s  c u r r e n t l y  i n  progress  
(Reference 14) .  T:le o b j e c t i v e  of Tug APS SK6T i n  t h e  c a p i l l a r y  device  a r e a  is 
t o  apply t h e s e  well-developed s imula t ion  and experiment a n a l y s i s  techniques t o  
a f u l l - s c a l e  APS prototype design.  No technology advance i s  needed, b ~ t  
concept confirn:ation i s  requi red .  The experimental program would t a k e  t h e  
form of prototype hardware subjec ted  t o  ope ra t iona l  thermal condi t ions  and 
negat ive  one g demonstration of r e t e n t i o n  and feedout  c a p a b i l i t y .  The t e s t  
program is consi.dered t o  involve  v a l i d a t i o n  of thermal c o n t r o l  a s p e c t s  as 
much as c a p i l l a r y  phenomena inf luences .  This  is  because t h e  two f a c t o r s  a r e  
i n t ima te ly  r e l a t e d .  Cap i l l a ry  device performance is t i e d  t o  the  des ign ' s  
a b i l i t y  t o  zvoid vapor formation and r e t a i n  suppression head subcooling a t  
c r i t i c a l  p o i n t s  wi th in  t h e  device  and i n  the ope ra t iona l  cyale .  

?:opellant ref111 of the  APS prope l l an t  r e s e r v o i r  wi th  vent ing  of vapor 
t o  space a l s o  invnlves technologica l  problems requirirrg SK&T. The vent  l i n e  
must have a flow r e s t r i c t o r  so  t h a t  during s teady flow, r e s e r v o i r  p r e s su re  
does not  drop enough t o  cause p r o p ~ l l a n t  f lash ing .  A s  l ong  as t h e  f l a s h i n g  



does no t  occur w i th in  the c a p i l i a r y  c o l l e c t o r s ,  t h e  l o s s  of p rope l l an t  i s  small ,  
and e f f e c t s  inconseqcent ial .  To a s s u r e  chat  l i q u i d  i s  not  vented t o  space,  
a l i q u i d  sensor a t  t h e  Sop of t h e  r e s e r v o i r ,  which ac,lvaees t h e  vent  va lve ,  
i s  provided. Propel lan t  s lo sh ing  may wet the  sensor and could cause premature 
v a l v e  c losure  i f  appropr ia te  des ign  provis ions  are not explored i n  SR&T. 
Another problem which must be faced during r e f i l l  i s  thermal and thermodynamic 
s t a t e  control .  The contents  of t h e  r e s e r v o i r  are subcooled wi th  r e spec t  t o  
t h e  propel lan t  i n  t h e  main tank due t o  t he  cool ing of t h e  thermodynamic ven t  
system. The in t roduct ion  of l a r g e  q u a n t i t i e s  of warmer liq.uid during r e f f l l  
temporari ly  overloads the thermodynamic vent  system. Several  hours a r e  
r equ i r ed  t o  cool  t h e  r e se rvo i r ' s  contents t o  s teady  s t a t e  l e v e l .  The thermal  
i s o l a t i o n  and tl~ermodynarnic coo l ing  systems must be designed t o  prevent 
b o i l i n g  of propel lan t  within t h e  c o l l e c t o r  tubes during t h i s  period. SR&T 
t e s t i n g  ana lys is  w i l l  he  necessary t o  de f ine  t h e  map of acceptab le  
c h a r a c t e r i s t i c s .  

The zstimated cos t  of an  SR&T program f o r  concept v a l i d a t i o n  of both a 
LOX and LH2 zero-g r e se rvo i r  ranges  from a Icw of $300,000 t o  a high $700,000 
wi th  a mean va lue  of $500,000 and $130,000 one sigma uncer ta in ty .  

Pump - 
A conceptu design of t h e  baseline APS pump is  presented i n  Figure 5-10. 

A p o s i t i v e  displacement p i s ton  pump was s e l e c t e d  as base l ine  whi le  a vane 
pump, shown i n  Figure 5-11, is i d e n t i f i e d  as a competi t ive a l t e r n a t e ,  P o s i t i v e  
displacement pumps were se l ec t ed  f o r  t he  i n t e g r a t e d  cryogenic PSS because of 
t h e i r  superior  e f f ic iency  a t  reasonable  design speeds. This  c h o k e  i s  
considered i n  more d e t a i l  i n  Sec t ion  5.3. 

The design requirements and ope ra t ing  condi t ions  f o r  t h e  APS pump are 
l i s t e d  i n  Table 5-14. Table 5-15 p re sen t s  a breakdown 02 t h e  power, e f f i c i e n c y ,  
and wefght c h a r a c t e r i s t i c s  f o r  t h e  p i s t o n  pump, harmonic d r i v e  gear  reducer ,  
a c  induct ion  motor, and v a r i a b l e  frequency i n v e r t e r .  The,complete pump and 
d r i v e  system f o r  both LOX and LH2 ( inc luding  i n v e r t e r )  r e q u i r e s  a power i n p a t  
of 1.44 kw, has En ove ra l l  e f f i c i e n c y  of 58 percent ,  and weighs 19  kg (42 lb). 

The generic failure r a t e  assumed t o  compute t h e  r e l i a b i l i t y  of t h e  p i s t o n  
pump and motor combination is  3.0 f a i l u r e s  per  m i l l i o n  hours of opera t ion  based 
on AIKi:lO f i e l d  usage da ta  for more than  1000 u n i t s  wi th  m ~ r e  than 10,000 hours  
of opera t ion  for each uni t .  Cryogenic K f a c t o r s  of 3.0 and 5.0 were app l i ed  
f o r  LOX and LH2 use ,  r e s  e c t i v e l y , t o  t h e  pump complement of t h e  gener ic  % f a i l u r e  r a t e  (1.9 per  10 h r )  . 

The r e s u l t a n t  f a i l u r e  con t r ibu t ion  per mi l l i on  missions f o r  both the 
LOX and LH2 pump/motor conbinat ions is  only 5 o u t  of a t o t a l  of 6470 for t h e  
e n t i r e  APS. Thus, the y r g  r e l i a b i l i t y  is  not  a s i g n i f i c a n t  f a c t o r  i n  systsm 
r e l i a b i l i t y  ailJ redundant pumps are not: required t o  achieve an o v e r a l l  APS 
r e l i a b i l i t y  goal of 0.996. The r e q u i r e r e n t s  for t h e  APS t o  f a i l  o p e r a t i o n a l  
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Figure 5-10. Piston Pump PrelLlirfnazy Design 
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Table 5-14, Pump RequZrements and Conditions 

.M PERCENT MAXIMUM VAPOR FRACTION FOR EACH FLUID 

1. PROPELLANT 

II. PUMP INLET CONDITION5 
A. FLUID TtMPERATURE, OK VR) 

(1) MAXLhlUM 
(2) MINIMUM 

B. PROPELLANT DENSITY, ( l k d f t 3 )  
(1) hlAXlMUM 
(2) MINlbrUM (100% LIQUID) 

C. NPSP,  an^ [pd) 
(1) MAXIMUM 
(2) MINIMUM* 

Ill. PUMP DISCHARGE REQUIREMENTS 
A. FLUID TEMPERATURE, OK eR) 

{ I )  MAXIMUM 
(2) MINIMUM 

0. FLUID PRESSURE, N/-* o h  (~sio) 

!I) MAXIMUM 
(2) MINIMUM 

r 

IV. FLOW REQUIREMENTS 
A. MA55 FLOWRATE, Kg/aec (Ib+,,/ssc) 

(1) MAXIMUM 

(2) MINIMUM 
8. VOLUMETRIC FLOWRATE, Iiten/min (gpr,) 

(1) MAXIMUM 

(2) MINIMUM 

V. INTERNAL PUMP RISE REQUIREMENTS 

A. PRESSURE, bl/un2 (pd) 
(1) MAXIMUM 
(2) MINIMJM 

8. HEAD, meZm (ft) 
(1) MAXIMUM 
(2) MINIMUM 

whi le  i n  t h e  vicinity of t h e  Space S h u t t l e  can b e  satisfied by the p r o p e l l a n t  
accuniulators l o c a t e d  downstream of each pump. This i s  d i s c u s s e d  a t  g r e a t e r  
length i n  the n e x t  s e c t i o n .  

DDT&E lnd f i r s t  unit c o s t s  have been e s t i m a t e d  t o  be $351,000 and $9,500, 
r e s p e c t i v e l y ,  for t h e  LOX pump and $703,000 and  $19,000, respectively, f o r  t h e  
LH2 pump. 

LIQUID OXYGEN 

92.433 (166.38) 
89.667 (161.40) 

1142.9173 (71.35) 
1129.3016 (70.50) 

I .nw5 (2) 

0 (0) 

lOO.oOa (180) 

69.667 (161.4) 

172.369 (250) 
1 37.895 (200) 

0.093aS (0.2069) 
0.07506 (0.1655) 

4.9865 (1.3173) 
3,9892 (1.05384) 

162.7 163 (236) 
125.139 (181.5) 

t4b.8389 (481.753) 
1 14.6347 (376.0973) 

SR&T requ i rements  are t i c t a t e d  by the f a c t  t h a t  n e i t h e r  oxygen ;lor hydrogen 
pumps currently exist: for  t h e  APS pump-fed designs since t h e  pressure, flow, 

LIQUID HYDROGEN 

2 1.267 (38.28) 
10.333 (36.60) 

70.7215 (4 m415) 
69.6002 (4.345) 

0.6894~ (1) 

0 (0) 

22.222 (40) 
20.333 (36.6) 

172.369 (250) 
137.895 (2W) 

0,03125 (0.0689) 
r,.onso (o.ssrn) 

26.9435 (7. I ~n 11 
213548 (5.6942) 

162.0268 (235) 

124.4504 (180.5) 

2316,8191 (7601.097) 
1754.3598 (5755.762) 



Table 5-15. Piston Pump System Weight and Power Summary 

and s u c t i o n  requirements are unique. In p a r t i c u l a r ,  t h e  flow r a t e s  are orders 
of magnitude smal le r  than t h a t  of f l ight-weight  pumps previous ly  developed f o r  
O2/II2 rocke t  engines.  The p re s su re  requirement i s  moderate b u t  high enough 
t o  demand s p e c i a l  des ign  provis ions  wi th  p o s i t i v e  dfsplacement machines. The 
low suppress ion  head s u c t i o n  requirement has been prev ious ly  s a t i s f i e d ,  b u t  
only f o r  high-flow c e n t r i f u g a l / a ~ t a l  rocke t  engine pumps. For t he se  reasons,  
i t  is considered t h a t  t h e  APS pump SR&T involves  r e l a t i v e l y  s t r z i g h t  forward 
development of custom des igns  u s i n g  wel l -es tab l i shed  concepts s c a l e d  Prom 
o ther  app l i ca t i ons .  The SR&T program would i nc lude  t h e  o b j e c t i v e s  o f  sub- 
stantiating NPSP c a p a b i l i t y  , suppor t i ng  m a t e r i a l  selection s t u d i e s ,  v e r i f y i n g  
cryogenf c c learances ,  and i n v e s t i g a t i n g  t h e  s a f e t y  problems a s s o c i a t e d  with an 
oxygen pump i n s t a l l a t i o n .  Cryogenf c flow tests of f u l l - s c a l e  pro to type  LOX 
and LH2 pumps would b e  conducted. The SR&T c o s t s  are es t imated  t o  be approxl- 
mately $2BG,000 expended over a 9-month per iod ,  

Itcm 

Pump (AIRCO Cryagcnics) 

linrmonic d r i v e  reducer 

hC induc t ion  motor 
(Wcstcrn Ccar 
Efodel 35Y1181) 

Totnl  

It I s  expected that the pump can be designed f o r  a l i f e  expectancy of 
over 100 hours and 2000 cycles and thus no scheduled rep lacanent  would be  
requi red  over  the 20:mission, 10-year l i f e  of the Tug. The requi red  opera t ing  
l i f e  per  mission i s  0.6 and 2.7 hours  f o r  mission profiles A and B ,  
r e spec t ive ly .  

Accumulator 

A c ross -sec t iona l  view and t a b l e  of  p re l iminary  design c h a r a c t e r i s t i c s  
f o r  t h e  LOX and LB2 accumulators are presented on Figure 5-12. Weight t r ade  
s t u d i e s  presented i n  Sec t ion  5 . 3  shrr-  t h a t  t h e  l i g h t e s t  weight: APS call b e  
achieved a t  t h e  sma l l e s t  p o s s i b l e  accumcla t o r  volume, The accumulaeors are 
s i zed ,  then, t o  l i m i t  pump s h o r t  cyc les  t o  100 cyc les  p e r  mission t o  provide 
reasonable pump r e l i a b i l i t y  and minimize pump replacements.  The accumulator,  

Oxider 

Power Summary: 

T o t a l  power required From i n v e r t e r s  
(pump input  p0wer/pdrive "motor 

Oxidizer. Kw (11P) 0.21 (0.28) 
Fuel, Kv (HP) 1.08 (1.46) -- 

1.29 ( 1 . 7 4 )  

Power required i n t o  i n v e r t e r  
(pump system power/ainv,rtcr 
Assume rl 0.9, Kw (HP) 1.44 (1.93) 

Fuel 

Weibht Summary: 

Totn l  pump syetcm v c i g h t ,  kg ( l b l  13.8 (30.5) 

Varinble frequency Tnvertcr 5.23 (11.5) 
wcipht (General Motors Type, 
8 lblkw),  k~ ( l h )  

T o t a l  systcm weight 
( i n v e r t e r  + pump s y s t c n ~ ) ,  k~ (lb) 19.0 (42 .0 )  

Tnprlr l'nwer 
Required 
[kw (tiP)] 

0.88 (1.18) 

1.04 (1.39) 

1.15 (1.54) 

Tnpuc Povcr 
Required 
[kw (IIP) 1 

0.170 (0.228) 

0.187 (0.251) 

0.208 (0.279) 

Component 
Ilciglrt 

Ikg ( lb )  ] 

3,2 (7.0) 

1.8 (0.0) 

1.1 (2.5) 

6 + 1  (13.5) 

Overa l l  
E f f i c i e n c y  

v 

80 

90 

90 

0.648 

Overnl 1 
Ef f ic iencv  

n 

80 

90 

90 

0.648 

RPM 

290 
-- 

12,000 

Compontlnt 
W c i ~ h t  

[ k ~  ( l b l l  

4.3 (9.4) 

2.3 (5.1) 

1.1 (2 .5 )  

7.7 (17.0) 

RPH 

54L  

-- 
12,000 

1 
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1 ~ g u r e  5-12. Accumulator 

CHMKfERISTICS 

DRY WEIGHT, KG $I)  
TOTAL VOLUME,M~ ( ~ 1 ~ )  
PROPELLANT CAPACITY, KG (tl) 
EQUIVALENT IMPULSE, N-SEC Le-SEC) 
ATTINOE HOLD CAPABILITY (HR) 
TRAPPED LIQUID RESIDUAL, KG bh) 
PRESSURE, MAX/MIN, N/CM~ (PSIA) 

RELlABtLlrY 

F ~ I w R € ~ / ~ o ~  IIOURS 
FAILURES/ I~  W ~ E S  
FAILURE PATE SOURCE 

COST, K S 
SRbT 
DDT&E 
I" UNIT 

r 

which has enough prope2 l a n t  capac i ty  for 1.5 hours of Tug a t t i t u d e  hold,  a l s o  
provides backup p rope l l an t  feed dur ing  the c r i t i c a l  phase of Tug rendezvous 
and docking with t h e  Space Shu t t l e .  

Each accumulator i s  a t rapped u l l age  device. The helium on the gaseous 
s i d e  of the bellows expands and c a n t r a c t s  a s  l i q u i d  p r o p e l l a n t  l eaves  o r  
e n t e r s  the expandible l i q u i d  volume. The gaseous arid l i q u i d  volumes have been 
s e l e c t e d  t o  con t ro l  the t h r u s t e r  i n l e t  pressurk; w i t h i n  a band o f  141  t o  
162 ~ / c m 2  (205 t o  235 psia) .  P o s i t i v e  s tops  ars .:rovided to prevent ovzr- 
expanston o f  t he  bellows. Pump s t a r t ,  s t o p ,  and speed a r e  con t ro l l ed  by  a 
combination of accumulator p ressure  s ~ r i t c h e s  and bellows p o s i t i o n  switches.  
P rope l l an t  f o r  s h o r t  APS pulses  i s  suppl ied  from t h e  accumulator ~uztil i t  i s  
near ly  depleted,  whereupon t h e  lower p o s i t  f on switch a c e i v i a t e s  *he pump. 
During extended A P S  burns, p r o p e l l a n t  is  fed d i r e c t l y  from t he  pump t o  t he  
thruster , rep len ish ing  and then bypas s i n g  t h e  accumulator.  

LOX 

0.3 (0.7) 
0.0014 (R.05) 

0.iW (0.45) 

The primary problem assoc ia ted  with the accumulator design i s  t h e  impact 
of t h e  cur ren t ly  pred ic ted  bellows f a i l u r e  r a t e  on o v e r a l l  APS r e l i a b i l i t y .  
Generic l i f e  and cyc l e  f a i l u r e  rates have been developed based on d a t a  provided 
by two bellows s u p p l i e r s ,  Belsad Corp. and Metal Bellows Company. The 
r e s u l t a n t  f a i l u r e  cont r ibu t ion  p e r  Tug mission Is 4496 o u t  of a  t o t a l  
of 6470 f o r  the  entire APS. This  results i n  an o v e r a l l  APS r e l i a b i l i t y  of 
0.9935 as compared t o  a  goal of 0.99 6. It is considered that: the bellows 
f a i l u r e  r a t e  p red i c t i on  could be  reduced by a f a c t o r  of  2 through SX&T l i f e  
cycle t e s t i n g ,  and the  o v e r a l l  APS r e l i a b i l i t y  could then b e  r a i s e d  t o  0.9955. 
The es t imated  SR&T cos t  t o  achieve ch i s  goa l  i s  $100,000 expended over a 12- 
month per iod ,  

LH2 - 
1.0 (2.2) 

0.0074 (0.26) 
0.07 (0.15) 

1063,(239) 

0.01 (.m) 'f0.003 (0.W) 

162/l4l (235/205) 

9.4 
1.5 

15.7 
2.5 

BELSM L WTAL 
BELLOY CO, 

I 
loo 

50.1 
23.7 

50.1 
23.7 



Thermodynamic Control - 
The object ives of t h e  thermal con t ro l  system are: 

3.. To satisfy t h r u s t e r  p rope l l an t  i n l e t  ternperhture requirements. 

2, To provide subcooled p rope l l an t  w i t h i n  t h e  zero.sg r e se rvo i r  
c a p i  l l a r y  a c q u i s i t i o n  tubes. 

3. To s a t i s f y  feed pump net p o s i t i v e  suction pressure  (NPSP) 
requirements as necessary t o  assure f u l l  pump flow ( r e f e r  
to Table 5-14). 

The ri:trmal con t ro l  system cons i s t s  of i ~ t s u l a t i a n  and low conduct ivi ty  
supports  to ininimize tankage and f eed l ine  heat  loads,  and an a c t i v e  hydrogen 
bleed system t o  d i s s i p a t e  t hese  h e a t  loads and c o n t r o l  propel lan t  temperature. 
MLI c o n s b t i n g  of 1 .27 t o  2.54-cm (O.5 t o  1.0-in.) t h i ck  blankets  made up of 
30 to 60 l a y e r s  of s i n g l e  aluminized Mylar 6r s i n g l e  goldized Kapton will b e  
used t o  provide a r ad ia t ion  barrier.  Thermal i s o l a t i o n  supports  designed for 
maximum strength-to-conductl~~ity r a t i o  will b e  provided by using t i t an ium 
s t r u t s  o r  c y l i n d r i c a l  pos ts  cons i s t i ng  of axially or i en tcd  S-glass rods .  
Ultimately, t h e  mater ia l s  and designs of t h e  MLI and suyports  will b e  common 
t o  the MPS tank i n su l a t ion .  

A detailed b .eakduwn of the predic ted  hear  loads f o r  t h e  APS thermal 
i s o l a t i o n  system is  presented i n  Figure 5-13. Also listed are the  h e a t  

;'EAT LOADS ( E e f r  , 0 0 2 )  

COWPOIIEtlT PROPELLAHT SURFACE AREA 
~2 (FT?) 

ZERO G RESERVOIR LOX 0.19 ( 2.08) 
I 1 . 0 0  (10.8) 

PUMP J ACCUEl 1 0.06  ( 0 . 6 1 1 )  
Q.18 ( 1.98) 

L I I IES 2.42 (26.0 
LIi 
to! 

2.4: ( 2 6 . 0 1  
THRUSTERS 

Lhz 

HEAT tOP,D 
u (BPUIHR 

0.16 [ Ir.55j 
0.91 ( r3.1) 
0.05  \ LI.17) 

1 B R ~ Z E D  SADDLE BLOCK "BASED ON COfiDUCTiON THROUGH 0.318-CM (0.125-IN.) DIAMETER X 3.D-CM 
(1.5-IN.) BELLOHS WITH 0.013-CM (0.005-IN.) STAINLESS STEEL WALL 

3a4 ,ooo (1651 491,000 (211) 

H 2  BLEED FLOW REQUIRED, KG/HR (LB/HR) 0 . 0 2 3  (0.0509) 0 . 0 3 5  (0 .0763)  

HEATER POWER FOR TEMPERATURE CONTRGL (WATTS) ONIDFF FLOW CONTR 

Figure 5 -13. Liquid-Liquid o/H APS Thermodynamic Control 



t r a n s f e r  s u r f a c e  a reas  ~omputed f o r  the  feed l i n e s  and o t h e r  major components. 
S ince  a l l  of the  APS except t h e  t h r u s t e r s  i s  i n s t a l l e d  wi th tn  t h e  Tug vet . fcle  
ak in ,  d i r e c t  s o l a r  and albedo h e a t  loads do not have to  b e  included.  The 
assumed environmental tenpera ture  of  294K (530 R) is  considered conserva t ive  
s i n c e  a major po r t ion  of the  exposure w i l l  b e  t o  t h e  co lder  main tank i n s u l a t e d  
s u r f a c e s .  An effec' ive emit tance ( F )  of 0.002 f o r  t he  o v e r a l l  thermal i s o l a -  
t i o n  sy~ te rn ,  i nc lud ing  i n s u l a t i o n  and supports ,  was used t o  compute t h e  l i s t e d  
h e a t  loads. This  value i s  based on an t i c ipa t ed  1978 technology inco rpora t ing  
i n s u l a t t o n  advancements, p r imar i ly  i n  vacuum-depos it me ta l l i z ing  techniques 
and i n s u l a t i o n  layup methods. The t h r u s t e r  hear  loads were based on conductive 
h e a t  t r a n s f e r  from an uninsulated t h r u s t  charher t o  the  c r ~ y o g e n i c a l l j ~  cooled 
t h r u s t e r  i n l e t  va lves  through 0.32-cm (0.125-in.) diameter bel lows having a 
3.8-cm (1.5-in. ) developed length  and 0.013-cm (0.005-in .) s t a i n l e s s  s tee1 w a l l .  

The r e s u l t a n t  hea t  loads are d i s s ipa t ed  by t h e  flow of hydrogen b led  frtjm 
downstream of the APS pump and expanded through a Joule-Thompson expander t o  
7.86 ~ / c m 2  (11.4 p s i a )  and 19.4 K (35 R).  The co ld  hydrogen b leed  i s  routed  
through cool ing c o i l s  mounted on t h e  e x t e r n a l  w a l l  of the  zero-g r e s e r v c i r  and 
then  through coo l ing  l i n e s  which t r a c e  t h e  hydrogen feed manifold. Heat i s  
t r a n s f e r r e d  v ia  saddleblock segments brazed between t h e  feed and cool ing l i n e s  
as shown on Figure  5-13. Af t e r  passirkg through an e l e c t r i c a l  h e a t e r ,  t h e  
hydrogen b leed  is  then routed around t h e  LOX system i n  a manner s i m i l a r  t o  
t h a t  f o r  t h e  hydrogen sys tern. 

Also l i s t e d  i n  t he  f i g u r e  a r e  t h e  hydrogen bleed i n l e t  and o u t l e t  temp- 
eratr l ros  and t h e  corresponding cn  thalpy , o r  h e a t  absorp t ioa  c a p a b i l i t y .  As 
can  be seen, the  hydrogen b l eed  flow r a t e  requi red  t o  car ry  away t h e  h e a t  
h a d  is  l e s s  f o r  t h e  oxygen than f o r  t h e  hydrogen system. Thus, a 4-watt  
e l e c t r i c a l  h e a t e r  i n  t h e  hydrogen bleed l i n e  is requi red  t o  c o n t r o l  t h e  
oxygen p rope l l an t  temperature above f reez ing .  .Local temperature c o n t r o l  w i l l  
be  provided by t h e  design of thermal contac t  zone a reas  and c o n d u c t i v i t i e s  and 
v e r i f i e d  by co ld  vacuum chamber development t e s t s .  The q u a n t i t y  of hydrogen 
expended t o  provide  steady s t a t e  thermal con t ro l  of buth,  t h e  LOX and LU2 APS 
p r o p e l l a n t  f a  5.7 kg (12.5 l b )  per mission. 

Trans ien t  chilldown c h a r a c t e r i s t i c s  a r e  presented i n  Figure 5-14 f o r  t h e  
APS LOX system. During t h e  S h u t t l e  pre-launch and boost  phases,  t h e  APS f eed  
l i n e s  w i l l  b e  i n e r t e d  t o  minimize t h e  hazard of leakage i n t o  t h e  cargo bay. 
A f t e r  the  cargo bay doors a r e  opened on-orbit and p r i o r  t o  release of t h e  Tug, 
t h e  APS must b e  a c t i v a t e d  by f i l l i n g  and c h i l l i n g  t h e  thruster feed manifolds. 
This  c h i l l  ope ra t ion  must be completed i n  approximately 30 minutes to  allow 
Tug deployment w i t h f n  t h e  f i r s t  complete o r b i t  revolc t ion .  Figure 5-14 pre- 
sents the LOX f e e d l i n e  temperature as a func t ion  :'bT t i m e  f o r  s e v e r a l  d i f f e r e n t  
hydrogen bleed flow ra t e s .  Although hydrogen and oxygen system chilldown w i l l  
occur simultaneousLy, steady s t a t e  temperature i s  expected t o  b e  a t t a i n e d  
f i r s t  fo r  t h e  hydrogen aystem. As can be seen, tire APS thermodynamic c o n t r o l  
system must: p rovide  a higher  than nominal flaw r a t e  c a p a b i l i t y  f o r  i n i t i a l  



STEADY STATE HEAT LOAD = 2.46W (8.4 BTU/HR) 

LOX MASS = 3.25 KG (7.2 1 0 )  

FEED SYSTEM MASS = 10.9 KG (24 10) 
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Figure  5-14. In t eg ra t ed  Cryogenic APS LOX Feed System C h i l l  Trans ien ts  

c h i l l .  The a d d i t i o n a l  h igh  flow c o n t r o l  va lve  and Joule-Thompson expander 
necessary t o  provide t h i s  capabil ity are shown in  Figures  9-2 and 9-3. A 
t o t a l  of 1 kg (2.2 Ib) of hydrogen w i J . 1  be expended f o r  i n i t i a l  system 
chij.1. This i s  equivalent t o  onlv a 0.36 kg (0.8 l b )  payload penal ty.  

DDT&E, first:  u n i t ,  r I .  *' urbishment cos t s  f o r  t h e  various components of 
the  thermodynaudc c o n t r o l  syatdm a r e  shown i n  Tables 5-7 and 5-8. Refurbish- 
mnent costs include scheduled inspections of t h e  i n s u l a t i o n  and l o c a l i z e d  
r e p a i r  as required.  

R ~ l i a b i l i t y  a n a l y s i s  r evea l s  t h a t  two thermdynamfc c o n t r o l  system 
components make a s i g n i f i c a n t  con t r ibu t ion  ro t h e  t o t a l  number of predic ted  
f a i l u r e s  per  mission. As seen on Table 5-13, t he se  a r e  the  bleed solenoid 
and bleed expander, ~ l e i r h e r  of which are redundant, which c o n t r i b u t e  240 and 
123 failures per  million missions, r e spec t ive ly ,  o u t  of an APS t o t a l  of 
6470 f a i l u r e s  per  m i l l i o n  missions. Redundant so lenoid  valves o r  the use of 
an e l e c t r i c a l  heater could b e  considered as p o t e n t i a l l y  more r e l i a b l e  
temperature con t ro l  mthods .  

SRCT requirements for t h e  thermodynamic c o n t r o l  system can b e s t  be 
s a t i s f i e d  by thermal-vacuum t e s t i n g  o f  a prototype system inc lud ing  thermally 
r ep re sen ta t ive  segments of t h e  e n t i r e  AFS.  System-level SR&T is considered 
necessary because t h e  two c r i t i c a l  e l e ~ n t s  - the cryogenic c a p i l l a r y  device 
and the  l iqu id- l iqu id  t h r u s t e r  - a r e  both  SR&T i tem and t h e i r  i n t e r a c t i o n s  i n  
a new concept system design need t o  b e  i nves t iga t ed  experimental ly  p r i o r  t o  
DDT&E. 'It i s  a l so  c e r t a i n  t h a t  t h r u s t e r  feed system manifolds,  t h e  thermal 
arrangement of t he  manifold, and t h r u s t e r  i n t e r f a c e s  w i l l  have a s t r o n g  

I 
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i n f l u e . ~ r e  on performance of t h e  system and t h e  c a p i l l a r y  device and, i n  tu rn ,  
on th rus t e r  design requirements. For these  reasons,  a  system-level demon- 
s t r a t i o n  tes t  program using a  pro to type  conf igura t ion  is  considered necessary. 
It would involve a  complete t h r u s t e r ,  a  r ep re sen ta t ive  i n s u l a t e d  segment of 
the feed system, and the  c a p i l l a r y  device mckup (from previous c a p i l l a r y  
device  SR&T t e s t  program). The system would b e  s e t  up i n  a vacuum chamber 
(only t o  the  pressure  l e v e l  necessary  t o  o b t a i n  MLf thermal performance) wi th  
t h r u s t e r  exhaust t o  sea level pressure .  System t h e r m l  environmnt- would b e  
s imula ted  during mission duty c y c l e  f i r i n g  p r o f i l e s  t o  ob ta in  pe r fo rmnce  and 
ope ra t iona l  c h a r a c t e r i s t i c s  da ta .  It i s  expected t h a t  t h i s  SR&T p r o p r m  
would cos t  approximately $1.2 M and cover a  12-month per iod .  

SYSTEM PERFORMANCE 

The in t eg ra t ed  concept (1-5) performance depends on t h e  a l e c t r i c s l  
power opt ion s e l e c t e d  as a source f o r  t h e  pump drive.  As noted i n  a pre- 
ceding sec t ion ,  t h e  power source  can b e  e i t h e r  a  f u e l  c e l l  o r  a primury 
b a t t e r y  sized to match the planned mission. Table 5-16 shows the  re ference  
mission performance of t he  i n t e g r a t e d  concept wi th  t h e s e  power opt ions .  

Ba t t e ry  Powex Options 

The power opt ion of 15-1. provides the  h ighes t  performance s i n c e  it uses 
t h e  l i g h t e s t  power source, a minimum s i z e  b a t t e r y  capable of suppor t ing  only  
t h e  Mission A p r o f i l e ,  15-3 has t h e  same power source  b u t  u t i l i z e s  a  higher  
a r e a  r a t i o  t h r u s t e r .  The 15-3 payload i s  lower than 15-L s ince ,  on t h e  low 
APS impulse Mission A p r o f i l e ,  t h e  weight pena l ty  of h igher  area ratio o f f s e t s  
t h e  s p e c i f i c  impulse gain. 15-4 a l s o  uses high a rea  r a t i o  b u t  has a l a r g e r  
b a t t e r y  t o  permLt operat ion of t h e  Mission B p r ~ f i l e ,  This added b a t t e r y  
weight reduces the 15-4 payload on t h e  Mission A p r o f i l e  below t h a t  of e i t h e r  
15-1 o r  15-3. I f  t h e  f i n a l  Tug power system design permits  b a t t e r y  s i z e  
opt ions  t o  be exercised f o r  each f l i g h t ,  then t h e  high a r e a  r a t i o  t h r u s t e r  
could be prefer red .  This would t ake  advantage of  t h e  i n t e g r a t i o n  f e a t u r e ,  
and e i t h e r  Mission A o r  B p r o f i l e s  .could be  flown as appropr i a t e  a t  only a 
4.5 kg (10 l b )  payload penal ty on Mission A p r o f i l e  due t o  the  g r e a t e r  
t h r u s t e r  weight. A s  noted i n  a fo l lowing  paragraph, t h e  h igher  t h r u s t e r  
performance (for +X t h rus t e r s )  also enhances vehicle f l e x i b i l i t y  through A f S  

backup capab i l i t y  of t he  main engine. For any of t he  b a t t e r y  opt ions ,  switch- 
over t o  Euel c e l l  power dur ing  APS abor t  propulsion is  p o s s i b l e  due t o  the 
absence of mafn engine power demand. 

Fuel  Ce l l  Power Option 

The 15-2 option is  provided wi th  dedicated power by augmenting the Tug 
fuel ce l l .  The Euel c e l l  wef ght pena l ty  is between t h a t  of t h e  Mission A and 
B p r o f i l e  b a t t e r i e s ,  and t h e  payloads vary correspondingly. With t h i s  power 
opt ion,  e i t h e r  Mission f o r  B f l i g h t  p r o f i l e s  may be  flown wi thout  changing 
the configuxatfon of any v e h i c l e  subsystem, This  power opt ion  permits  no t  only 
mafn engine backup power, b u t  on-demand unlfmited energy fo r  t h e  APS a t  any 
p o i n t  i n  a missfan. With n e g l i g i b l e  penal ty due t o  f u e l  c e l l  r e a c t a n t  con- 
sumption, any APS t o t a l  impulse (up t o  MPS tank capac i ty)  may be  provided f o r  



Table 5-16. Integrated Concept Per formnce  

a mission. With r e spec t  t o  t h e  opportuni ty t o  p lan  missions which use t h i s  
add i t i ona l  APS c a p ~ b i l i t y  , Tug v e h i c l e  v e r s a t i l f  t y  i s  enhanced. For miss ions 
which are m d i f i e d  dur ing  f l i g h t  t o  use  this c a p a b i l i t y  for contingencies  
such a s  main engine f a i l u r e  o r  unant ic ipa ted  even t s ,  Tug veh ic l e  f l e x i b i l i t y  
is  enhanced. 

Power source, kg ( lb)  
Fuel C e l l  A w e i ~ h t  
Primary b a t t e r y  weight 

Thruster  
Expansion area  r a t i o  - 
S p e c i f i c  inpulse,  N-sec/kg 

(s ec 1 
Reference Mission Payload, 
ke ( l b )  
Mission A 
Mission 3 

MPS /APS f mpulse Interchange,  
X of MPS 

Pulse uude--MR = 3.0 
AV kde--  MR = 5.6 

Main Engine Backup Abort 
Capabil i ry,  X cE MPS 
Approximate 3urn Time L 

The c a p a b i l i t y  t o  interchange p rope l l an t  between APS and MPS is limited 
by tank capac i ty  and t h e  APS mixture r a t i o  as shown i n  Table 5-16. The IPS 
loaded mixture r a t i o  is 5.6 f o r  a l l  except the  fu l l - tank  r e t r i e v a l  mission 
when t h e  mixture r a t i o  is 6.0. In pu l se  mode (mixture r a t i o  of 3), only 52 per- 
cent  of t h e  MPS impulse capac i ty  is  in te rchangeable  due t o  the f u e l  load 
l imi t a t ion .  However, t h i s  i s  undoubtedly more than ample f o r  t h a t  type  of 
mneuvering. I n  a v e l o c i t y  m d e ,  t h e  concept 's  c a p a b i l i t y  f o r  s teady  s t a t e  
opera t ion  of t h r u s t e r s  a t  a mixture ratio of 5.6 e l imina te s  t h e  p rope l l an t  
outage e f f e c t  and the  impulse interchange f r a c t i o n  is  i n  t h e  r a t i o  of APS t o  
ME'S s p e c i f i c  impulse values--0.86. The b a t t e r y  powered opt ions  are 
l i s t e d  i n  t h e  table as having no lmpulse in te rchange  capabf l i t y  since they 
r equ i r e  ewitchover t o  fuel c e l l  power and the main engine power a l l o c a t i o n .  
This rode  is  considered, a; present ,  t o  be  app l i cab le  only t o  operat ions a f t e r  
a main engine f a i l u re .  

The APS/MPS impulse interchange c a p a b i l i t y  of 0.86 can also b e  used for 
abor t  backup of the main engine. Af te r  a l lowing for gravi ty  losses a s  w e l l  a s  
the impulse d i f f i c i e n c y  ( see  Sec t ion  5.3), t h e  main engine ba,ckup c a p a b i l i t y ,  
without payload j e t  t ison o r  abo r t  p r o p e l l a n t  reserve ,  covers ,~~r=proximately 
60 percent  of the main engine duty cyc le  on synchronous e q u a t c r i a l  missions. 
A similar coverage value could be  expected for a l l  o the r  types of Tug-recovered 

+ 
Power Option 

15-1 

- 
f.2.9 (28.5) 

50 
3910 (398.7) 

2437(5373) - 

0 
0 

60 

15-2 

19.7 (43.4) - 
200 
4002(408.1) 

2389 (5267) 
2195 (4839) 

5 3  
8 8 

60 

15-3 

- 
12.9(28.5) 

200 
4002(408.1) 

2433(5363) - . .  

0 
0 

60 

15-4 

- 
35.2(77,6) 

200 
4002(408.1) 

2357(5196) 
21fi3(4768) 

0 
0 

60 J 



e a r t h - o r b i t a l  missions s ince  a large  f r a c t i o n  of t h e  outbound l e g  of any 
mission is t h e  phase where backup c a p a b i l i t y  e x i s t s ,  and t h i s  l eg ,  i n  genera l ,  
r equ i r e s  much more than 60 percent  of the  main engine burn t im. 

Propulsion Crossovers 

Srnall v e l o c i t y  maneuvers can b e  performed wi th  t h e  APS o r  any one of t h e  
three main engine operat ing nudes: tank head i d l e  (THIM) ; pumped i d l e  (PLM) , 
and m i n s t a g e .  For t h i s  study, a main engine ope ra t ing  r u l e  assumed was t h a t  
t h e  engine would no t  en t e r  t h t  next  h igher  t h r u s t  mode un le s s  t h e  maneuver 
was l a r g e  enough t o  require 5 seconds of s teady  state burning i n  t h e  hfgher  
mode. T h i s  r ~ l e  was made t o  r e f l e c t  p r a c t i c a l  requirements t o  e l imina te  s h o r t  
cyc l ing  of engine  con t ro l s  and t o  minimize engine wear where l i t t l e  performance 
pena l ty  was e n t a i l e d .  The r e s u l t ,  f o r  t h e  r e h z e n c e  mission,  is shown f n  t h e  
miss ion  t ime l ines  of t h i s  r e p o r t  (see Table 5-11, f o r  example) where the main 
engine  mode is  i d e n t i f i e d  f o r  each maneuver, In Figure 5-15, t h e  bes t  
performance domains of each of t h e  f o u r  poss ib l e  propulsion modes is  shown i n  
terms of p rope l l an t  required t o  provide a p a r t i c u l a r  maneuver t o t a l  impulse. 
THLM has less s p e c i f i c  impulse than  the APS and therefore has  no best 
perfornwnce donain. The crossover  t o  PIM ~ c c u r s  a t  i t s  minimum (5-second 
s t eady  stare operation) p r a c t i c a l  capability artd s o  does the crossover t o  
maln s tage .  

TUG VEHICLE IMPACT 

The a p p l i c a t i o n  o f  the  i n t e g r a t e d  cryogenic APS t o  t h e  Tug v e h i c l e  a f f e c t s  
r eh i c l e  design, development, and operat ions.  The s i g n i f i c a n t  impacts are 
discussed i n  this  section. 

S t r u c t u r e  Desinn 

The i n s t a l l a t i o n  of the i n t e g r a t e d  APS r equ i r e s  less space a l l o c a t i o n  f o r  
tanks than e i t h e r  s t o r a b l e  or cryogenic dedica ted  systems. Lines and mani- 
f o l d s  a r e  more complex than f o r  a s t o r a b l e  system but  a r e  s t i l l  r e a d i l y  
i n s t a l l e d .  Thrus te r  quad i n s t a l l a t i o n  i s  s i m i l a r  f o r  a l l  s y s t e m  except t h a t  
t h e  O/H system requ i r e s  b e t t e r  su r f ace  thermal p r o t e c t i o n  . i n c e  i t s  exhaust 
s t agna t ion  temperature is higher, p a r t i c u l a r l y  when compared t o  a mnoprope l l an t  
system. I f  t h e  augmented f u e l  c e l l  power opt ion is  used f o r  t h e  APS, Tug 
r a d i a t o r s  w i l l  b e  increased  2.2 m2 (22 f t 2 )  and " kg il.1 lb) . 
Power System Design 

The power sys tem required for the i n t e g r a t e d  cryogenic APS involves added 
power source and condit ioning.  The a c  pump d r i v e r  r e q u t r e  variable frequency 
i n v e r t e r s  for speed control .  Added power can b e  obtained by augmentation o f  
both of the b a s e l i n e  veh ic l e ' s  redundant f u e l  c e l l s  from 1.75 kw t o  2.60 kw 
o r  by the add i t i on  of s i l ve r - z inc  primary b a t t ~ , r i e s .  The b a t t e r i e s  may b e  
s i z e d  f o r  e i t h e r  mfssion p r o f i l e  A a t  0.86 kw-hr o r  B at  3.9 kw-hr . The 
r e spec t ive  battery weights are 12.9 kg (28.5 lb) and 35.2 kg (77.6 Ib). The 
difference in APS and Tug performance capabi l  Jty f o r  these power opt ions has 
bee9 described previously.  Their  design basis i s  d i s c u s s e d  in Sect ion 5 . 3 .  
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The i n r e g r a t e d  APS p e r m i t s  e l i m i n a t i o n  of s e l f - s e t t l i n g  ( b u t  n o t  TEtIM 
chll ldown) and PIN. However, s i n c e  these f e a t u r e s  are d e s c r i b e d  by the eng ine  
manufacturer  as being i n h e r e n t  i n  t h e  RL-10 IZB design,  no c o n f i g u r a t i o n  
changes are invorved. 

./ 0 

Main Engine Development 

The e l i m i n a t i o n  of THLM s e l f - s e t t l i n g  and PIM f u n c t i o n a l  requirements on 
the m i n  engine reduces  development c o s t  and time, %e impact of e l i m i n a t i n g  
THZE.1 s e l f - s e t t l i n g  has not been estimated b y  t h e  er.gine manufacturer, b u t  it 
would prnbably  appear as a n  e n g i n e e r i n g  c o s t  (both eng ine  and systems con- 
t r a c t o r )  as w e l l '  as engine development t e s t  c o s t  r e d u c t i o n s ,  Current e n g i n e  
manufacturer  p l a n s  to  cover the a n t i c i p a t e d  range of inlet c o n d i t i o n s  (from 
vapor t o  liquid f o r  either p r o p e l l a n t )  i n  30 engine development t e s t s  would be 
s i m p l i f i e d  t o  l i q u i d - i n l e t - o n l y  tests . Design and t e s t i n g  i n v o l v i n g  the  



engine 'a oxygen hea t  exchanger would s i m i l a r l y  b e  s i m p l i f i e d  s i n c e  accormnoda- 
t i o n  of mixed o r  s lugging flow would b e  e l imina t rd .  

In t h i s  s tudy,  no a t tempt  i s  made t o  quan t i fy  t h e  favorable  impact of 
the in tegra ted  concept regard ing  engine s t a r t  p ropel lan t  a c q u i s i t i o n ,  The 
in t eg ra t ed  cryogenic APS can  provide  MPS s e t t l i n g  f o r  engine s t a r t  a t  no 
penal ty ,  s i n c e  t h e  APS s p e c i f i c  impulse is h igher  than t h a t  of THIM. A Tug 
design using storable U S  can use either a s t a r t  basket  (as i n  Reference 1) 
o r  THIM s e l f - s e t t l i n g  o r  i n c u r  a severe  payload penal ty  by providing APS 
s e t t l i n g .  Reference 1 es t ima te s  the SR&T c o s t  f o r  a s t a r t  basket a t  $3.2 
M. No est imate f o r  s t a r t  baske t  DDTdE i s  i d e n t i f i e d .  

Elimination of PIM is es t ima ted  by t h e  engine manufacturer t o  reduce 
engine development by $2.83 and two months. The test program is reducad by 
two engine s e t s  and 50 t e s t s .  On the  s tudy re ference  mission, PIM is  used 
only  once. This raises t h e  ques t ion  as t o  whether t h e  storable APS veh ic l e s  
a l s o  can e l imina te  PIM. Reference t o  Figure 5-15, propuleion crossovers ,  
reveals t h a t  t h e  penalty i s  h ighe r ,  11.8 kg (26 l b )  of p r o p e l l a n t  per maxlmum 
PIM maneuver, f o r  s t o t a b l e s  (us ing  THIM) and only 5.5 kg (12 Ib) £0;- t he  
i n t e l x a t e d  cryogenic APS . It has not been determined how many PIM maneuvers 
are best for o t h e r  Tt*q missions, on ly  t h a t  t h e  paylozd penal ty  f o r  e l imina t ing  - 

i t  is high f o r  storab,as and nearly n e g l i g i b l e  f o r  tT:,e cryogenic i n t eg ra t ed  
A P S .  

An add i t i ona l  impact on main engine development r e s u l t s  from APS a b i l i t y .  
t o  provide backup propulsion for  60 percent  o f  t h e  = i n  ecgine duty cycle. 
This reduces the c r i t i c a l i t y  of  t h e  main engine which othktwise is a s ingle-  
p o i n t  failure through a l l  Tug opera t ions .  Whether t h i s  f e a t u r e  u l t ima te ly  
produces an a c t u a l  cost saviqg  i n  engine development, the APS backup 
capabiltty m u s t  be viewed as a v i r t u a l  cost saving somewhere i n  the Tug 
program. The exis tence  of a backup would b e  pervas ive  dur ing  both vehicle and 
engine development and during I n i t i a l  f l i g h t  opera t ions .  To a s s ign  a value t o  
this p o t e n t i a l  cos t  saving, i t  is est imated t h a t  engine t e s t i n g  can b e  reduced 
by 150 t e s t 8  a t  a saving of $3.6R. This  e s t ima te  is obtained by no t ing  t h a t  t h e  
engine manufacturer's planned number of t e s t s  of 750 correspsnds t o  a demon- 
strated r e l i a b i l i t y  of 0.996 at 95 percent confidence (F igere  5.~16) . This 
p a r t i c u l a r  q,ambination of f a c t o r s  i s  not  unusual and can be y l e w ~ d  as t y p i c a l  
of a single-point  f a i l u r e  engine program objec t ive .  However, with BPS partial 
backup, i t  is assumed t h a t  program r e l i a b i l i t y  d e m n s t r a t i o n  ob jec t ives  can b e  
relaxed t o  a value of 0.995. Th i s  corresponds t o  t h e  reduct ion  of 150 t e s t s .  

Vehicle Operations 

The i n t eg ra t ed  APS provides several.  advantages to  Tug operat ions.  Fore- 
m s r  among these  i s  the  added v e r s a t i l i t y  provided by APS/MPS prope l l an t  i n t e r -  
change. A s  noted previously, w i t h  fuel cel l  power or with t h e  proper b a t t e r y  
capac i ty  and bartery-to-fuel  c e l l  switchover, the APS t o t a l  impulse c a p a b i l i t y  
is 86 percent of t h e  M P S ,  

For the s tudy reference d s s i o n ,  the Mission 3 p r o f i l e  using the APS ins tead 
of the MPS for 'ow ve loc i ty  changes can be  flown a t  w i l l  when missions a r e  not 
payload-limited, Engine r e l i a b i l i t y  degradat ion and overhaul cos t s  would then 



be reduced since 5 out of 11 main engine r o t a t i n g  starts would be  supplanted by 
t he  A P S .  The payload l i m i t  would be  195 kg (428  l b )  less than maximum r a t ed ,  
but engine overhaul c o s t  would be  reduced by $9000 pe r  f l i g h t .  For t h e  base- 
l i n e  mission model of 245 f l i g h t s ,  i t  is estimated that t h i s  p r o f i l e  could be  
used on 100 f l i g h t s ,  y i e l d i n g  a t o t a l  p o t e n t i a l  c o s t  reduc t ion  of $900,000. 

The added duty placed on the  APS by Mission B does n o t  tnedsurably. 
i nc rease  i ts  maintenance c o s t  because the refurbishment  f requencies  o f  t he  
a f f e c t e d  components a r e  l im i t ed  by random f a i l u r e s  , r a the r  than by l i f e .  The 
added duty  adds o11ly 5 pump/accumulator cyc l e s  t a  the  100 cyc l e s  of Mission 
A. S imi l a r ly ,  the t h r u s t e r  s t a r t  cycles are increased  by 5 from 2300. The 
i n c r e a s e  i n  ope ra t i ng  hours i s  s u b s t a n t i a l ,  from 0.5 t o  1.7 hours per mission, 
bu t  nei :ter t h e  pump nor  t h e  t h r u s t  chamber is l i f e - l i m i t e d  and thug their 
useful l i f e  i s  not  apprec iab ly  a f f e c t e d  by t h e  a d d i t i o n  of 24 hours of 
opera t ion .  

An even g r e a t e r  b e n e f i t  of  Ai7S/MPS impulse inteechange i s  t h a t  t h e  severe 
penal ty  of providing APS impulse m x g i n  i n  rbe design of a d e d i c a t e d  p r o p e l l a n t  
supply i s  avoided. To i l l u s t r a t e  the need fo r  margin, Figure 5-17 shows the 
c u r r e n t  i npu l se  requirements spectrum for t h e  Tug v e h i c l e  i n  terms of r o t a t i o n a l  
and l i n e a r  impulse. It: is apparen t  that no f i r m  maamism requirewnt: is  r e g d i l y  
i d e n t i f i a b l e .  '130 avoid the penal ty  o f  margin, APS dedicated systems a r e  
f r equen t ly  undersized i n  e a r l y  v e h i c l e  des ign  phaszs.  This occurred on the a 

Apollo program where the SbI RCS prope l l an t  capac i ty  was doubled l a t e  i n  t h e  
program. Undersizing a l s o  occurred on the two most r e c e n t  Tug system s r u d i e s  
(Reference 1 and 2) where t h e  (so far) c o n t r o l l i n g  triple placement mission was 
not examined for U S  impulse requirements.  Reference 1 notes  t h a t  t h e  14-day 
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Tug service mission requires a d d i t i o n a l  APS impulse b u t  the  amunt i s  n o t  
determined. On the figure, the shaded area  f o r  the 14-daj service mission 
represents only a rough esti  mte. The determination af required APS impulse 
f o r  any Tug mission is  an extensive t a sk  and h a s  not been attempted f o r  a l l  
planned Tug missions. To summarize, fu tu re  missions and payloads are difficult: 
to predi.ct,  missions are evidently u l t imate ly  planned around capab i l i ty ,  and 
the Tug is a m l t i p u r p o s e  vehicle with a probable opera t ional  program span of 
a t  l eas t  20 years; therefore i t  is m a t  b e n e f i c i a l  t o  obviate. the need to make 
a firm e a r l y  predfct ion on the  APS impulse requireant or to change the vehic le  
as new requirements arise. 

Main engine backup capability by the APS a l s o  has opera t ional  cos t  
benef i t s .  Figure 5-16 also shows the number of vehicle l o s ses  f o r  the  base- 
line 243-flight Tug program aa a function of main engine r e l i a b i l i t y .  In 
Reference 1, the a t t r i t i o n  rate is  assumed as 1 percent .  I f  the main engine 
r e l i a b i l i t y  is assumed a t  0.996, then 60 percent  of t h a t  a t t r i t i o n  r a t e  i s  
a t t r i b u t a b l e  t o  the main engine--a n o t  unreasonable co r re la t ion .  With 
integrated APS backup, 0.6 of a unit  is the  mathematical expectat ion f o r  the 
number of vchicles and Tug payload l o s s e s  t o  be  avoided. (This neglec ts  the 
retrieval missions where payload loss is not involved i n  t h e  outbound leg.) 
Assigning $10.5 M and $20 M un i t  coets  to the Tug and typical payload y i e l d s  
p o t e n t i a l  (expected value) coat aavings of $6.3 R and $12.4 R, respectively,  
due to the  backup capabi l i ty .  

m -- ------- 
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Figure 5-17. Tug APS Impulse Requirements Spectrum 



5 . 3  DFSIGN ANALYSES 

PERFORMANCE ANALYSIS BASIS 

Performance a n a l y s i s  of  i n t eg ra t ed  concepts involved t h e  same model as 
used f o r  dediczted concepts p lus  add i t i ons  t o  account  f o r  (1) t he  added MPS 
tankage required f o r  s to rage  of A P S  prope l l an t  and (2) the comingling of MPS 
and APS f l i g h t  performance r e se rve  p rope l l an t  a l l o c a t i o n s .  

The added M??S tankage weight penalty was  computed by us ing  t h e  increase 
i n  t o t a l  MI'S tank p r o p e l l a n t  load over the b a s e l i n e  (dedicated APS) value  of 
22767 kg (50193 lb), This  i nc rease  was computed for both o x i d i z e r  and f u e l ,  
and i n e r t  w c i g h t 8 f r a c t i o n s  of 0.0127 and 0.114 (burnout weight t o  usable 
propellant in main tanks) for ox id i ze r  and f u e l ,  r e spec t ive ly ,  were applied.  
These i n e r t  weight f r a c t i o n s  actount for residual vapor weight increase as w e l l  
ae mid-tank s t r u c t u r e  and i n s u l a t i o n  i n e r t  weights, For t he  selected concept 
(I-S), the t o t a l  tank weight: pena l ty  a t t r i b u t a b l e ,  inc luding  13 percent  d ry  
weight growth, was 4.75 kg .  (10.5 l b )  f o r  Mission A and. 21.76 kg (48.0 1b) for 
Mission B. 

The dedicated APS concept f l i g h t  propellant r e se rves  (FPR) f o r  NPS and 
APS a r e  phys ica l ly  separa ted .  Accordingly, each a l l o c a t i o n  is loaded and t h e  
performance ana lys i s  t r e a t s  them as burned weight i tems s i n c e ,  on a rominal 
mission, they a r e  actually present at  f i n a l  cutoff .  The MPS FPR is nominally 
equal  t o  3 percent  of the v e l o c i t y  budget f o r  t h e  tank-s ize-cont r t l l ing  
r e t r i e v a l  mission, The APS reoerve,  f o r  a l l  concepts ,  i s  10 percent  of t h e  
APS usable  propel lan t .  Both of these q u a n t i t i e s  r ep re sen t  t h e  probable limit 
to t ha  accumulated magnitude of a m u l t i p l i c i t y  of poss ib l e  t r a j e c t o r y  and 
propulsion performance devia t ions  dur ing  ope ra t ion  of the respective systems. 
Just as t h e  FPR f o r  each syetem i s  found by obta in ing  t h e  r o o t  sum square 
(RSS) of the con t r ibu t ing  deviations (Reference 151, t h e  comingled PPR is the 
RSS of t h e  two con t r ibu t ing  FPR. A l l  o f  t h e  dev ia t ions  from nominal prope l l an t  
consumption including the  two FPR values  a r e  random, independent, continuous 
v a r i a b l e s  and are thus combined by the RSS method. This  method also r e t a i n s  
the same probability l e v e l  f o r  the  limit t o  accumulated devia t ions .  

I n  this case,  three s i p  i s  assumed. For the i n t e g r a t e d  concept (1-51, 
t h e  stage weight s ta tement  (Table 5-9) shows only 3 lb f o r  the  APS FPR. ThLs 
is  a misleading but  convenient s i m p l i f i c a t i o n  resulting from l i s t i n g  the  MPS 
FPR of 144 kg (338 l b )  a t  its b a s e l i n e  value. The sum of  the MPS and APS E'PR 
provides f o r  the three-sigma p r o b a b i l i t y  t h a t  th,! KPS and APS dev ia t ions  w i l l  
not exceed 3 percent af t h e  KPS v e l o c i t y  budget p l u s  10 percent of the APS 
usable propel lan t .  



The MPS FPR is avai lable  t o  it  a t  f i n a l  cutoff  except f o r  missions (not 
t he  study reference mission ) where the  APS r e se rvo i r  capacity of 11.8 kg 
(26 lb )  exceeds the  APS requirenlent a f t e r  f i n a l  MPS cutoff .  In t h a t  event,  the  
excess i n  the APS reservoir  can be used by the APS t o  perform the  remaining MPS 
v e l o c i t y  a t  86 percent ef fec t iveness  o r  t h e  r e f i l l  of the  APS r e se rvo i r  can be  
programmed t o  avoid t h i s  small MPS FPR shortage. 

THRUSTER DESIGN POINT SELECTION AND SENSITIVITIES 

Thruster  Design Point  

The appl ica t ion  of engine parametric performance data t o  the  in teg ra ted  
APS resul ted  i n  performance v a r i a t i o n s  wi th  engine design po in t  c h a r a c t e r i s t i c s  
a s  shown i n  Figure 5-18. The inf luences  of mixture r a t i o ,  chamber pressure,  
and area r a t i o  follow t h e  same p a t t e r n  on Mission A as previously described 
f o r  dedicated concepts. The t rend f o r  Mission B i s  d i f f e r e n t  s ince  
considerably more APS impulse is  provided. A t  the  higher t o t a l  impulse, 
performance is more sens i t ive  t o  s p e c i f i c  impulse and the  dropoff with mixture 
r a t i o  is  mre pronounced. 

An increase i n  area r a t i o  increases  specLfic impulse and is most 
b e n e f i c i a l  on Mission 0. Hfghcr chamber pressure  does not  improve the  
Mission 3 payload s ince  pump, drive and power source weight overcome any 
s p e c i f f  c impulse gain. 

After preparat ion of performance t rends ,  system and t h r u s t e r  s u s c e p t i b i l i t y  
t o  propellant  temperature v a r i a t i o n s  and t h r u s t  cooling l i d t a t i o n s  were 
combined t o  make the t h rus te r  design point  s e l e c t i o n  f o r  in tegra ted  concepts. 
The only major change was t o  s h i f t  the operat ing mixture r a t i o  from 4 , O  to  
3.0. r?e noted i n  the following sec t ion ,  t h f s  permits a wider t h r u s t e r  t n l e t  
temperature var ia t ion .  As shown i n  F-tgure 5-18, t h e  pay104  v a r i a t i o n  was 
minimal and not a fac tor  i n  the  se lec t ton .  

2 The chamber pressure w a s  re ta ined a t  103 N/cm (150 psis) since it permits 
a lower r i s k  approach from a t h r u s t e r  cooling viewpoint. A higher pressure 
would be des i rable  t o  accept g rea te r  propel lant  temperature va r i a t ions ,  bu t  t h e  
reduced throat  s i z e  adversely a f f e c t s  t h r u s t e r  cooling. The payload l o s s  a t  
higher chamber pressures i s  another cont r ibut ing  fac tor .  

The area r a t i o  fo r  both A & B mission p r o f i l e s  was se lec ted  f o r  bes t  
performance. No change i n  t h e  dedicated system choice of SO f o r  Mission A wae 
required.  For Mission 3 systems, a 200 a r e a  ra t io  was se lec ted .  

Thrus ter  S e n s i t i v i t y  t o  Propel lant  Inlet Conditions 

The purpose of t h i s  ana lys i s  was t o  evaluate  the  performance s e n s i t i v i t y  
of t h e  thrus ter  t o  propellant va lve  i n l e t  condit ions,  Engine performance was 
parametrically evaluated a s  a funct ion  of propel lant  temperature and pressure 
by ca lcula t ing  the  corresponding v a r i a t f o n  i n  e n g h e  f lowtates ,  chamber pressure,  
and mixture r a t i o .  The i n t e g r a t e d  APS engine base l ine  design (mixture r a t i o  uf  
3.0) was used i n  t h i s  study. 
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Figure 5-18. Thruster Pararrtrf c Design Data 



The a n a l y s i s  was i n i t i a t e d  by s e l e c t i n g  a parametr ic  range of p rope l l an t  
i n l e t  p r e s su re s  and temperatures. The range for both hydrogen and oxygen 
i n l e t  p ressures  was 134 and 169 ~ / c r n ~  (195 and 245 p s i a )  . The oxygen and 
hydrogen i n l e t  temperature ranges were va r i ed  between 89 and 111 K (160 t o  
200 R ) ,  and 22 to 50 K (40 to 90 R ) ,  r ~ s p e c t i v e l y .  

The v a r i a t i o n  i n  engine performance wi th  inlet cond i t i ons  was esra-  
b l i shed  by iterative s o l u t i o n  of the equat ions  for flow pa th  pressure l o s s ,  
chamber pressure ,  and c i t n t a r t e r i s t i c  exhaust  v e l o c i t y  (C*). With cons t an t  
i n l e t  p r e s su re  and flow pa th  p re s su re  Loss c o e f f i c i e n t ,  flow r a t e  and 
mixture  r a t i o  are funct ions of  i n l e t  p r o p e l l a n t  d e n s i t y  and chamber pressure .  
In tu rn ,  chamber pressure  is a func t ion  of flow rare and C* and C* was 
determined a s  a func t ion  of mfxeure ratio. The r e s u l t s  allowed c a l c u l a t i o n  
of corresponding va lues  for s p e c i f i c  impulse and t h r u s t .  

Pigure 5-19 shows t he  eff~ct of p rope l l an t  va lve  i n l e t  temperaturen on 
mixture  r a t i o ,  chamber p re s su re ,  s p e c i f i c  impulse, and t h r u s t  a t  t h r e e  s e t s  
of  va lve  i n l e t  p r e s s u l ~ a .  Por the purpose of the study,  t h e  maximunr mixture 
ratio i s  l i m i t e d  t o  7 , G ,  For boch hydrogen and oxygen, t he  nominal ca se  i s  
152 ~ / c m 2  (220 gsFa) . 

1 t ~  t,." nominsl case, 9lnc.z Fxygen i s  a s a t u r a t e d  l i q u i d  i n  the  
a p p l i c a b l e  ranges ,  i t  has a smal l  e f f e c t  on engine performance. Therefore,  
t h e  hydrogen i n l e t  temperature was chosen as the Independent variable. It 
is evident  t h a t  t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  t h r u s t e r  change g r e a t l y  
above a 33 K (60 R)  hydro^.-n valve i n l e t  temperature.  

Also shown in  the figure are extreme cases of i n j e c t i o n  p re s su re  
imbalance with maximum and minimum i n l e t  p r e s su re s  a t  169 and 135 ~ / c m ~  
(245 and 195 p s i a ) ,  respec t ive ly .  With t h e  high mixture  r a t i o  extreme 
case, t h r u s t e r  performance starts t o  degrade r a p i d l y  f o r  hydrogen temperatures  
a.bove 27.7 K (50 R), while  with t h e  low mixture  r a t i o  extreme case,  t h r u s t e r  
*?erformance does n o t  change s i g n i f i c a n t l y  u n t i l  the hydrogen temperature 
exceeds 36 K (65 R). 

The system desfgn could  be  made t o  take advantage of t h i s  effect by 
b i a s i n g  the  p r e s s u r e s  so t h a t  t h e  hydrogen p re s su re  i s  a t  311 t imes 
higher than the ox id i ze r  p ressure .  That f e a t u r e  i s  not  implemented in t h i s  
study but is  recommended for a p p l i c a t i o n  dur ing  o r  a f t e r  t h r u s t e r  SR&T test 
data are obtained. 

Pre- and -. Post-Burn Thermal Analysis 

A pre l iminary  pos t - f i re  thermal  a n a l y s i s  of t h e  t h r u s t e r  ope ra t i ng  hc 
t h e  b a s e l i n e  condi t ions  was performed t o  assess thermal f e a s i b i l i t y ,  p a r t i -  
cularly with  regard  t o  the  s t a r t  and r e s t a r t  p rope l l an t  f l o w  t r a n s i e n t s .  
It w a s  found that, wirh proper a t t e n t i o n  to  thermal  f s o l a r i o n  of the system 
and i n s u l a t i o n  of s p e c i f i c  manifold passages,  i t  will h e  possible t o  s t a r t  
t h e  engine and r e s t a r t  i t  with non-detrimental excurs ions  i n  mixture 
r a t i o .  



l l I I 1 1 1 I ! I I l I  1 1  I - I ,  1 I .  1 * I 
0 Y~ 50 0 7P m R) 0 '4 50 ;n] 0 R 

R 
WM;EN LNUT TEMPERAME HYDlOGEN INCfT TLMF£UMt 

Figure 5-19. Parametric Propellant Inlet Sensitivities 

n- 

ab- 

S 

f ~ 5 2 4 -  

23- 

22 

I 

- 

- 

0- 



Thermal i s o l a t i o n  of the  system is achieved using a t h i n  wal l  bellows 
with low thermal conductance between the valves and manifolds. Design values 
correspond t o  s t a i n l e a s  s t e e l  bellows having a mean diameter of 0.313 cm 
(0.125 in.) ,  a wal l  thickness of 0,013 crn (0.005 i n . ) ,  and a developed length  
of 3.8 crn (1.5 in.). Between the  manifold and the  power source (exc i t e r )  
a t h i n  wall  stainless ateel tube w i l l  provide the  inaula t ion ,  This tube w i l l  
be 1.5 cm (0.6 in.)  long and 1.5 cm (0.6 in.) i n  diameter, w f t 8  o wall 
thickness of 0.0254 cm (0.010 i n . ) ,  and w i l l  hocse the  v-wer l i n e s  and 
necessary e l e c t r i c a l  insulat ion.  

It was assumed tha t  the  propel lant  l i n e s  a t  the  in le t  t o  the valve would 
be pre-conditioned t o  27.7 K (SO R) and 92 K (165 R) f o r  the f u e l  and oxidizer ,  
respect ive ly .  It was a lso  assumed t h a t  the  only o ther  significant thermal 
connection with the  vehicle would be by thermal radia t ion .  

A thermal model of the  system was constructed using these assumnptj.ons, and 
t h e  r e s u l t s  of t h i s  model may be seen on Figure 5-20. The temperature 
transients f o r  th ree  major components, the  th roa t ,  t he  t h r u s t  chamber wal l ,  
and the manifold are shown on t h i s  figure as a function of t i m e  from shutdown, 
A t  shutdown, t he  temperature of the  throat ,  t h r u s t  chamber, and manifolds are 
1644 K, 255 K and 61 K (2500 7 O F, and -350 F) ,  respectively.  These a re ,  of 
course,  mean temperatures and L:. rot represent  l o c a l  va r i a t ions .  The minimum 
coast t i m e  a f t e r  pu l s ing  is 0.09 hr or 324 sec, at which tine the three  
temperatures are 394 K, 378 K, and 144 K (250 F, 220 F, and -200 F), respec- 
tively. Between shor t  pulses, there is  no minimum r e s t a r t  t i m e  because the 
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Figu.re 5-20. Post-Fire Thermal Transients - Uninsulated llanifolds 



manifolds a r e  ch i l l ed .  A s  was seen on previous f i g u r e s ,  when the  f u e l  e n t e r s  
t h e  t h r u s t  chamber a t  temperatures much i n  excess  of 39 K (70 R ) ,  excessive 
(>6! mixture r a t i o  t r a n s i e n t s  w i l l  occur l ead ing  t o  poss ib l e  cool ing problems 
a t  the  t h r o a t .  High mixture r a t i o  w i l l  occur  a f t e r  a long coas t  s i n c e  t h e  
f u e l  i n l e t  temperature is nea r  thermal equi l ibr ium wi th  the  manifold a t  144 K 
(-200 F). High mixture r a t i o  can cause damage un le s s  t h e  coas t  time has  
been long enough t o  al low t h e  t h r o a t  t o  coo l  t o  a poin t  where i t s  hea t  s i n k  
capacity w i l l  accommodate t h e  high mixture r a t i o  t r a n s i e n t  period while the  
manifold is cool-fng down. This  d i f f i c u l t y  w i l l  be a l l e v i a t e d  by providing 
low effective mass i n s u l a t o r s  on the manifold walls .  This technique, which 
has been demonstrated on t h e  r ecen t  extended temperature range (ETR) t h r u s t e r  
with r e s c a r t s  a t  ambient temperatures,  consists of photo-etched p l a t e l e t s  
bonded t o  t h e  inside of t h e  manifolds. 

By u s ing  t h i s  concept r e s t a r t s  a r e  permiss ib le  a t  any time a f t e r  
pulsing, because t h e  low e f f e c t i v e  manifold mass permits  cooldown immediately 
t o  a temperature of 39 Y, (70 R) o r  less. 

, 

A c r i t i c a l  va r i ab l e  i n  a conditioned c.ryogenic t h r u s t e r  is the heat load 
imposed on t h e  condit ioning system. I n  the presen t  system, t h e  hea t  load  has 
been minimized t o  an accep tab le  l e v e l ,  w i t h  c a p a b i l i t y  of reducing i t  even 
mLie. The maximum s teady  state heat  l oads  f o r  a l l  16  t h r u s t e r s  are 1.5 and 
0.73 wat t s  (5.0 and 2.5 ~ t u / h r )  f o r  t he  f u e l  and ox id i ze r  c i r c u i t s ,  respec t ive ly .  

Impulse B i t  Analysis 

The impulse b i t  a n a l y s i s  is baaed on  t h e  r e s u l t s  of t e s t f n g  conducted f o r  
Contract NAS3-16775 (Reference 16) w i th  L02/LH2 propel lan ts .  Data from i g n i t e r  
t e s t s  on that con t r ac t  and prel iminary des ign  ana lyses  show t h a t  t h e  80 percent 
s p e c i f i c  impulse goal  can be achieved a t  I l l - N  (25-lb) t h r u s t  f o r  an e l e c t r i c a l  
pu lse  width of 25 msec. Th i s  corresponds to a minimum Impulse b i t  of 2.2 N-sec 
(0.5 lb-sec) a t  a nominal ch rus t  l e v e l  of 111 N (25 l b )  . 

The :.eat da ta  obtained for  the  c o n t r a c t u a l  e f f o r t  mentioned a l s o  showed 
t h a t  there was no s i g n i f i c a n t  d i f f e r ence  i n  t o t a l  impulse between t h e  £3- .t and 
subsequent pulses .  However, a d i f f e r ence  i n  puls ing  performance was no I ,  
Figure 5-21 shows the  v a r i a t i o n  of pu l se  performance as a funct ion  of impulse 
b i t  f o r  a nominal t h r u s t  o f  111 N (25 lb). This  f i g u r e  was derived from t h e  
t e s t  da t a  c i t e d .  Puls ing  performance is  h igher  when manifolds are c h i l l e d  
down, which i s  t y p i c a l  of a pu l se  t r a i n .  The lower performance i a  t y p i c a l  of 
the  first pulse  or pulses  preceded by long  coas t  per fods  r e s u l t i n g  i n  thermal 
hea t  soakhack t o  manifolds. The d i f f e rences  i n  performance a r e  due t o  a 
g rea t e r  s h i f t  i n  the oxid izer - r ich  mixture r a t i o  i n  the  first pulse  when 
manifolds a r e  warm than i n  subsequent pu l se s  when manifolds are colder ,  

INTEGRATED APS PWPELLANT SUPPLY CONDITIONS 

To a i d  i n  the design and performance a n a l y s i s  of t he  integrated APS 
concepts, t h e  main tank p r o p e l l a n t  condi t ions  were def ined ,  These 'condi t ions 
include t h e  tank pressure  and temperature p r o f i l e s ,  as wsll as APS subcooling 
and supply l i n e  requirements.  
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Figure 5-21. Effect  of Impulse B i t  on Pulsz Performance 

The i n i t i a l  MPS pressur iza t ion  system concept used f o r  t h i s  s tudy was a 
zero NPSH blowdown method u t i l i z i n g  a Category IIA EU,-10 engine. This  concept 
used the tatrk head i d l e  made of t h e  engine t o  se . . r le  tbc propellants .  
Figures 5-22 and 5-23 present the  r e s u l t i n g   tan^, condit ions u t i l i z i n g  the 
mission t imeline and propellant usages from Table 4-4. 

2 Because the RL-10 I I A  engine requi res  a minimum of I1 N/cm (16 ps ia)  a t  
engine s t a r t ,  t h e  zero NPSH blowdown concept i s  mission-dependent. Self- 
p ressu r i za t ion  during a sustained MPS burn could r e s u l t  i n  LOX and LH2 
propellant pressures at  englne cutoff  less than the 11 ~/crn* (16 ps ia )  minimum 
required f o r  engine r e s t a r t .  Thus, missinn f l e x i b i l i t y  would be constrained . 
due t o  the wait ing period required f o r  propel lant  repressur iza t ion  by tank 
i n s u l a t i o n  hea t  leaks.  THIM th rus t ing  f o r  propel lant  s e t t l i n g  would f u r t h e r  
reduce the tank pressure i f  the  propel lant  were adversely located and u l l a g e  
gas escaped through the engine. 

To improve mission f l e x i b i l i t y , .  an autogenously pressur ized  Category I I B  
RL-30 engine was se lec ted  which requ i res  a 2/15 (oxygenlfuel) minimum NPSH -rt: 
mainstage s t a r t .  This engine a l s o  requi res  a minimum pressure of I1 ~ / c m 2  
(16 p s i a ) .  P r i o r  to  mainstage, t h e  I Z I :  derivative engine i s  capable of 
opera t ing  i n  THIM similar t o  t he  I I A  der iva t ive ;  iitus, i t  can sett le t h e  
p rope l l an t s  i n  this mode. I n  addi t ion ,  the TIB der iva t ive  has a pumped i d l e  
mode which can pressur ize  the  u l l age  p r i o r  t o  mainstage operat ions i n  a so- 
c a l l e d  bootstrap manner. The ullages continue to be pressur ized  autogenously 
during mainstage operations. 
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Table 5-17 summarizes the  methods used t o  settle propellants  by severa l  
Tug system inves t iga tors .  The decision t o  u t i l i z e  the  APS f o r  propellant  
sett l ing gave the design the added dimension of having a redundant means of 
s e t t l i n g  the propellants .  I n  addit ion,  the  table presents  the  various systems 
used t o  con t ro l  u l lage  pressure which were p a r t  o f  those designs. 

The aotogenous p ressur i za t ion  system se lec ted  is s imi lar  to  the  system 
presented i n  the  MSFC r e p o r t  (Reference 1 7 ) .  Figure 5-24 presents  a schematic 
representa t ion  of the  LH2 and LOX tank MPS pressur iza t ion  and vent subsystems. 
Redundancy i s  provided i n  the regula t ion  of both u l l age  presaurizarion systems 
by two regula tors  pneumatically i n  p a r a l l e l  protec t ing  agains t  the  failed- 
closed regulator mode, and a shutoff valve i n  each leg tha t  w i l l  protec t  
against the failed-open mode. Pneumatically i n  parallel relief valves pro tec t  
against  system overpressurizat ion.  Control of GH2 and GO2 flew from the  main 
engine tapoff  is by single nonredundant solenoid valves. 

The LH2 and LOX tank vent and r e l i e f  s y s t e m  a r e  composed of two sub- 
systems. The primary vent  systems are funct ional  during the loading, ascent ,  
and p o s i t i v e  accelera t ion  periods of Tug operation. On the LH2 tank, i t  i s  
a l so  u t i l i z e d  in the event of an aborted mission requi r ing  t h a t  the  Orbiter  
land with  the  Tug LH2 tank f u l l .  The LOX tank is dumped p r i o r  t o  an abort 
landing and hor izonta l  venting is  not required.  

The secondary tank vent  system is required t o  vent the LH2 and LOX tanks 
with minimal liquid l o s s e s  during periods of zero o r  low accelera t ion  when 
propellanra are not a e t t l e d  and venting of e i t h e r  gas, l iqu id ,  o r  both is a 
possibilfty. A zero-thermodynamic vent system (TVS) is baselined in both 

Table 5-17. Main Propulsion System Design Comparison 
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tanks due to i t s  l i g h t  weight, good technology base, and mission f l e x i b i l i t y  
( i . e . ,  i t  is  self-compensating fo r  v a r i a t i o n s  i n  heat l eak ) .  The thermo- 
dynamic ven t  r equ i r e s  e l e c t r i c a l  power f o r  mixing, and vents only gas even 
though gas and l i q u i d  may be  p re sen t .  Technology and a practical demonstration 
of the  thermodynamic ven t  system a l ready  has  been accomplished. Redundancy 
i n  t h e  LO2 and LH2 thermodynamic vent  systems i s  provided through t h e  use  of 
dua l  va lv ing  . 

A s  s een  i n  Figure 5-24, TVS con t ro l  range is  s e t  such t h a t  t h e  minimum 
u l l age  p re s su re  s a t i s f i e s  t h e  minimum engine inlet pressure requirement. The 
p r e s s u r i z a t i o n  system r e g u l a t o r  minimum c o n t r o l  l e v e l  was determined by t h e  
engine NPSH requirements.  Rapid p re s su r i za t ion  of the LOX tank  u l l a g e  
0.69 I?/crnZ (1 p s i )  above 'he TVS pressure  l e v e l  r e s u l t s  i n  s l i g h t l y  more than 
0.60 (2 f t )  of NPSH. Simi l a r ly ,  p re s su r i z ing  t h e  LH2 tank u l l a g e  0.345 14/crn2 
(0.5 p s i )  above t h e  TVS p r e s s u r e  l e v e l  r e s u l t s  i n  s l i g h t l y  more than  4.6 rn 
(15 f t )  of NPSH. I n  a d d i t i o n ,  i t  was considered necessary to  allow t he  
r e g u l a t o r  a .tolerance of + 0.345 FI/cm2 (5 .Om 5 ps ia )  about i t s  s e t p o i n t ;  t h e  
r egu la to r  l i m i t s  r e f l e c t  t h i s  choice. F i n a l l y ,  the f l i g h t  r e l i e f  valve 
modulation band was determined by the maximum r e g u l a t o r  control pres su re  and 
t h e  s t r u c t u r a l  l i m i t s  of the tank. The 13.79 ~ / c m 2  (20 p s i a )  maximum LOX 
tank u l l a g e  pressure  r e p r e s e n t s  an  inc rease  from t h e  s e l f - ~ r e s s u r i z e d  system 
concept maximum l e v e l  of 12.76 ~ / c r n ~  (18.5 p s i a ) .  

I n  summary, t h e  MPS p r e s s u r i z a t i o n  and vent system w i l l  maintain the 
prope l l an t  and ullage fluids wi th in  the  l i m i t s  presented i n  Table 5-18. 

Table 5-18. MFS Pres su re  and Temperature Limits  During Mission 

The ca lcu la ted  LH2 and LOX main tank pressure  and temperature p r o f i l e s  
adequately meet all MPS engine requirements;  however, t h e  f l u i d  extracted 
from the tanks t o  suppor t  t he  APS must be subcooled t o  enable the APS 
pumping system t o  ope ra t e  proper ly ,  The subcooling i s  accomplished i n  a 

LOX Tank 

13.79 (20) 
11.03 (16) 

138.89 ( 2 5 0 )  
91.00 (163.0) 

91.56 (164.8) 
91.00 (163.8) 

Pararne ter 

2 Pressure, N/cm (psia) 
Maximum 
Minimum* 

Ullage Temperature, K (R) 
Maximum 
Minimum* 

Prope l l an t  Temperature, K (R) 
Maximum 
Minimum* , 

*From l i f t o f f  u n t i l  the heat leak into the  tanks inc rease  the pres su re  
and temperature i n t o  t h e  TVS con t ro l  range, t he  f l u i d s  are co lde r .  
L i f  to££ condit ions:  LOX tank 10.1 ~ / c r n ~  (14.7 p s i a )  , s a t u r a t e d ;  
LH2 tank 10.5 Pl/crn2 (15.2 ps ia )  , saturated. 

LHz Tank 

13.45 (19.5) 
11.03 (16) 

94.44 (170) 
20.55 (37) 

20.77 (37.38)  
20.55 (37) 



zero-g reservoi r  wi th  a sepa ra t e  TVS. With the  assumption t ha t  the LH2 pump 
i n l e t  NPSP requirement is  0,7 ~ / c m 2  ( 1  p s i )  , the required minimum subcooling 
is  0.2 K (0.4 R) during APS usage,  If t h e  LOX pump i n l e t  NPSP requirement 
is 124 ~ / c m 2  (2 p s i a ) ,  the  minimum required subcooling is  1.1 K (2 R) dur ing  
APS usage. The subcooling requirement assurm n e g l i g i b l e  p re s su re  l o s s  from 
h e a t i n g  o r  f r i c t i o n a l  flow i n  the suc t ion  lirlc from t h e  zero-g r e s e r v o i r  to  
t h e  pump i n l e t .  I f  t h e  pressure  l o s s  i n  not  neg l ig ib l e ,  a d d i t i o n a l  subcooling 
w i l l  be required. 

To assure t h a t  the  pump s u c t i o n  l i n e  doeo no t  cause an  apprec iab le  
p re s su re  loss due to f r i c t i o n  o r  hea t ing ,  the pump i n l e t  should be i n s i d e  t h e  
accumulator tank and the suc t ion  l i n e  diameter should be no l e s s  than 1.5 cm 
(0.6 in . ) .  I n  this way, t h e  s u c t i o n  Pinc i s  no warmer than  t h e  p rope l l an t  
bu lk  temperature and the  f r i c t i o n a l  pressure  loss is minimal. 

PROPELLANT ACQUISITION 

This s ec t ion  presents  the  d e t a i l e d  a n a l y t i c a l  r e s u l t s  support ing t h e  
s e l e c t i o n  and conceptual design of an overboard vent  r e f i l l  c a p i l l a r y  device 
f o r  t h e  APS zero-g r e se rvo i r .  The t o p i c s  i nc lude  concept selection t r a d e  
a n a l y s i s ,  zero-g reservoir s i z i n g ,  c a p i l l a r y  scxeen design ~ n a l y s i s ,  zero-g 
r e s e r v o i r  loca t ion ,  and MPS s t a r t  baske t  eva lua t ion .  

Concept Se lec t ion  Trade Analvsis 

The concepts evaluated (Sect ion 5.1) can be  c l a s s i f i e d  i n t o  two bas i c  
ca tegor ies :  nonvented ( n o n r e f i l l a b l e )  and vented ( r e f i l l a b l e )  c a p i l l a r y  
dev ices ,  The n o n r e f i l l a b l e  concepts  were e l imina ted  for being heavy and l ack ing  
mission f l e x i b i l i t y .  The r e f i l l a b l e  concepts can be f u r t h e r  c l a s s i k i e d  a s  
e i t h e r  i n t e r n a l l y  vented o r  overboard vented. These two c a t e g o r i e s  a t e  
i l l u s t r a t e d  diagramatical ly  i n  F igure  5-25. 

The i n t e r n a l  sc reen  vented concept  is the s imples t  of t h e  r e f i l l a b l e  
concepts  s tud ied ,  as i t  has no valves. It must be designed t o  vent  vapor 
back i n t o  the tank during engine firing, whi le  being hydrodynamically s t a b l e  
during o t b i t  operat ion.  A t y p i c a l  design schematic is  shown i n  Figure 5-26. 
The narrow c e n t r a l  vent tube is o f t e n  used t o  has t en  r e f i l l i n g  and to  minimize 
t rapped res idua l .  

However, a n a l y s i s  ;hows t h a t  the vent  tube  diameter must be c a r e f u l l y  
chosen, If the  diameter is too  small, dynamic and d i s s i p a t i v e  fo rces  a r e  
c r e a t e d  which can  impede r e f i l l .  The he ight  of t h e  vent  tube i s  l imi t ed  by 
weight,  l i qu id  l e v e l  i n  the  main tank during the  f i n a l  burns,  and s t a b i l i t y  
requirements during o r b i t a l  maneuvers. The o r b i t a l  maneuver which determises  
s c reen  mesh s i z e  is  the +X t r a n s l a t i o t t a l  maneuver with four  engines f i r i n g .  
For the  smal les t  veh ic l e  weight, t h i s  y i e lds  an a c c e l e r a t i o n  level  of only 
0.0151 g. To ta l  v e r t i c a l  height of t h e  r e s e r v o i r s  is  about  0.16 rn (2.5 f t )  
for LH2 and 0.38 m (i.25 f t )  f o r  LOX. A s  t h e  a c c e l e r a t i o n  l e v e l  is low, a 
coarse screen such as a 24 x 110 mesh p l a i n  Dutch t w i l l  can be used. To 
supply APS and thermodynamic ven t  p rope l l an t ,  c a p i l l a r y  c o l l e c t o r s  a s  shown 
i n  Figure 5-6 a r e  required wi th in  t h e  r e se rvo i r .  Thermal c o n t r o l  provis ions  
are required t o  maintain the  p r o p e l l a n t  w i th in  the  r e s e r v o i r  subcooled compared 
t o  t he  contents  of the  main tank.  
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Figure 5-25. Refflla,ble Designs, Generic Types 

An analysis has been conducted of refill rates for the LOX and LH2 
reservoirs for APS and MPS burns. The basic equations are developed below. 
Consider the streamtube path from Position 1 to  Position 2 as'identified i n  
Figure 5-26 using the generalized Bernoulli equatfon: 

Figure 5-26. Schematic of Refill Flow for Internally 
ORIGINAL PAGE IS Vented P 9 S  Reservoir 
OF POOR ~Ufilw 



where 

u = ve loc i ty  

x * vertical coordinate 

s - the stre~mtube coordinate i n  the direction of motion 

g = the acceleration 

P = pressure 

t t i m e  

p = density of the l iquid 

F' fs a dissipative term due to flow of liquid through the screen between 
Positions 2 and 3. From References 18 and 19: 

where w - velocity through the screen 

E = the coefficient of the laminar pressure loss term 

F = the coefficient of  the turbulent pressure l o s s  term 

The veloci ty  at Position 1 is  essent ia l ly  zero, and 

The transient  term is important i n i t i a l l y  because it represents the 
pressure required to accelerate the flow from rest to steady or quasi-steady 
velocity. I t s  inclusion will resu l t  i n  a slower f i l l i n g .  If i t  i s  neglected 
and i t  i s  found that f i l l i n g  is s t i l l  too slow, then i t  is f r u i t l e s s  to 
proceed further. Therefore, i t  w a s  assumed that 

The velocity a t  Position 3 can be related to the velocity at  Position 4 by 
contfnuity.  The symbol A refers to the Efow area at  the s tat ion sbuscripted. 

Similaxly,~ can be related to u4 by 



where Au is the wetted screen area  through which l i q u i d  flows i n t o  the 
reservoi r .  Substituti:.,, Equat ions  2 through 6 i n t o  1 and solving f o r  pressure 
dif ference ,  there results 

In most derivat ions of t h i s  type,  the hydros ta t ic  term is  taken as  gy.  The 
add i t i on  of the  term gz is explained below. 

The pressure d i f ference ,  Pg - PI, can a l s o  be evaluated by considering 
the  dynamics of the gas leaving the rese rvo i r .  Pos i t ion  5 is taken t o  be  
s u f f i c i e n t l y  high above t h e  vent tube t h a t  bttbble dynamics do not a f f e c t  the 
pressure f i e l d .  Thus, the pressure a t  Position 5 i s  the  satne as t h a t  a t  
Pos i t ion  1, namely Pi .  R e  pressure, Losses from Posi t ion  3 t o  P o s i t i o n  4 is 
the contrac t ion  loss  i n  enter ing  the vent  tube; t h i s  is generally small 
compared t o  the losses f r o m  Position 4 to  Pos i t ion  5 .  The mechanism of the  
flow from 4 t o  5 !e not  complete ly  understood, However, enough is known t o  
develop l imi t in :  conditions. Tes t ing  done a t  Rockwell Space Division 
(Reference 2C) i r a d i f f e r e n t  problem with similar f l u i d  mechanics has shown 
t h a t  f o r  a wide range of flow r a t e s  t h e  pressure drop across a wetted screen 
is somewhat greater than the  bubble pressure.  It is  expected t h a t  f o r  f l o w  
rates t h a t  are very high, the screen pressure  drop i s  that f o r  vapor flow 
alone ( the  screen i s  dry f o r  t h i s  case). The bubbles passing through the  
screen create a dynamic pressure f i e l d  above the screen; this is  the  ' 'v i r tua l  
mass e f fec t "  associated with acceieratfng the  l i q u i d  above. The pressure  
drop due t o  t h i s  effect has a upper l i m i t  of about  one momentum head 

(AP nax = p ui)  , where p is  the  liquid denai ty . Thus, 

where the bracketed expression infers that t h e  pressure loss has a lower limit 
of the bubble pressure and an upper l i m i t  of vapor flow alone and K has an 
upper l i m i t  of un i ty .  Here p, is the vapor density and APg i s  t h e  bubble 
pressure, Equating Equations 7 and 8: 



2 The terms g z and K Pu4 tend t o  cancel each other. As bubiile dynamics 
incresse so  does the  wake region above the acreen. Thus, i t  may be argued 
t h a t  these terms tend t o  cancel each other ,  with the inertial term always 
larger than the  hydros ta t ic  head term. 

This r a t iona le  has been applied t o  evaluate the internally vented A F S  
reservoir. It follow8 immedtately t h a t  r e f i l l  during APS f i r i n g  i s  R practical 
impossibf l i t y  , This is  because the hydros ta t ic  head "driving forcei1 tern, 
Pgy,  is ,ees than the bubble pressure. If t h i s  were not t h e  case, the 
screen would be  destabi l ized  during APS mneuvcra. Thus,  t h e  only p a s s i b i l i t y  
to  r e f i l l  during APS Surns using inte13al venting is t o  replace the  screen 
a t  the top of the  vent tube wi th  a valve. The valve is opened after s e t t l i n g  
ie comple:ed and closed when r e f i l l  is completed. For hydro en, the  hydro- t s t a t i c  head dr iv ing  pressure i s  on the  order of 0.00028 ~ / c m  (0-0004 p s i ) .  
Consider the shor tes t  time a v a i l a b l e  for r e f i l l  a f t e r  complete propellant  
s e t t l i n g ,  which occcr3 during t he  64-sec APS t r a n s l a t i o n  following ntisslon 
o r b i t  inser t ion  a t  147.55 hours. Refill  can be a t  leaat  p a r r i a l l y  accomplished 
if a 5 t o  7.6-crn (2 t o  3-in.) diameter vent i s  used. A valve  with a 5 t o  
7.6-cm (2 t o  3411.) o r i f i c e  is  probably excessively heavy and complex. 

Considering main engine burns, tke  delta ve loc i ty  maneuvers shown i n  
Table 5-11 are a l l  long enough t o  accomplish ref211 f o r  the screened reservoir 
of Figure 5.26. Tlltc most d i f f i c u l t  r e f i l l  operat ions are the very shor t  
Mission A o r b i t  maneuver burns, p a r t i c u l a r l y  the  midcourse correc t ion  a t  8,02 
hours. The t i m e  avai lable  f o r  refill and the maximum acceleration for this 
burn are: 

APS settliag 5 4 , 4 3  1 0*0028 

Time 

.I- 
(set> 

THIM burn 13.23 1 0.105 

Acceleration 
( 8 )  

The hydrogen reservoi r  propellant  p r o f i l e  on Figure 5-7 shows that  38 percent 
of t h e  reservoir  (0.02 rn3 or  0.847 f t3) must b e  r e f i l l e d  during this burn. 
Analyses conducted fo r  t h i s  case show t h a t  the r e f i l l  flowrate i s  highly 
dependent on the  height and diameter of the vent tube; even s 25 percent 
refill appears t o  be marginal for t h i s  case. 

Reservoir r e f i l l  by in te rna l  screen venting could be accomplished by 
l i m i t i n g  the  r e f i l l  operation to  main engine d e l t a  ve loc i ty  maneuvers when 
the  accelera t ion  l e v e l  and dura t ion  would be great  enough t o  provide the  
necessary r e f i l l  propellant  flow. This would mean that the  LOX and LH2 
r e se rvo i r s  would have t o  be large enough t o  supply a11 t h e  propellant  required 
by t h e  APS during unset t led operation. Reservoir capacity would have t o  
increase by approximately 380 percent, however, resulting i n  a 20-kg (44-lb) 
increase in APS dry weight, By con t ras t ,  the overboard vented r e f i l l a b l e  
approach resu l t s  i n  only a 0.9-kg (2-lb) vent l o s s  for t h e  e n t i r e  mission. 

Thus, the i n t e rna l ly  vented basket,  while having size and weight zdvantages 
to  the paesive (no i~re f i l l ab le )  designs, has some major drawbacks. It cannot 



be r e f i l l e d  during the APS burns because t h e  hydros t a t i c  head d r iv ing  f o r c e  
i s  l e s s  than t h e  screen ven t  tube bubble pressure .  R e f i l l  can be accomplished 
during main engine d e l t a  v e l o c i t y  burns, bu t  is problematic for at  l e a s t  one 
of the MPS o r b i t  maneuver burns because i t  i s  very short--13.23 s e c  ( the  
midcourse cor re- t ion  a t  8.02 hours) .  Use of a large vent  va lve ,  r a t h e r  than 
screen  material, a t  the  top of t he  vent  tube will hasten r e f i l l i n g  for  APS 
and lPS burns, bu t  it; p r o h i b i t i v e  in weight. Overboard vent ban been 
se lec ted  as the most weight-effect ive approach t o  zero-g r e se rvo i r  r e f i l l .  

Zero-g Reservoir  S iz ing  

For t h e  propel lan t  a c q u i s i t i o n  system i n  the  zero-g r e se rvo i r ,  a conser- 
v a t i v e  design and s i z i n g  approach was used. Propel lan t  is  drawn from the 
r e t e n t i o n  r e s e r v o i r  f o r  a t t i t u d e  con t ro l ,  APS t r a n s l a t i o n s ,  p ropel lan t  
s e t t l i n g  p r i o r  t o  main en.gine burns,  and thermodynamic vent ing (LH2 on ly ) .  
Capillary devices  are used wi th in  t h e  r e s e r v o i r  t r  provide vapor-free l i q u i d  
for a l l  t h e s e  cases.  However, under t h e  zero- and low-gravity condit ions of 
space, t h e  l i q u i d  fed ou t  of t h e  r e t e n t i o n  reservo. i r  is  no t  neces sa r i l y  
displaced by Liquid. If vapor is present  o u t s i d e  of t he  r e se rvo i r ,  i t  w i l l  
flow i n t o  t h e  r e se rvo i r  i n  preference t o  l i q u i d .  

In  s i z i n g  t h e  r e s e r v o i r  a worst-case p rope l l an t  o r i e n t a t i o n  was assumed: 
propel lan t  adversely loca t ed  during a t t i t u d e  con t ro l  maneuvers and thermo- 
dynamic vent ing  flow, and i n i t i a l l y  for AE'S t r a n s l a t i o n s  and MPS s e t t l i n g .  
I n i t i a l  APS opera t ion  is sus ta ined  us ing  p rope l l an t  from t h e  r e t e n t i o n  
r e se rvo i r  unti l ,  prope l l an t  s e t t l i n g  i s  accomplished. For t h e  AE'S t r a n s l a t i o n s ,  
a f t e r  s e ~ t l i n g  is accomplished, p rope l l an t  flows i n t o  t h e  r e t en t ion  r e s e r v o i r  
rep lac ing  p rope l l an t  flowing t o  t he  APS engines u n t i l  the  APS t r a n s l a t i o n  is 
completed. For MPS s e t t l i n g  maneuvers, t h e  APS is f i r e d  u n t i l  main p rope l l an t  
i s  s e t t l e d ,  a t  which t i m e  the  MPS f i r i n g  is  i n i t i a t e d  and A P S  f i r i n g  i s  
terminated. 

For a t t i t u d e  c o v + ~ o l  and thermodynamic vent ing ,  a l l  p rope l lan t  used i s  
displaced by vapor, For APS t r a n s l a t i o n s  and MPS s e t t l i n g  maneuvers, vapor 
d isp laces  l i q u i d  i n  the r e s e r v o i r  u n t i l  s e t t l i n g  is accomplished. The hydro- 
dynamics of l i n e a r  a c c e l e r a t i o n  s e t t l i n g  has been t h e  subject of considerable  
i nves t iga t ion  i n  t he  l a s t  decade. For t h e  purposes of t h i s  study, the 
empir ical  "Sour free f a l l "  r u l e  has been found t o  be s u f f i c i e n t l y  accu ra t e  
f o r  conceptual  design. That is, s e t t l i n g  t i m e ,  ts, i s  given by: 

where 

h = the d i s t ance  of t h e  l i q u i d  i n t e r f a c e  from the tank bottom 

g = t h e  s e t t l i n g  a c c e l e r a t i o n  

T = a n  empir ical  conscant with a v a l u e  of four  i n  t h i s  case 



The volume of vapor which e n t e r s  t h e  r e t e n t i o n  cans is given as fol lows.  
For LH2 : 

For LOX: 

where 

VGHZ = t h e  volume of hydrogen vapor which e n t e r s  t h e  LH2 r e s e r v o i r  dur ing  
s e t t l i n g  

VGOX = t h e  volume of oxygen vapor which enters t h e  LOX r e s e r v o i r  dur ing  
s e t t l i n g  

W = t h e  mass flow rate of LH2 + LOX during t h e  APS s e t t l i n g  burn 

P = the dens i ty  of l i q u i d  hydrogen 
=HZ 

PLOX = the dens i ty  of l i q u i d  oxygen 

= the mixture r a t i o  

t, = t h e  s e t t l i n g  t i m e  

A s  geometry and s i z e  are d i f f e r e n t  f o r  t h e  LHq and LOX main tanks,  t h e  
s e t t l i n g  time is d i f f e r e n t  for each. The mass flow r a t e  is t ~ a t  r equ i r ed  t o  
f i r e  t ou r  +X PPS engines w i th  a t h r u s t  of 111 N (25 l b )  each. S e t t l i n g  can 
b e  accomplished wi th  only two +X APS engines; indeed, wh i l e  s e t t l i n g  time is  
longer ,  t o t a l  p rope l l an t  u t i l i z e d  and hence t o t a l  gas entry i n t o  t h e  r e s e r v o i r  
is l e s s .  A two-!.eve1 s e t t l i n g  process  has  been considered i n  which two 
engines  a r e  used i n i t i a l l y ,  thus  reducing the l i q u i d  momentum and bubble 
formation propens i ty  of t h e  s e t t l i n g  flow. A l l  four engines  are used t o  
complete t h e  s e t t l i n g  process ,  hastening bubble rise and reducing s l o s h  
amplitude. These refinements can be i n v e s t i g a t e d  i n  uubsequent program phases.  
It was considered t h a t  four-engine s e t t l i n g  -was the  s imp les t ,  most r e l i a b l e  
approach--with two-engine s e t t l i n g  as backu~ i n  t h e  event  of a s i n g l e  APS 
engine fa i lure .  

The b a s e l i n e  design is  a r e f i l l r b l e  r e s e r v o i r  conta in ing  c a p i l l a r y  
devices .  R e f i l l  can be accomplished during any programmed APS o r  MPS burn. 
To  o b t a i n  t h e  requi red  pressure  d i f f e r ence  t o  accomplish r e f i l l  i n  t h e  
a v a i l a b l e  t i m e  (durat ion of engine f i r i n g  subsequent t o  s e t t l i n g )  overboard 
ven t ing  is gsed. The s i z e  of t h e  r e s e r v o i r  is  determined by t h e  maximum vapor 
e n t r y  between two sequen t i a l  engine burns. For both the  LOX and LH2 systems, 
maximum vapor e n t r y  occurred between t h e  second and t h i r d  o r b i t  maneuver burns 
(between the  f i r s t  phasing o r b i t  i n s e r t i o n  and mission o r b i t  i n s e r t i o n  burns) .  



For the LOX system, t h i s  vapor  c o n s i s t s  of  t h e  sum of t h a t  which en te red  
dur ing a t t i t u d e  con t ro l  maneuvers (0.0014 m3 or 0.049 f t 3 )  and dur ing  the  APS 
settling preceeding the  o r b i t  i n s e r t i o n  burn (0.0029 m3 o r  0,104 f t 3 ) ,  f o r  a 
t o t a l  of 0.0043 m3 (0,153 f t 3 ) .  It should be noted t h a t  t h i s  q u a n t i t y  is  
independent of whether the o r b i t  i n s e r t i o n  burn is accomplished with t he  APS 
or MPS. Thus, r e se rvo i r  s i z e  is  t h e  same for Minsions A and B. For t h e  LH2 
system, t h e  vapor inges ted  i n t o  t h e  reservoir is  t h e  sum of t h a t  due t o  
a t t i t u d e  c o n t r o l  maneuvers (0.0034 m3 dr 0.12 f t 3 ) ,  APS s e t t l i n g  (0.0207 m3 or 
0.73 f t 3 ) ,  and thermodynamic vent ing  (0.0210 m3 o r  0.74 f t 3 ) ,  f o r  a t o t a l  of 
0.0451 m3 (1.59 f t 3 ) .  Again, t h i s  q u ~ i t t i t y  i s  the same f o r  Missions A and B. 

The r e s e r v o i r  i s  made up of two compartments, an  upper r e f i l l a b l e  compart- 
ment and a lower compartment f o r  redundancy. The compartments were s i zed  a s  
follows : 

Volume, m3 ( f t 3 )  

LOX 
- -- 

Maximum vapor i nges t ed  0.0043 (0.153) I 0.0450 (1.59) 

Margin (20%) 0.0009 (0.031) I 0.0093 (0.33) 

Hardware 0.0006 (0.020) 

Lower compartment 0.0021 (0.075) 1 0.0099 (0.35) 

T o t a l  

The 20 percent  margin allowance accounts  f o r  des ign  u n c e r t a i n t i e s ,  u l l age  
volume a t  end of r e f i l l ,  and f a b r i c a t i o n  and ground loading  to le rances .  A 
t imel ine  f o r  worst-case p r o p e l l a n t  q u a n t i t y  i n  the  LH2 r e s e r v o i r  i s  ~ h o w n  i n  
Figure 5-7. The g r e a t e s t  dep le t ion  occurs  between t h e  f i r s t  phasing o r b i t  
i n s e r t i o n  and mission o r b i t  i n s e r t i o n  burns,  a s  discussed previously.  The 
s teep  i n v e r t e d  spfkes r e p r e s e n t  gas inges ted  during s e t t l i n g ;  t h e  l i n e s  with 
the moderate nega t ive  s l o p e s  r ep re sen t  gas ingestdon durPng a t t i t u d e  con t ro l  
and thermodynamic vent ing.  The next  worst  ca sz  of dep le t ion ,  almost as bad 
as t h e  worst  case ,  occurs  between the second phasing o r b i t  i n s e r t i o n  and 
m:sslon o r b i t  i n s e r t i o n  burns. The t ime l ine  f o r  p rope l l an t  quan t i t y  in the 
LOX r e s e r v o i r  i s  similar t o  t h a t  of t h e  hydrogen wi th  one exception. There 
i s  no flow of  LOX far thermodynamic vent ing;  t h e  LOX r e s e r v o i r ,  accumulator, 
and l i n e s  are cooled by hydrogen heated above the  LOX melt ing poin t .  

Capi l la ry  Screen Design Analys is  

F igure  5-6 i n  Sec t ion  5.2, In t eg ra t ed  Concept Descr ip t ion ,  p re sen t s  a 
conceptual design o f  t he  LOX and LHz zero-g r e s e r v o i r s .  The t o r o i d a l  
a c q u i s i t i o n  cube design used f o r  the upper compartment provides a communication 
path f o r  l i q u i d  from the upper compartment t o  t h e  lower one. The upper and 
lower compartments a r e  s epa ra t ed  by a 165 x 800 mesh c a p i l l a r y  screen. The 



design of these screenL is  d i c t a t e d  by the  func t iona l  requirements f o r  the  
fol lowing APS opera t iona l  phases : 

a Ground loading and drainage 

r Feedout during APS ope ra t ion  

Liquid retention during propuls ive  maneuvers 

* Orbital ref ill 

Ground Loading and Drainage 

Ground loading is accomplished through t h e  i s o l a t i o n  va lve  a t  the bottom 
of zero-g r e s e r v o i r  not shown on Figure 5-6. P r i o r  t o  loading,  t h e  r e s e r v o i r  
is  iner ted  with helium. The helium is  then purged wi th  GOX o r  GHz, f o r  t h e  
oxygen and hydrogen r e se rvo i r ,  r e spec t ive ly .  In each case ,  vent ing  i s  accom- 
p l i shed  through the  overboard v s n t  valve.  Following t h i s ,  LOX and LH2 a r e  
loaded through t h e  i s o l a t i o n  va lve ,  wi th  vent ing through the overboard vent .  
A s  t he  c a p i l l a r y  co l l ec to r  is covzred with self-wicking 325 x 2300 mesh dutch 
t w i l l  screen,  i t  is  possible  t h a t  although the  r e s e r v o i r  fs f i l l e d  with l i q u i d ,  
some vapor is trapped wi th in  t h e  c o l l e c t o r  tubes.  Loading then w i l l  involve 
t h r e e  phases: cooldoim, tank f i l l ,  and c o l l e c t o r  f i l l .  The l a s t  phase i s  
accomplished by condensation of vapor within t h e  c o l l e c t o r  and displacement 
by l i qu id .  Analyt ic  procedures t o  c a l c u l a t e  fill t imes have been developed 
f o r  t he  Space Shu t t l e  s u p e r c r i t i c a l  cryogenic tankage and can be modified 
t o  include the cap i l l a ry  device  condensation process .  These r e s u l t s  will b e  
confirmed by developmental t e s t i n g .  

Drainage can be accomplished through the  i s o l a t i o n  va lve ,  by back-flowing 
through the f i l l  system. Propellant: vapor o r  helium is drawn i n  through t h e  
ven t  l i n e  t o  d i sp l ace  the  l i q u i d .  Drainage can be hastened by in t roducing  the 
vapor o r  helium at  elevated p r e s s u r e ,  within t h e  c o n s t r a i n t s  of rank s t r u c t u r a l  
l imi t a t ions .  Due t o  the bubble p re s su re  and wicking c h a r a c t e r i s t i c s  of t h e  
c o l l e c t o r  tube screen, the  l i q u i d  wi th in  t h e  tubes w i l l  be  last t o  dra in .  This 
can be hastened by using w a r m  ( r e l a t i v e  t o  t he  cryogen) pressurant  t o  des tab i -  
l i z e  the  c o l l e c t o r  tube screen.  

Feedout During APS Operation 

The screened r o l l e c t o r  tubes  when wetted w i l l  pass l i q u i d  r a t h e r  than 
vapor. For vapor t o  en t e r ,  t h e  l o c a l  pressure drop must exceed the screen  
bubble pressure. In general ,  vapor w i l l  not enter i f :  

where 

APB = t he  bubble pressure  of t h e  screen 

APE = the  en t ry  pressure  l o s s  due t o  flowing through the  screen  



APD = the  pressure  l o s s  dua t o  the need t o ' t u r n  the enter ing  flow 

APF = the f r i c t i o n a l  pressure  l o s s e s  

ApH = the  h y d r o s t a t i c  head pressure  l o s s  

APT = the  pressure  l o s s  due t o  s t a r t  up o r  shutdown t r a n s i e n t s  

These var ious  l o s s e s  have been t r e a t e d  i n  many s t u d i e s  of c a p i l l a r y  
devices;  however, i t  is only r ecen t ly  t h a t  enough information ex i s t ed  t o  
determine the  magnitude of the  var ious  terms. The e n t r y  l o s s  term is the  
bes t  understood and has  been experimental ly  evaluated by various inves t iga to r s  
(References 18 and 19) .  A model which accounts  f o r  t h e  pressure l o s s  i n  flow- 
ing through the  screen  as t h e  sum of ti laminar  and a turbulen t  term is widely 
accepted. The p re s su re  l o s s  due t o  t u r n i n g  the flow enter ing  t h e  c o l l e c t o r  
and i m p a r t ~ n g  a  v e l o c i t y  t o  i t  a t  r i g h t  angles  t o  t h e  o r i g i n a l  flow d i r e c t i o n  
i s  equal  t o  two v e l o c i t y  heads as shown in Reference 2 1  by employing the  con- 
s e rva t ion  of l i n e a r  momentum equation. F r i c t i o n a l  l o s s e s  due t o  flow wi th in  
c o l l e c t o r s  has  been unestimaced by many i n v e s t i g a t o r s .  It was shown f i r s t  by 
Hines (Reference 21) and more r ecen t ly  i n  an ex tens ive  treatment by Cady 
(Reference 19)  that t h e  screen wires  c o n s t i t u t e  roughness elements f o r  flow 
p a r a l l e l  t o  the  screens.  Depending on t h e  screen ,  f r i c t i o n  f a c t o r s  f o r  the  
ex t e rna l ly  unwetted po r t ion  of c o l l e c t o r  tubes were found t o  be 50 t o  500 per -  
cen t  h igher  than f o r  smooth channels. Hines sugges ts  t h a t  f r i c t i o n  f a c t o r s  i n  
t he  unwetred port ion of a c o l l e c t o r  a r e  h ighly  dependent on the type  and al ign-  
ment of t h e  screen m a t e r i a l  and on the  flow regime. Cady f u r t h e r  conjec tures  
t h a t  the flow through t h e  screen at t h e  beginning of the  channel flow annulus,  
though small ,  could act a s  a  turbulence genera tor ,  t hus  t r i gge r ing  t r a n s i t i o n  
to t u rbu len t  flow a t  f a i r l y  low R (<I@). The t r a n s i e n t  pressure l o s s  at 
s t a r t u p  and shutdown h a s  been s tudied  by Gluck (Reference 20) and Warren 
(Reference 22).  References 18 through 22 were used t o  determine the  pressure  
l o s ses  and t o  s i z e  t h e  c a p i l l a r y  c o l l e c t o r  design of Figure 5-6. 

The 325 x 2300 mesh screen was d i c t a t e d  by hea~ i  considerat ions during 
main engine f i r i n g .  It has a f a i r l y  h igh  APE l o s s ,  given by Cady as 

where H i s  t h e  hydrogen pressure  l o s s  a t  1 g and s a t u r a t e d  pressure  condit ions.  
V is t h e  ve loc i ty  through the screen,  However, i t  compares favorably with 
200 x 1400 mesh screen  which has a  slightly lower e n t r y  pressure l o s s .  
Table 5-19 lists the c o e f f i c i e n t s  from which the  d i f f e r e n c e  may be seen. 

From Cady, the bubble pressure  a t  lg and s a t u r a t e d  hydrogen pressure ,  and 
the flow l o s s  data, were determined as shown i n  Table 5-19. Furthermore, t h e  



Table 5-19. Screen ,PressuV e Comparison 

f r i c t i o n a l  l o s s  term, APF, is  a p ~ f ~ x i m a t d y  50 percent less f o r  the 325 x 2300 
mesh screen t h a r ~  f o r  the 200 x 1400 mesh screen ,  due t o  the lesser roughness 
of t he  f i n e r  w i r e  (Reference 19). 

- 
Item 

Entry Pressure  Loss 
Coeff icienta : 

a, l / s e c  
b,  sec2/m ( s ec2 / f t )  

Sa tura te  .I pressure,  
~ / c m 2  (psia) 

Bubble Pressure ,  m ( f t )  

The a c q u i s i t i o n  eystem is somewhat overs ized  t o  assure t h a t  t h e  pressure  
l o s s e s  a r e  sma l l  during a l l  four-engine APS burns.  A t  APS dep le t ion  a t  the  end 
of t he  mission, t he  flow l o s s e s  f i n a l l y  exceed t h e  bubble pressure.  Eventual ly,  
a s  the p rope l l an t  quant i ty  and concomitant wetted c o l l e c t o r  area decrease  i n  t h e  
upper compartment, the  e n t r y  flow loss term, APE, dominates the  l o s s  terms, This  
is due t o  t h e  h igher  e n t r y  v e l o c i t y  needad t o  s a t i s f y  t h e  four-engine mass flow 
rate requirement. Liquid contained wi th in  t h e  c o l l e c t o r  system a s  gas e n t e r s  
through the screen  is taken as unavai lable .  The LH2 r e s i d u a l s  i n  t h e  upper 
compartment a r e  0.16 kg (0.35 l b )  trapped wi th in  t h e  c o l l e c t o r  system and 
0.08 kg (0.17 l b )  trapped wi th in  t h e  compartment f o r  a t o t a l  of 0.24 kg (0.52 
lb) o r  5.2 percent  of the  r e s e r v o i r  volume. ' 

Examination of Figure 5-6 shows t h a t  p rope l l an t  f ed  t o  t h e  lower compart- 
ment can e n t e r  through e i t h e r  of t he  two t o r o i d a l  c o l l e c t o r s  o r  through t h e  
800 x 165 mesh compartment b a r r i e r  d i r e c t l y .  The t o r o i d s ,  made of pe r fo ra t ed  
tubing covered wi th  325 x 2300 mesh screen ,  a r e  connected t o  each o t h e r  and t o  
t h e  lower compartment by unscreened tubfng. A t o r o i d a l  conf igura t ion  was 
chosen over a curved v e r t i c a l  tube t o  f a c i l i t a t e  overboard vent ing ,  s i n c e  i t  
is  f u r t h e r  removed from t he  vent  tube and t h u s  i s  l e s s  a f f e c t e d  by t h e  vent ing 
dynamics. 

Dutch Twi l l  Screen rlesh 

The lower compartment conta ins  a s i n g l e  screened t o r o i d a l  c o l l e c t o r  con- 
nected by tub ing  t o  a  screened sump. Together they provide good communication 
between p rope l l an t  and o u t l e t .  The lower compartment r e s i d u a l  is 0.08 kg 
(0.18 l b )  t r a p ~ e d  i n  the c o l l e c t o r s  and 0.04 kg (0.08 l b )  trapped i n  t h e  lower 
compartment f o r  a lover  compartment t o t a l  of 0.12 kg (0,26 1b)  o r  2.6 percent  
of the  hydrogen r e se rvo i r  volume. T o t a l  residual f o r  upper  and lower compart- 
ments is  0.35 kg (0.78 l b )  o r  7.8 percent  of t h e  r e s e r v o i r  volume. Th i s  
r e s i d u a l  quan t i t y  is  l a r g e l y  due t o  t h e  conserva t ive  s i z i n g  of t h e  c o l l e c t o r  
t ube  system. It is  an t i c ipa t ed  t h a t  a weight-optimized design would have a 
r e s i d u a l  between 4 t o  5 percent  with somewhat: lower c o l l e c t o r  system weigllt. 

325 x 2300 

1.14 
7.45 (,.27) 

34 (50) 

0.48 (1.580) 

200 x 1400 

.885 
6.59 ( 2 . 0 1 )  

34 (50) 

0.34 (1.108) 



Simi l a r  cons idera t ions  were used i n  t h e  des ign  of t h e  c o l l e c t o r  system f o r  
oxygen. Here, the  g r e a t e r  d e n s i t y  of oxygen warrants  the  use of a d d i t i o n a l  
c o l l e c t o r  system weight t o  decrease  r e s i d u a l  volume. A s  volumetr ic  flow r a t e  is  
much less f o r  LOX, t he  c o l l e c t o r  system tube diameters  f o r  LOX a r e  about ha l f  
those f o r  hydrogen 

Liquid Retent ion During Propuls ive  Maneuvers 

Choice of t he  f i n e  s c r een  (325 x 2300 mesh) was d i c t a t e d  by t h e  need t o  
maintain p rope l l an t  i n  t h e  c o l l e c t o r  dur ing  the  high a c c e l e r a t i o n s  of t h e  MPS, 
This s i t u a t i o n  is a func t ion  of p rope l l an t  quan t i t y  i n  t h e  r e s e r v o i r  and 
veh ic l e  acce l e r a t i on .  A s  each MPS burn is  proceeded by an APS s e t t l i n g  
maneuver, t h e  prope l lan t  i n  t h e  r e s e r v o i r  i s  i t s e l f  s e t t l e d  be fo re  MPS t h r u s t  
levels are achieved. This  is i l l u s t r a t e d  fn  Figure 5-8, During MPS burns,  t he  
screen must have the  bubble  p re s su re  c a p a b i l i t y  t o  withstand t h e  s ta t i c  head, 
(Dimension X i n  t he  f i g u r e ) .  The va lue  of g during t h e  mission Is given i n  
Figure 5-7, whi le  t he  va lue  of X can be c a l c u l a t e d  from the prope l l an t  volume 
da ta  of the same f igu re .  These d a t a  were combined wi th  sc reen  bubble pressure  
da ta  t o  develop t h e  two curves of Figure 5-9, The upper one i s  t h e  acce l e r a t i on  
c a p a b i l i t y  (the a c c e l e r a t i o n  level the screen  can withstand without  d e s t a b i l i z i n g )  
of t he  c o l l e c t o r  screen a s  a func t ion  of p r o p e l l a n t  remaining i n  t h e  r e s e r v o i r ,  
The lower curve is tlre l o c i  of worst-case events  f o r  t h e  r e f e r ence  mission.  
The ma jo r i t y  of t h e  MPS f i r i n g s  are at a c c e l e r a t i o n  l e v e l s  below t h a t  of t h e  
I I envelope". The worst of t h e  worst  cases  is the  main engine AV burn at: 155.68 
hours. Even f o r  t h i s  even t ,  t h e  screen has  a  s a f e t y  f a c t o r  of two, 

O r b i t a l  R e f f l l  

One of t he  most c r i t A c a l . a s p e c t s  of a c q u i s i t i o n  system operatiox! is  refill 
of the  r e s e r v o i r  i n  o r b i t .  During t h i s  ope ra t i on ,  vapor i n  t h e  r e s e r v o f r  i s  
d isp laced  .by l i q u i d  p rope l l an t  and is vented t o  space. This ope ra t i on  must be 
preceeded by s e t t l i n g  of main tank  p ro2e l l an t s .  Two basic ca se s  e x i s t :  E l l l i n g  
during MPS burns and f i l l i n g  dur ing  APS t r a n s l a t i o n s .  To be compatible wi th  
the  former,  the  feedl i t ie  from t h e  main tank  t o  t h e  r e s e r v o i r  t ank  must be  
located away Eron the  MPS feed l5ne  t o  avoid  p re s su re  l o s s  i n  t h e  APS due t o  
MPS dynamic flow e f f e c t s .  For t h e  longer  main engine burns,  r e f i l l  can await 
buildup t o  f u l l  t h r u s t .  For t h e  s h o r t e r  MPS a r b i t  maneuver burns ,  r e f i l l  must 
bc i n i t i a t e d  during t h e  engine start sequence. For example, f o r  t h e  two 
midcourse co r r ec t i on  burns a large portion of t h e  burn is  tank head i d l e  mode 
opera t ion .  Each r e s t a r t  r e q u i r e s  cooldown wi th  ab0u.t an  89-sec THIM t h r u s t  
l e v e l .  During t h i s  per iod ,  t h r u s t  b u i l d s  up from about 34 t o  71  kg (75 t o  
157 l b ) .  Even f o r  t h e  worst  c a se ,  s e t t l i n g  i s  accomplished wi th  THIM i n  
58 sec, t h u s  allowing 41  sec f o r  r e s e r v o i r  r e f i l l ,  A more c r i t i c a l  r e f i l l  
case,  however, occurs f o r  t h e  s h o r t e r  APS t r a n s l a t i o n  burns,  The worst of 
these i s  t h e  64-sec APS t r a n s l a t i o n  fol lowing Mission Orbi t  I n s e r t i o n  a t  147.55 
hours,  A s  main tank LH2 o e t t l i n g  r e q u i r e s  46 sec  f o r  t h i s  case, r e f i l l  time i s  
64-46 = 18 sec, Figure 5-7 shows t h a t  approximately 65 percent  of t h e  hydrogen 
zero-g r e s e r v o i r  volume must be  vented f o r  t h i s  case.  

Another concern dur ing  r e f i l l  i s  t h e  p re s su re  d i f f e r e n t i a l  and l i n e  s i z e  
between main tank and r e s e r v o i r .  The l i n e  s i z e  p re s su re  drop r e l a t i o n s h i p  
is  determined by t h e  r e f i l l  mass flow requirements .  To supply four  APS engines ,  



a hydrogen flow r a t e  of 0.0283 kg/sec  (0.0625 Ib / s ec )  is  requi red .  To t h i s  
must be added the r e f i l l  rate, t.?\~ich f o r  t h e  worst  case  i s  0.0755 k /see 3 (0.167 Ib/sec) f o r  an unfilled r e s e r v o i r  volume of 0.02 m3 (0.70 f t  ). The 
total r a t e  is the re fo re  0.104 kg/sec (0.230 lb / s ec ) .  Flow l o s s  ana lyses  show 
t h a t  the  2.24-111 (88-in. ) long l i n e  between t h e  main LH2 t ank  and r e s e r v o i r  w i l l  
experience a 0.3 ~ / c m 2  (0.4 p s i a )  p r e s su re  l o s s  i f  t h e  l i n e  diameter  is 1,6 crn 
( 5 / 8  in,), This  pressure  l o s s  corresponds t o  about a 0.08 K (0.14 R) drop i n  
s a t u r a t i o n  temperature. 

To r e f i l l  t h e  LOX r e se rvo i r  dur ing  t h e  same 64-sec APS t r a n s l a t f o n  
0.0026 m3 (0.092 ft3) must be d i sp l aced  i n  1 8  sec. Four-engine LOX flow r a t e  
i s  0.085 kg/sec (0,188 l b / s e c ) .  T o t a l  r a t e  du r ing  r e f i l l  is 0.250 kg/sec 
(0.552 lb / s ec ) .  Proceeding a s  wi th  LH2 f o r  t h e  longer  l i n e  between t h e  main 
LOX tank and t h e  r e s e r v o i r ,  a 0.14 N/ cm2 (0.2 ps ia )  p r e s su re  drop fs experienced 
i f  the l i n e  diameter is again 1.6 cm ( 5 / 8  i n . ) ,  This  p r e s su re  l o s s  corresponds 
to  about a 0.1 K (0.2 R )  J rop  i n  s a t u r a t i o n  temperature.  

Zero-G Reservoir Location 

The d i f f e r e n t  f a c t o r s  that  must be considered i n  the dec i s ion  t o  l o c a t e  
the zero-g r e s e r v o i r  i n t e r n a l l y  o r  e x t e r n a l l y  t o  t h e  main propuls ion tanks  
have been i d e n t i f i e d  and a r e  l i s t e d  i n  Table  5-20. In o r d e r  t o  provide 
subcooled prope l lan t  within t h e  r e s e r v o i r  to m e e t  pump NPSP requirements and 
t o  preclude b o i l i n g  and vapor d i s r u p t i o n  of t h e  c a p i l l a r y  devices ,  i n s u l a t i o n  
is requi red  f o r  e i t h e r  an i n e e r n a l  o r  e x t e r n a l  i n s t a l l a t i o n .  An i r t e r n a l  
i n s t a l l a t i o n  would r equ i r e  t h e  development of a f l i g h t - q u a l i f i e d  LOX-compatible 

Table 5-20. Zero-G Reservoir Location 
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INSULATION WEIGHT, KG (lB) 

ML I 
FOAMSIL 
RE1 NFORCED POLYURETHANE FOAM 
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i n s u l a t i o n  such as Foamsil cu r r en t ly  used i n  the l abora tory .  The i n su l a t ion  
weight penalties l i s t e d  i n  t h e  t a b l e  are based on providing equal  bLeed coolant  
f l o w  f o r  e i t h e r  the i n t e r n a l  o r  e x t e r n a l  app l i ca t ion .  To avoid hydrogen 
coolant wi th in  the  LOX tank,  an O2/H2 heat  exchanger and assoc ia ted  valves and 
lines would be required f o r  i n t e r n a l  l o c a t i o n ,  I n t e r n a l  l oca t ion  would 
e l imina te  ground hold and boost bo i lof f  losses; however, a f t e r  such bo i lo f f  
there would still b e  adequate propel lan t  remaining i n  the r e s e r v o i r  t o  meet 
mission requirements p r i o r  t o  the  f i r s t  on -Orb i~  r e s e r v o i r  refill (refer t o  
Figure 5-7). F ina l ly ,  e x t e r n a l  l oca t ion  would provide t h e  bes t  a c c e s s i b i l i t y  
f o r  i n i t i a l  i n s t a l l a t i o n ,  inspec t ion ,  and f i e l d  maintenance of t h e  zero-g 
r e se rvo i r .  

A comparison of t hese  f a c t o r s  shows t h a t  no major d r i v e r  emerges t o  
d i c t a t e  a dec is ion  on loca t ions .  It does appear, however, t h a t  an external 
i n s t a l l a t i o n  would be s l i g h t l y  more favorable  i n  terms of weight, c o s t ,  and 
ma in t a inab i l i t y  and thus i t  h a s  be2n chosen as base l ine  f o r  t h i s  s tudy .  

MPS Se l f - se t t l i ng  S t a r t  Basket Evaluation 

The General Dynamics Tug design (Reference 23) u t i l i z e d  an MPS start 
basket t o  e l imina te  t h e  need f o r  propel lan t  s e t t l i n g  a t  each MPS engine 
r e s t a r t .  General Dynamics has done apprec iab le  work, including computer pro- 
gram development, on the hydrodynamics of s t a r t  basket  deple t ion  and r e f i l l i n g  
(Reference 24).  Space Divfsion has used t h e  a n a l y t i c  procedures descr ibed 
previously t o  eva lua te  t h e  s t a r t  basket design approach. A s  pointed ou t ,  a t  
l e a s t  one of the Mission A o r b i t  maneuver burns ( t h e  Piidcourse Correction a t  
8.02 hours) appears t o  be marginal with regard t o  refill, As the information 
on s t a r t  baskets i n  Reference 23 was somewhat spa r se ,  screen ma te r i a l  and r e f i l l  
r a t e s  not  being spec i f i ed ,  i t  i s  d i f f i c u l t  t o  eva lua t e  t he  adequacy of the  
proposed design. In add i t i on ,  thermal c o n t r o l  provis ions  a r e  no t  d e t a i l e d .  
It is probable t h a t ,  i n  add i t i on  t o  attached thermodynamic vent  tubes,  insu la-  
t i o n  may be required.  Such i n s u l a t i o n  may decrease  the  open flow a rea  f o r  
refill. In  conclusion, t h e r e  a r e  unresolved ques t ions  about start  basket 
design and performance. Further  conceptual s tudy i s  warranted, leading 
u l t ima te ly  t o  experimental i n - f l i gh t  v e r i f i c a t i o n ,  i n  order  t o  v a l i d a t e  t h i s  
s ta r t  method. 

MPS s e l f - s e t t l i n g  a l s o  has been considered through the use  of the APS 
zero-g r e s e r v o i r  a s  a s t a r t  basket  f o r  the  main Tug engine. Since a 
mininium of 67 seconds of THIEf opera t ion  is  requi red  for main engine thermal 
condi t ion ing  as  compared t o  55 seconds maximum for main tank p rope l l an t  
s e t t l i n g ,  l i q u i d  s e t t l i n g  could be accomplished during t h i s  per iod  without 
any a d d i t i o n a l  p rope l l an t  consumption penalty. The r e s u l t a n t  savings i n  
APS prope l l an t  is equiva len t  t o  approximately 95 kg (210 l b )  of payload. 
The APS r e se rvo i r  dry  weight would have to be increased by approximately 
13 kg (28 lb) t o t a l  t o  provide t h e  a d d i t i o n a l  p rope l l an t  capacity required 
for  the main engine, r e s u l t i n g  i n  a n e t  payload gain of 59 kg (130 l b ) .  

Use of the APS r e s e r v o i r  as an MPS s ta r t  basket a l s o  would require 
redesign of the i n t e r n a l  c a p i l l a r y  devices  t o  al low f o r  the higher  flow r a t e  
demand of the  main engine. An add i t i ona l  i s o l a t i o n  va lve  i n  each of t h e  LOX 
and LH2 main engine feed  l i n e s  would be requi red  t o  preclude vapor i nges t ion  



during t h e  s e t t l i n g  per iod,  Addi t iona l  SR&T and development tests would be  
necessary  t o  v a l i d a t e  the  dua l  mode ope ra t i on  and performance of each 
r e s e r v o i r .  Because of t he se  a d d i t i o n a l  complexity and c o s t  f a c t o r s ,  t h i s  
concept  was no t  considered f u r t h e r .  

PUMP SY S'1EL.I SELECTION 
ORIGINAL PAGE IS 
OF POOR QUALITY 

Since the t h r u s t e r  inlet supply  pressure requirement is 152 + 1 4  t4/crn2 
(220 + 20 psia) and t h e  maximum t a n k  p re s su re  i s  13.4 ~ / c m 2  (19.5 p s i a )  , pumps 
a r e  requi red  t o  i nc rease  tire f l u i d  pressure.  Also, accumulators downstream 
are used t o  l i m i t  the pump d u t y  cycle a s  well a s  provide for APS f u n c t i o n a l  
c a p a b i l i t y  in t h e  event  of pump failure d u r i n g  Tug recovery by t h e  S h u t t l e .  

Pumps - 
The purpose of t h i s  s e c t i o n  is  t o  presen t  t h e  system requirements  and 

c o n s t r a i n t s  which any pump con f igu ra t i on  w i l l  have t o  meet, and t o  select t h e  
b e s t  type f o r  each p rope l l an t  system. 

The APS pump requirements are presented 3n Table 5-14, as well as  t h e  i n l e t  
and d ischarge  cond i t i ons  any pump type  w i l l  have t o  accept and s a t i s f y .  
Figurc 5-27 presents the  power requirements  needed t o  o p e r a t e  t he  pumps a s  a 
f u n c t i o n  of pump o v e r a l l  efficiency. Addi t iona l  i n p o r t a n t  items t o  be d e t e r -  
mined are the pump type,  pump weight ,  and motor weight.  

Candidate pumps a r e  d iv ided  i n t o  two b a s i c  ca t ego r i e s :  dynamic pumps and 
p o s i t i v e  displacement pumps, A s  seen  i n  Figure 5-28 (from Reference 2 5 ) ,  t h e  
s p e c i f i c  speed (N,) i s  higher  for  a dynamic pump (e.g., c e n t r i f u g a l  o r  a x i a l )  
t h a n  a p o s i t i v e  displacement pump (e.g., p i s t o n ,  vane, drag ,  o r  r o o t s )  f o r  t h e  
same s p e c i f i c  d iameter  (Ds). 

Figure 5-27. Pump Input  Power Required as a Funct ion of Ef f ic iency  
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SOURCE: "TURAOPW 51STE16 TOW LIQUID ROCKET EMGIHES* 
NhSh SP-8107, AULIII$~ 1974 

LH, LOX 

SPECIFIC SPEED, N, 

Figure  5-28. Pump Specific Diameter and Speed 

For t h e  i n i t i a l  e v a l u a t i o n  of c a n d i d a t e  a p p l i c a b i l i t y ,  i t  is assumed t h a t  
t h e  maximum d e s i r e d  r o t a t i o n a l  speed is 30,000 rpm f o r  any pump type ,  F u r t h e r ,  
t h e  pump i n l e t  d iamete r  is  l i m i t e d  t o  15.2 cm (6 in.). 

Using t h e s e  limits and t h e  des ign  head rise and v o l u m e t r i c  r a t e s ,  pump 
o p e r a t i o n a l  envelopes can b e  superimposed on to  F i g u r e  5-28, which encompasses 
a l l  d e s i g n  o p e r a t i o n s  f o r  e i t h e r  t h e  hydrogen o r  oxygen system. A s  s e e n ,  t h e  
only  a p p r o ~ r i a t e  c h o i c e  f o r  t h e  hydrogen system i s  s p o s i t i v e  d i sp lacement  
pump t y p e ,  For t h e  o x i d i z e r  system, the c h o i c e  is n o t  as f o r c e f u l :  a dynamic 
pump t y p e  could  possibly be used f o r  the o x i d i z e r  system; however, o v e r a l l  
dynamic pump e f f i c i e n c y  would t end  t o  be low (50 p e r c e n t  o r  l e s s ) .  The 
r e q u i r e d  pump inpu t  power, from Figure  5-27, i n c r e a s e s  as pump e f f i c i e n c y  
d e c r e a s e s .  For t h e  oxygen system, a  p o s i t i v e  displacement  pump is t h e  first 
cho ice  with a dynamic pump d e s i g n  as a p o s s i b l e  a l t e r n a t e .  

Of the common p o s i t i v e  displacement  pump t y p e s ,  t h e  c u r r e n t  b a s e l i n e  
c h o i c e  is a p i s t o n  pump because  of t h e  a v a i l a b i l i t y  of r e l i a b i l i t y  d a t a  on 
field u s a g e  of such u g i t s ,  It a l s o  h a s  h igh  and c o n s t a n t  h y d r a u l i c  e f f i c i e n c y  
over  a r a n g e  of pump s p e c i f i c  speeds .  Hydraul ic  e f f i c i e n c y  i s  t h e  r a t i o  of 
d e l i v e r e d  head p l u s  h y d r a u l i c  l o s s e s  where t h e  h y d r a u l i c  l o s s e s  c o n s i s t  of 
the f r i c t i o n  of t h e  l i q u i d  f lowing  through t h e  pump cylinder and the p r e s s u r e  
l o s s  through t h e  pump v a l v e s .  The p i s t o n  pump is e s t i m a t e d  t o  have an  
e f f i c i e n c y  of 65 p e r c e n t .  

To r e d u c e  pump weigh t ,  a  vane pump, w i t h  which t h e r e  i s  v i r t u a l l y  no 
cryogen ic  exper ience  i n  this f low range, i s  an a l t e r n a t i v e ,  To maximize t h e  
mechanical  e f f i c i e n c y  of a vane pump, i ts  s p e c i f i c  speed from Reference 25, 
should b e  g r e a t e r  than 2 ( s e e  F igure  5-29). Even wi th  t h i s  o p t i m i z a t i o n ,  
o v e r a l l  e f f i c i e n c e s  of 58 p e r c e n t  for b o t h  hydrogen and oxygen vane pumps 
are a n t i c i p a t e d  (Source:  Sunst rand Co.) ,  



PUW SPECIFIC SPEED (N,) 

Figure 5-29. Positive, Displacement Pump Efficiency 
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In  t h e  prel iminary design phase of t h i s  s tudy,  the  c h a r a c t e r i s t i c s  of the  
two pump types  w i l l  be i nves t iga t ed  i n  g r e a t e r  d e t a i l ,  

Accumulator Sizing - 
The r a t i o n a l e  f o r  s i z i n g  t h e  i n t e g r a t e d  system accirmulatars i s  s i m i l a r  

t o  t h a t  f o r  t he  dedicated concept D-6 presented i n  Sect ion 4.4. The s i z i n g  
method is  illustrated i n  Figure 5-30, Basically, t h e  approach i s  t o  trade 
of f  accumulator weight ve r sus  pump and i n v e r t e r  weight. A trapped helium 
u l l age  bel lows type of accumulator is  assumed, providing a t h r u s t e r  i n l e t  
2 ressure  ranging from 1 4 1  t o  162 ~ / c m 2  (205 t o  235 ps ia ) .  A narrower c o n t r o l  
band than t h a t  assumed f o r  t hz  dcbicated APS was used t o  provide a d d i t i o n a l  
margin i n  meeting t h r u s t e r  i n l e t  requirements.  For a l l  cases ,  minimum 
weight occurs  a t  t he  minimum accumulator volume with t h e  exception of t h e  
LOX system f o r  Mission A. Minimum accumulator volume occurs  a t  a pump flow 
r a t e  equiva len t  t o  four - thrus te r  sus t a ined  flow. This pump s i z e  provides 
maximum system f l e x i b i l i t y  by allowing extended l i n e a r  t r a n s l a t i o n  APS 
thrus t ing .  

The design requirement d i c t a t i n g  accumulator volume is  t h e  l h i t  i n  
pump start and s top  cyc le s  (assumed t o  be 100 f o r  reasonable r e l i a b i l i t y  and 
pump l l f e ) .  Applicat ion of this c r i t e r i o n  r e s u l t s  i n  accumulator l i q u i d  
c a p a c i t i e s  of 0.068 kg (0.15 l b )  f o r  LH2 and 0.204 kg (0.45 l b )  f o r  LOX. 
Incorporat ion of v a r i a b l e  pump speed flow c o n t r o l  during s teady-s ta te  
t h r u s t e r  opera t ion  e l imina tes  accumulator cyc l ing  during a l l  but  pu l se  mode 
opera t ions  and thus al lows a s i g n i f i c a n t  reduct ion  i n  accumulator capac i ty  
from t h a t  developed previous ly  f o r  the  dedica ted  systems. 

In  add i t i on  t o  l i m i t i n g  pump cyc le s ,  t h e  accum~!lator a l s o  provides backup 
propel lan t  feed c a p a b i l i t y  i n  t he  event  of a pump malfunction during Shu t t l e  
rendezvous and docking. The propel lan t  requirements f o r  t h i s  funct ion are 
0.013 kg (0.0258 Ib)  LH2 and 0.0392 kg (0.0865 l b )  LOX, which are we l l  below 
the accumulator capaci ty requirements s e t  by the cyc le  l i m i t  of 100 pump start 
and s tops .  

THERMODYNAMIC CONTROL 

The base l ine  thermodynamic con t ro l  system and i t s  performance require-  
ments were presented i n  Sect ion 5 . 2 ,  This  system c o n s i s t s  of 3,nsulation and 
low conduct iv i ty  supports  t o  minimize tankage and feed system hea t  loads,  and 
an a c t i v e  hydrogen bleed system t o  d i s s i p a t e  these  hear loads  and con t ro l  LOX 
and LH2 temperatures. The elements of t h i s  system and t h e i r  corresponding 
weights are listed on Table 5-21 along with the  LHz bleed welght. These 
weights r e s u l t  in  a payload l o s s  of approximately 54.9 kg (121 I b ) ,  a  penalty 
unique t o  s cryogenic type  of APS, Because of this penal ty ,  passive cool ing 
of t he  APS has been evaluated.  

The passive cool ing approach considered u t i l i z e s  t he  normal flow ox pro- 
pe l l an t  t o  the t h r u s t e r s  t o  absorb t h e  system heat  l o a d .  Review of the  
re ference  mission t imel ine  r evea l s  t h a t  t h e  worst-case condit ion occurs  during 
coast per iod  No. 5 f o r  which a t t i t u d e  c o n t r o l  propel lan t  consumption r e s u l t s  
i n  average t h r u s t e r  flow r a t e s  of 0.016 kg/hr (0.035 l b / h r )  LOX and 0.005 kg/hr 
(0.011 l b / h r )  LH2. 



Table 5-21. Thermodynamic Control  System Weight 
(Concept 1-51 

Assuming the average flow rates are cont inuous,  F igure  5-31 p re sen t s  
the r e s u l t a n t  hydrogen and oxygen t h r u s t e r  i n l e t  temperatures as a func t ion  
of thermal i s o l a t i o n  system e f f e c t i v e  emittance. Annotated on these  curves 
a r e  the nominal des ign  temperatures and maximum design temperatures for LOX 
and LH2 as we l l  as the maximum LH2 i n l e t  temperature corresponding t o  t h e  

Component 

LH2 b leed  r e t u r n  solenoid 
LH2 bleed  shutof f  valve 
LHz bleed expander 
LH2 bleed heater 
Tank e x t e r n a l  cooling coi l s  
LOX tank i n s u l a t i o n  
LH2 tank i n s u l a t i o n  
Eleed l i n e s  
Feed l i n e  i n s u l a t i o n  
Component mounting (5%) 

Subto ta l  
Growth contingency (13%) 

T o t a l  thermodynamic con t ro l  system 
Dry weight payload penal ty  (2.68 : 1) 
Bleed prope l l an t  
Consumable payload penal ty ( . 893:1 )  
T o t a l  payload penalty 
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Figure 5-31. Passive APS Cooling 

- 
Weight: 
kg ( l b )  

0.68 (1.5) 
0.68 (1.5) 
0.68 (1.5) 
0 .23  (0.5) 
1.54 (3.4) 
0.23 ( . 5 )  
0.23 ( .5) 
7.71 (17.0) 
3.72 (8.2) 
0.77 (1.7) 
16.47 (36.3) 
2.13 (4.8) 
18.60 (41 .1)  
49.94 (110.1) 
5.67 (12 .5 )  
5.08 (11.2) 
55.02 (121.3) 



t h r u s t  chamber m?tex ia l  upper temperature limit. A s  can be S e e n ,  s a t i s f a c t i o n  
of t he se  temperature l i m i t s  would r equ i r e  thermal  i s o l a t i o n  system e f f e c t i v e  
emit tance va lues  of  0.00004 t o  0.00072 as compared t o  a value of 0.005 achieved 
t o  d a t e  f o r  f l i g h t  veh i c l e s  and 0.002 achieved f o r  l abo ra to ry  ca lo r ime te r  tanks.  
S u f f i c i e n t  advancement in i n s u l a t i o n  tec l~nology  t o  allow pass ive  cool ing  is not  
expected i n  t i m e  t o  support t h e  i n i t i a t i o n  of Tue veh ic l e  development in 1978. 
Furthermore, s i n c e  t h i s  a n a l y s i s  is based on average flow r a t r s ,  qu iescent  per iods 
between APS a t t i t u d e  c o n t r o l  burns  as w e l l  as more f requent  opera t ion  of some 
t h r u ~ t e r  quads w i l l  r e s u l t  i n  l o c a l i z e d  t r a n s i e n t  temperatures  f a r  above those 
shown on Figure 5-31. For these  reasons,  i t  h a s  been concluded t h a t  an  a c t i v e  
thermodynamic c o n t r o l  system such a s  t h e  one descr ibed  e a r l i e r  w i l l  be required 
f o r  a  cryogenic APS, 

ELECTRICAL POWER SYSTEN 

One of the most significant impacts that t h e  use of an i n t e g r a t e d  cryogenic 
APS w i l l  have on the  design of t h e  Tug i s  on the e l e c t r i c a l  power subsystem. 
As shown i n  Table  5-15, slmultaneous ope ra t i on  of t he  LOX and LW2 APS pumps 
imposes an a d d i t i o n a l  demand on t h e  Tug power system of 1.44 kw. The t o t a l  
e l e c t r i c a l  energy raquired f o r  a given mission depends on the pump opera t ion  
t i m e  accumulated t o  provide APS t o t a l  impulse and thermodynamic c a n t r o l  hydrogen 
b l eed ,  Assuming APS s e t t l i n g  is  used p r i o r  t o  MPS burns,  mission pump electri- 
ca l  energy i s  0.86 kw-hr and 3 ,9  kw-hr fo r  Missions A and B, r e spec t ive ly .  

APS Pump Power Evaluation 

Two poss ib j . l i t i e s  have been evaluated f o r  providing APS pump power: t h e  
a d d i t i o n  of s i l ve r - z inc  primary b a t t e r i e s ,  and an i nc rease  i n  t h e  s i z e  and 
c a p a b i l i t y  tf the Tug f u e l  c e l l .  The l a t t e r  w i l l  be discussed f i r s t .  

Figure 5-32 presen ts  a  Tug power p r o f i l e  representative of t h e  highest 
power demand f l i g h t  phases. This p r o f i l e  was developed try s t a r t i n g  wi th  t h e  
b a s e l i n e  power requirements s p e c i f i e d  i n  Reference 1 as  sl~own by the  do t t ed  
l i n e ,  s u b t r a c t i n g  the  h e a t e r  power requi red  f o r  t h e  hydrazine monopropellant 
APS, and then adding t h e  1.44-kw pump power t o  t h e  Tug APS 1Snear t r a n s l a t i o n ,  
MPS burn, and S h u t t l e  rendezvous and docking phases as shown by t h e  s o l i d  l i n e .  
The o r i g i n a i  b a s e l i n e  f u e l  ce l l  and proposed f u e l  c e l l  c a p a b i l i t y  p r o f i l e s  a r e  
shown by the  two dashed li.:es. Maximum p red i c t ed  time pe r iods  f o r  each phase 
a l s o  a r e  i d e n t i f i e d .  The b a s e l i n e  Tug f u e l  ce l l  c a p a b i l i t y  is 1.75-kw 
s teady  s t a t e  and 2.5 kw peak. Overloading of the advanced Tug f u e l  ce l l  i s  
poss ib l e  f o r  s h o r t  per iods,  w i t h  t he  magnitude of t h t  overload a func t ion  of 
i t s  dura t ion  up t o  a maximum overload c a p a b i l i t y  of approximately 140 perzwit .  
Thus it can be  seen from Figure  5-32 that  t h e  b a s e l i n e  f u e l  ce l l  could meet t h e  
2.4-kw pump power demand du r ing  t h e  APS l i n e a r  t r a n s l a t i o n  phase f o r  only 
11 minutes as compared t o  a r equ i r ed  maximum of 3.8 minutes f o r  Nission A and 
35 minutes fo r  Mission B. 

To satisfy t h e  35-minute 2.4-kw pump power r e q u i r e r e n t ,  t h e  Tug f u e l  ce l l  
must he designed f o r  approximately 2.0 kw steady s t a t e  cr 0.25 kw above t h e  
cu r r en t  b a s e l i n e  c a p a b i l i t y .  S imi la r  eva lua t ion  of t h e  o t h e r  /ewer p r o f i l e  
phases r evea l s  t h a t  t h e  f u e l  ce l l  design i s  d i c t a t e d  hy APS pu~np ope ra t i on  
dur ing  the  high power demand per iod  of MPS burn. If the APS accumuLators were 
f i l l e d  j u s t  be fo re  MPS burn and t h e  APS pumps locked out  dur ing  MPS burn ,  then 
t h e  f u e l  c e l l  design would be d i c t a t e d  by the rendezvous and docking phase 
of ope rc t i ac ,  
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Figure 5-32. Worst-Case Tug Power Profile 

Figure 5-33 presen ts  Tug payload weight c a p a b i l i t y  as a  func t ion  of f u e l  
c e l l  sready state powzr r equ i r ed  f o r  APS pumping. Also shown is t h e  a s s o c i a t e d  
Euel cell  system weight pena l ty  based on redundant f u e l  ce l l  modules a t  8,5 kg/ 
kw (19 lb/kw) and add i t i ona l  r a d h t o r  a r e a  a t  5.9 kg/kw (13 lb/kw). A s  can be 
seen, approximately 18 kg (40 l b )  of payload can be gained by APS pump lockout  
dur ing  W S  burns.  Although n o t  s e l e c t e d  as b a s e l i n e  f o r  t h i s  s tudy  because of 
reduced ope ra t i ona l  f l e x i b i l i t y ,  t h i s  opt ion should be re-evaluated a f t e r  Tug 
ope ra t i ona l  and con t ro l  func t ions  a r e  f u r t h e r  def ined.  

Because of t h e  s u b s t a n t i a l  weight penal ty  f o r  t he  f u e l  c e l l  pump power 
supply,  primpry b a t t e r y  systems were considered.  Figure 5-34 p re sen t s  a weight 
comparison of the  f u e l  c e l l  system with a s i l ve r - z inc  primary b a t t e r y  system 
a s  a funct ion of t o t a l  APS pump e l e c t r i c a l  energy demsnd. A s  can be seen ,  the 
welght of a  fuel c e l l  system i s  p r imar i l y  power-dependent wh i l e  the weight of 
a b a t t e r y  system i s  energy dependent. The crossover  point occurs  midway between 
the energy demands of Missions A and B. The l i g h ~ c s t  weight system f o r  Missiun 
A r e s u l t s  from t h e  use of a b a t t e r y .  However, t h e  Euel ce l l  system would pro- 
v i d e  t he  greatest: mission f :LexiSi l i ty  fox e i t h e r  Mission A o r  B, 4n unexpected 
inc rease  i n  APS impulse would not be l im i t ed  by t h e  energy s t o r a g e  c a p a b i l i t y  
of t h e  b a t t e r y ,  The flexibility of  t h e  b a t t e r y  system could be improved, how- 
ever, by designing t h e  electrical power d i s t r i b u t i o n  system t o  allow switchover 
t o  the f u e l  c e l l  during pe r iods  of low Tug power demznd. For example, t h i s  
switchover could be used t o  support  mission zbor t  opera t ion  of t h e  APS in t h e  
event of a MPS f a i l u r e .  
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Fuel  C e l l  Reactant Storage 

A comparative a n a l y s i s  has  been made of three d i f f e r e n t  approaches t o  t h e  
s t o r a g e  and supply of Tug f u e l  c e l l  r e a c t a n t s :  

a Dedicated system 

MPS i n t e g r a t e d  system 

a APS i n t e g r a t e d  system . 

Figure  5-35 p re sen t s  t h e  es t imated  weight pena l ty  f o r  each approach a s  a  
func t ion  of Tug mission energy (kw-hr) and r e a c t a n t  s t o r a g e  capac i ty .  Table  
5-22 p re sen t s  a d e t a i l e d  breakdown of  t h e  design considerpLions and t h e i r  
weight p e n a l t i e s  a s  appl icab le  t o  each s to rage  approach, The weight pena l ty  
f o r  t h e  dedica ted  system is  a t t r i b u t e d  t o  s u p e r c r i t i c a l  s t o r a g e  b o t t l e s  of t h e  
type defined i n  Reference 2. For t h i s  system, t h e  r e a c t a n t s  a r e  s t o r e d  a t  a  
cryogenic  supe rc r i t i c a l .  s t a t e  in dewar pressure  v e s s e l s  t o  avoid t h e  problem 
of l iquid-vapor  i n t e r f a c e  con t ro l .  As r e a c t a n t  f l u i d  i s  withdrawn, p re s su re  
swi tches  energ ize  an e l e c t r i c a l  h e a t e r  wi th in  t h e  v e s s e l  t o  maintain constant 
pres su re  operat ion,  

The MPS i n t e g r a t e d  concept fs based on the  system proposed i n  Reference 1. 
This  system draws t h e  f u e l  c e l l  r e a c t a n t s  d i r e c t l y  from a zero-g c a p i l l a r y  
baske t  within the MPS tank through c l eane r s  and f i l t e r s  used t o  provide the  
r equ i r ed  r e a c t a n t  p u r i t y .  Because t h e  f u e l  c e l l  mus t  ope ra t e  a t  a  low main 
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Figure  5-35. Integnated Versus Dedicated Fue l  Cell Reactant Storage 



tank pressure  l e v e l  of approximately 10.3 ~ / c m 2  (15 p s i a ) ,  a s  compared to 
138 ~ / c m 2  (200 psia) f o r  t h e  two o ther  concepts t h e  f u e l  c e l l  power d e n s i t y  i s  
reduced and r e s u l t s  i n  an est imated wefght penal ty of 7.4 kg (16.4 l b )  f o r  a 
2.6-1 . :  system. For both i n t e g r a t e d  s t o r a g e  systems, l i q u i d  r eac t an t s  a r e  
provided t o  avoid t h e  temperature and flow o s c i l l a t i o n s  t h a t  two-phase o r  s l u g  
flow could cause i n  the  r egene ra t ive  r e a c t a n t  supply heat  exchangers. Th i s  
l i q u i d  provides a u se fu l  h e a t  s ink ,  however, which can supplement fuel c e l l  
cooling and thus reduce t h e  requi red  r a d i a t o r  su r f ace  a rea .  This  advantage is  
equiva len t  t o  approximately 2.4 kg (5.4 l b )  o £ . r a d i a t o r  and is  sub t r ac t ed  
from the o t h e r  wefght p e n a l t i e s  shown i n  Table 5-22. 

Both in t eg ra t ed  systems offer t h e  advantage of mission f l e x i b i l i t y ;  t h a t  
i s ,  a d d i t i o n a l  e l e c t r i c a l  energy can r e a d i l y  be made a v a i l a b l e  f o r  s p e c i a l  
missions o r  i n  the  event  of on-orbit problems. Depending on the  circumstances 
a t  t h e  t ime, p rope l l an t  r e f i l l  of t h e  c a p i l l a r y  system by APS s e t t l l n g  may be 
used t o  i nc rease  r e a c t a n t  supply. 

The major t echn ica l  problem i n  implementing an i n t e g r a t e d  fuel c e l l  
r eac t an t  storage concept is the design and development of t h e  f l i g h t  q u a l i f i e d  

Table 5-22. In t eg ra t ed  Versus Dedicated Fue l  Cell Reactant Storage 
--* 

Weight Penal ty 
Consideration 

S u p e r c r i t i c a l  b o t t l e s  
Additional main tank 

volume 
Propel lan t  c l eane r s  

and f i l t e r s  
MPS tank c a p i l l a r y  

basket: 
Large APS zero-g 

r e s e r v o i r  
Reactant f o r  

r e a c t a n t  pump 
Low p res su re  f u e l  

c e l l  pena l ty  
Liquid r e a c t a n t  

heat s i n k  
( r a d i a t o r  saviLdgs) 

Total 

Fuel  c e l l  nominal power r a t i n g  = 2.6 kw 
Tug Mission A energy = 145 kw-hr 
Reactant s to rage  requirement = 60 kg (132 1b) 

Weight Penal ty ,  kg (lb) 

Dedicated 

In tegra ted  

02 

16.8(37.0 

HZ 

18.4(40.5) 

MPS 

35,2(77.5) 

AP S 

O2 

0.7(1.5) 

2.7(6.0) 

3.6(7.9) 

O 2  

0.7(1,5) 

2.7(6,0) 

H2 

0.8(1.7) 

2.7(6.0) 

3.9(8.6) 

H2 

0,8(1.7) 

2,7(6.0) 

7.4(16.4) 

I 
-2.4(-5.4) 
1 9 . 4  (42.7) 

4 ,3(9 ,5)  4.6(10,1) 

0.0244 (0,0538) 

-2.4(-5.4) 
13.4(29.5) 



c l e a n e r s  and f i l t e r s  required when us ing  propulsion grade hydrogen and oxygen. 
C02 and other  harmful contaminants must be removed t o  provide the  r e a c t a n t  
p u r i t y  necessary f o r  sustained fuel c e l l  opera t ion .  The inves t iga t ion  of 
t h e s e  cleaners  and f i l t e r s  should be t h e  s u b j e c t  of a near-term SR&T e f f o r t ,  

As shown on Figure 5-35, t h e  APS i n t e g r a t e d  system provides minimum 
weight f o r  the missions under cons idera t ion .  It is expected t h a t  t h e  APS 
i n t e g r a t e d  concept a l s o  would r e s u l t  i n  DDT&E c o s t s  below thase  f o r  t h e  MPS 
i n t e g r a t e d  system by avoiding t h e  development of a  s e p a r a t e  c a p i l l a r y  zero-g 
p rope l l an t  r e t en t ion  device. However, i n  o rde r  t o  s imp l i fy  the  subsequent 
prel iminary design task and allow concent ra t ion  of e f f o r t  on APS problem 
a r e a s ,  t he  MPS in t eg ra t ed  concept has  been se l ec t ed  as b a s e l i n e  f o r  t he  
remainder of t h i s  study. 

RELIABILITY 

The r e l i a b i l i t y  of the  1-5 i n t e g r a t e d  APS design was assessed fol lowing 
t h e  same procedure used f o r  t he  dedica ted  cryogenic and s t o r a b l e  p rope l l an t  
des igns .  In genera l ,  the bas i c  r e l i a b i l i t y  of t h e  i n t e g r a t e d  APS i s  higher  
than  t h a t  of the dedicated cryogenic concepts ,  but  lower than the  s t o r a b l e  
propel lane  designs. However, with development of s p e c i f i c  components t o  a  
l e v e l  comparable t o  t h a t  of t he  s t o r a b l e  p rope l l an t  des igns ,  t he  1-5 design 
w i l l  meet .the r e l i a b i l i t y  goal.  In  p a r t i c u l a r ,  i t  i s  be l ieved  t h a t  t he  gener ic  
f a i l u r e  r a t e  of t h e  accumulator may e a s i l y  be reduced by ha l f  t o  1.56 per  
m i l l i o n  hours i f  l i f e  cycle t e s t i n g  is undertaken. The r e l i a b i l i t y  of t h e  
design is itemized i n  Table 5-13 and shows that the goal o f  0.996 can be 
a t t a f  ned by halving t he  accumulator gene r i c  f a i l u r e  rate. 

De ta i l s  of t h e  r e l i a b i l i t y  a n a l y s i s  of t h e  1-5 design are described i n  
t h e  success path l o g i c  shown i n  F igure  5-36. I n  a  few ins t ances  t h e  ope ra t ing  
t i m e s  and cycles  were revised from those  used i n  t h e  dedica ted  APS ana lys i s .  
The complete list of times, t oge the r  wi th  va lve  f a i l u r e  r a t e  assumptions is 
as follows: 

Valve f a i l u r e  r a t e  assumptions: 

Leakage 

Fa i lu re  t o  r e t u r n  (unenergized) 

F a i l  t o  operate (energized) 

Operating times and cycles: 

t1 - 164 hr 
t2 - 2300 cycles  
t3 - 82 hours 
t4 - 1 cycle  
t 5  - 50 cycles 
t6 - 10 cycles  
t 7  - 32.8 hr 

b Z i  s s i o n  time 
Single  t h r u s t e r  mission operat ion 
Assumed f a i l u r e  po in t  
I s o l a t i o n  a f t e r  failure 
LH2 bleed shutoff  va lve  operat ion 
Vent 
LH2 bleed hea t e r  opera t ion  
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t 8  - 0.4 /3 .25  h r  
t g  - 0.25 h r  
t10 - 5 cycles  
t l l  - 100 cycles  

Pump ope ra t i ng  times, Mission A / B  
S ingle  t h r u s t e r  operating t i m e  
P re s su r i za t i on  system ope ra t i on  
Pump ope ra t i on  

The f a i l u r e  r a t e s  used i n  the a n a l y s i s  are the  same aa those of the dedicated 
system a n a l y s i s  except for the following: 

Accumulator 
6 

3.13/10 h r  
H e  p r e s su re  switch 8/1CI6 h r  
Pump m d  motor 3/106 hr 

A l l  o f  the components which are charged t o  t h e  APS as. a stage system i n  
the r e l i a b i l i t y  sense a r e  shown i n  t h e  pa th  l o g i c .  Other components which aFe 
u t i l i z e d  by t h e  APS but a r e  i n t e g r a l  p a r t s  of o t h e r  s t a g e  systems, such a s  
the main tanks ,  r i g h t f u l l y  a t e  included i n  t h e  r e l i a b i l i t y  a l l o c a t i o n s  of 
those systems. 

Single  p rope l l an t  pumplr i n  t he  1-5 design a r e  permit ted under t h e  base- 
l i n e  requirements s ince  they have inhe ren t ly  high r e l i a b i l i t y  for t h e i r  s h o r t  
opera t ing  per iods .  They do  n o t  c o n s t i t u t e  s i n g l e  po in t s  o f  f a i l u r e  l ead ing  
t o  the  loss of t h e  Tug because the accumulators,  being downstream of t h e  
pumps, provide s u f f i c i e n t  p r o p e l l a n t  t o  a f f o r d  rescue .  ' 

A l l  of t h e  r e l i a b i l i t y  ana lyses  conducted f o r  t h i s  s tudy  a r e  based on t h e  
a p p l i c s t i o n  of p r e d i c t i v e  techniques  t o  h i s t o r i c a l  f a i l u r e  data. A s  system 
development progresses  beyond t h i s  s tudy,  however, knowledge of t h e  r e l a t i v e  
capability f o r  success  w i l l  grow f i rmer  for a l l  Tug systems and the APS 
r e l i a b i l i t y  goa l  w i l l  become a requirement.  A t  t h e  same time, DDT&E test 
programs w i l l  y i e l d  improved r e l i a b i l i t y  assessments  and,  even more important ,  
a c t u a l  r e l i a b i l i t y  improvements through hardware matur i ty  ga ins .  

VEHICLE SYSTEMS IMPACT ANALYSIS 

Main Engine Backup Capabi l i ty  Analysis  

Backup f o r  a Tug main engine f a i l u r e  can be provided by the i n t e g r a t e d  
APS i n  the  fX v e l o c i t y  mode. In t h i s  mode, the fou r  a f t  f i r i n g  t h r u q t e r s  
provide 445 N (100 l b )  of t h r u s t  and can be suppl ied  w i t h  t h e  t o t a l  quan t i t y  
of MPS p r o p e l l a n t  remaining, S ince  t-he loaded MPS mixture r a t i o  i s  e i t h e r  
5.6 ( for  o f f loaded  rnfssions) or 6.0 (for  the f u l l  tank r e t r i e v a l  miss ions) ,  
t h e  APS mixture r a t i o  f o r  backup ope ra t i ons  must be  correspondingly increased 
from i t s  normal valu'e of 3.0 t o  use a l l  of  t h e  oxygen a s  w e l l  a s  t he  hydrogen. 

Th rus t e r  Capab i l i t y  

Thruster  ana lyses  i n d i c a t e  t h a t  the  t h r u s t  chamber w i l l  o p e r a t e  s a t i s -  
f a c t o r i l y  a t  a mixture  r a t i o  o f  5.6 with low d e n s i t y  warm hydrogen a t  inlet, 
Assuming i n j e c t o r  performance can be maintained w i t h  h igher  d e n s i t y  (lower 
in jec to r  p re s su re  d r o p ) ,  colder hydrogen a t  i n l e t ,  a s p e c i f i c  impulse of 400 
sec i s  obtained f o r  t h e  200 a r e a  r a t i o  t h r u s c e r  ope ra t i ng  i n  s teady  s t a t e  
backup mode at  the mixture r a t i o  of 5.6. This assumption involves  injector 
and chrus t  chamber d e s i g n  a s p e c t s  which w i l l  r e q u i r e  f u r t h e r  s tudy.  Higher 
nominal (pulse  mode) mixture r a t i o ,  a s t i f f e r  (higher pressure  d rop)  fuel s i d e  
i n j e c t o r  o r  a valved, spl i t -manifold fuel i n j e c t o r  are some of t he  design 



p o s s i b i l i t i e s  f o r  ob t a in ing  mixture  r a t i o  s h i f t  c a p a b i l i t y  i n  the  t h r u s t e r ,  
For t h e  presen t  conceptual  l e v e l  s tudy ,  t h i s  c a p a b i l i t y  i s  assumed. Although 
it would be  b e n e f i c i a l  i f  somewhat higher  t h r u s t  r e s u l t e d  from t h e  mixture 
r a t i o  s h i f t ,  abor t  performance ana lvses  of t h i s  s tudy assume cons t an t  t h r u s t  
and 400 sec spec, i f ic  impulse a t  a mixture r a t i o  of 5.6. Performance f o r  
retrieval missions accounts  f o r  t h e  outage r e s u l t i n g  from a 6.0 loaded r a t i o .  

P rope l l an t  System Capab i l i t y  

During main engine backup opera t ion  by t h e  APS, t h e  p r o p e l l a n t  supply 
from t h e  main tanks is unpressurized.  This r e s u l t s  i n  a  blowdown mode b u t ,  
un l ike  main engine blowdown cond i t i ons ,  t he  withdrawal r a t e  is low and hea t  
l e ak  t o  the tank i s  s u f f i c i e n t  t o  maintain abso lu t e  p re s su re  above one 
atmosphere. Suppression head f o r  pump suc t ion  is  a l s o  maintained a t  t h e  
design condi t ion  by t h e  a c t i v e  coo l ing  of t h e  r e s e r v o i r s ,  The hydrogen bleed 
r a t e  du r ing  t h i s  mode corresponds t o  a  24.5 N-sec/kg (2.5 sec )  s p e c i f i c  
impulse l o s s .  

The APS p rope l l an t  system has  t he  a b i l i t y  f o r  mixture  r a t i o  s h i f t  by 
varying t h e  speed of e i t h e r  pump up t o  about +40 percent  through frequency 
v a r i a t i o n  i n  t he  power supply i n v e r t e r s .  As Fhown i n  Table  5-23, a t  cons t an t  
t h r u s t  and i n j e c t o r  p r e s su re  l o s s  c o e f f i c i e n t ,  t h e  o x i d i z e r  pump speed,  head, 
and power demand i n c r e a s e  a f t e r  a mixture  r a t i o  s h i f t  while  t h e  converse i s  
t r u e  of t h e  f u e l  pump, 

The t o t a l  power demand drops t o  59 percent  of nominal, bu t  f u e l  s i d e  
i n j e c t o r  pressure drop f a l l s  t o  an unacceptable  37 percent ,  If i n j e c t o r  
drop c o e f f i c i e n t  is  still cons tan t  while  chamber p re s su re  and t h r u s t  are 
increased  25 percent, f u e l  i n j e c t o r  drop r e d ~ c e s  only t o  57 percent  and f u e l  
cel l  power demand is cons tan t .  

The foregoing i l l u s t r a t e s  t h e  range of feed system mixture  r a t i o  s h i f t  
c a p a b i l i t y  which can be  balanced a g a i n s t  t h r u s t e r  t r a d e s  without  s i g n i f i c a n t  
power o r  p rope l lan t  system weight pena l t i e s .  The cryogenic  i n t e g r a t e d  concept 
i s  t h e r e f o r e  considered t o  have inhe ren t  c a p a b i l i t y  t o  se rve  a s  a backup f o r  
a  Tug main engine f a i l u r e .  

Table 5-23. Mfxture Rat io  S h i f t  Values 

Item 

Injector pressure drop c o e f f i c i e n t  

Thrust and chamber p re s su re  

Pump flow and speed 

I n j e c t o r  drop 

Pump head 

Pump power 

Fuel c e l l  power 

Parameter Values (% of Nominal) 

Constant Thrust  

Oxidizer  Fue l  

100 100 

100 100 

113 6 1 

128 37 

110 7 7 

124 47 

59 

Constant Power 

Oxid izer  Fue l  

100 100 

125 125 

1 4  1 76 

200 57 

154 10 3 

216 7 8 

100 



Backup Operations Analysis 

With mixture r a t i o  s h i f t ,  t h e  APS impulse capability is p ropor t i ona l  t o  
t he  s p e c i f i c  impulse ra t ios  of t h e  two engine systems - 86 percent  of t h e  MPS 
impulse remaining. In  Figure 5-37, t h e  r e t u r n  v e l o c i t y  requirement is  shown 
f o r  synchronous e q u a t o r i a l  miss ions  as a  func t ion  of main *:ngine burn t i m e .  
On t h e  outbound l e g ,  t h e  r e t u r n  v e l o c i t v  is considered t o  be  the  Tug i d e a l  
velocity a t t a ined .  On the  inbound leg, i t  j.s t h e  mission i d e a l  v e l o c i t y  
remaining. 

The peak r e t u r n  ve loc i ty  i s  t h e r e f o r e  a t  mission o r b i t  i n s e r t i o n  (MOT) 
shown on the f i g u r e  f o r  t he  t h r e e  types  of missions: placemel.*, round trip, 
and r e t r i e v a l .  The a b i l i t y  t o  r e t u r n  without  j e t t i s o n i n g  a  payload is  on t h e  
outbound l e g  up to  the  l i n e  l a b e l e d  on t h e  f i g u r e  a s  t h e  " l i f t o f f  conf igura t ion  
recovery I i m i t . "  This poine i s ,  i n  gene ra l ,  during the mission o r b i t  i n s e r t i o n  
burn. The va lues  of main engine burn t i m e  a t  t h i s  L i . m i t  and a t  M O I  are 
tabul.ated on the  f i g u r e  f o r  two APS a f t  f i r i n g  t h r u s t e r  cant: angles:  25 
degrees and zero. A s  may be seen from the t a b l e ,  main engine backup c a p a b i l i t y  
f o r  t h e  l i f t o f f  conf igura t ion  e x i s t s  for very nea r ly  60 percent  of the main 
engine duty cyc l e  with the  baseline 25-degree cant: angle. For zero cant 
angle ,  t h e  c a p a b i l i t y  is  not less than 60 percent .  The method s f  computing 
the  l i m i t  of odtbound recovery accounts  f o r  both t h e  lower s p e c i f i c  impulse 
(400 sec )  of t he  APS and t h e  lower t h r u s t ,  445 N (100 l b ) .  Lower t h r u s t  i s  
accounted for by adding 18.5 percent  t o  t h e  i d e a l  r e t u r n  v e l o c i t y  f o r  g r a v i t y  
l o s s .  

Figure 5-37. Abort C a p a b i l i t y  - Main Engine Backup by APS 
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I n  a previous s tudy (Reference 26), t h e  e f f e c t  of  g r av i ty  l o s s e s  on 
the t o t a l  r e t u r n  AV us ing  t h e  APS f o r  thruf j t ing was i nves t i ga t ed  f o r  a  po in t  
partway through t h e  MOT maneuver a f t e r  an i d e a l  v e l o c i t y  of 2896 m/sec 
(9500 Et / sec)  had been obtained.  The burn sequence involved a t o t a l  of 
47 APS apogee o r  per igee burns ,  each c o n t r i b u t i n g  a AV of about: 61  m/sec 
(200 f t / s e c ) .  An APS engine cumulative burn t i m e  of 16.9 hours was requi red ,  
w i t h  the  longes t  i nd iv idua l  burn l a s t i n g  about  45 minutes,  The t o t a l  t i m e  t o  
r e tu rn  t o  t h e  315 km (170 n mi) o r b i t  was about 137 hours* Gravi ty  l o s s e s  
f o r  t h i s  f l i g h t  p r o f i l e  amrunted t o  538 m/sec (1765 f t / s e c ) .  The previous 
study concluded t h a t  a  curve represen t ing  r equ i r ed  AV inc lud ing  g rav i ty  l o s s e s  
could he  approximated by simply "pivotingt' t h e  i d e a l  r e t u r n  AV curve counter- 
clockwise about: the o r i g t n  u n t i l  i t  passes through t h e  computed po in t .  This  
amounts t o  adding 18.5 ps rcen t .  

Return during t h e  oiitbound l e g  involves  mission a b o r t ,  In  add i t i on ,  
missions which do not c a r r y  a maximum payload can have t h e  c a p a b i l i t y  f o r  
mission completion by t h e  APS i n  t h e  event of a  mafn engine - f a i l u r e  near t h e  
end of its duty cycle.  This  could b e  accomplished by loading a  small  p rope l l an t  
reserve  f o r  such a  contingency. For example, a 227-kg (500-1b) propellant 
margin w i l l  permit coverage of t h e  l a s t  916 m/sec (3000 f t / s e c )  of a  place- 
ment mission.  Other op t ions  considered i n  Reference 26 which extend the 
range of APS backup capa l l i l i t y  irrclude (1) payload j e t t i s o n  which permits Tug 
recovery from a poin t  about 80 seconds p r i o r  t o  completion of t h e  M O I  burn, 
and (2)  a second S h u t t l e  f l i g h t  t o  recover  t h e  Tug a t  926 km (500 n mi). This 
would reduce t he  r e t u r n  v e l o c i t y  requirement by over  305 m/sec (1000 f t / s e c ) .  

Use of APS f o r  MPS Feedl ine  Chilldown 

T h i s  c a a l y s i s  cons ide r s  t h e  use of an  APS propel lant-suppl ied r e c i r -  
cu l a t i on  system f o r  thermal  pre-condi t ioning t h e  MPS p rope l l an t  f eed l ine  
p r i o r  to main engine ope ra t i on ,  The p o s s i b i l i t y  i nves t i ga t ed  was t h a t  a  
weight sav ing  or a pre fe r r ed  eng ine  s t a r t  t r a n s i e n t  could be obtained i f  t h e  
f eed l ines  were pre-conditioned by t h e  r e c i r c u l a t i o n  system r a t h e r  than by 
: l i t l a1  THIM prope l lan t  flow, T h i s  a n a l y s i s  l e d  t o  t h e  conclusion t h a t  an 
APS propel lant-suppl ied r e c i r c u l a t i o n  system is an i n f e r i o r  a l t e r n a t i v e  to 
THIN cooldown. 

The b a s e l i n e  v e h i c l e  p rope l l an t  f e e d l i n e  dimensions from Reference 27 
a r e  presented i n  Table 5-24. The engine s t a r t  t r a n s i e n t  a n a l y t i c a l  r e s u l t s  
e s t a b l i s h e d  in Reference 27 a r e  used d i r e c t l y  f o r  comparison with t h e  r e s u l t s  
of the APS r e c i r c u l a t i o n  system a n a l y s i s ,  

Table 5-24, MPS P rope l l an t  Feedl ine  Data 

LOX system 

S t a i n l e s s  steel 
1.2 (4) 
6.4 (2.5) 
0.05 (0.02) 
0.50 (1.1) 

Descript ion 

Ma te r i a l  
Length, m ( f t )  
Inner  diameter,  cm ( i n , )  
Wall th ickness ,  c m  ( i n . )  
Weight, kg (Ib) 

LH2 System 

S t a i n l e s s  s teel  
4.3 (14) 
6.4 (2.5)  
0 .1  (0.02) 
1 .7  (3.8) 



A propel lan t  f eed l ine  is considered t o  be thermally-conditioned if its 
temperhture I s  with in  ;;,22 K (4 R) of the prope l l an t  tern e r a t u r e .  For a 
Tug with  p rope l l an t s  a t  s a tu ra t ed  condi t ions  and 11 N/crnE (16 ps i a ) ,  prope1,lant 
feedline thermal condi t ion ing  is complete when the LEI2 f e e d l i n e  temperature is  
no warmer than 23 K (41 R) and t h e  LOX Eeedline temperature is 93.2 K 
(167.8 R) , 

Prel iminary a n a l y s i s  showed t h a t  t h e  best APS propel lant-suppl ied recir- 
c u l a t i o n  system was one which ex t r ac t ed  only l i q u i d  hydrogen from the  APS. 
Such a system is  schematical ly  i l l u s t r a t e d  i n  Figure 5-38. Heat exchange 
between coolant  l k e  and Eeedline is obtained by thermal con tac t  between 
t he  two. The r e c i r c u l a t i o n  system d r y  weight was est imated t o  be 8.6 kg 
(19 Tb). 

The r e c i r c u l a t i o n  systeni is  act ivat :+~ by opening the two-way solenoid 
valve s t a r t i n g  the LH2 pump, Subsequent a c t i v a t i o n  of t h e  three-way solenoid 
v a l v e  permits coo lan t  t o  bypass t he  MfS LOX p rope l l an t  f e e d l i n e  once i t  has 
reached the desired temperature l e v e l .  Because t h e  pressure of the hydrogen 
coo lan t  is greater than the  LB2 tank pressure ,  t h e  warm hydrogen is dumped 
back i n t o  the LH2 tank,  thereby adding energy t o  t h e  tank system and momentarily 
causing t he  hydrogen l fqu id  i n  t h e  tank t o  be subcooled. 

Figure 5-38. APS Propellant-Supplied Reci rcu la t ion  
System Schematic 



With some al lowances  f o r  h e a t  exchange e f f i c i e n c y ,  i t  was e s t a b l i s h e d  t h a t  
a maximum of 1.34 kg (2.96 l b )  o f  hydrogen c o o l a n t  i n i t i a l l y  a t  155 ~ / c m 2 .  
(225 p s i a )  and 2 1 . 1 1  K (38 R) is r e q u i r e d  t o  the rmal ly  c o n d i t i o n  t h e  l1PS LH2 
dnd LOX p r o p e l l a n t  f e e d l i n e s  from 278 K (500 R) t o  t h e  d e s i r e d  t empera tu re  
l e v e l s .  By assumption,  t h e  APS s u p p l i e d  t h e  c o o l a n t  a t  a  mass r a t e  of 
0,0284 k g / s e c  (0.0627 Ib/sec),  Because of t h e  d i f f e r e n t  t empera tu re  l e v e l s  
and l i n e  masses,  t h e  oxygen f e e d l i n e  syscem is  the rmal ly  cond i t ioned  witI-tin 
37 s e c  w h i l e  t h e  Euel f e e d l i n e  r e q u i r e s  48 sec t o  be the rmal ly -condi t ioned .  
A maximum of 278,000 J o u l e  (263 Btu) of energy i s  e x t r a c t e d  from t h e  MPS 
p r o p e l l a n t  f e e d l i n e s  d u r i n g  each c h f l l d o v n  c y c l e .  

I n  Reference 27 a n  a n a l y s i s  is p r e s e n t e d  wi th  p r o p e l l a n t  f e e d l i n e s  assumed 
t o  b e  e i t h e r  p recondi t ioned  t o  t h e  p r o p e l h n t  s a t u r a t i o n  c o n d i t i o n s  of 11 ~/crn2  
(16 p s i a )  o r  t o  be uncondi t ioned  w i t h  a n  i . n i t i a l  t empera tu re  of 278  K (500 R) .  
The a n a l y s i s  showed t h a t  t h e  u s e  of c o l d e r  f e e d l i n e s  i n c r e a s e s  t h e  p r o p e l l a n t  
consumption and t h e  time r e q u i r e d  t o  c o n d i t i o n  t h e  engine,  T h i s  o c c u r r e d  
because the c o l d e r  l i n e s  al lowed t h e  o x i d i z e r  pump t o  coo l  down 1 2  sec earlier 
than w i t h  hot l i n e s .  Once t h e  o x i d i z e r  pump was c o n d i t i o n e d ,  o x i d i z e r  f low 
inc reased  s i g n i f i c a n t l y ,  c a u s i n g  mix ture  r a t j o  and chamber p r e s s u r e  t o  
i n c r e a s e ,  The h i g h e r  mix ture  r a t i o  i n c r e a s e d  f u e l  h e a t  t r a n s f e r  and t h e  
h igher  chamber p r e s s u r e  i n c r e a s e d  Euel system back p r e s s u r e  c a u s i n g  a r e d u c t i o n  
i n  f u e l  f low and a 4-sec l o n g e r  t i m e  t o  c o n d i t i o n  the f u e l  pump. S ince ,  i n  
t h i s  c a s e ,  t h e  cooldown t ime  was s e t  by t h e  f u e l  pump an? t h e  o x i d i z e r  pump 
was c o n d i t i o n e d  c o n s i d e r a b l y  earlier,  t o t a l  p r o p e l l a n t  consumption i n c r e a s e d  
2.9 kg (6.4 Ib) with  t h e  coldar s u c t i o n  l i n e s .  Aside  from t h e  weight disad-  
vantage, to  run t h e  engine a t  a  nigh mixture r a t i o  involves a h igh  engine 
damage r i s k  due t o  the i n c r e a s e d  combustion temperature .  

A cortparison of t h e  . . iope l lnn t  masses used and t h e  t ime r e q u i r e d  t o  c h i l l  
t h e  p r o p e l l a n t  feed l i n e s  and engine pumps wi th  and without (from Reference 27)  
an APS r e c i r c u l a t i o n  system is p r e s e n t e d  i n  Table 5-25. The t a b l e  a l s o  pre- 
s e n t s  t h e  I r g i c  used t o  conclude t h a t  an APS r e c i r c u l a t i o n  system is not inission- 
e f f e c t i v e  because i t s  e f f e c t i v e  burned weight i s  more than double  t n a t  of a 
system which permits  i n i t i a l  p r o p e l l a n t  f low t o  c o n d i t i o n  t h e  Feedl ines ,  

It i s  concluded t h a n  an APS p r o p e l l a n t - s u p p l i e d  Eeedl ine  r e c i r c u l a t i o n  
system i s  a n  i n f e r i o r  a l t e r n a t i v e  t o  p e r m i t t i n g  t h e  f e e d l i n e s  t o  be thermal ly-  
cond i t ioned  by i n i t i a l  THIN p r o p e l l a n t  f low. 



Table 5-25. Propellant Recirculation System Comparison 
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6. CRYOGENIC CONCEPT SELECTION 

Competitive concepts were compared us ing  a genera l  methodology which was 
f i r s t  developed t o  eva lua te  t h e  seven dedicated APS designs.  This  same 
methadoLogy, with addi t ions  t o  account f o r  i n t e g r a t i o n  e f f e c t s  and re f ine-  
ments t o  include more depth of d e t a i l ,  was then  w e d  In eva lua t ing  t h e  
s u r v i v i n g  in tegra ted  APS concepts aga ins t  t h e  s e l e c t e d  dedicated concepts. 

6.1 CONCEPT EVALUATION METHODOLOGY 

The APS designs are evaluated by genera t ing  a mat r ix  which ranks the 
des igns  i n  order  t o  i d e n t i f y  and e l imina te  t h e  poorer  candidates  and t o  focvs 
a t t e n t i o n  on the  top two o r  t h r e e  contenders. I f  t h e  top contender excel5 i n  
all c r i t e r i a ,  the  s e l e c t i o n  is obvious. Tf the  c r i t e r i a  va lues  f o r  the top 
two o r  th ree  contenders ara v i r t u a l l y  i d e n t i c a l ,  then no s i g n i f i c a n t  d i f f e r ence  
e x i s t s  among them. If the candida te  pre fe rences  s h i f t  s ign i f i c . an t ly  among the 
c r i t e r i a ,  then the  s e l e c t i o n  is  made on t h e  b a s i s  o f  va lue  fuJments .  

Cost-raL*rted.cr i ter ia  constitute t h e  major basis f o r  eva lua t ion .  Perform- 
ance attr?.butes c o n s t i t u t e  t h e  second group of  eva lua t ion  criteria, followed 
by schedule considerat ions.  

No attempt was made t o  apply weighting f a c t o r s  because of (1) the h ighly  
subjective nature of  such f a c t o r s  and (2) t h e  incormnensurability of the 
c r i t e r i a .  

COST 

In compiling c o s t  data, major a t t e n t i o n  I s  focused on c o s t s  a t  the  APS 
componeet l eve l ,  recognizing t h a t  i n  most systems, 80 percent of t h e  cost 
comes from approximately 20 percent  of t h e  components (Pareto 's  r u l e ) ,  Vendor 
c o s t  data were obtained and used (modified for additional c o s t s )  wherever 
f e a s i b l e .  

In  generatlng both t he  nonrecurr ing and r ecu r r ing  cos t  es t i -aates ,  
incremental  coyt ing i s  used, Costs of peripheral i t e m p  (such ns APS zround 
suppor t  equipment) t h a t  a r e  judged t o  be m a r l y  constan2 ac ros s  t h e  a l t e rna -  
t i v e s  being evaluated a r e  omlt ted s o  as t o  p l a c e  omphasf.~ on t h e  sources of 
cost differences o r  incremental  cost.;. I n  t h i s  way, incremental l i f e  cyc le  
c o s t i n g  (LCC) was developec? 2nd used as a pr3.maty c r j t e r i o n .  To i l l u s t r a t e  
i ts  s ign i f i cance ,  the LCC c r i t e r i o n  can show t h a t  systems which incur 
r e l a t i v e l y  high DDT&E cos t s  and even r e l a t i v e  h igh  production c o s t s  may be 
o f f s e t  by low opera t iona l  c o s t s  and vice versa.  
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Because of the  uncer ta in ty  of t h e  magnitude of t h e  buy, t he  APS f l eer  
s i z e  was i n i t i a l l y  t r e a t e d  as a va r i ab l e .  I n  l a t e r  ~ o n ~ p a r i s o n s  involving t h e  
i n t e g r a t e d  APS, t he  f l e e t  s i z e  of I7 from Reference 1 was used. A l l  c o s t s  
a r e  determined i n  1973 d o l l a r s .  

Support ing Research and Technology Costs  

Key technological  d e f i c i e n c i e s  i n h i b i t i n g  the  development of APS concepts 
were recognized du r ing  the  s tudy and the requirements f o r  technology develop- 
ment programs were roughly defined i n  terms of c o s t  and time. These SRCT 
program c o s t s  were not  included a s  eva lua t ion  f a c t o r s  i n  t h e  comparisons f o r  
two reasons:  (1) when the  f i n a l  (Phase B) s e l e c t i o n  of t he  APS concept is  
made, t h e  SR&T c o s t s  w i l l  have s l r eady  been expended; and (2)  s u b j e c t s  of 
SR&T fttnding, on b a s i z a l l y  new concepts such as t h e  one considered here ,  
usually have g rea t  p o t e n t i a l  f o r  other programs. 

DDT&E Costs  

DDT&E coa t  es t imates  conta in  i m p l i c i t  p r o b a b i l i t i e s  of t h e i r  a t ta inment .  
The DDT8E c o s t s  shown are, the ''most l i ke ly1 '  c v s t s ;  these  i n  themselves do not  
completely denote t h e  i n t r i n s i c  development r i s k s  a s soc i a t ed  wi th  t h e  DDT&E 
a c t i v i t i e s .  

Production Costs - 

A f i r s t  u n i t  product ion cost  was generated fox each APS candidate.  These 
are a l s o  based on modified vendor d a t a  wherever ~ o s s i b l e .  A 90 percent: 
l ea rn ing  curve was used t o  p r o j e c t  t h e  product ion c o s t s  f o r  var ious  q u a n t i t i e s  
o f  systems produced. 

Maintenance/~efu.rbishment Costa 

The program model ( taken from Reference 1 )  involves 243 f l i g h t s  wi th  a 
f l e e t  s i z e  of 17 and a maximum of 20 missions f o r  each vehicle. T h i s  leads t o  
an average of 12.15 vehic les  refurbished f o r  20-mission capability. The spa re s  
requi red  are determined by a n a l y s i s  of APS component l i f e  and replacement 
schedules.  It i s  assumed t h a t  spa re s  a r e  produced during t h e  production phase 
and are s to red  f o r  future use. Accordingly, they  are posted a t  t h e  1 7 t h  u n i t  
level. Subsequent l ea rn ing  curve reduct ions  a r e  n o t  taken i n  o rde r  t o  
approximate compensation f o r  s t o r a g e  and inventory  cos t s .  Refurbishment 
opera t ions  are taken a t  SO percent  3f the  cost of replacement unfts .  

Po t e n r i a l  Costs 

P o t e n t i a l  c o s t s  are those whir." :.I- . : . .-~:r.a..;.rnded changes o r  poss ib l e  
savings i n  t he  Tug v e h i c l e  o r  proL%/ .. . ,-+ . s z r i c t l y  A P S  cos t s .  They 
are i d e n t i f i e d  and assigned a v a l v  .& ,  z s c ~ b l i s h  "net1' DDTdE or  LCC 
cos t s .  



PERFORMANCE 

The performance criteria used i n  the eva lua t ion  consider both r e fe rence  
mission payload ("basic") performance and a d d i t i o n a l  func t iona l  c a p a b i l i t y  
that would enhance operat ions.  Two types of func t iona l  c a p a b i l i t y  a r e  
considered.  Added f l e x i b i l i t y  is  considered t o  mean he.2 t h e  r e l a t i v e  
a d a p t a b i l i t y  of an  APS concept t o  provide main engine backup ope ra t iona l  modes 
a t  any time. Vehicle  v e r s a t i l i t y  involves t h e  c a p a b i l i t y  t o  perform c u r r e n t l y  
unplanned but t levertheless  l i k e l y  ~n i s s ions .  More exac t ly ,  f l e x i b i l i t y  r e f e r s  
t o  t h e  p o t e n t i a l  c a p a b i l i t y  t o  prav ide  added AF'S impulse i n s t e a d  of main 
engine impulse i n  t h e  event of any mission contingency o r  opportuni ty.  
S imi l a r ly ,  v e r s a t i l i t y  means an  extremeLy l a r g e  man~uveri 'ng c a p a b i l i t y  may be 
obta ined  from the APS. Such a c a p a b i l i t y  could be e s s e n t i a l  t o  complex 
o r b i t a l  assembly opera t ions  and o t h e r  p o t e n t i a l  missions. 

SENSITIVITY ANALYSIS 

The f i n a l  s t e p  i n  the APS eva lua t ion  methodology i s  determinat ion of t h e  
s e n s i t i v i t y  of the key evalua t ion  c r i t e r i a  values t o  t he  s tudy  assumptions and 
c o n s t r a i n t s .  

6.2 DEDICATED SYSTEM EVALUATION 

The seven cryogenic APS concepts  which were defined i n  Sec t ion  4 were 
evalua ted  using most of the methodology descr ibed.  Recognizing t h a t  t h e  
weight,  c o s t ,  and r e l i a b i l i t y  d a t a  of  the dedicated concepts were prel iminary,  
c e r t a i n  a spec t s  of the methodology were relaxed t o  y i e l d  quick  answers and t o  
i d e n t i f y  d r i v e r s  which would p e r m i t  t h e  e l imina t ion  of o t h e r  c r i t e r i a  a s  
nonessent ia l .  

EVALUATION ANALYSIS 

S ince  c o s i  (DDT&E plus  product ion)  i s  used as a primary eva lua t ion  
c r i t e r i o n ,  t he  total cos t  a t  a buy of 1 7  r e f l e c t s  the r e l a t i v e  ranking f o r  
t h i s  c r i t e r i o n .  The least c o s t l y  concept was found to  be  No. 3 (cank wall- 
cooled,  pressure  feed) whlle  t h e  most c o s t l y  concept was No. 4 (modular tank 
wall-cooled, p re s su re  feed).  This order ing  i n  i nc reas ing  c o s t s  was used t o  
e s t a b l i s h  the o r d e r  of l i s t i n g  of t h e  concepts i n  Table 6-1. The order ing  
was found t o  be independent of t h e  buy s i z e  between 5 and 30. Next t o  c o s t ,  
t h e  second most important c r i t e r i o n  was judged t o  be t h e  a d d i t i o n a l  payload 
c a p a b i l i t y  and s o  these dcta are shown i n  Column 2 of the t a b l e .  DDT&E c o s t ,  
first u n i t  cos t ,  and r e l i a b i l i t y  makc up t h e  ba lance  of t he  eva lua t ion  t a b l e .  
Except f o r  candidate 4, a l l  r e l i a b i l i t i e s  a r e  acceptable .  

I n  conducting t h e  comparative eva lua t ion ,  i t  was recognized t h a t  l i f e  
c y c l e  c o s t s  (LCC) should be considered. However, d e t a i l e d  d a t a  on maintenance 
requirements of the a l t e r n a t i v e  concepts was not  a v a i l a b l e  a t  t h i s  p o i n t  i n  
the study schedule.  !kverthelr-s ,  a s e n s i t i v i t y  a n a l y s i s  showed t h a t  t h e  
inco rpora t ion  of opera t iona l  c o s t s  with t h e  c o s t s  shown (so  as t o  ob ta in  LCC) 



Table  6-1. Comparative Evaluat ion of 
Dedicated Cryogenic APS Concepts 

would n o t  change t he  relative standings of t h e  top contenders ,  The bladder- 
f e d  system would r e q u i r e  more c o s t l y  maintenance than t h e  pressure-fed system, 
and t h e  pump-fed system would l i k e l y  r e q u i r e  even more c o s t l y  maintenance, 
These i nc reases  are i n  the same d i r e c t i o n  a s  t h e i r  cos t  s tandings  of Table 6-1, 
Based on p r i o r  Tug system s tudy  es t imates  of LCC, t h e  added maintenance c o s t s  
a l s o  are considered to  be less than the d i f f e r e n t i a l s .  

The d a t a  i n  Table 6-1 show Concept 3 as the leading contender from a c o s t  
s tandpoin t .  There would be  no s u b s t a n t i a l  reason f o r  choosing Concept 5 
because not only does  i t  c o s t  more than Concept 3 bu t  i t  a l s o  imposes a 
payload penal ty  of 5.4 kg (12 lb). Moreover, i f  SRtT c o s t s  were included In 
t h i s  evaluation, Concept 5 would be even more i n f e r i o r .  The b ladder  ma te r i a l  
does n o t  e x i s t  even f n  pro to type  form. Therefore,  Concept 5 r ep re sen t s  a 
high r isklhigh SR&T c o s t  concept. 

Concept 

Concept 0 is e s s e n t i a l l y  t h e  same a s  Concept 3 except  for f i n e  d i s t i n c t i o n s  
i n  cool ing  method and so should be ca r r i ed  a long  with Concept 3 i n t o  f u r t h e r  
ana lyses  i n  subsequent t a sks .  Concept 6 c o s t s  approximately $ 2 M  more than 
Concepz 3 and might be considered f o r  e l i m i n a t i c n  on t h a t  b a s i s .  However, it 

No. 

3 

5 

0 

6 

7 

1 

4 

.Product ion 
Cost 

26.0 

26.5 

27.2 

28.1 

28.8 

29.5 

30.8 

Descript ion 

Tank Wall-Cooled, 
Pressure Feed 

Tank Wall-Cooled, Bladder 
Feed 

Updated Baneline, 
Pressure Feed 

Tank Wall-Cooled, Pump 
Feed 

Pump and Bellows Feed 

Pump Feed 

Modular Tank Wall-Cooled, 
f r e s su re  Feed 

Addi t iona l  
Payload 

Capab i l i t y  
kg (lb) 

0 

- 5 (- 12) 

0 

4-248 (+546) 

- 4 4  ( - 9 6 )  

4-229 (4-504) 

- 46 (-102) 

Rel iabi . l i ty  

0.9411 

0.9349 

0.9599 

0 . 9 4 7 2  

0.9314 

0 ,9472 

0.8801 

Cost 

DDTGE 
(M$) 

11.4 

11.2 

11.6 

12.6 

1 2 5  

13 .0  

11.3 

1 st 
Unit: 
(M$) 

1.44 

1.49 

1 ,52  

1.54 

1 .61  

1.62 

1.87 



enab le s  the Tug to  increase  its payload c a p a b i l i t y  by approximately 248 kg 
(546 lb) over Concept 3. This  could be a h ighly  advantageous a t t r i b u t e  and 
could r e s u l t  i n  cost savings i n  t1-e payloads o r  i n  o the r  subsystems t h a t  far 
exceed the  $ 2 M  cos t  increaee shown. Consequently, i t  i s  recommended t h a t  
Concept 6 be included i n  subsequent analyses  and eva lua t ions .  

Concept 7 c o s t s  more than Concept 6 and i n c u r s  a 44-kg (96-lb) payload 
pena l ty ,  and so  can l i k e l y  be e l imina ted  from f u r t h e r  cons idera t ion .  A s  was 
t h e  c a s e  i n  Concepts 3 and 0, Concept 1 is  e s s e n t i a l l y  t h e  same a s  6 except 
t h a t  i t  a l so  d i f f e r s  i n  cool ing methcd i n  the same manner. Addit ional  
ref tnements  i n  t h e  design could make i t  more a t t r a c t i v e  from a c o s t  s tandpoin t  
t han  Concept 6. Concept 4 can be  el iminated because of cost ,  weight pena l ty ,  
and i n t r i n s i c a l l y  low r e l i a b i l i t y .  

Based on eva lua t ion  of t h e  d a t a  i n  Table 6-1, t h e  pressure-fed Concept 3 
and pump-fed Concept 6 were c a r r i e d  i n t o  subsequent ana lyses  and eva lua t ions ,  
and APS Concepts 5, 7, and 4 were el iminated from f u r t h e r  cons idera t ion .  
Concepts 0 and 1 were not rejected, being only  minor cool ing method v a r i a t i o n s  
of  Concepts 3 and 6, respec t fve ly .  However, f o r  p r a c t i c a l  purposes of t h e  
s tudy ,  they were exctuded from subsequent eva lua t ions  i n  order  t o  minimize 
t h e  number of concepts considered. 

EXPANDED CONCEPTS DATA 

The two s e l e c t e d  dedicated APS designs were subjected t o  f u r t h e r  inves t -  
igation i n  order  to  expand t h e i r  desc r ip t ions .  F i r s t  u n i t  and DDT&E costs 
were updated t o  be on the  same b a s i s  as subsequent comparisons. Component 
replacement c o s t s  per  veh ic l e  were est imated f o r  a 20-mission Tug l i f e t i m e .  
These da ta  were used t o  develop f l e e t  maintenance/refurbishinent cos t s .  

Replacement r a t e s  were based on two f a c t o r s :  (1) an e s t ima te  of t h e  
normal. r a t e  due t o  maintenarce procedures usutil for the component type, and 
(2) the l i f e  of the component wi thout  excess r e l i a b i l i t y  degradat ion as 
impl ied  by i t s  f a i l u r e  r a t e  and worst-case duty  cyc le ,  

The data  are shown i n  Tables 6-2 and 6-3. The final e n t r y  (Table 6-3) is  
t h e  incremental l i f e  cycle  c o s t  for t h e  concept. It rep resen t s  t he  l i f e  cycle 
t o t a l  for the concept of all c o s t s  considered i n  t h i s  s tudy  and, as such, i s  
the concept t o t a l  cos t  measure t o  be used f o r  subsequent eva lua t ions .  T t  
i n c l u d e s  only APS DDT&E, system product ion c o s t s  as requi red  f o r  10-year Tug 
f l e e t  operat ions,  and component replacement c o s t s  necessary t o  maintain 
r e l i a b i l i t y  a t  t h e  design l e v e l .  

Although SR&T requirements were defined as p a r t  of the expanded da ta ,  
t hey  were subsequently found t o  be  s imi l a r  f o r  a l l  cryogenic concepts.  For 
t h i s  reason, a s  w e l l  a s  those previous ly  c i t e d ,  SR&T c o s t s  were not  a 
s e l e c t i o n  f ac to r .  The SR&T requirements i d e n t i f i e d  i n  t h e  conceptual  s tudy 
ph 3e a r e  discussed i n  Sect ion 5.2. 



Table 6-2. Candidate D-3--Pressure Feed, Tank Wall Cooled-- 
Component Replacement Requirements 

Component 
Schematic 
ID No. 

1,2,23,27 
3 
5 
4 
6 
7 
8,9  
10 
3 6 
3 7 
11 

13 

1 4  
15,18,20,24, 
28,35,38 
17 
19 
16 
49 
50 
17,19 
21,25 
29 

Disco~;iect  Valve, Liquid 
Disconllec t Valve, Gas 
H e  Relief  Valve 
Helium Tank 
He F i l t e r  
H e  Regulator 
He Check Valve 
He Beater  
H e  Solenoid Valve 
Pressure Switch 
LOX Tank Capi l la ry  Device 
LH2 Tank (Sump) Capi l la ry  

Device 
LHz Tank (Upstream) 

Capillary Device 
Solenoid Valve, Liquid 

LOX Tank 
LH2 Tank 
Bleed Expander 
Bleed Heater 
Cooling Coi l s  
Insu la t ion  
Prop. Relief Valve 
Thruster Assembly 
Solenoid Valve 
I g n i t e r  
Nozzle/Chamber 
Instrumentation Set 

No. 
P e r  
Tug 

4 
1 
1 
1 
I 
3 
8 
1 
3 
6 
1 

1 

2 
16 

1 
3 
1 
1 
4 
4 
2 

1 6  
32 
16 
16 
43 

Failure 
Rate/ 

Mil l ion  
hr (cycles)  

32.5 
32.5 
45 
0.3 
0.057 

18 
3 8 

0.11 
32.5 
45 

0.11 

0.11 

0.11 
32.5 

0.3 
0.3 
0.75 
0.11 
0.02 
1.0 

45 

14.4 
0.6 
0.16 

Worst-case 
Exposure 
Cycles 
(hr) / 

iYsslon 

(164) 
2 

I 1 0  
(164) 
(104) 
5060 
5060 
(131) 
(164) 
(164) 
(1641 

(164) 

(164) 
(164) 

(164) 
(164) 
(164) 
(131) 
(164) 
(164) 
(164) 

2,300 
9,200 

( -25)  

Predicted No. of 
Replacements fox 20 

Years 

Tota l  
Pep 

Vehicle 

0 
0 
0 
0 
5 

31 
4 2 

0 
1 
1 
0 

0 

0 
3 

0 
0 
0 
0 
0 
4 
2 

22 
2 
0 
5 

Missions Over 10 
- 

Per 

Sched 

0 
0 
0 
0 
5 

1 0  
5 
0 
0 
0 
0 

0 

0 
1 

0 
0 
0 
0 
0 
1 
2 
0 
0 
0 
0 
0 

Component 

Unsched 

0.1066 
0.0013 
0.009 
C.0098 
2 . 0 ~ 1 0 - 5  
0.182 
0.385 
0.00029 
0.107 
G.147 
0.00036 

0.00036 

0.00036 
0.1066 

0.00098 
0.00098 
0.00246 
0.00029 
6 . 5 6 ~ 1 0 - 5  
0.000164 
0.1476 

0.6624 
0.1104 
3 . 2 ~ 1 0 ' ~  
10% Assumed 



Table 6-3. Dedicated Concepts--Incremental Life Cycle Costs 

6.3 INTEGRATED SYSTEMS EVALlLATION AND FINAL SELECTION 

I tern 

F i r s t  Unit 
Vehicle sys terns 
Thrusters  
Feed system 
Test ,  engineering,  business 

management, etc. 

Tota l  

DDT&E 
Vehicle systems 
Thrusters  (GFP) 
Feed system components 
System t e s t  hardware 
Sys tem test 
Engineering business  management, 

e t c .  

Tota l  

Production & Refurbishment 
Ship sets (17) 
Replacement items 
Replacement opera t ions  

To ta l  

APS Incremental L i f e  Cycle (17 sh ips )  

In tegra ted  APS data were generated i n  a manner s i m i l a r  t o  t h a t  described 
f o r  the dedicated systems and assembled i n  mat r ix  form f o r  eva lua t ion ,  The 
r e s u l t s  of t he  comparison are shown i n  Table 6-4.  The integrated concepts 
r ep re sen t  a s i n g l e  APS design, but have e i t h e r  a battery o r  a f u e l  ce l l  power 
opt ion .  

The candidate  concepts are l i s t e d  i n  order of decreasing l i f e  cyc le  c o s t .  
An examination of t h e  da ta  reveals t h a t  the i n t e g r a t e d  cryogenic APS concepts 
are dominant i n  t h a t  they are s u p e r i o r  t o  the dedicated concepts i n  every 
c r i t e r i o n .  

Pressure-Fed 
(D-3) 

0 .O 
1.24 
.65 

.24 

2.13 

5.81 
1.05 
1.06 

- 7 6  

2.84 

11.52 

27.05 
7.26 
3.63 

37.94 

49.46 

Pump-Fed 
(D-6 1 

-01 
1.24 
.74 

.24 

2.23 

.04 
5.81 
2.02 
1.16 

.76 

2.84 

12.63 

28.32 
7.07 
3.54  

38.93 

51.56 



The DDT&E casts d i sp lay  considerable uniformity with the  exception of the 
dedicated pressure-fed design. The f i r s t  u n i t  costa also display r e l a t i v e l y  
l i t t l e  va r i a t ion ,  the highes t  being only 4 percent l a rge r  than the lowest. 

The bas ic  performance of the  four competing designs in implementing 
!fission A was es tabl ished and althaugb all sys tems.a te  adequate, the  in tegra ted  
concepts are superior ,  In determining payload c a p a b i l i t i e s  for Miasion 3, 
t h e  dedicated concepts were found t o  be inadequate. The b a s i c  d i f f e rence  i n  
mission f l e x i b i l i t y  between the dedicated and in tegra ted  cryogenic concepts 
stems from the main engine backup capab i l i ty  of the  in teg ra ted  versions.  
Both the  15-1 and 15-2 concepts provide MPS backup capab i l i ty  f o r  up t o  
60 percent  of the  main engine duty cycle  without payload j e t t i s o n  o r  abor t  
propellant  margirr. I n  addi t ion ,  the  fuel cell  i n  15-2 can provide 1.0 kw of 
add i t iona l  e l e c t r i c a l  power over 98 percent of the  mission. These da ta  are 
a l s o  incorporated i n t o  t h e  evaluat ion matrix. 

It i s  not  possible t o  i d e n t i f y  unequivocally a prefer red  power option 
f ~ r  the in tegra ted  concept. While 15-2 displays  a s l i g h t l y  lower l i f e  cycle 
cost ,  its payload c a p a b i l i t y  i s  48 kg (106 lb)  less than t h a t  of 15-1. 
Although t h i s  i s  only a 2 percent  d i f ference ,  it  could e x e r t  a s i g n i f i c a n t  
impact on the cost  of payload placement because i t  occurs a t  the  border l ine  of 
f e a s i b i l i t y  of dual  placement of communication satellites. 

The addi t ional  e l e c t r i c a l  power t h a t  can be provided by the  15-2 concept 
is of nebulous value at t h i s  point .  It could conceivably be  benef ic i a l  on 
some a c t i v i t i e s  (e,g., increas ing the  power output of a t a r g e t  acqu i s i t ion  
radar or  providing add i t iona l  power t o  a p a r t i c u l a r  payload). 

Because of the marginal advantages displayed by 15-1 and 15-2 i.n d i f f e r e n t  
c r i t e r i a ,  both concepts w i l l  be compared against s t o r a b l e  manopropellant and 
b i p r ~ p e l l a n t  systems i n  Section 8. 

Table 6-4 .  Evaluation Matrix f o r  Cryogenic APS Concepts 

Concept 

Mission A 

15-2 Integrated Cryo 
(Fuel Cel l )  

15-1 Integrated Cryo 
(Battery) 

D3 Dedicated 
Cryo (P ressure-Fed) 

D6 Dedicated 
Cryo (Pump-Fed) 

Etission B 

15-2 Integrated Crya 
(Fuel Cell) 

15-4 Integrated Cryo 
Battery 

Cost ($MI Payload 
To 

Orbit 
kg ( l b )  

2389 
(5267) 

2437 

Life  
Cycle 

48.19 

49.01 

49 .46  

51.56 

48.19 

49.01 

MPS Backup 
Capability 
(Burn Time 
Fraction) 

0 .60 

0.60 
(5373) 

11.52 27.05 10.89 2 .13  2030 None None 
(4475) 

12.63 28.32 None None 
(5139) 

12.56 

12.56  27.93 
(4731) 

DDT&E 

12.56 

12.56 

v 

Additional 
Elcc, Pwr 
(kw/Mission 
frnction) 

1.010.98 

None 

Production 
of 17 

26.23 

27.93 

Operation 
(Mnint.) 

7 . 4 0  

8.52 

- 
First  
Cnir 

2.22 

2.20 



7. STORABlE APS DESIGN DESCRIPTION 

Storable propellant MS designs were analyzed by the Tug systems study 
contractom (References 1 and 2). These designs, which are monopropellant 
and bipropellant, provide reference points by which the relative advantages 
of the selected liquld-liquid o/H system may be moasured. Before a fair 
comparison can be made, however, the storable designs must be redefined in a 
manner which is compatible with the cryogenic syste;? in each of the comparison 
categories. 

In Section 6, the criteria for cost, weight, and performance are 
developed. Descriptions of the storable designs nre given in this section, 
and compared to  the selected cryogenic system in Section 3. 

7.1 MONOPROPELLANT SYSTEM DESCPIRTTOM 

The N2H4 monopropellant APS is a ~r:r;rtxre-regulated system utilizing 
helium as the pressurant. Two regulat.?x: , installed in parallel and operating 
simultaneously, maintain a constant pressure on, tP+ bladder of the si~gle 
propellant tank. Tho mechanical schemarl.: 5s presented in Figure 7-1 and 
significant operating and capacity characteribtics are shown in the process 
diagram of Figure 7-2. 

The system detailed weight and component level cost statement is given 
in Table 7-1. Table 7-2 includes the system dry weight in the weight summary 
for the total vehicle. Fluid weights were obtained by analyzing the mission 
timeline shown in Table 7-3. 

A total payload capability of 2337 kg (5149 lb) is obtained for the 
reference mission using the storable rnonoprope1,ant system. The ME'S was 
assumed to include a start basket for propellant settling. If APS settling 
is used, the payload capability is 56 kg (124 lb) ?.ess, while THIM propellant 
settling will increase the payload capability by 50 kg (110 lb). 

Critical items of reliability in the system are described in Table 7-4. 
These may be compared with the cryogenic system reliability elements given in 
Table 5-13. 
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Table 7-1. Weight Statement and Cost: Sutmuary for StorableMonopropellant System 
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Table 7-3. MasSon Timeline for Propulsion Events - Monopropellant System 
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Table 7-4. Storable Monopropellant System R e l i a b i l i t y  Summary 

7.2 BIPROPELLANT SYSTEM DESCRIPTION 

Failure Mode 

Thrust loss 
Propellant lass 

P r e s s u r e  Loss 

A l l  o t h e r s  

The N204/MMH b ip rope l l an t  A P S  u t i l i z e s  a s i n g l e  bladder  tank for each of 
t he  propel lan ts .  A cons t an t  pressure  i n  maintained on tha  bladders  by use of 
a pressure  r egu la to r  which has  two redundant standby r egu la to r s  i n  p a r a l l e l .  
The use  of t hese  backup r e g u l a t o r s  is  con t ro l l ed  by pressure switches and 
solenoid values. 

Two 98-N (224-,Lb) and two 400-N (90-lb) t h r u s t e r s  are used i n  each 02 four. 
quads to  provide the  desired t h r u s t  l e v e l s  f o r  t r a n s l a t i o n ,  pttch, yaw, and 
r o l l  maneuvers. Figure 7-3 i s  the mechanical f l c . .  diagram f o r  t h i s  system 
and Figure  7-4 is t h e  process  flow diagram and shows t h e  pe r t i nen t  tank and 
system ope ra t ing  c h a r a c t e r i s t i c s .  

A d e t a i l e d  system weight and c o s t  statement was prepared from Figure 7-3, 
as shown i n  Tablc 7-5. The d a t a  sources were the cryogenic Tug system s t u d i e s ,  
o ther  programs (72-2, CTS, e t c . ) ,  and d i r e c t  con tac t  with supp l i e r s ,  l l e  data 
from t h e  weight breakdotrn were then analyzed on a mission b a s i s  t o  determine 
propel lan t  and pressurtint q u a n t i t i e s .  The vehicle weight summary is  given in 
Table 7-6, while  t he  t ime l ine  is  descr ibed i n  Table 7-7. 

F a i l u r e  Cont r ib .  
K~dundancy 106 Misstons 

14  of 16 

Standby 
None - 446 

Component 

Tllruster (16) 
Thruster valve  (32) 
Isolat ion valve (4) 
Tank 6 bladder (1) 
Vent b rel ief  valve (2)  
Vcnt & r e l i e f  valve  (1) - 

As for t he  monopropelZant des ign ,  the b ip rope l l an t  system c a p a b i l i t y  
was assessed  assuming t h a t  a s t a r t  baske t  is  used. The payload c a p a b i l i t y  i s  
2259 kg (49811b).  U s e  of t h e  APS for p rope l l an t  s e t t l i n g  reduces t h e  payload 
by 48 kg (105 l b )  and use  of THTM s e t t l i n g  inc reases  t h e  payload by 36 kg 
(110 lb). 

ticnil ric 
Failurc Rote 

0 . 2 7  
r(.8 
{I. 5 
1.5 
9 0 
9 . 0  - 

The important r e l i a b i l i t y  elements of the system are described i n  
Table 7-8, which m y  be  compared wi th  t h e  cryogenic system r e l i a b i l i t y  
elements given i n  Table 5-13. 
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Figure 7-3, Bipropellant APS Mechanical Flow Diagram 
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Table 7-7. Mission Timeline for Propulsion Events - Bipropellant System 
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Table 7-8. Storable Bipropellant System Rel . iabi1 i . t~  Summary 

Failure Ebde 

Thrust Loss 
Propellant Loss 

Propellant Feed 
Loss 

All Others 
/ 

Compnen t 

Thruster (16) 
Tl~ruster valve (64) 
IsolatLon valve (8) 
Tank & b l a d h r  ( 2 )  
Feed check vntves ( 8 )  

- 

Failure Concrib. 
106 blissions 

1263 

1184 IlTl6 
198 51 - ,998:  

71 

Generic 
Failure Ratc 

0.76 
4 . 8  
6.5 
3 .6  
9.0 

- 

Redundancy 

14 of 16 
Standby Qua1 
Standby l I s o l  
Yone 
Qua1 

conncc ted  - 



8. CRYOGENIC CONCEPT EVALUATION 

The p o t e n t i a l  of the  se l ec t ed  l i q u i d - l i q u i d  O/H APS design was measured 
by comparison h i t h  t h e  more convent ional  s t o r a b l e  p rope l l an t  APS designs 
descr ibed  i n  t he  previous sec t ion .  A common bas i s  f o r  the comparison was 
e s t a b l i s h e d  by providing compatible d a t a  i n  t h e  a r e a s  of c o s t ,  performance, 
and r e l i a b i l i t y .  I n  addi t ion ,  important information of a  p a r t l y  q u a n t i t a t i v e  
n a t u r e  w a s  generated t o  def ine  the  mission f l e x i b i l i t y  and vehicle v e r s a t i l i t y  
a t t r i b u t e s  of t h e  APS designs. 

8.1 COMPARATIVE EVALUATION 

D e t a i l s  of t h e  comparison c r i t e r i a  a r e  giver1 i n  Sect ion 6. a r i e f l y ,  t h e  
most Important c r i t e r i o n  i s  c o s t ,  inc luding  tha t  of t h e  f i r s t  u n i t  and 
i n c r e ~ i e n t a l  l i f e  cycle (LCC). The LCC is composed 3 E  product ion and r e f u r -  
bishment, a s  we l l  a s  DDT&E cos ts .  A l l  f l i g h t  e q u i ~ m z n t  c o s t s  were generated 
a t  t h e  component *level,  i n  veh ic l e  s e t s ,  a s  shown f n  Sec t ions  5 and 7 ,  The 
t o t a l  system cl:?:.t*, iilcluding o the r  elements bes ides  compnents ,  a r e  i temized 
i n  Table 8-1, L!':~C:;'E i t  is  seen that s t o r a b l e  system c o s t s  are lower,  

Performance, the second m G s t  important c r i t e r i o n ,  is simply t h e  payload 
c a p a b i l i t y  of t h e  Tug using the va r ious  APS des igns  i n  conducting the t r i p l e -  
payload deployment mission. A 1 1  of t h e  APS des igns  meet t he  b a s i c  requirements 
f o r  func t iona l  performance and s a f e t y .  

L a s t l y ,  mission f l e x S ~ i l i t y  refers t o  the  b e n e f i c i a l  c h a r a c t e r i s t i c s  of 
t h e  APS which s i m p l i f y  the  Tug and i t s  o ther  subsystems, o r  which inc rease  
i t s  r epe r to ry  of mission types. Many of these  c h a r a c t e r i s t i c s  a r e  expressed 
as real  o r  ~ o t e n t i a l  cos t  savings. 

Data f o r  each of t he  a r eas  of comparison a r e  l i s t e d  i n  Table 8-2. The 
f i r s t  i tem, r e l i a b i l i t y ,  3s not  a dec id ing  f a c t o r ;  i t  is  viewed a c o n s t r a i n t ,  
and a l l  systems are adequate. 

Performance i s  shown i n  t h e  t a b l e  i n  terms of payload weight f o r  Mission A 
and B. Maximized performance wi th  r e s p e c t  t o  main engine s t a r t  i s  by us ing  
APS s e t t l i n g  f o r  t h e  in tegra ted  designs and s t a r t  baske ts  f o r  t h e  s t o r a b l e  
des igns ,  

A s  previously discussed,  the  performance of dedicated systems i s  i n v a r i a b l y  
redllced f o r  Missfon B. Although low,  the  payload weight e n t r i e s  f o r  the  
s t o r a b l e  systems i n  Mission B do no t  inc lude  t h e  a d d i t i o n a l  weight of 
accommodations f o r  t h e  g rea t ly  increased  tank volumes. 

Although t h e  l i f e  cycle  cos r s  pe r t a in ing  s t r i c t l y  t o  the  APS are higher  
' ~ r  t h e  i n t eg ra t ed  designs (Table 8-l), t h e  gains i n  mission f l e x i b i l i t y  and 
vek..-i.cle v e r s a t i l i t y  (described i n  Sec t ions  5.3 and 6 . 3 )  from t h e  use  of the 
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Table 8-1. ~torable/Cxyogenic Cost comparison -- 
INTEGRATED DEDICATED I CRYOGENIC APS ISM) 1 STORABLE RPS (941 

FIRST UNIT  
VEHICLE SYSTEMS 
THRUSTERS 
FEED SYSTEM 
TEST, ERGR, BUSINESS MANAGEMENT, ETC. 

TOTAL 

VEHICLE SYSTEM 
THfiUSTERS 
FEED SYSTEM COMPONENTS 
SYSTEM TEST HARDWARE 
SYSTEM TEST 
ENGINEERING, BUSINESS MANAGEMENT, ETC. 

TOTAL 

PRODUCTION L REFURBISHMENT 
SHIP SETS ( 1 7 )  
REPLACEMENT ITEMS 
REPLACEMENT OPERATlONS 

APS ItiCREMENTAL L I F E  CYCLE (77 SHIPS) 

Table 8-2, ~torable/~ryogenic System Comparison 

Q$$IGlN;a1, PAGE 18 
POOR QUALITY 

. .  . 

R E L I A B I L I T Y  
BASIC PERFORMRNCE - PAYLOAD KG (LB) 

MI?SION A 
MI.tSION 0 

COST - ($H) 
BDTLE 

PRIMARY BATTERY 
POWER 
15-1 

. . 

GROSS L I F E  CYCLE (FLEET OF 17) 

FUEL CELL 
POWER 
15-2 

MOtIO- 
PROPELLAtIT 

PROGRMI SAVINGS: 
ELIMINATE MAIN ENGINE PUMPED IDLE (DDTLE 
REDUCE W I N  ENGINE REL. OW. (DDT1E) 
REDUCED MAIN ENGfNE OVERHAUL (OPS) 
VEHICLE RECOVERY (OPS 
PAYLOAD RECOVERY (OPS 1 

BI- 
PROPELLANT 

NET LIFE CYCLE 

U T I L I T Y  IMPROVEMENTS 
MI;: ENGINE BACKUP (BURNTIME FRACTION 
MPS/APS INTERCHANGE (IMPULSE FRACTION 
POWER AVAILABLE ( KW/MISSION FRACTION) 

I 
VEHICLE SYSTEM IMPACT - MAIN ENGINE 

DEYELDPMENf RISK POTENTIAL 
ISSUE 
COST IMPACT ($a! 
SCHEDULE IMPACT (MONTHS) 

1 LOWER CRITICALITY I L o w E R  DUTY CYCLE 

START TECHNOLOGY 
DEVELOPMENT I 



i n t eg ra t ed  design appreciably lower t h a t  cos t .  These "net" l i f e  c y c l e  c o s t s  
g r e a t l y  improve t h e  competit ive p o s i t i o n  of the integrated designs. 

Elimination of the main engine pumped i d l e  mode (PIM) is  est imated by 
t h e  manufacturer t o  reduce t h e  engine  development by $2.83 M and two months. 
The test program i s  reduced by two engine s e t s  and 50 t e s t s .  PIM may b e  
e l imina ted  because the  func t ion  i s  inherent  i n  t h e  in t eg ra t ed  APS. 

The nain engine r e l i a b i l i t y  demonstration tests may be reduced, under 
DDT&Ey i n  view of the added APS backup c a p a b i l i t y .  Approximately 60 percent  
of t h e  main engine duty cycle ,  i n  any round-trip mission, can be backed up by 
t h e  APS. To a s s ign  a value t o  t h i s  p o t e n t i a l  c o s t  saving,  i t  is es t imated  
that t he  engine t e s t i n g  can be reduced by 150 t e s t s  a t  a saving of $ 3 , 6  M. 

By performing add i t i ona l  low-velocity changes, i n  t h e  case  of Mission B, 
the in tegra ted  APS r e l i eves  t h e  main engine of these  opera t ions  and thereby 
saves  a port ion of thc overhaul c o s t s .  It is  est imated t h a t ,  s i n c e  6 ou t  of 
11 main engine r o t a t i n g  s t a r t s  a r e  supplanted by t h e  APS i n  the  r e f e rence  
mission,  the overhaul cost  is  reduced by $9000 per  f l i g h t .  The saving could 
b e  r ea l i zed  on 100 of the t o t a l  of 243 f l i g h t s  composing t h e  base l ine  mission 
model, f o r  a t o t a l  savings of $0.9 M. 

Operational c o s t  bene f i t s  a l s o  can be r e a l i z e d  through t h e  c:apahili ty 
of t h e  in tegra ted  APS t o  support  MPS funct ions.  The MPS r e l i a b i l i t y  goa l  
imp l i e s  t h a t  veh ic l e  and payload l o s s e s  are t o  be expected; however, many of 
t h e s e  losses  can be avoided by r e t r i e v a l  wi th  t h e  APS. Assigning $10.5 M and 
$20 M u n i t  cos t s  t o  the  Tug and a t y p i c a l  payload y i e l d s  p o t e n t i a l  c o s t  savings 
of $ .3 M and 12.4 M, r e spec t ive ly ,  under t hese  condit ions.  

The mission f l e x i b i l i t y  and v e h i c l e  v e r s a t i l i t y  con t r ibu t ions  t o  t h e  
n e t  l i f e  cycle c o s t s  represent  a t o t a l  veh ic l e  system impact w;ri.ch it; 
f avo rab le  t o  t he  in tegra ted  system by seve ra l  m i l l i o n  d o l l a r s .  

I n  conclusion, ana lys i s  of t h e  d a t a  r evea l s  t h a t  the  b e s t  dedica ted  APS, 
t h e  s to rab le  monopropellant concept ,  has t h e  lowest gross  l i f e  cyc l e  c o s t  
and a n  adequate payload c a p a b i l i t y  f o r  Mission A. The s t o r a b l e  b i p r o p e l l a n t  
APS is  s l i g h t l y  higher  i n  gross  l i f e  cycle  c o s t ,  b u t  has a lower payload 
c a p a b i l i t y  f o r  Mission A. On t h e  same b a s i s ,  the i n t eg ra t ed  cryogenic 
systems cost more i n i t i a l l y  b u t  provide a higher  Mission A payload. Also, 
the in tegra ted  systems provtde an adequate payload for MissTon B. 

However, by t r a n s l a t i n g  the appropr i a t e  programmatic b e n e f i t s  o f  mission 
f l e x i b i l i t y  and veh ic l e  v e r s a t i l i t y  i n t o  cos t  impacts, t h e  r e s u l t i n g  n e t  
l i f e  cycle c o s t s  are lower f o r  t h e  in t eg ra t ed  cryogenic APS. Furthermore, 
t h e  in tegra ted  cryogenic APS des igns  have a g r e a t e r  mission growth p o t e n t i a l ,  
which would allow the accomplishment of missions by t h e  Tug t h a t  were not 
previously f e a s i b l e .  



8.2 ADVANTAGE ASSESSFENT 

The in t eg ra t ed  liquid-liquid o/R APS r ep resen t s  ; depzirture from t h e  
convent ional  propulsion s t age  APS i n  i ts  c a p a b i l i t t e u  and cons t r a in t s ;  i n  
s h o r t ,  i t  i s  d i f f e r e n t  i n  kind, no t  degree. It should the re fo re  be expected 
t o  have d t s t i n c t  advantages as we l l  as r e l a t i v e  rnes. 

Recapi tu la t ing ,  some of t he  more important advantages of t h e  in t eg ra t ed  
APS des ign  are: 

1. Mission V e r s a t i l i t y  - Use cf t h e  i n t e g r a t e d  APS allows the  Tug t o  
perform missions which r e q u i r e  g r e a t e r  a u x i l i a r y  propulsion a c t i v i t y  
than do the standard payload d e l i v e r y  and recovery missions. 

2. Operat ional  F l e x i b i l i t y  - A v f r t u e  of the comingled MPS and APS 
p rope l l an t  c h a r a - t e r i s t i c  a s soc i a t ed  wi th  the i n t eg ra t ed  APS is  that: 
changes t o  t h e  mission aEter it has s t a r t e d  are no t  constrained by 
t h e  ind iv idua l  system p rope l l an t  a l l o c a t i o n s .  This s i m p l i f i e s  
permission contingency planning and al lows the Tug a zapab i l i t y  
t o  surmount unforeseen d i f f i c u l t i e s ,  

3. T o t a l  Program Cost Savings - Use of the i n t eg ra t ed  APS would permit 
cost savings i n  s e v e r a l  areas:  

a .  Development of the  main engine pumped i d l e  mode may be el iminated.  

b. The main engine DDThE r e l i a b i l i t y  demonstration may be reduced. 

c .  The period between main engine overhauls  may be lengthened. 

d. The p r o b a b i l i t y  of Tug recovery a f t e r  a main engine f a i l u r e  
i s  improved. 

e. The p r s b a b i l t t y  of a payload recovery, a f t e r  e i t h e r  a payload 
o r  a Tug f a i l u r e ,  is increased.  

f. Addit ional  e l e c t r i c a l  power i s  a v a i l a b l e  t o  payloads during 
periods when t h e  in t eg ra t ed  APS pumps are no t  in operat ion.  



9 ,  l NTEGRATED SYSTEM PRELIM1 NARY DESIGN SPEClFlCATlON 

9.1 SCOPE 

9.1.1 Object ive and Appl icabi l i ty .  This e > e c i f i c a t i a n  e s t a b l i s h e s  t h e  
design and performance requirements for an i n t e g ~ a r e d  a u x i l i a r y  propulsion 
system (IAPS) for t h e  Space Tug vehic le .  It Is i l t ended  t h a t  the  d a t a  he re in  
se rve  as the  b a s e l i n e  f o r  f u t u r e  des ign  eva1l:r:i-n and system technology 
development (support ing research and technology] a c t i v i t y .  

9.1.2 System Type. The IAPS Jef ined here in  is  a crybgenic (oxygen/ 
hydrogen) b ip rope l l an t  a u x i l i a r y  propulsion system which uses t h e  veh ic l e  
main propuls ion  tanks as a p rope l l an t  source. The cryogenic system type i s  
r e s t r i c t e d  t o  one i n  which the  p rope l l an t  is  supplied t o  t h e  t h r u s t e r s  i n  
t h e  l i q u i d  phase. 

,9.2 APPLICABLE DOCUMENTS 

Johnson Space Center (JSC) -. - 
JSC 07700 Space Shuttle Level I1 Program Def in i t i on  and 

requirements: 

Vol I Space S h u t t l e  Program Descript ion and Require- 
ments Basel ine 

Vol X Space Shuttle Fl igh t  and Ground System 
Spec i f i ca t ion  

Vol IV Space S h u t t l e  System Payload Accomodations 

EIarshall Space F l igh t  Center (MSFC) 

MSFC 68M09039 Space Tug Baseline Def in i t i on  S tud ie s  

-1 Basel ine Space Tug Requirements and Guidelines 

-2 Basel ine Space Tug Configurat ion Def in i t ion  

-3 Basel ine  Spsce Tug F l i g h t  Operations 

-4 Basel ine  Space Tug Ground Operations 

9.3.1 Program Defini t ion.  - 



9.3.1.1 General Descript ion.  The IhPS is a candidate  a u x i l i a r y  
propulsion subsystem f o r  t h e  Space Tug, a veh ic l e  c a r r i e d  i n  t h e  Space 
Shut t le  System Orbi ter .  

devel 
(IOC) 

The Space Tug i s  
.opment schedule 

d a t e  of Ja5nuary 

i n  a prel iminary stage of design with a c u r r e n t  
(Figure 9-1) c a l l i n g  f o r  an i n i t i a l  ope ra t ing  c a p a b i l i t y  
1984. The d e f f n i t l o n  of the  Space Tug program and 

requirements i s  contained i n  the MSFC Document serfes 68M00039, cu r r en t  
issue. Addit ional  d e s c r i p t i v e  information i s  contained i n  Sec t ion  3.0 of 
t h i s  r epo r t .  

Excerpts  from t h e  EISFC document 68M00039-I. Basel ine Space Tug System 
Requirements snd Guidel ines  a r e  used i n  t h e  following. The Space S h u t t l e  
System d e f i n i t i o n  is  contained i n  t h e  JSC document s e r i e s  07700 "space 
S h u t t l e  Level  IT Program Def in i t i on  and ~equi rements . "  

The base l ine  Tug is a cryogenic (oxygen/hydrogen) propuls ive  s t a g e  t o  
be deployed from t h e  S h u t t l e  Orb i t e r  a t  an  i n i t i a l i z i n g  o r b i t ,  then t o  

, d e l i v e r  and deploy s p a c e c r a f t  i n t o  t h e i r  requi red  o r b i t s ,  and/or  r e t r i e v e  a 
spacec ra f t  and ro r e t u r n  t o  a waiting o r b i t  for rendezvous and r e t r i e v a l  
by t he  O r b i t e r  for r e t u r n  t o  e a r t h  f o r  refurbishment. and mission recycle. 

- 
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Figure 9-1. Space Tug Preliminary Development P lan  



The Tug program is defined to ~ ~ , t : . i s t  of t h e  elements and sub-elements 
defined in the Bdseline Space Tug llTcrk Breakdown S t ruc tu re ,  Numbered TBD, 
da ted  TBD. T h i s  s t r u c t u r e  s h a l l  be cl t i l ized i n  requirements a l l o c a t i o n s ,  
weights ,  power requirements,  i n t e r f a c e  i d e n t i f i c a t i o n ,  and end-item 
i d e n t i f i c a t i o n .  

The de t a i l ed  desc r ip t ion  of the baseline Tug conf igura t ion  except as 
modified hereln,  i s  contained in t h e  ElSFC 681100t.139-2 Basel5ne S p a c e  Tug 
Configuration Def in i t ion ,  dated J u l y  1 5 ,  1974,  ar more cu r ren t  issue. 

The de t a i l ed  desc r ip t ions  of t h e  baseline ground and f l i g h t  operat ioi ls  
plan are contained i n :  

a. IISFC 681400039-4 Baselirre Space Tug Ground Operations,  
Ver i f ica t ion ,  Analysis,  and Processing, dated J u l y  15, 1974. 

b. lISFC 681100039-3 Basel ine Space Tug Flight Operations,  
dated J u l y  15, 1974.  

9.3.1.2 Tug Plissions. The Space Tug missions consist of de l ive ry  and/ 
o r  retrieval of DOD, NASA, and other spacec ra f t  i d e n t i f i e d  preliminarily 
i n  : 

a. DOD Space ?fission Model (Secret)  

b. The 1973 NASA Payload Hodel, October 1973 (Being Revised). 

The NASA and o the r  missions c o n s i s t  of de l ive ry  t o  and/or r e t r i e v a l  o f  
s p a c e c r a f t  from o r b i t s  ou t s ide  the  performance range of the S h u t t l e  Orbi te r .  
Ea r th  escape missions may r e q u i r e  expenditure  of t h e  Tug. The following, 
excerpted from Item b above, are t y p i c a l  missions f o r  var ious  spacecraft 
t o  be deployed by Tug: 

a. Astronomy - Depart from 296 km (160 n m i ) ,  28.5' o r b i t  and 
t r a n s f e r  to  72227 km (39,000 n mi), 28.5' circular orbit, 

b. Atmospher ic  Physics - Depart from 296 km (160 n m i ) ,  28.5' 
o r b i t  and t r a n s f e r  t o  an escape trajectory. 

c .  Earth Observation - Depart from 185 km (100 n m i ) ,  90' o r b i t  
and t r a n s f e r  to  1,667 km (900 n mi), 90' c i r c u l a r  o r b i t .  

d .  Earth Observation - Depart from 296 km (160 n mi. ) ,  28.5' 
o r b i t  and t r ans fe r  t o  35,786 km (19,323 n mi), 0° c i r c u l a r  o r b i t .  

e. Planetary - Depart from 296 km (160 n m i ) ,  28.5' o r b i t  and 
t ransfer  t o  an escape t r a j e c t o r y .  

f. Communication and Navigation - Depart: from 296 km (160 n m i ) ,  
28.5" o r b i t  and t r a n s f e r  t o  35,786 km (19,323 n mi), 0° c i r c u l a r  
o r b i t .  Depart from 380 km (205 n mi), 103' orbit and transfer t o  
1,704 km (920  n m i ) ,  103' o r b i t .  



9.3.1.3 Tug Operat ional  Concept. 

9.3.2.3.1 Ground Processing (from Tug acceptance).  The present  b a s e l i n e  
Tug ground processing f l o w  is  included here i n  t h e  most general  form. 

Tug/Spacecraf t Mate and Checkout : 

T h i s  a c t i v i t y  inc ludes  rhe prepara t ions  f o r  mating, a c t ~ ~ a l  mating of 
t h e  Tug and spacecraf t ,  and v e r i f i c a t i o n  of all interfaces. 

Tug/Spacecraft O r b i t e r  Mate and Checkout: 

Th i s  a c t i v i t y  inc ludes  t h e  phys ica l  mating and i n s t a l l a t i o n  of the Tug/ 
spacec ra f t  i n  t h e  ho r i zon ta l  pos i t i on  i n  the Orbi te r .  Spec i f i c  acrivitics 
axe as fol lows:  

Prepare T u g / ~ r b i t e r  i n t e r £  ace 

Ins t a l l  Tug/spacecraf t i n  O r b i t e r  payload bay 

Verify mechanical and e l e c t r i c a l  i n t e r f a c e s  

Perform in t eg ra t ed  systems t e s t  

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

Rol l  out  to  pad 

Launch Operations: 

Launch operat ions are the a c t i v i t i e s  accomplished during t h e  S h u t t l e  
launch opera t ions  phase and are r e s t r i c t e d  t o  those  a c t i v i t i k s  that cannot 
be accomplished earlier. These include: 

I n s t a l l a t i o n  of f l i g h t  systems and f a c i l i t i e s  i n t e r f a c e  v e r i f i c a t i o n  

Umbilical and t e s t  equipment hookup 

Systems v e r i f i c a t i o n  and ope ra t iona l  tests 

_ F l u i d s  and ma te r i a l s  s e rv i c ing  

I n s t a l l a t i o n  of s eng i t i ve  items 

Countdown and monitoring of systems 



Post-Landing Operat ions:  

P o s t - f l i g h t  o p e r a t i o n s  i n c l u d e  t h o s e  a c t i v i t i e s  n e c e s s a r y  t o  s t f e  and 
demate t h e  Tug and t h e  O r h i r e r .  S p e c i f i c  a c t i v i t i e s  a r e  as f o l l o v s :  

Perform s a f i n g  o p e r a t i o n s  

Remove Tug from O r b i t e r  

I n s t a l l  p r o t e c t i v e  cover and t r a n s p o r t  Tug t o  re fu rb i shment  a r e a  

Refurbishment and Checkout: 

Refurbishment encompasses t h e  a c t i v i t i e s  r e q u i r e d  t o  s e r v i c e  t h e  Tug 
between each m i s s t o n ,  such as: 

Performing i n s p e c t i o n  and checkout  t o  t h e  l i n e - r e p l a c e a b l e  u n i t  l e v e l .  

Performing minor s t r u c t u r a l  rework. 

Performing o p t i c a l  check f o r  s t r u c t u r a l  a l ignment ,  

Performing l i n e - r e p l a c e a b l e  u n i t  removal and replacement.  

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

S tn rage  o i  t h e  Tug until miss ion  ass ignment .  

Removal f r o v  s t o r a g e  and p r e p a r a t i o n  f o r  a mission.  

The r e f u r b i s h e d  Tug systems will be s u b j e c t e d  t o  o p e r a t i o n a l  t e s t s  t o  
v e r i f y  t h e i r  f u n c t i o n a l  o p e r a b i l i t y .  

9 . 3 . 1 . 3 . 2  Tug F l i g h t  Operat ions .  The b a s e l i n e  Tug f l i g h t  o p e r a t i o n s  
d e s c r i p t i o n  i s  inc luded  h e r e  i n  t h e  most g e n e r a l  form. 

The two S h u t t l e  s o l i d  r o c k e t  b o o s t e r s  and t h e  O r b i t e r  main eng ines  f i r e  
i n  p a r a l l e l ,  p r o v i d i n g  t h r u s t  f o r  l i f t o f f .  Following s o l i d  r o c k e t  b006tbr  
j e t t i s o n ,  t h e  O r b i t e r  main e n g i n e s  con t inue  firing u n t i l  t h e  v e h i c l e  r e a c h e s  
t h e  d e s i r e d  s u b o r b i t a l  c o n d i t i e n s  where t h e  e x t e r n a l  t ank  is j e t t i s o n e d .  The 
O r b i t e r  o r b i t a l  maneuvering subsystem i s  then  f i r e d  t o  p l a c e  t h e  O r b i t e r  i n  
t h e  d e s i r e d  Tug/spacecra f t  i n i t i a l i z i n g  orb?':. The Tug/spacecra f t  a r e  
deployed from t h e  O r b i t e r  payload bay and t:e O r b i t e r  moves out: t o  a safe 
s e p a r a t i o n  d i s t a n c e  and r e l a t i v e  a t t i t u d e .  

Within o r b i t  phasing requ i rements ,  and w i t h  a l l  sys tems enabled and 
prepared, t h e  Tug a c q u i r e s  t h e  p roper  v e c t o r  and t h e  main eng ine  i s  f i r e d  
from t h e  ground a s  necessa ry  t o  ach ieve  t h e  d e s i r e d  s p a c e c r a f t  o r b i t  o r  



trajectory i n s e r t i o n  coriditiuns (or  r e t r i e v a l  c o t ~ d i t i o n s  for a re t r ieve-only  
mission).  Gnce t he  spacec ra f t  i s  in se r t ed  the Tug may be required t o  v e r i f y  
spacec ra f t  conditions by v i s u a l  inspect ion.  The Tug, Lhrough a s e r i e s  of 
o r b i t a l  maneuvers, changes o r b i t  t o :  

a. Deploy o the r  spacec ra f t  (multi-deployment) and, i f  required,  

b. Ret r ieve  a spw,rer,aic, and then 

c. Returti to the O ~ h i t e r  wai t ing o r b i t  LL.,: rendezvous and 
r e t r i e v a l .  

During t h e  Orb i t e r  rendezvous and r e t r i e v a l  opera t ions ,  t h e  Tug i s  
configured and safed p r i o r  t o  f i n a l  docking md stowage i n t o  the Orb i t e r  
payload bay by t h e  Grbi te r .  Thr Orbiter  then  d e o r b i t s  and l ands  f o r  Tug 
mission recvcle. 

During f l i g h t  operations, command and c o n t r o l  of the  Tug and its 
spacec ra f t  i s  mafntained from t h e  Tug/Spacecraft opera t ions  cen te r s .  

9.3.2 System Elements. Tlre UPS is  comprised of the fol lowing major 
subuasemblies: 

Tropellant r e s e r v o i r s  (oxid izer  and f u e l )  

Pumps (oxid izer  and f u e l )  

Accumulators [oxrdizer  and f u e l )  

Thruster  uuad assemblies  

Lines and manifolds (oxidizer and f u e l )  

In su la t ion  and purge system 

Controls 

Ins trurnenta t ion  

9.3.3 Performance. 

9.3.3.1 Punct ional  Performance. 

9.3.3.1.1 Funct ional  Description. The IAPS 2rovides the r o t a t i o n a l  
and t r a n s l a t i o n a l  impulses necessary t o  perform the  fol lowing maneuvers 
dur ing  Tug f l i g h t  operations: 

Normal Mode 

TipofF d is turbance  dampfa;; 

A t t i t u d e  o r i e n t a t i o n  t o  a l i g n  vehic le  axes 



Steering during APS or 3lPS A\' 

Attitude s tab i l i za t ion  for coast, payload docking, and orbiter 
re tr i eva l  

LV for payLoad docking or vernier adjustment of orbits 

Abort :lode 

A4 for vehicle return after any main engine fsilure not 
involving excessive loss of XPS propellant 

9*3.3.1,2 System Functional Sequence. The U P S  compatibility with 
t h ~  Tug and Orbiter requires the following functPona1 sequence for the 
system over a mission cycle (reference paragraph 9.3.1.3, Tug Operational 
Concept) : 

1APS Graund Checkout 

IAPS F lu id  Servicing 

Liftoff 

Shuttle ascent - insulat ion  venting 

Predeplt-pent checkout 

Tug erection - ~ug/Orbirer disconnects separated 

IAPS Activation 

Tug deployment (release) 

IAPS control of Tug-a~ritude s t a b i l i z a t i o n  only 

Tcg f l i g h t  operations - IAPS functional - all modes 

Pze-Orbiter dockinr - IAPS saf ing  and checkout, a t t i tude  
s t e  b i l i z a t i o n  only 

Ilanipulator arm contact and IhPS  deactivatjan 

Tug-erector mating - Tug/~rbiter disconnects mated 

Orbiter descent - MPs/IAFs insulat ion  repressurization 

Orbiter landing 

IAPS post-landing saf ing 

IAPS refurbishment 



9.3.3.1.3 Mission P r o f i l e s  - Nortnal Plode. The IAPS func t iona l  
c a p a b j l i t y  i s  t o  meet t h e  f l i g h t  opera t ions  p r o f i l e  of a l l  the planned Tug 
missions. For prel iminary des ign  purposes, t he  synchronous equa to r i a l  t r i p l e -  
payload placement mission is assumed t o  con ta in  the con t ro l l i ng  flight 
p r o f i l e  f o r  IAPS func t ion  and performance levels. The event sequence and 
mass propert ies/ impulse h i s t o r y  o t  t1.e r e f e rence  missl.on f l i g h t  p r o f i l e  i s  
l i s t e d  i n  Table  9-1 and i s  d e ~ i g n a t e d  as Mission P r o f i l e  A. An a l t e r n a t e  
profy le ,  designated a s  Mission P r o f i l e  B is shown i n  Takle 9-2. P r o f i l e  
B is  a mission planning op t ion  t o  be exercised when t h e  mission i s  not 
payload-limited and the  lower payload c a p a b i l i t y  of the  B p r o f i l e  is  
s u f f i c i e n t .  Exercise  of t h e  B opt ion  r e l i e v e s  t h e  main engine of 6 small- 
v e l o c i t y  maneuvers and r e s u l t s  i n  Tug ope ra t ion  economies 3nd improved 
mission r e l i a b i l i t y .  The IAPS normal mode func t iona l  c a p a b i l i t y  i s  a l s o  t o  
permit s u b s t a n t i a l  v a r i a t i o n s  i n  t h e  c o n t r o l l i n g  reference mission p r o f i l e s  
involving g r e a t e r  or  less t o t a l  impulse and IAPS cycles. This c a p a b i l i t y  
is  t o  apply t o  in - f l i gh t  p r o f i l e  modi f ica t ions  by Tug con t ro l  cen ters  i n  
response t o  mission event oppor tun i t i e s  o r  cont ingencies  a s  w e l l  as t o  
plasned p r o f i l e s  needed t o  accommodate e i t h e r  new, a s  y e t  unforeseen, missions 
o r  modif icat ions of c u r r e n t l y  planned missions. This c a p a b i l i t y  is t o  make 
maximum use  of t h e  i n t e g r a t e d  a spec t  of the LAPS--the comingling and i n t e r -  
changeabi l i ty  of MPS and IAPS propel lan t  a l l o c a t i o n s .  I t  is therefore  to  be 
l imi ted  only by the t o t a l  impulse  and s i n g l e - m i s ~ i o n  opera t ion  life 
requirements spec i f i ed  h e r e i n  under Paragraph 9.3,3.1.4, Mission Profiles-- 
Abort Mode. 

9 .3 .3 .1 .4  Hission P r o f i l e s  - Abort Mode. The IAPS func t iona l  c a p a b i l i t y  
i s  t o  provide f o r  Tug recovery i n  the  event o f  main engine f a i l u r e  unless: 
(1) i n s u f f i c i e n t  propel lan t  remains a t  abort i n i t i a t i o n ;  o r  (2) maln engine 
f a i l u r e  involves  loss of MP5 prope l l an t  system integrity. The f r a c t i o n  of 
main engine duty cycle  (mtssion burn t i m e )  being covered by IAPS backup is  
the re fo re  maximized, and is  est imated a t  0.6 f o r  t h i s  prel iminary design. A 
r ep re sen ta t ive  p r o f i l e  t o  be  met by the  IAPS is  shown i n  Table 9-3, Unsche- 
duled refurbishment is  t o  be accomplished a f t e r  any abor t  p r o f i l e s  involving 
s i g n i f i c a n t l y  g rea t e r  than normal-mode impulse, 

9.3.3.2 Operabi l i ty .  

9.3.3.2.1 R e l i a b i l i t y .  A r e l i a b i l i t y  goal  of 0.97 has been e s t ab l i shed  
fcr the Tug veh ic l e  f o r  a l l  mission phases. Using t h a t  goal ,  t he  apportioned 
nuner ica l  r e l i a b i l i t y  goa l  of the IAPS i s  0.996. A s  noted i n  s ec t ion  
9.3.3.2.2,  Safety, a l l  ZAPS elements except primary s t r u c t u r e  and pressure  
ves se l s  s h a l l  be designed t o  f a i l  s a f e  i n  t h e  v i c i n i t y  of t h e  S h u t t l e  Orbi ter .  
The Tug recovery-to-the-0rbiFer success p r o b a b i l i t y  (one minus the  a t t r i t i o n  
r a t e )  goa l  is  0.99, and r e p r e s e n t s  a n  a d d i t i o n a l  gu ide l ine  f o r  IAPS relia- 
b i l i  t y  . 



Table 9-1. IAPS Mission Timeline for Propulsion Everlts 
(Mission Profile A) 
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Table 9-2, IAPS Mfssion Timeline for Propulsion Events (Mission Profi le 3) 
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Table 9-3. Abort Pro rile 

9.3.3.2.2 Safety. IAPS p e ~ f o r n ~ n c x  during post-deployment and pre- 
r e t r i e v a l  opera t icns  wi th in  TBD ~ r b i t e r / T u g  sepa ra t ion  d i s t a n c e  i s  Orbi te r  
crew-safety c r i t i c a l .  Within these i n i ~ r v a l s :  

a. Provision sha l l  be made f o r  TAPS c o n t r o l  by tke Orb i t e r  crew. 
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pos i t i on  without danlaging the O r b i t e r  of i n j u r i n g  flight 
personnel of the Orbiter .  C r i t i c a l  f a i l u r e  i n d i c a t o r s /  
s t a t u s  s i g n a l s  s h a l l  be provided t o  the  Orbiter  crew. 
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IAPS func t ions  while  stowed aboard t h e  Orbi te r  s h a l l  comply with t h e  
following: 

a.  A l l  p rope l lan t  vent ing  w i l l  be through T u g / ~ r b i t e r  umbil icals .  

b .  P r i o r  t o  descent ,  IAPS f l u i d  q u a n t i t i e s  s h a l l  be reduced t o  a 
s a f e  value c o n s i s t e n t  wi th  dumping/venting/helium purge 
requirements f o r  t h e  MPS. The in te rconnect ion  of t h e  PAPS/ 
M P S  s h a l l  permit  common propellant: purge/venting. Minimum IMS 
pressure  l e v e l s  s u f f i c i e n t  t o  prevent  pressure  v e s s e l  implo- 
s i o n  s h a l l  be e s t ab l i shed .  

. Refurbishment of t h e  IAPS by r..+bncement 
i s  planned t o  permit at,i:p::rnient of 

required u s e f u l  l i f e  i n  t h e  most economical manner whi le  maints? ~ " 6 : -  system 
r e l i a b i l i t y  above the  apport ioned goal. 

9.3.3.2.4 Useful Life. The I D S  des ign  and mintenance/ref~rrbishment 
plan is  t o  cqrnply wi th  a u s e f u l  l i f e  corresponding t o  20 missions (design) 
re ference  M ~ ~ s i o n  P r o f i l e  3) over a ten-year period. 

The opera t ing  l i f e  requi red  of the system elements is  t h a t  which i s  
necessary t o  accomplish t h e  normal missions between scheduled refurbishments.  
The d e s i g n  l i f e  is t h e  t o t a l  of t h e  norl. mission operat ing life plus  one 
aborted mission involving IAPS maximum recovery c a p a b i l i t y  plus margin. 

9 .3 .3 .2 -5  Environments, Natural and induced environments are as 
spec i f iqd  i n  MSFC 68M00039-1 Basel ine Space Tug System Requirements and 
Guidelines.  Cargo bay door-open p re s su re  levels apply t o  t he  IAPS (and 
MPS) i n su l a t io r i  vent ing  back pressure.  

9.3.3.3 Performance Allocat ions.  

9.3.3.3-1 Performance Trades. The nominal, preliminary design perfor-  
mance a l l o c a t i o n s  fo r  IAPS elements are given i n  paragraph 9.3.5, Design. 
Al loca t ion  f o r  o the r  f u n c t i o n a l l y  i n t e r f a c i n g  subsystems a r e  given i n  
paragraph 9.3.3.3.2 Fuac t iona l  In t e r f aces .  A l l  of t h e ~ e  a l l o c a t i o n s  are 
t r adeab le  during development with a c o e f f i c i e n t  of -2.9 kg of payload pe r  
kg of burned weight (-2.9 l b  of payload p e r  I b  of burnout weipht).  Where 
usefu l ,  u n i t  performance parameter t r a d e  c o e f f i c f e n t s  are shown i n  terms 
of payload o r  burnout weight i n  t h e  s e c t i o n  spec i fy ing  u n i t  performance. 

9.3.3.3.2 Funct ional  In t e r f aces ,  

9.3.3.3.2.1 Main Propulsion System. 

(1) The MPS i n t e r f a c e s  wi th  the IRPS by providing a p rope l l an t  
source i n  t h e  l u g  main tanks. During normal IAPS modes 
p rope l l an t  is withdrawn a t  the normal mode mixture r a t i o  
and is wi th in  the  condi t ion  l i m i t s  of Table  5-18 of this 
report .  During abor t  mode opera t ion ,  MPS autogenous 



pres su r i za t ion  i s  n o t  a v a i l a b l e  and p rope l l an t  suppl ied  
i s  s a t u r a t e d  ( a f t e r  i n i t i a l  blowdown expulsion). The 
abor t  t imel ine  s h a l l  pe rmi t  tank h e a t  leak s u f f i c i e n t  t o  
maintain a minimum prope l l an t  p re s su re  of 10.3 ~ / c m ~  
(15 p s i a ) .  

(2) b P S  and P 9 S  prope l l an t  loaded q u a n t i t i e s  are comingled 
and a r e  t o  be t r e a t e d  as such i n  f l i g h t  contingency a l l o -  
c a t i o n s  by r o o t  sum square combination,, F l i g h t  performance 
r e s e r v e s  a r e  2 percent  of +he planned mission AV for the  
MPS and 10 percent  of the planned mission total impulse f o r  
t h e  IAPS except f o r  a n y N  covered by t h e  EPS reserve a l l o -  
ca t ion .  The MPS mixture  r a t i o  loaded bias is  assumed at 
29.5 kg (65 l b )  of f u e l ) .  The TAPS mixture ratio i s  
c o n t r o l l a b l e  and loaded b i a s  is TBD. 

(3) The IAPS i s  t o  p rov ide  a two- o r  fou r - th rus t e r  propel lan t -  
s e t t l i n g  maneuver equiva len t  t o  4 free f a l l s  p r i o r  to each 
main engine r o t a t i n g  s t a r t .  The a c c e l e r a t i o n  by t h e  main 
ezlgine THIM opera t ion  necessary for engine ch i11  s h a l l  be 
included i n  the computation. 

( 4 )  The re ference  MFS engine  f o r  t h i s  IAPS design is t h e  
P r a t r  and Whitney Category I13 RL-10 w i t h  a 2/15 (oxid izer /  
f u e l )  minimum NPSH c a p a b i l i t y  a t  f u l l  t h rus t .  

(5) The existance of IAPS main engine backup c a p a b i l i t y  r e q u i r e s  
t h a t  main engine des ign  goals  inc lude  a f a i l - s a f e  o b j e c t i v e  
of minimizing MPS p rope l l an t  l o s s  i n  order  t o  maximize Tug 
recovery probabi l i ty .  

9.3.3.3.2.1 Electrical Power System. The Tug e l e c t r i c a l  power system 
s h a l l  provide 0.85 kw of conditioned power t o  the IA?S pump d r i v e s  and TED 
power t o  IA.E'S con t ro l s  and heater a t  a l l  times during Tug f l i g h t  opera t ions .  
Reac tan ts  s h a l l  be supplied to  t h e  EPS f u e l  ce l l s  from t h e  I P S  tanks on 
demand during any phase of f l i g h t  opera t ions .  For t h e  purposes of t h i s  
pre l iminary  design,  the base l ine  veh ic l e ' s  main tank zero-g device  feedout 
a t  low pressure  is  incorporated. Tapoff a t  hfgh pressure  from t h e  IAPS 
is  a beneficial a l t e r n a t e  t h a t  could be implemented. The EPS power condi- 
t i on ing  system f o r  the  IAPS s h a l l  include variable frequency i n v e r t e r s  i n  
conformance w i t h  t h e  speed v a r i a t i o n  requirements of t he  IAPS pump drives. 
Using the cu r ren t  b a s e l i n e  EPS, each of the  redundant fuel cells must be 
increased  i n  r a t i n g  from 1.75 kt1 t o  2.60 kw t o  meet t h i s  requirement. 

9.3.3.3.2.3 S t a b i l i z a t i o n  and Control System. A l l  c o n t r o l  s i g n a l s  
t o  t h e  IAPS s h a l l  be  provided by t h e  Tug s t a b i l i z a t i o n  and c o n t r o l  system 
(SCS). Ground c o n t r o l  a l s o  s h a l l  be through t h e  SCS during f l igh t  opera- 
t ions.  The SCS s h a l l  provide f o r  semi-autonomous IAPS opera t ion  by 
fu rn i sh ing  s t a t u s  da t a ,  t h r u s t e r  l o g i c ,  sequencing l o g i c ,  and feedback 
c o n t r o l  loop e l ec t ron ic s .  



9.3.4 Design and Canstruct+on Standard,% The TAPS s h a l l  conform wi th  
Tug system s p e c i f i c z t i o n s  on desig,: znd cons t ruc t ion  s tandards .  

9.3.4.1 Factors  of Safety.  The f a c t o r s  of s a f e t y  f o r  p re s su re  v e s s e l s  
a r e  2.0 ultimate and 1.5 proof  w i t h  r e spec t  t o  l i m i t  pressure.  

9.3.4.2 Fluid Seals .  To minimize l e a k  hazards i n  the  Orb i t e r  and 
l o s s  of f l u i d  during f l i g h t  opera t ions ,  all-welded o r  brazed connect ions 
w i l l  b e  used where p rac t i cab le .  Breakable j o i n t s  s h a l l  b e  minimized t o  
l oca t ions  where disassembly requirements preclude a p p l i c a t i o n  of c h i p l e s s  
cu t te r /weld  s tub  technique and in - s i t u  welding. 

9.3.5 Design. 

9.3.5.1 System Charac t e r i s t i c s .  

9.3.5.1.1 General -- Arrangement and System Proper t ies .  The i n t e r -  
connection of system f l u i d  elements and components i s  defined on Figure  9-2, 
IRPS mechanical- schematic. The nominal £:mit ion of sys tern f l u i d  elements 

- 

i s  a s  def ined  by t h e  f l u i d  s t a t e  and mass/energy balance d a t a  on the  I M S  
process diagram of Figure 9-3. Prel iminary design o f  t he  physical /geomelr ic  
r e l a t i onsh ips  of t he  Space Tug and IAPS elements i s  a s  shown on F i g u r e  9-4. 
. s e  IAPS d e t a i l e d  weight s ta tement  and reference Tug stage weight s ta tements  
f o r  t h i s  prel iminary design a r e  i t 1  Tab les  9-4, 9-5, and 9-6. 

9.3.5.1.2 Operation. The IAPS d r i l i z e s  capillary r e s e r v o i r s  a s  t h e  
source of p rope l l an t  during a l l  f l i g h t  phases except sus ta ined  v e l o c i t y  
maneuvers,-   he r e s e r v o i r s  a r e  r e f i l l e d  on demand from the  bIPS tanks by 
vent ing t h e i r  vapor con ten t s  t o  space. R e f i l l  is  con t rb l l ed  t o  occur only  
when main tanlcs a r e  s e t t l e d  during e i t h e r  I f S S  o r  MPS v e l o c i t y  maneuvers. 
Reservoir capac i ty  i s  t o  be s u f f i c i e n t  f o r  the  c o n t r o l l i n g  coas t  per iod  
between scheduled v e l o c i t y  maneuvers of t h e  re ference  mission but may be 
r e f i l l e d  d s  necessary by unscheduled v e l o c i t y  maneuvers. Durir&g sus ta ined  
v e l o c i t y  maneuvers p rope l l an t  flows through the  r e s e r v o i r s  and they a r e  no t  
depleted. 

Each r e s e r v o i r  (ox id izer  and f u e l )  conta ins  c a p i l l a r y  sc reens  and col-  
l e c t o r  tubes t o  provide vapor-free p rope l l an t  t o  t h e i r  t h r u s t e r  feed  pumps. 
An accumulator i s  provided down st re an^ o f  each pump t o  mlnintize pump cycles .  
The e n t i r e  system 16 i n su l a t ed  w i t 3  mult i layer  i n s n l a t i o n  (MLI) t o  provide 
a  r a d i a t i o n  b a r r i e r  and minimize hea t  l eaks  t o  t h e  cold f eed l ines ,  ptimps, 
and tanks. The system hea t  loads a r e  absorbed by hydrqgan bleed flow which 
i s  tapped of f  upstream of t h e  pump and expanded through a  Joule-Thompson 
expander t o  a pressure  of 7.9 PJ/cm2 (11.4 ps i a )  and a temperature of 35 K 
(63 R) .  This cold hydrogen bleed i s  f i r s t  routed through cool ing c o i l s  
mounted on the o u t s i d e  of t he  f u e l  zero-g r e se rvo i r .  The b leed  then t r a c e s  
the hydrogen feed  l i n e  manifold, absorbing hea t  through saddleblock segmentE 
brazed between the  c h i l l  l i n e  and feed l i n e .  Af te r  leav ing  the  hydrogen 
system, t h e  bleed i s  e l e c t r i c a l l y  heated above t h e  f r eez ing  temperature of 
oxygen and routed along t h e  oxygen system i n  a  manner s i m i l a r  t o  t h a t  f o r  
t he  hydrogen system, a f t e r  which i t  i s  vented overboard through the  EPS vent  
system. 
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Table 9-4. IAPS Component Weight Statement 
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Table 9-5. IAPS Stage Weight Table 9-6. IAPS Stage Weight 
Statement: (Mission A) Statement (Mission El) 
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The r e s e r v o i r s  are loaded p r i o r  t o  launch with the remainder of the  
d o n s t r e a m  system isolated and f i l l e d  wi th  ambient temperature p rape l l an t  
vapor. I n i t i a l  chilldown of the isolated s e c t i o n  r equ i r e s  the use of a 
higher  flow rate bypass expander. The oxygen accumulator is pressurized 
with helium on the ground a t  ambient temperature and a pressure  high enough 
t o  r e s u l t  i n  opera t ing  preLsure after chilldown t o  LO)I operat ing temperature. 
The hydrogen accumulator is  prsssurized from the !IPS helium system during 
on-orbit  IAPS a c t i v a t i o n ,  An mI purge bag surrounds t h a t  por t ion  of t he  
system which i s  loaded wi th  l i q u i d  pra2ellant. 
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9.3.5.2 Thruster. 
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9.3.5.2.1 General Requirements and Charac t e r i s t i c s .  ' ;ke IAPS t h r u s t e r  
is  a l iqu id- l iqu id  oxygen/hydrogen type wi th  nominal preliminary design 
c h a r a c t e r i s t i c s  as described i n  Table 9-7. 

The prel iminary design of the t h r u s t e r  is  shown in Figure 9-5. The 
thruster consists of t h e  thrust chamber assembly, igniter and two propel lan t  
valves. The t h r u s t e r  i n s t a l l a t i o n  in quad arrays, a l s o  is shown in Figure 
9-5. The thruster quad c o n s i s t s  of t h r e e  50 area r a t i o  t h rus t e r s ,  one 200 
area r a t i o  thruster, an exc i t e r - con t ro l  u n i t ,  manifolding, i n su l a t ion ,  and 
housing. 
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Table 9-7.  Thyus ter Requirements/Characteris t i c s  

9.3.5.2.2 Design Point  Trades. Thk t h r u s t e r  nominal performance 
c h a r a c t e r i s  t i c s  a r e ,  effectively ,Tinimun: requirements. Design and techno- 
logy development improvements i n  t h r u s t e r  performance a f f e c t  system 
performance (payload) through engine weight, s p e c i f i c  impulse, mixture r a t i o ,  
and chamber pressure .  The e f f e c t  of engine weight f a  def ined i n  paragraph 
9.3.3.3. The es t imated  e f f e c t s  of the  o the r  three design parameters are 
shown i n  Figure 9-6. 

r 

f t ( . m  

Thrust, N ( l b )  
Chamber p r e s s u r e ,  ~ / c r n ~  (psia) 
Mixture r a t i o  
Nozzle a r e a  ratio 
Spe; J Tic impulse, N-sec/kg (sec) 

Steady state 
P u l s e  t r a i n  ( c o l d )  

blinimum b i t ,  N-sec (Ih-sec) 
Steady s t a t e  f l o w  r a t e ,  kg/sec ( l b / s e c )  
Throat diameter,  cm ( in . )  
Chamber diameter,  cm ( i n . )  
Nozzle length ,  cm ( i n . )  
Nozzle e x i t  d iamete r ,  cm ( i n . )  
P r o p e l l a n t  i n l e t  temp, K (R) 

Fuel min/nominal/rnax 
Oxidizer min/nominal/max 

P r o p e l l a n t  inlet pressure ,  ' f /cm2 (psia) 
Quad w e i g h t ,  kg ( l b )  

Thrust chamber assernbli2s (3/1) 
Valves (8) 
Redundant power s u p p l y  (1) 

ToCal - 

9.3.5.2.3 Sensttivity t o  I n l e t  Conditions. The t h r u s t e r  nominal 
perPormance requirements and c h a r a c t e r i s t i c s ,  shown i n  Table 9-7, spec i fy  
i n j e c t o r  manifold and propel lan t  i n l e t  condi t ions  for steady-state  and r ap id  
p u l s e  t r a i n  opera t ion .  Steady-state  condi t ions  are reached i n  burns of a t  
l e a s t  LO sec. Rapid pulse t r a i n  opera t ion  is  defined a s  having less than a 
1-sec off-time between pulses  and extending f o r  g r e a t e r  than 1612 14-sec 
(250 lb-sec) . 

For i n i t i a l  and i n t t r m i t t e n t  pu lse  opera t ion ,  t h e  i n j e c t o r  manifold 
and the i n l e t  p r o p e l l a n t  ad jacent  t o  the t h r u s t e r  valve are a t  higher than 
nominal temperature. The temperatures for 2.5 c c  (0.15 cu. i n . )  of e i t h e r  
adjacent: prope l l an t  are inf luenced by hea t  soakback which i s  as 
ye t  indeterminant .  The design goal is  t o  maintain t h e  bulk temperature of 
the  ox id i ze r  atLd f u e l  adjacent  volumes t o  111 and 33 K (200 and 60 R) ,  
r e spec t ive ly .  Beyond that poin t ,  t h e  p rope l l an t  thermal con t ro l  system i s  

II 

Normal Mode A t  o r  t Mode 

PR CCETIING PAGE BT,ANR NOT FILMED 

Roll  and -X 
Tllrusters 

+X +X Thruster  
Tl~ruste r s  Differences  

133 (30) 
125 (180) 
5.6 

3923 (400) 
TBD 
TDD 
0.034 (0.075) 
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3 
50 
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3069 (319) 

200 

4002 (408.1) 
3202 (3261 
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0.909 (0.358) 

1.90 (0.748) 
8.15 (3.21) 18.7 (7.35) 
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25/28/31 (37/50/55) 
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157 +8 (220 2 15) 

3.5 (7.8) 1 . 4  (3.2) 
2.2 (4.81 
1.2 (2.7) 

8.4 (18.5) 



F U G H T  

FLIGHT 

\ 
I .  I I I - 
0 * ID 40 - 5DO 

SK 
S M I F K  W E  

Figure 9-6. ~hruster >arametric 

CONSTANT S K I F K  W d E  
a CONSTANT THWSTER wrtGnr 

fUGHT ROFIE I 

Design Analysis 



expected t o  maintain nominal temperature condit ions.  Under these  h igher  
tenlprrature condi t ions ,  high mixture r a t i o  excursions a r e  not  t o  r e s u l t  in 
l o s s  of i g n i t i o n  o r  excessive t h r u s t e r  l i f e / r e l . i a b i l i t y  degradation. 
S p e c i f i c  impulse f o r  puls ing performance is acceptab le  a t  values a s  low as 
TED percent  of nominal, but  minimum b i t  s i z e  s h a l l  be not grea t e r  than  twice 
nominal. Thruster  performance a f t e r  i n i t i a t i o n  of a s teady-s ta te  f i r i n g  
s h a l l  reach t h e  nominal. value w i t h i n  10 sec. 

9.3.5.2.4 Abort Mode Operation. Steady state opera t ion  of t h e  -t-X 
r h r ~ s r e r s  $a requi red  fo r  t he  IAPS a b o r t  mode a t  the MPS (offloaded mission) 
peak-specific-impulse mixture r a t i o  of 5.6. Thrus te r  performance i n  t h i s  
mode s h a l l  be no t  less thaz 3727 N-s/kg (380 sec) .  The t h r u s t e r  des ign  i s  
t o  accommodate t h i s  mode of ope ra t ion  without r equ i r ing  propel lan t  f l u i d  
power input  i n  excess of t h a t  r equ i r ed  f o r  nominal s teady-s ta te  condit ions.  
Higher than nominal t h r u s t  is b e n e f i c i a l .  Thrus te r  design f i r i n g  du ra t ion  
and c y c l e  l i f e  requirements are no t  exceeded i n  t h i s  mode fo r  one a b o r t  
profile a t  the end of a  l i E e  cyc le .  

9.3.5.2.5 Useful  Life.  The ope ra t ing  and design l i f e  requirements 
of t h e  t h r u s t e r  are as follows: 

Requirement 
Thrust 
Chamber 

Operating Life 

Cycles pe r  mission 
Operating hours permission 
X i ~ 8 i u t 1 3  between refurbishment: 

Design Life 

Cycle 
Operating hours 

I g n i t e r  

9.3.5.2.6 Refurbishment Frequency. No schedule rc ,~rbishment  of 
r h r u s t e r  quad elements is  an t i c i ap t ed .  Unit replacements wil;. be i n  response 

Valves 

t o  checkout / f l igh t  performance data .  F a i l u r e  r a t e  assessment impl ies  t h e  
replacement of 22 of the  32 thruster valves in a s h i p  set over 20 missions 
a t  random i n t e r v a l s ,  and no replacement of o the r  elements. 

ExciLe.r 

9.3.5.2.7 R e l i a b i l i t y .  The apportioned r e l i a b i l i t y  goal  f o r  the 
thruster quad w i t h  associated isolation valves is  0.9993. 

9.3.5 .3  Reservoirs.  

9.3.5.3.1 Performance. The reservoirs supply vapor-free p rope l l an t  
t o  the pumps within the requfred s u c t i o n  condi t ions  (paragraph 9.3.5.4) dur ing  



all f l i g h t  phases. I n  conjunct ion  wi th  o the r  system elements, they a r e  t o  be 
r e f i l l a b l e  from t h e  MPS t anks  dur ing  MPS o r  TAPS AV maneuvers once main tank 
s e t t l i n g  is achieved. 

The usable  p rope l l an t  capac i ty  of t h e  r e s e r v o i r s  between r e f i l l s  s h a l l  
be s u f f i c i e n t  t o  meet the  IAPS duty cyc l e  requirements of t h e  re ference  
mission P r o f i l e s  A o r  B w i t h  a margin of 10230 N-sec (2300 lb-sec). 

R e f i l l  during o r  soon a f t e r  an MPSAV r e s u l t s  i n  r e se rvo i r  f l u i d  being 
subcooled and amount corresponding t o  MPS autogenous p re s su r i za t ion  suppression 
head. A f t e r  long coas t  per iods ,  the MPS tank p r o p e l l a n t s  reach a sa tu ra t ed  
condi t ion  and an IAPS AV (only) r e f i l l  does no t  change t h a t  condition. The 
func t ion  of the r e s e r v o i r  c h i l l  c i r c u i t  h e a t  exchanger is t o  provide t h e  
subsequent subcooling necessary f o r  c a p i l l a r y  device  ~ 3 t a b i l i t y  i n  0.5 h r  o r  
l e s s .  The hea t  exchanger a l s o  func t ions  t o  i n t e r c e p t  and remove environmen- 
t a l  hea t ing  i n  order  t o  maintain the subcooled s t a t e .  

The prel iminary des ign  c h a r a c t e r i s t i c s  of t h e  r e s e r v o i r s  a r e  shown i n  
Table 9-8, 

Table 9-8. Reservoir  C h a r a c t e r i s t i c s  

9.3.5.3.2 Design and Operation. The r e s e r v o i r s  are comprised of a 
p rope l l an t  tank, i n t e r n a l  c a p i l l a r y  device,  and ex te rna l ,  fuel-vapor-cooled 
heat  exchanger as shown i n  Figures  9-7 and 9-8. The c a p i l l a r y  device d iv ides  
t h e  r e s e r v o i r  i n t o  two compartments separa ted  by a c a p i l l a r y  ba r r i e r .  The 
upper compartment has t h e  c a p a b i l i t y  of being r e f i l l e d  (purged of vapor) 
during each of t he  APS t r a n s l a t i o n a l  maneuvers and MPS burns. The lower 
compartment o f f e r s  a degree of redundancy. The desigc is  such t h a t  under 
normal ope ra t ing  condi t ions ,  no vapor w i l l  enter the lower compartment u n t i l  
dep le t ion  of t h e  upper compartment. If an  off-design condi t ion  occurs,  
the  lower compartment can accumulate some vapor be fo re  any vapor is drawn into 
t h e  a c q u i s i t i o n  tubes and t o  t h e  APS pump. A s  the thermal con t ro l  system 
condenses t h i s  vapor, the c a p i l l a r y  a c q u i s i t i o n  tubeo w i l l  r ep l en i sh  t h e  
lower compartment w i th  more l i qu id .  

volume, m3 (ft3) 

Prope l l an t  Capacity, kg (lb) 

Equivalent Impulse, N-sec (lb-aec) 

A t t i t u d e  Hold Capabi l i ty ,  hr  

Trapped Resilrrlals, kg ( l b )  

The a c q u i s i t i o n  tubes  provide a communication pa th  f o r  l i q u i d  from t h e  
upper t o  t h e  lower compartment. They a r e  arranged t o  be  i n  contac t  wi th  
l i q u i d  under any adverse a c c e l e r a t i o n  t h a t  might be imposed. The tube 's  s e l f -  
wicking screen  covers a r e  designed t o  be wetted dur ing  t h e  e n t i r e  mission i n  
order t o  pass l i q u i d  and block vapor flow. 

Oxygen 

0.008 (.28) 

9.5 (20.9)  

47150 (i0600) 

100 

0.4 (0.9) 

Hydrogen 

0.065 (2.3) 

4.1) (10.5) 

47150 (10600) 

100 

0.3 (0.6) 
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After the prope l l an t s  a r e  s e t t l e d  during e i t h e r  an MPS o r  A P S  t r ans l a -  
t i o n  maneuver, the  f A P S  r e f i l l  ven t  va lves  are opened and the r e s e r v o i r  is  
rep len ished  t o  100-percent: l i qu id .  Baffles i n  the tank ven t  e x i t  are tc 
minimlze losses due t o  l i q u i d  entrainment  i n  t he  vented f l u i d .  Liquid p o i n t  
sensors are i n s t a l l e d  to  a c t i v a t e  c l o s u r e  of t h e  vent  valves.  A P S  propel le i l t  
demand f o r  the zemainder of any A V  maneuver i s  suppl ied  by d i r e c t  flow of 
liquid from t h e  MJ?S tank through the r e s e r v o i r  and t o  the  APS pump. The 
r e s e r v o i r  s i z e  thus is  unaffected by extended APS AV. 

9,3 ,5 .3 .3  Useful  Life.  The opera t ing  l i f e  of the r e s e r v o i r s  is  20 
miss ions  without refurbishment,  The design l i f e  is  80 missions. 

9.305r3.4 R e l i a b i l i t y  Apportionment. The apportioned r e l i a b i l i t y  of 
each r e s e r v o i r  is .99995. 

9.3.5.4 Pump and Drive Assemblies. 

9.3.5.4.1 Performance. The function of t h e  ox id i ze r  and iuel pumps i s  
t o  provide  the head r i s e  from F P S  tank t o  IAPS t h r u s t e r  i n l e t  p re s su re  a t  a 
maximum combined f low r a t e  equal  t o  t h e  s teady-s ta te  demand of four  t h r u s t e r s .  
During normal mode operat ion,  the ox id i ze r  and f u e l  mass flow r a t e s  cor res -  
pond t o  the normal mode mixture r a t i o .  During a b o r t  mode opera t ion ,  t h e  rates 
correspond t o  t h e  MPS offloaded mission mixture r a t i o .  

The punps are required t o  provide  nominal performance a t  zero NPSH and 
up t o  10-percent vapor (by volume). Pump requirements  and c h a r a c t e r i s t i c s  
r e s u l t i n g  from prel iminary design are l i s t e d  i n  Table 9-9. 

9.3.5.4.2 Design and Operation. The pump and drive assemblies  a r e  
comprised of an a x i a l  flow inducer s t age ,  a reciprocating pump stage and a 
3-phase 115/200v, 210/240 Hz motor (oxidizer/fueT). The prel iminary design 
of t h e s e  un i t s ,  provided by Sundstrand Corporation, is  shown i n  Figure 9-9. 
I n  opera t ion ,  t h e  a x i a l  flow inducers  boost the s a t u r a t e d  i n l e t  p rope l l an t  
to  the  pressure  level  acceptable  f o r  t h e  p i s t o n  s t a g e  design s u c t i o n  s p e c i f i c  
speed. Motor speed i s  cont ro l led  by I n v e r t e r  power supply frequency. For 
s a f e t y  reasons, t h e  oxid izer  motor uses a canned s t a t o r .  The d ischarge  check 
va lve  is  required t o  s e a l  only t o  t h e  degree necessary f o r  acceptab le  
volumetr ic  efficiency. During pump i n a c t i v e  per iods ,  f u e l  f low from t h e  
accumulator i s  prevented by line-mounted quad redundant check valves.  

9.3.5.4.3 Useful  Li fe ,  The pump d r i v e  u n i t s  have a requi red  ope ra t ing  
l i f e  of 10 P r o f i l e  B missions p l u s  one worst-case abo r t  mission between 
refurbishments.  This involves a t o t a l  normal mission ope ra t ing  time of 26 
hours,  p l u s  27 hours  of abo r t  mode opera t ion  and 1500 ope ra t ing  cycles. The 
des ign  l i f e  f o r  t h e  u n i t s  is 125 hours 'and  6000 cyc les .  

9.3.5.4.4 R e l i a b i l i t y  Apportionment. The r e l i a b i l i t y  apportionment f o r  
t h e  o x i d i z e r  and f u e l  pump and d r i v e  u n i t s  is 0,998 and 0.997, r e spec t ive ly .  



Table 9-9. fumy Requirements and C h a r a c t e r i s t i c s  

9.3.5.5 Accumulators. 

- ,  

Requirements 
Flow rate, m3/sec (gpm) 
lfcad rise, m ( f t )  
F lu id  output  pover. kw (hp) 
NPSP 
Vapor capacity, X 

Character is t ics  
Boost stage 

liead r ise ,  ~ / c r n ~  ( p s i )  
Eff ic iency,  Z 

Pump Stage 
RPM 
Design specific speed 
Dieplacement per rev, cc (cu, i n , )  
Ovarall off icncy,  Z 
Weight, kg (lb) 

Motor 
Eff ic iency,  I 
Output power, Irw (lip) 
Weight, kg (lb) 

Assembly Total 
Weight, kg (lb) 
Powcr demand, kw (hp) 

9.3.5.5.1 Performance. The function of t h e  accumulators is (1) t o  
damp rec ip roca t ing  pump f low pulsatfuns, and (2) t o  provide feed p re s su re  
s to rage  s u f f i c i e n t  t o  l i m i t  short-cycl ing of t h e  pump/drive u n i t s  and 
supply enough p royc l l an t  for S h u t t l e  docking a t t i t u d e  hold i n  t h e  event of 
a pump f a i l u r e  during t h a t  operat ion,  The usable  propel lan t  c a p a c i t y  of 
the u n i t s  corresponds to  1081 N-sec (243 lb-sec) of t o t a l  impulse which 
provides f o r  approximately 1.5 hours ~f a t t i t u d e  hold c a p a b i l i t y .  

9.3.5.5.2 Charac t e r i s t i c s .  The pre l iminary  designs of t h e  accumulators 
a r e  shown ig Figures  9-10 and 9-11. Each accumulator is a t rapped u l l a g e  
device. Helium e x t e r n a l  t r r  t h e  bellows i s  compressed o r  expanded as propel- 
l a n t  is  pumped i n t o  or withdrawn from wi th in  t h e  bellows. The helium 
volumes correspond t o  the pres su re  l i m i t s  of t h e  system wi th  a d i a b a t i c  
compression and i so thermal  expansion, The unit8 are all-welded wtth provis ion  
f o r  bel lows replacement by c u t t i n g  and rewelding. Externa l ly  mounted bellows 
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Figure 9-10. U P S  ~ i q u i d  Oxygen Accumulator 
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p o s i t i o n  switches a c t  t o  provide pump con t ro l  loop information ( see  para- 
graph 9 .3 .5 ,7 ) .  Loading of t h e  helium is a ground s e r v i c e  opera t ion  f o r  t h e  
oxygen accumulator and a f l i g h t  a c t i v a t i o n  ope ra t ion  f o r  t h e  f u e l  accumu- 
l a t o r .  Both opera t ions  r e s u l t  i n  e x t e r n a l  p re s su re  on a  col lapsed,  f l a t  
bellows. Subsequent a c t i v a t i o n  by f i l l i n g  w i t h  p rope l l an t  c h i l l s  t h e  
oxygen unit: helium t o  working p r e s s u r e s  and e l imina te s  d i f f e r e n t i a l  p re s su re  
a c r o s s  each of the bellows t o  pernit cycl ing  a t  low s t r e s s  l eve l s .  

9.3.5.5.3 Useful L i f e ,  The accumulator ope ra t ing  l i f e  requirement 
i.s f o r  10 normal mode miasions p l u s  one abor t  mode mission between bellows 
replacement. This  operat ing l i f e  corresponds t o  1500 bellows expulsion 
c y c l e s  p lus  20 e x t e r n a l  p re s su r i zed  co l l aps ing  cycles .  The design l i f e  is  
6000 cyc le s  a t  equal ized i n t e r n a l  and e x t e r n a l  pressure  p l u s  80 co l l aps ing  
c y c l e s  with e x t e r n a l  pressure  maintained f o r  30 and 2 hours between c y c l e s  
for ox id i ze r  and f u e l  un i t s ,  r e spec t ive ly .  

9.3.5.5.4 Rel i ab i l i t y .  The apportioned r e l i a b i l i t y  of t h e  ox id i ze r  and 
f u e l  accumulators i s  -998 and -997, respec t ive ly .  A f a i l u r e  of t h e  accumu- 
l a t o r s ,  which are single-point  f a i l u r e  components, i s  t o  be f a i l - s a f e  dur ing  
Orbiter-Tug docking. The f a i l u r e  mode t o  be considered is  bellows rupture .  
Th i s  type of f a i l u r e  i s  t o  be detected by bellows pos i t i on  i n d i c a t o r  s i g n a l s  
showing l ack  of bellows cycl iag.  The downstream c a p a b i l i t y  of t h e  p rope l l an t  
system is  t o  be s u f f i c i e n t  t o  permit  safe cont inua t ion  o r  terminat ion of 
Orbiter-Tug docking a f t e r  helium pressurant /propel lan t  mixing upon bellows 
rup tu re .  Downstream volume p rov i s ions  s h a l l  inc lude  a c a p i l l a r y  tube 
channel  o r  similar device t o  r e t a r d  helium gas  migrat ion through the  
downstream propel lat l t  s u f f i c i e n t l y  t o  permit t h i s  docking opera t ion  o r  t e r -  
n i n a t  ion. 

9.3.5.6 I r ~ s u l a t i o n  and Purge Sys tern 

9.3.5.6.1 Performance. The i n s u l a t i o n  system has the  func t ion  of 
minimizing heat flow from t h e  environment t o  a11 prop'zllant-containing ele- 
ments of t he  IAPS. The i n s . ~ l a t i o n +  purge system has t h e  func t ion  of providing 
an  enc losure  (bag) around t h e  i n s u l a t i o n  t o  excluda a l l  contaminants. During 
ground serv ic ing  with prope l l an t s ,  t h e  purge bag conta ins  helium t o  prec lude  
cryopumping of moisture and oxygen from the air. After  s e rv i c ing  and d i s -  
connect ,  i n s u l a t i o n  is t o  be e f f e c t i v e ,  as  l i m i t e d  by helium conduct iv i ty ,  i n  
minimizing launch through o r b i t  i n s e r t i o n  b o i l o f f  l o s s e s  t o  t h e  same value 
p e r  u n i t  of su r f ace  a rea  a s  t h e  MPS in su la t ion .  I n s u l a t i o n  vent ing  dur ing  
a s c e n t  s h a l l  l i m i t  i n t e r n a l  gauge pressure  t o  0.14 ~ / c m ~  (0.2 p s i a )  and less 
than  10-4 t o r r  s h a l l  be achieved wi th in  0.5 hour a f t e r  o r b i t  i~rser t i f rn .  Af te r  
v e n t i n g  t o  t h a t  l e v e l ,  i n s u l a t i o n  e f f e c t i v e n e s s  through IAPS deac t iqa t ion  
s h a l l  be equiva len t  t o  an e f f e c t i v e  emittance of 0.002 inc luding  t h e  con t r i -  
b u t i o n  of pene t ra t ions  and supports .  The i n s u l a t i o n  shall be r ep res su r i zed  
du r ing  descent wi th  Orbi te r  cargo  bay helium provided t o  t h e  IPS f o r  thfs  
purpose. 



9.3.5.6.2 Design and Operation. The elements of tlte IAPS enclosed by 
the i n s u l a t i o n  and purge system a r ~ a n d i c a t e d  i n  F igures  9-2 and 9-4. The 
system c o n s i s t s  of i.27 to-  2.54 cm (0.5 t o  1.0 in .)- thick blanlcets of multi- 
l a y e r  i n s u l a t i o n  of t h e  same m a t e r i a l  and i n s t a l l a t i o n  method t o  be se l ec t ed  
f o r  t h e  MPS. (A Mylar o r  Kapton 2ltrge bag, EILI of single-aluminized Mylar 
o r  s i n g l e  goldized Kapton, thermal i s o l a t i o n  suppor ts  using t i tanium s t r u t s ,  
o r  a x i a l l y  or ien ted  S-glass rods are r e p r e s e n t a t i v e  choices.) Vent valves 
f o r  se l f -ac tua t ion  dur ing  a scen t  and ac tua ted  closed f o r  deecent a l s o  a r e  t o  
be similar t o  the  type  s e l e c t e d  fnr t h e  l P S ,  

9.3.5.6.3 Useful L i f e ,  The i n s u l a t i o n  and purge system i s  t o  be 
designed f o r  a 20-mlssion opera t ing  life with  no scheduled r e f u r b i s h e n t .  

9.3.5.7 Controls. 

The system i s  contxol led  through t h e  Tug umbi l ica l  di t2onnect  p r i o r  t o  
launch and at any time whi le  a t tached  t o  t h e  Tug e r e c t i o n  r i n g  of t he  Shu t t l e .  
I n  f r e e  f l i g h t ,  t h e  system is  automat ica l ly  con t ro l l ed  by t h e  Tug onboard 
computer, wi th  s p e c i f i c  measurements and commands to/from t h e  ground o r  
Shuttle v i a  the  Tug communication system. Control  l o g i c  and interfaces are 
described i n  Figure 9-12. The IAPS sequence of events  is l i s t e d  i n  Table 
9-10, where the  numbers i n  parentheses  i d e n t i f y  components, 

9.3.5.7.1 Major Control  Functions. - Operation of t h e  system involves 
t he  fol lowing major c o n t r o l  funct ions.  

9.3.5.7.1.1 Reservoir  F i l l  and Drain. APS r e s e r v o i r s  are f i l l e d  and 
drained f o r  prelaunch test, checkout, and purge through the  !IPS f i l l .  and 
d r a i n  system using t h e  tank i s o l a t i o n  valves. The va lves  are opeiled during 
Tug f l i g h t  a c t i v a t i o n  and closed a t  deac t iva t ion .  

9.3.5.7.1.2 Reservoir  R e f i l l .  During f l i g h t  opera tL  ,is the r e s e r v o i r s  
are r e f i l l e d  during delta-V maneuvers by opening t h e  ven t  valves.  These 
va lves  c l o s e  by l i qu id - l eve l  sensor  s i g n a l s  when t h e  r e s e r v o i r s  axe f u l l .  

9.3.5.7.1.3 P rope l l an t  Pump Speed. The pumps provide a low flow r a t e  
f o r  low t h r u s t e r  duty cyc l e  condi t ions  such a s  a t t i t u d e  s t a b i l i z a t i o n .  Low 
constant-speed pump ope ra t ion  i s  a c t i v a t e d  by t h e  minimum bellows de f l ec t ion  
switch and i s  deac t iva ted  when t h e  maximum bellows d e f l e c t i o n  switch is 
reached. High flow r a t e s  a r e  p r o ~ ~ i d e d  f o r  delta-V t h r u s t e r  operat ion,  i n  
which the  pump speed is  p ropor t iona l ly  con t ro l l ed  between spec i f i ed  accumu- 
l a t o r  pressure  s e t  po in ts .  

9.3.5.7,1.4 Hydrogen Bleed Control. The bleed system has two con t ro l  
modes: low and high c i r c u l a t i o n  flow, w i th  con t ro l l ed  v a r i a b l e  hea t  input .  
High c i r c u l a t i o n  flow is obtained f o r  APS a c t i v a t i o n  and deac t iva t ion ,  while  
low c i r c u l a t i o n  flow i s  used during f r e e  f l i g h t .  High flow a l s o  may be used 
whenever t h e  upper hydrogen temperaeure Lound is  reached a t  t h e  r e se rvo i r  







Table 9-10. IAPS Mission Sequence of Events 
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I f  the oxygen temperature reaches its upper bound the bleed  heater loglc 
can override the valve l o g i c  to open the valves .  
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Table 9-11. Component Design Requirements 
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9.3.5.7.1.6 Thruster Valves. A l l  IMS propulsion is con t ro l l ed  by t h e  
t h r u s t e r  s e l e c t  l o g i c  of the a t t i t u d e  control system, which genera tes  open 
and c l o s e  s i g n a l s  t o  eac.;~ of t h e  32 t h r u s t e r  valves.  

9.3.5.7.1.7 Exciters. Each t h r u s t e r  quad uses  a s i n g l e ,  i n t e r n a l l y  
redundant,  e l e c t r i c a l  e x c i t e r  which provides energy t o  t h e  spark i g n i t e r .  
The exciters a r e  coc t ro l l ed  by t h e  t h r u s t e r  s e l e c t  l o g i c  and fire a l l  four 
i g n i t e r s  of a quad simultaneously. 

9.3.5.7.1.8 Vent and Repressur iZat ior~  Rel ie f  Valves. Purge bag 
pressure i s  con t ro l l ed  by r e l i e f  va lves  which a r e  self-opening during 
S h u t t l e  ascent.  The valves l a t c h  a t  a p re s su re  d i f f e r e n t i a l  set point.  
During APS deac t iva t ion ,  the va lves  a r e  c losed  by an e l e c t r i c a l  command from 
t h e  Shu t t l e  t o  a l low cont ro l led  purge bag p re s su re  through descent.  

9.3.5.7.2 Remaining Control  Components. The functional requirements 
and d e s c r i p t i v e  d a t a  f o r  the components no t  prev ious ly  covered are presented 
i n  Table 9-11, 



10, l NTEGRATED SYSTEM TECH NOLOGY DEVELOPMENT REQUIREMENTS 

10.1 TECHNOLOGY DEVELOPMENT PLAN 

The development plan, inc luding supporting research and technology 
(SRbT), f o r  t h e  integrated a u x i l i a r y  propulsion system i s  driven by the 
o v e r a l l  development plan and schedule for the  Space Tug vehicle.  The Tug 
veh ic le  development plan is a s  shown i r :  Zigure 9-1. I n i t i a l  operat ing 
capab i l i ty  (IOC) is  scheduled f o r  ea r ly  i n  1984, requir ing a five-year 
Phase C/D design and development period beginning mid-1978. Selection of t h e  
Tug APS concept t o  be implemented would have t o  be  made during the  Phase B 
study period. 

SR&T e f f o r t  would be necessary before any promising but  unproven APS 
concept could be  chosen for appl ica t fon t o  the Tug. This SRfT e f f o r t  
i n i t i a l l y  would be intended t o  confirm concept design est imates so  t h a t  the  
concept would qualify f o r  inc lus ion  in Tug Phase C design a c t i v i t y  commencing 
early i n  1976. Subsequent SR&T a c t i v i t y  would have goals s imi la r  t o  those f o r  
Tug elements which already have been se lec ted  i n  cuncept but  s t i1 , l  requi re  
technology development. The purpose o f  t h i s  l a t e r  SRST e f f o r t  is  t o  explore 
fully tile functional/performance po ten t i a l  of the design cnceept and t o  provide 
a broader technology base t h a t  w i l l  pay o f f  i n  reduced t o t a l  vehic le  DDT&E 
phase costs.  

In this sec t ion ,  SR&T t echn ica l  requjrernents are i d e n t i f i e d  which are 
associated with  t h e  initial, concept-confilmation type of SR&T goals. The 
balance of the SRhT a c t i v i t y  is considered t o  be of a follow-on nature  and 
needs no specific i d e n t i f i c a t i o n  a t  this time. However, estimated SR&T cos t s  
shown are based on c.omp1etion of a l l  SR&T goals. 

The SR&T costs developed are extremely judginental because the  l eve l  of 
e f fo r t  required t o  satisfy t h e  goals as well as the precise nature  of the  
technology which needs t o  b e  explored are subjec t  to engtneering apprafsal .  
Cost estimates are nevertheless presented s ince  they help def ine  the extent  
of SR&T e f f o r t  rofisidered appropr ia te  by Rockwell and p a r t i c i p a t i n g  subcon- 
t r a c t o r s  and, a s  such, are u s e f u l  i n  concept se lec t ion  evaluations. These 
costs a re  mean values obtained from est imates of the  extreme (highllow) 
limits of the  SRbT cost. To qualify each est imate,  a measure of i t s  
uncertainty is  obtained by computing s n  approximate standard deviat ion from 
t h e  high and low values. These cos t s  and the estimated duration of each SR&T 
i t e m  iden t i f i ed  ate shown i n  Table 10-1, It is consfdered that none of the  
technology development required is more elusive o r  formidable than the  Tug 
improvements r e su l t ing  from system appl ica t ion  would warrant. All of the 
technology needed is based 011 f i rm p r i o r  ar t--at  l e a s t  i n  building-block form, 
if not as a unit .  
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Table 10-1, Integrated System Technology Development itequirements 

The following sections describe the  background basis ,  SRdT objectives, 
key technology issues, test sirnulatian method, and acceptability criteria for 
each APS element determined to require SR&T effort. These elements are: 

IAPS 
Element 

Thruster 

Pumps 

Zero-g 
Reservoirs 

Thermodynemir 
Control 

Total 

Thruster 

Pump 

SRbT 
Ohjec t ivcs 

Periormnce, life, end 
inlet requirements 
verification 

Functional and performance 
verification 

Concept validation, 
functional and performance 
verification 

Functional and performance 
verification 

a Zero-g reservoir 

Thermodynamic control 

Program 
Duration 
(mo.) 

16 

9 

12 

12 

Figure 10-1 presents an overall schedule for the completion of t h i s  
SR&T program. The major test phases for each element have been sequenced to 
provide an orderly, building-block progression from basic materials and sub- 
component investigatfons to ultimate concept conformation. !The thermodynantic 
control res t s ,  which require integration of a thermally representative 
segment of the IAPF, have been scheduled to maximize use of resldual hardware 
from the three previous SR&T programs. 

10.2 TBICUSTER TECHNOLOGY 

Program RQM Coste $10 6 

It is reasonable t o  expect that a liquid-liquid O/H b2S thruster can be 
developed to meet the performance, weight, and r e l i a b i l i t y  goals i d e n t i f i e d  by 
this  study. This confidence results  from extensive industry oxygen-hydrogen 
thruster experience and, most particularly, ALRC experience with a l iquid-  
liquid thruster. 

Low 
Est, 

1.0 

0.3 

0,4 

0.8 

H i ~ h  
Est, 

2.6  

0.5 

1,2 

1.6 

Mean 

1.8 

0.4 

0.8 

1.2 

4 .0  

One-S igma 
Uncertainty 

0.27 

0.04 

0.13 

0.13 
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OBI GN/ANUYSIS~OtURWENTfiW~EST/DATA ANALYSIS AND REPORT 

THERMAL TRANSIENT AND IGNITION TESTS 

D U N  CYCLE TESTS 

M P  SR&T PllOGRCM 
I ~MOTOB TESTS 

FERFOllMUdCE MAPPING 
DEMONSTllATlON 

MISSION PROFILE TESK 
I  OXYGEN SAFETY DEMONSTRATION 

~ Z E ~ - G  RESERVOIR $R&T PROGRAM I 
- -  - 

THERMOOYNWIC CONVROL TESTS 
1IQL.W FLOW AND RETENTlON TILT TESTS 

AND tMkiiOVEMENT 
CHtLL LINE ROUTING AND ATTACHMENT TESTS 

Figure 10-1. Integrated System Technology Development: Schedule 

BACKGROUND 

ALRC recent ly  completed a NASA LeRC contract on a  I iquid/ l iquid  
thruster,  Extended Temperature Ranpe (ETR) ACPS Thruster Invest igation 
(Contract NAS3-26775). The object ive  of this contract w a s  t o  establish the 
operational f e a s i b i l i t y  of an oxygen-hydrogen ACPS-type thruster for the 
Shuttle Orbiter i n  which cryogenic propellants are s u p p l i e d  to  the thruster 
valves. Two temperature design points were investigated, resu l t ing  i n  
LW2/L02 in jec t ion  f o r  Design Point 1 and G H ~ / L O ~  i n j e c t i o n  f o r  Design P o i n t  2: 

HZ Temperature 
Design Point - 

Two-flight-type thrusters were built and tested a t  a  nominal thrust 
level of 5560 N (1250 lb )  and a chamber pressure of 345 ~ / c r n ~  (TOO p s i a ) .  
This thrust l e v e l  i s  far  greater than required for the  Tug IAPS. Moreover, 
no rest experience exists a t  the I l l - N  (25-lb) thrust scale needed for  Tug. 



The to rch  i g n i t e r  svcces s fu l ly  used on t h i s  and o thnr  programs produced 
approximately 111 N (25 l b )  by i t s e l f  and formed t h e  b a s i s  far t h i s  Tug APS 
s tudy,  Applying the  i g n i t e r  technology d i r e c t l y  t o  a 1 1 1 - N  (25-lb? t h r u s t  
engine involves  two p o s s i b l e  a r eas  o f  concern: performance and durability. 
The performance o f  t he  i g n i t e r  by i t s e l f  i s  very ?.ow (approximately 60 percent 
of t h e o r e t i c a l  Is) and the  i g n i t e r  has not  been operated f o r  long s teady-s ta te  
f i r i n g s ,  Nevertheless,  t he  i g n i t e r  program t e s t s  and t h e  ana lyses  of t h i s  
study form the  basis  f o r  confidence i n  t h e  t h r u s t e r  concept. 

In adapt ing an igniter t o  an APS t h r u s t e r ,  a change i n  design c r i t e r i a  i s  
required.  This may l e a d  t o  s i g n i f i c a n t  design d i f f e r ences ;  i n  f a c t  a  design 
from s c r a t c h  may be equa l ly  successfu l .  Any design,  of course,  r equ i r e s  con- 
cept v a l i d a t i o n  and performance v e r i f i c a t i o n ,  which i s  t h e  purpose of t h i s  
SR&T. 

SR&T OBJECTIVES 

The ob jec t ives  of t h e  t h r u s t e r  SR&T program a r e  (1) t o  design,  analyze,  
and o b t a i n  experimental d a t a  on a l i qu id - l i qu id  O/H t h r u s t e r  designed t o  meet 
the Tug IAPS requirements,  and (2) t o  r e so lve  p o t e n t i a l  problem a reas .  A 
program of  ana lys is ,  hardware design,  and experimental eva lua t ion  i o  required.  
This o v e r a l l  t h r u s t e r  demonstration program should inc lude  r igorous  a n a l y s i s  
of the thermal manidement problems assoc ia ted  wi th  the  very cold temperatures 
encountered a t  the prope l l an t  va lves ,  i n j e c t o r ,  and t h r u s t e r  manifolds; 
eva lua t ion  of t h e  in 'eract ion of chamber cool ing,  performance, and i n j e c t o r  
design requirements;  design and f a b r i c a t i o n  of i n j e c t o r  chamber, i g n i t e r  
assembly, and assoc ia ted  t h r u s t e r  hardware; and experimental t e s t i n g  t o  
eva lua te  t h e  t h r u s t e r  over ranges of opera t ing  condi t ions  and pulse  mode duty 
cycles .  During the design phase, a t t e n t i o n  s h a l l  be d i r e c t e d  t o  t h r u s t e r  
i g n i t i o n  requirements,  co~rbust ion chamber cool ing schemes, combustion 
s t abd . l i t y ,  p u l s e  mode l i m i t a t i o n s ,  propellant: valve requirements, component 
mater ia l  s e l e c t i o n s ,  and , ~ t t n i n a b P e  s p e c i f i c  impulse performance under both 
normal. mode steady-state ,md p u l s e  mode opera t ing  condi t ions ,  as w e l l  as f o r  
abort  mode s teady-s ta te .  

Another very important SR&T o b j e c t i v e  is t o  evolve a des ign  t h a t  w i l l  
&nimize t l - ru s t e r  DDTCE cos t s  while st i l l  s a t i s f y i n g  a l l  performance requi re -  
ments. The r e s u l t s  of t h i s  s tudy reveal t h a t  t h e  t h r u s t e r  DDT&E c o s t s  a r e  a 
s i g n i f i c a n t  por t ion  (approximately 45 percent) of t h e  DDT&E for the ti t a l  
i n t eg ra t ed  M S .  Simpl i f i ca t ions  i n  manufacturing, assembly, and t e s t  opera t ions  
t h a t  would not unduly compromise performance o r  r e l i a b i l i t y  should be 
inves t iga t ed  i n  concept during th rus te r  SR&T. 

KEY TECHNOLOGY ISSUES 

The key technology i s s u e s  pe r t a in ing  t o  an SR&T program f o r  the IAPS 
t h r u s t e r  stem from the  fact t h a t  no previous test experience e x i s t s  f o r  a  
l i qu id - l i qu id  O/H t h r u s t e r  i n  t h e  I l l - N  (25-lb) t h r u s t  range. 



High s p e c i f i c  impulse is an SR6T goal. which w i l l  involve t h e  design,  
a n a l y s i s ,  and experimental eva lua t ion  of poss ib l e  a l t e r n a t i v e s  t o  t h e  base l ine  
s leeved  chamber cooling concept such a s  p a r t i a l l y  regenera t ive  o r  i n t e r n a l l y  
regenera t ive  cool ing of the ou te r  wal l ,  or  s l o t  cool ing along t h e  ax ia l  
l eng th .  Performance dnd film cool ing  requirements f o r  t h e  cu r r en t  design 
depends heavily on the  r a t e  a t  which the coolant  hydrogen mixes with the  core 
gases.  For performance t o  be reasonably hiqh, mixing must be  complete before  
t h e  core  gases reach the th roa t .  This can r e s u l t  i n  a r e l a t i v e l y  long and 
heavy t h r u s t  chamber and high temperatures i n  t h e  outermost coolant  channel,  
t hus  reducing t h e  th roa t  film cooling e f f ec t iveness .  

Thrust  chamber length and performance may be improved by one of t h e  
a l t e r n a t e  cool ing concepts mentioned above o r  by providing a sp l a sh  p l a t e  o r  
s i m i l a r  mixing device  a t  t he  o u t l e t  of t he  innermost coolant s l eeve ,  Tes t ing  
w i l l  r equi re  a means of varying the  cool ing design and mixing length  u n t i l  
optimum performance is achieved, 

The se l ec t ion  of s u i t a b l e  ma te r i a l s  and manufacturing processes  co~npat ib le  
wi th  the  high temperatures and small s i z e  of t h e  IAPS t h r u s t e r  i s  another key 
technology issue.  Select ion of  thu basic t h r u s t  chamber a l l o y ,  c lo se  to l e rance  
machining processes,  and p r o ~ e c t i v e  coa t ing  a p p l i c a t i o n  a r e  a l l  i n t e r r e l a t e d  
problems t h a t  w i l l  a f f e c t  t h r u s t e r  d u r a b i l i t y  a,ld production c o s t .  A x i a l  and 
r a d i a l  thermal gradents  a r e  severe ,  Estimates of e x t e r n a l  temperature range 
from approximately 28 K (-410 F) a t  t h e  i g n i t e r ,  o r  chamber I n l o t ,  t o  near  
164 K (2500 F) at  t h e  th roa t .  Temperature g rad ien t s  mag be a s  high as 
110 K/cm (500 F/in.). Thermal s t r e s s e s  i n  the  concent r ic  s l eeves  making up 
the coolant  flow channels could r e s u l t  i n  cracking of any coa t ing  o r  base 
meta l  dt points  df high stress concent ra t ions ,  

Thermal t r a n s i e n t  e f f e c t s  a l s o  are a key i s sue  for t h e  technology 
development of t h i s  t h rus t e r .  Pulse  mode t h r u s t  profiles af ter  both hot and 
co ld  s t a r t s  m u s t  be defined and t h e i r  a c c e p t a b i l i t y  e s t ab l i shed ,  Proper 
i g n i t i o n  a f t e r  extended cold soak perfods wi th  l i q u i d s  a t  t he  valve i n l e t s  a l s o  
must be verdfied. It  is expected t h a t  these i s s u e s  can be  resolved by a s e r i e s  
of v a r i a b l e  duty cyc le  t e s t s  followed by co r r ec t ion  of d i f f e r ences ,  if any, as 
they occur.  

TESTING APPROACH 

The t h r u s t e r  SR&T ob jec t ives  can be  s a t i s f i e d  by f i r s t  conducting precursor  
experiments i n  support of mater j .a ls  selection a n a l y s i s  and inanufacturing pro- 
ce s s  evaluat ions.  These t e s t s  will support the  s e l e c t i o n  of t h e  b a s i c  t h r u s t  
chamber a l l oy  and p ro t ec t ive  coa t ing  ma te r i a l s ,  and w i l l  v e r i f y  acceptable  
machining techniques and reproducib le  dimensional t i - le rances .  

Chamber cooling t e s t s  should then be  conducted u t i l i z i n g  t y p i c a l ,  but not  
f l i gh t - type  valves,  manifolds, and i g n i t i o n  system. A bolt-on t h r u s t  chamber 
assembly could be used so t h a t  a l t e r n a t e  coo l i ng  designs may be e a s i l y  i n s t a l l e d  
and t e s t e d .  This would permit a parametr ic  approach t o  t h e  problem of 
o p t i m i z i n g  t h rus t  chamber length,  cool lng conf igura t ion ,  and performance. 



Thermal t r a n s i e n t  and cold +,.lition t e s t s  should be accomplished using 
the  opt i rnked  t h r u s t  chamber ~ r o m  the  previous t e s t  s e r i e s .  Various manifold 
lengths and i n t e r n a l  p l a t e l e t  o r  o the r  i n s u l a t o r  designs should be i n s t a l l e d  
and t e s t e d  wi th  d i f f e r e n t  i n j e c t o r  conf igura t ions ,  i g n i t o r  loca t ions ,  and 
support methods. Propel lan t  thermodynamic s t a t e  a t  t h e  valve i n l e t s  should ha 
varied t o  s imula te  the rang2 o f  hea t  soalcback expected over an a c t u a l  mission 
duty cycle .  The produceabi l i ty ,  poceuLiai Db'L&E c o s t s ,  and compat ib i l i ty  wi th  
fu tu re  development tests of each conf igura t ion  must be  thoroughly eveluated. 

Performance t e s t s  of  the  most favorable  arrangement of va lves ,  manifolds,  
i n j e c t o r ,  and i g n i t e r  should be  rxi t o  determine s teady-state  and t r a n s i e n t  
t h r u s t ,  s p e c i f i c  impulse, dnd mixture r a t i o  a s  a func t ion  of valve i n l e t  
p ressure  and temperature. The l i m i t s  of performance should be explored and 
the c a p a b i l i t y  f o r  i n l e t  p ressure  con t ro l l ed  mixture r a t i o  s h i f t  as requi red  
f o r  Tug a b o r t  recovery must b e  v e r i f i e d .  

F i n a l l y ,  mission p r o f i l e  duty cyc le  t e s t s  should be conducted. S a t i s f a c t o r y  
s t a r t  t r h n s i e n t  and minimum impulse b i t  c h a r a c t e r i s t i c s  should be  ve r i f i ed .  
S u f f i c i e n t  extended dura t ion  and r e p e t i t i v e  c y c l i c  f i r i n g  t e s t s  should be 
conducted t o  demonstrate t h e  d u r a b i l i t y  of t h i s  t h r u s t e r  design concept. 

ACCEPTABILITY CRITERIA 

S a t i s f a c t o r y  t h r u s t e r  performance and d u r a b i l i t y  a r e  major criteria t h a t  
must be  demonstrated p r i o r  t o  s e l e c t i o n  of a  l iqu id- l iqu id  O/H APS f o r  use on 
the  Space Tug. To do t h i s ,  the  SR&T t e s t  program must provide reasonable 
confidence t h a t  the weight,  length,  t h r u s t ,  s p e c i f i c  impulne, minimum 
impulse bit, i n l e t  condi t ion  s e n s i t i v i t y ,  and abor t  mode requirements s p e c i f i e d  
i n  Sect ion 9 can be  achieved. P r i o r  t o  i n i t i a t i o n  of performance and duty 
cycle tests, the  precursor  mater ia l s  and f a b r i c a t i o n ,  t h r u s t  chamber cool ing,  
and thermal t r a n s i e n t  and i g n i t i o n  t e s t s  mus"have l e d  t o  s a t i s f a c t o r y  solu-  
t ions  of t h e  problems previou6ly i d e n t i f i e d .  Following IAPS thermodynamic 
con t ro l  SR&T t e s t s ,  t h r u n t e r  q u a l i f i c a t i o n  development t e s t i n g  can be 
i n i t i a t e d  as a pa r t  of t h e  Tug Phase C/D veh ic l e  development program. 

10.3 PIX?' TECHNOLOGY 

Neither  oxygen nor hydrogen pumps c u r r e n t l y  e x i s t  f o r  t h e  IAPS s i n c e  t h e  
pressure ,  f low,  and s u c t i o n  requirements a r e  unique. I n  p a r t i c u l a r ,  t h e  flow 
r a t e s  are o rde r s  of magnitude smaller  than  t h a t  of f l ight-waight  pumps 
previously developed fo? O / H  rocket  engines.  The pressure  requirement is 
moderate b u t  high eilougil t o  demand s p e c i a l  design provisions with p o s i t i v e  
displacement mehines .  The low suppression head suc t ion  requirement has  been 
s a t i s f i e d  previously b u t  only f o r  high-flow c e n t r i f u g a l / a x i a l  rocket  engine 
punips. However, i t  is conside.:ed t h a t  t h e  IAPS pump SR&T involves r e l a t i v e l y  
s t r a igh t fo rward  development of custo;. designs using well-establ ished concepts 
scaled from o the r  app l i ca t ions .  



BACKGROUND 

The pumping of cryogens can, i n  many r e spec t s ,  be considered a mature 
technology. Large turbo-machinery goes back as e a r l y  as the 1940's f o r  t h e  
German-built V-2 l i q u i d  oxygen and a lcohol  propel led  racke t .  Smaller,  
electric motor-driven, cryogenic pumps were developed l a t e r .  I n  t he  period 
between 1956 and 1959, the Pesco Products Divis ion of  Borg-'Warner Corporation 
designed, f ab r i ca t ed ,  and t e s t e d  an  e l e c t r i c  motor dr iven  l i q u i d  hydrogen 
c e n t r i f u g a l  pump f o r  t he  U.S. Government under Contract  AF 18(660)1658. 
During t h i s  program, the  f e a s i b i l i t y  of wet running ac motors submerged i n  
LH2 was proven, and r o l l i n g  con tac t  bear ings  f o r  use  i n  cryogenic pumps were 
shown t o  be p rac t i ca l .  Since t h a t  t ime, many e l e c t r i c  motor-driven pumps 
have been built f o r  a variety of applications i nc lud ing  a two-stage l i q u i d  
hydrogen boost purip f o r  d e s t r a t i f i c a t i o n  s t u d i e s  under Contract  AF 33(1616)5810, 
and l i q u i d  hydrogen and oxygen r e c i r c u l a t i q n  pumps f o r  t h e  Satom S-11 and 
S-IVB s t ages  under Contracts NAS7-200 and NAS7-101. Although small compared 
t o  t h e  turbo-pump used  f o r  rocket  engines,  t hese  e l e c t r i c  motor-driven pumps 
are s t i l l  l a rge  !?hen compared t o  t h e  IAPS requirements:  ,113 m3/sec (30 gpm) 
f o r  t h e  S-IVB LOX r e c i r c u l a t i o n  pump a s  compared t c  0.00454 m3/sec (1.2 gpm) 
f o r  t h e  LOX IAPS feed  pump. This  low flow coupled :r! khe moderate head rise 
requi red  r e s u l t s  i n  s p e c i f i c  speed values t h a t  fa3'  . ' e  regime of p o s i t i v e  
displacement pumps. 

i%o f l i gh t -qua l i f i ed  p o s i t i v e  displacement pumps have y e t  been b u i l t .  
AIRCD and o the r s  hzve es tens ive  experience wi th  both hydrogen and oxygen 
s t a t i o n a r y  p l s ton  pumps f o r  high-pressure t r a n s f e r  s e r v i c e  and o t h e r  cryogenic 
app l i ca t ions .  These. pumps have demonstrated high er i f ic iency,  long l i f e ,  and 
good r e l i a b i l i t y  but  tend t o  be heavy due t o  t h e i r  low ope ra t ing  speeds. 

Sundsrrand Corporation has  some app l i cab le  vane pump experience developed 
a s  a p a r t  of a General E l e c t r i c  Company con t r ac t  f o r  NASA LeRC, F ina l  Pumping 
System L i r u i d  Hydrogen/Liquid Metkane J85 Control System. This pump operated E at  0.098 : ~ : ~ / s e c  (26 gpm) and 186 Nicm (270 psip,). Demonstrated volumetr ic  
e f f i c i e n c y  was Low, however, and problems remain to be solved t o  reduce 
i n t e r n a l  leakage. A pressure-loaded balanced vane concept i s  cu r ren t ly  be ing  
s tud ied  5y Sundstrand t o  improve efficiency. 

SR&T OBJECTIVE 

The objec t ive  of the  pump SR&T program is to  verify by empir ica l  data 
t h a t  the flow, pressure ,  e f f i c i ency ,  and weight requirements s p e c i f i e d  i n  
Section 9 can b e  s a t i s f i e d  by p r a c t i c a l  and inexpensive LOX and LIE2 IAPS feed 
pumps. This c b j e c t i v e  involves s u b s t a n t i a t i n g  zero NPSR and momentary two- 
phase £LOW c a p a b i l i t y ,  supporting m a t e r i a l  s e l e c t i o n  studies, ve r i fy ing  
cryogs;nic c learances ,  and demonstrating oxygen s a f e t y .  It is  considered t h a t  
~ a t i s ~ a c t f o n  of t hese  objecr ives  w i l l  r equ i r e  LOX and LH2 flow t e s t s  of f u l l -  
scale prototype pumps, 

Although a p i s t o n  piimp with a c e n t r i f u g a l  boost  s t a g e  was s e l e c t e d  as 
b a s e l i n e  f o r  the preliminary design of t h i s  s tudy ,  o the r  pump concepts s u c l ~  
as a vane with boost  s tage ,  a low-speed p i s ton  without  a boost  s t a g e ,  o r  one 
wi th  a higher  speed  boost s t a g e  cannot ,  a t  t h i s  p o i n t ,  be  discounted. A s  



discussed i n  Sect ion 11, both vane and pis ton-type pumps are cons idered  
competi t ive a l t e r n a t i v e  conceyjts based on t h e  l im i t ed  a v a i l a b l e  r e s t  d a t a  and 
experience. Tllus, t he  s e l e c t i o n  of t h e  b a s i c  pump type becomes an o b j e c t i v e  
of t h i s  SR&T program. 

The funding l e v e l  e s t ima ted  f o r  pump SRdT refers t o  s ingle-source 
procurement. However, i t  i s  considered t h a t  two competi t ive programs, one 
f o r  a vane type  and on2 for a reciprocating type,  may be warranted.  I f  two 
programs are no t  pos s ib l e ,  pump SR&T procurement a c t i o n  could be  aimed a t  
ob ta in ing  a f i rmer  b a s i s  f o r  pump type s e l e c t i o n  by making t h e  pump type  
an op t ion  i n  a competi t ive b i d  which c a l l s  f o r  s u b s t a n t i a t i o n  o f  t h e  type 
s e l ec t ed  by t3e bidder .  

KEY TECHNOLOGY ISSUES 

The b a s i c  technology i s s u e s  r equ i r ing  SRtT e f f o r t  f o r  t h e  IPAS feed pumps 
stem from t h e  f a c t  t h a t  exper ience  a t  t h e  low flow r a t e s  and s u c t i o n  condi t ions  
requi red  f o r  t h i s  system a r e  p r a c t i c a l l y  nonexis tan t .  The development of a 
f l i gh t - t ype  p o s i t i v e  displacement  cryogenic pump leads  t o  problems no t  
supported by t h e  prev ious ly  well-developed a x i a l  o r  c e n t r i f u g a l  dynamic pump 
designs.  The requirement f o r  h igh e f f ic ie r lcy  r equ i r e s  s p e c i a l  a t t e n t i o n  t o  
i n t e r n a l  leakage pa ths ,  close t o l e r ance  c learanzes  a t  cryogenic  temperatures ,  
and m a t e r i a l  thermal c o n t r a c t i o n  and dynamic s e a l i n g  p r o p e r t i e s .  

The requirements f o r  ze ro  NPSH and nlomentary opera t ion  with vapor 
i nges t i on  a t  reduced flow r a t e s  a l so  in t roduces  design and technology 
problems n o t  previously addressed f o r  small pumps. Vane pumps would probably 
r equ i r e  a c e n t r i f u g a l  boos t  s t a g e  while  p i s t o n  pumps could pos s ib ly  ope ra t e  a t  
low enough speeds t o  avoid excess ive  cav i t a t i on .  In  e i t h e r  case, d e t a i l e d  
thermodynamic/Elr~id-dynamic ana lys i s  and subsequent test v e r i f i c a t i o n  w i l l  be  
requi red .  

An important: SRhT i s s u e  is the  problem of oxygen s a f e t y .  A thorough 
pump f a i l u r e  mode a n a l y s i s  must be made and preven ta t i ve  measures incorpora ted  
i n  the  b a s i c  pump design where poss ib le .  Some of t he  f a i l u r e  modes previous1.y 
considered t h a t  could p o t e n t i a l l y  lead t o  an oxygen f i r e  o r  explos ion  inc lude  
mechanical rubbing, mechanical impact, abras ion  due t o  fluid-born p a r t i c l e s ,  o r  
e l e c t r i c  a r c i n g  due t o  a s h o r t  c i r c u i t .  A comprehensive t rea tment  of oxygen 
pumping s a f e t y  i s  d i s c u s s e d  i n  Reference 28.  Yt is  concluded t h a t  an e n t i r e l y  
s a f e  oxygen pump can be  designed and demonstrated by induced f a i l u r e  mode 
t e s t i n g .  Safe ty  design fea1:ures that: should be considered inc lude  a hermeti- 
c a l l y  s ea l ed  s t a t o r  cav i ty ,  t r i p l e  redundant winding and connector  i n s u l a t i o n ,  
underspeed o r  overload sensfng  s a f e  shutdown i n t e r l o c k s ,  and t h e  use of  high- 
conduct iv i ty  ma te r i a l s  f o r  d i s s i p a t i n g  1.ocalized f r i c t i o n a l  h c a t i n g  caused 
by p a r t i c l e  i nges t i on  o r  bea r ing  f a i l u r e s .  Mater ia l  f lammabil i ty  and LOX 
compa t ib i l i t y  l i m i t s  must, of  course, be  c a r e f u l l y  evaluated.  

Another unique f e a t u r e  of  t h e  TAPS pumps i s  t h e  requirement For speed 
con t ro l  t o  modulate flow du r ing  extended d e l t a  v e l o c i t y  maneuvers and t o  
change t h e  flow r a t e  f o r  a s h i f t  i n  t h r u s t e r  mixture r a t i o  i n  t h e  event  of MPS 
abort recovery by the  ZAPS. SR&T t e s t i n g  i s  required t o  v e r i f y  proper  response 
of the pump/motor performance t o  v a r i a t i o n s  i n  e l e c t r i c a l  i npu t  frequency. 



Other SR&T i s sues  include establ ishment  or v e r i f i c a t i o n  of t he  motor/ 
pump assembly performance, power d r a i n ,  weight, s t r u c t u r a l  i n t e g r i t y ,  
e x t e r n a l  leakage, and s t a r t  and s t o p  t r a n s i e n t  c h a r a c t e r i s t i c s .  

TESTING APPROACH 

Full-scale  prototype L r  and LR2 pumps w i l l  be  designed, f ab r i ca t ed ,  and 
t e s t e d  i n  l i q u i d  oxygen and hydrogen a t  design flow r a t e s  and pressures .  
Power supply a t  va r i ab l e  frequency will be from a norifl ight-type ground test: 
suppor t  un i t .  Separate e l e c t r i c a l  motor dynamometer t e s t i n g  w i l l  be completed 
f i r s t .  Cryogenic f i t  and c learance  checkqut would then be  accomplished, 
followed by design nominal pump performance r e s t s  and performance napping. 
These t e s t s  might bes t  be accomplished using s p e c i a l  t e s t  devices  s imulat ing 
t h e  v a r i a b l e  f l u i d  and pressure  capac i tance  c h a r a c t e r i s t i c s  of  t h e  downstream 
U P S  accumulator and the upstream i n e r t i a  and flow l o s s .  Propel lan t  i n l e t  
p re s su re ,  temperature, and q u a l i t y  l i m i t s  would then be explored t o  develop 
performance los,? c h a r a c t e r i s t i c s  and recovery times. Prototype pump t e s t s  
would be completed by following a t y p i c a l  worst-case pump t imel ine  f o r  a Tug 
mission p ro f i l e .  

A separa te  oxygen u n i t  i s  a n t i c i p a t e d  f o r  indaced f a i l u r e  mode t e s t i n g  
and oxygen s a f e t y  ana lys is .  This  pump w i l l  i nco rpora t e  a l l  t h e  an t i c ipa t ed  
b a s i c  design s a f e t y  f ea tu re s ,  bu t  a l s o  w i l l  inc lude  t h e  c a p a b i l i t y  t o  s imulate  
phys i ca l ly  var ious f a i l u r e  modes such a s  a bear ing  f a i l u r e ,  locked r o t o r ,  
o r  p a r t i c l e  inges t ion .  The u n i t  w i l l  be  operated i n  oxygen u n t i l  f a i l u r e  
occurs, after which i t  w i l l  b e  disassembled and t h e  damage evaluated.  

ACCEPTABILITY CRITERIA 

This SR&T program must demonstrate t h a t  t he  design and performance 
c r i t e r i a  spec i f ied  i n  Section 9 can be achieved f o r  both the  LOX and EH2 IAPS 
feed  pumps. Any devia t ion  g r e a t e r  than approximately 10 percent  w i l l  r equ i r e  
re-evaluation of the  design on a  system b a s i s ,  O f  p a r t i c u l a r  i n t e r e s t  iz t he  
a b i l i t y  of the pump t o  opera te  w i t h  a  two-phase f l u i d  a t  i t s  i n l e t .  A 
momentary reduction i n  f low and e f f i c i e n c y  i s  not  a s  c r i t i c a l  a s  t hc  pump's 
a b i l i t y  t o  expel the gas and recover  nominal performance. 

The induced f a i l u r e  mode t e s t s  must v e r i f y  s a t i s f a c t o r y  performance of 
t h e  pump fa i l - s a fe  design f e a t u r e s  and demonstrate t h a t  pump opera t ion  i n  t he  
TAPS oxygen system does not c o n s t i t u t e  a hazard t o  t h e  s a f e t y  of t h e  Tug 
v e h i c l e ,  i t s  payload, o r  t h e  Space S h u t t l e  and i t s  crew, 

10.4 ZERO-G RESERVOIR TECHNOLOGY 

SR&T requirements f o r  t he  zero-g r e s e r v o i r  a r e  d i c t a t e d  p r imar i ly  by the 
i n t e r n a l  cap i l l a ry  devices.  Although s f m i l a r  devices  a r e  ope ra t iona l  with 
s t o r a b l e  propel lant ,  no f l i g h t  e ~ ~ e r i e n c e  e x i s t s  f o r  cryogenic p rope l l an t s .  
However, t heo re t i ca l  analyses, f l u i d  p rope r t i e s  research ,  nega t ive  one-g 
t e s t s ,  and scale-model drop and pushover f l i g h t  t e s t s  ( sho r t  du ra t ion  zero-g 



t e s t s ) ,  accomplished i n  a s e r i e s  of research programs c a r r i e d  out f o r  more than  
a decade, have placed cryogenic c a p i l l a r y  device  technology on a  sound b a s i s .  
The approach t o  SR&T f o r  t h e  zero-g r e s e r v o i r  is t o  apply these  well-developed 
s imula t ion  and experimeacal ana lys i s  techniques t o  a fu l l - s ca l e  IAPS prototype 
design. No technology advance is needed, but concept confirmation is  required.  
This s e c t i o n  p re sen t s  t he  technological  background, SR&T ob jec t ives ,  key 
technology i s sues ,  t e s t  s imula t ion  method, and a c c e p t a b i l i t y  c r i t e r i a  for t he  
zero-g r e s e r v o i r  SR&T. 

BACKGROUND 

References 29 through 34 present: t h e  r e s u l t s  of some of the more recent 
study and t e s t  programs dea l ing  with design and opera t ion  of t h e  zero-g 
r e se rvo i r .  The Reference 29 test program demonstrated i n  1972 t h e  f e a s i b i l i t y  
of long-term cryogenic s t o r a g e  through the use of mu l t i l aye r  i n s u l a t i o n ,  low- 
conduct iv i ty  supports ,  and hea t  load i n t e r c e p t i o n  u t i l i z i n g  a s h i e l d  cooled 
by the  vented cryogen vapor.  This program showed t h a t  by c lose  a t t e n t i o n  
t o  design d e t a i l  and proper s e l e c t i o n  of ma te r i a l s ,  an  e f f e c t i v e  thermal 
i s o l a t i o n  and hea t  r e j e c t i o n  system could be f a b r i c a t e d ,  assembled, and 
operated f a r  long per iods  (48 days).  

Early i n  1973 tests were conducted by Rockwell (Reference 30) t o  explore 
the problems assoc ia ted  wi th  s t a r t  and shutdown t r a n s i e n t  flow i n  n t y p i c a l  
c a p i l l a r y  device used fo r  feedout from a p rope l l an t  t+mk  i n  a zero- o r  low- 
g rav i ty  environment. The e f f e c t  of s i g n i f i c a n t  v a r i a b l e s  such as pressure ,  
flow rate, l i n e  length ,  and valve a c t u a t i n g  time was determined. It was 
found t h a t  the  shutdown surge  had no adverse e f f e c t  on the  c a p i l l a r y  device 
t e s t ed ,  However, under some condi t ions ,  s t a r t  flow t r a n s i e n t s  can cause gas 
i nges t ion  i n t o  t h e  c a p i l l a r y  device. Severa l  methods f o r  reducing o r  
e l i r  ?laring s t a r t  t r a n s i e n t  gas i nges t ion  were succes s fu l ly  tes ted .  

La te r  i n  1973, an experimental program was performed by McDonnell 
Douglas Astronaut ics  Company under t he  d i r e c t i o n  of NASA LeRC t o  determine 
the f e a s i b i l i t y  of i n t e g r a t i n g  an i n t e r n a l  thermodynamic vent system and a 
full wall-screen l i n e r  f o r  t h e  o r b i t a l  s t o r a g e  and t r a n s f e r  o f  l i q u i d  hydrogen. 
The r e s u l t s  of t h i s  program are reported i n  Reference 31. The annulus formed 
by the  screen  and tank wal l  was used t o  provide a f low path f o r  pumped L112 
which absorbed tank inc iden t  heat ing and then r e j e c t e d  this heat  t o  t he  
thermodynamic vent  system. Ten screens were s e l e c t e d  f o r  t e s t  a f t e r  a  com- 
prehensive screen survey. The experimental r e s u l t s  measured screen  bubble 
point ,  flow-through p re s su re  l o s s ,  and pressure  l o s s  along rec tangular  
channels l i n e d  w i t h  s c reens  on one s i d e  using LHZ s a t u r a t e d  a t  34.5 ~ / c r n ~  
(50 ps fa ) .  The study demonstrated this concept t o  be fluid-dynamically 
f e a s i b l e  and, although somewhat d i f f e r e n t  from the design proposed f o r  the  
IAPS r e s e r v o i r ,  r e s u l t e d  i n  b a s i c  screen  and channel da t a  support ive of t h e  
design o f  an SR&T t e s t  a r t i c l e ,  

Addit ional  experimental t e s t i n g  was accomplished by McDonnell Douglas 
Astronaut ics  Company to develop c a p i l l a r y  system design c h a r - c t e r i s r i c s  i n  
(I) b a s i c  su r f ace  tens ion  screen performance, ( 2 )  sc reen  acqu i s i t i on  device 
f a b r i c a t i o n  methods, and (3) sclcdn su r f ace  t ens ion  device opera t iona l  f a i l u r e  
modes. These da ta  are presented i n  Reference 32. Various screen  ma te r i a l s ,  



sc reen  j o i n t s ,  s c r e e n  support s t r u c t u r e s ,  and s e a l i n g  devices  were f a b r i c a t e d  
and t e s t e d ,  Cor re l a t ion  techniques were developed f o r  p red ic t ing  screen  LH2 
bubble points  using isopropyl  a l coho l  a s  a t e s t  medla. The c r i t i c a l i f y  of 
screen v fb ra t lon  and d i r e c t  h e a t i n g  of a scyeen r e t a i n i n g  a cryogenic f l u i d  
a l s o  were demonstrated. 

Reference 33 presents the  r e s u l t s  of a 1974 program involving the  design,  
f a b r i c a t i o n ,  and t e s t  of a multipurpose f u l l - s c a l e  l i q u i d  hydrogen 
a c q u i s i t i o n  and thermal con t ro l  system f o r  i nc lus ion  i n  a NASA/MsFC a u x i l i a r y  
propulsion system breadboard. This  design d i f f e r s  from the  proposed Tug IAPS 
zero-g r e s e r v o i r  i n  t h a t  feedout is accomplished with t h e  r e s e r v o i r  pressure  
i s o l a t e d  from the main propel lan t  tank. However, two f e a t u r e s  common t o  the  
Tug IAPS design performed s a t i s f a c t o r i l y :  (1: use of a tank wall-mounted hea t  
exchanger system f o r  h e a t  load i n t e r c e p t i o n ,  and (2) overboard vent ing f o r  
r e s e r v o i r  r e f i l l  from acce l e ra t ion - se t t l ed  p rope l l an t  i n  t h e  main tank. 

The tank wall-mounted heat exchanger system a l s o  has  been experimental ly  
evaluated by Lockheed Miss i les  and Space Company a s  descr ibed i n  Reference 34, 
d a t e d  January 1975. During t h i s  s tudy  a n a l y t i c a l  models were developed 
desc r ib ing  the  h e a t  and mass t r a n s f e r  and energy  d i s t r i b u t i o n  i n  the  contents  
of a cryogenic p rope l l an t  tank under varying grav i ty  f i e l d s .  Pressure  and 
temperature h i s t o r i e s  were computed f o r  tanks r a n ~ i n g  i n  s i z e  from 1.2 t o  6 .8  m 
(4 t o  22.5 f t )  i n  diameter and g r a v i t y  l e v e l s  from 0 t o  1.0, Resul t s  of 
subsca le  t e s t i n g  u t i l i z i n g  both cryogenic and noncryogenic f l u i d s  compared w e l l  
wi th  t he  a n a l y t i c a l  models, and demonstrated t h a t  a tank wall-mounted h e a t  
exchanger can e f f e c t i v e l y  c o n t r o l  rank p r e s s u r e  and propeLlant temperature. 

Previous technology s t u d i e s  have shown t h e  p o t e n t i a l  c r i t i c a l i t y  o f  
v ib ra t ion ,  warm gas exposure, and feed  system s t a r t u p  and sllutdown f l u i d  
dynamics on t h e  performance of  c a p i l l a r y  screen  a c q u i s i t i o n  systems. For t h i s  
reason,  the  Reference 35 experimental study has  been sponsored by NASA/MSFC, 
Some cryogenic t e s t i n g  has been completed and d a t a  eva lua t ion  Is underway. 
Assessment o f  t h e  progress  t o  d a t e  i nd ica t e s  t h a t  t h e  r e s u l t s  of t h i s  s tudy 
w i l l  be b e n e f i c i a l  t o  an SR&T program f o r  t he  IAPS zero-g r e se rvo i r .  

SR&T OBJECTIVES 

The objective of SR&T f o r  t h e  zero-g r e s e r v o i r  is  t o  apply p r e v i ~ u s l y  
well-developed s imula t ion  and experimental ar la lysis  techniques t o  a fu l l - s ca l e  
prototype design. No technology advance i s  needed, bu t  concept confirmation i s  
requi red .  The experimental program w i l l  take t h e  form of prototype hardware 
subjec ted  t o  o p e r a t i o n a l  thermal condi t ions  and nega t ive  one-g demonstration 
of r e t en t ion  and feedout c a p a b i l i t y .  The t e s t  program is  considered t o  
involve v a l i d a t i o n  of thermal c o n t r o l  aspec ts  a s  much as c a p i l l a r y  phenomena 
inf luences ,  This  is because the two f a c t o r s  a r e  i n t ima te ly  r e l a t e d .  
Capi l la ry  device performance is t i e d  t o  t he  des ign ' s  a b i l i t y  t o  avoid vapor 
formation and r e t a i n  subcooling a t  c r i t i c a l  p o i n t s  w i th in  t h e  device and i n  
t h e  opera t iona l  cycle. 



KEY TECHNOLOGY ISSUES 

One of the major technology i s s u e s  r equ i r ing  SRdT experimental eva lua t ion  
is p rope l l an t  r e f i l l  of t h e  zero-g r e s e r v o i r  by t h e  venting of vapor t o  space,  
The vent  l i n e  w i l l  probably r equ i r e  a flow r e s t r i c t o r  s o  t h a t  during s teady  
flow, r e se rvo i r  p re s su re  does not  drop enough t o  cause p rope l l an t  flashing. 
Considering the p re s su re  r a t i o  involved,  t h i s  is not  an easy problem t o  
eva lua te .  During flow start t r a n s i e n t s ,  t he  pressure  i n  the  r e s e r v o i r  can 
drop sharp ly ,  causing some p rope l l an t  f l a sh ing ,  A s  long as t h e  f l a s h i n g  does 
not  occur within the c a p i l l a r y  c o l l e c t o r s ,  the  l o s s  of propellant is  smal l  
and e f f e c t s  inconsequent ia l ,  A motorized vent va lve  t o  con t ro l  r a t e  and 
magnitude of pressure  changes within t h e  r e s e r v o i r  may be requi red .  To 
a s su re  t h a t  l i q u i d  fs n o t  vented t o  space, a l i q u i d  sensor  a t  the t op  of the  
r e s e r v o i r ,  which a c t i v a t e s  t he  vent  va lve ,  i s  provided. P rope l l an t  s lo sh ing  
due t o  the low a c c e l e r a t i o n  from APS t h r u s t  o r  sp lash ing  due t o  l i q u i d  b o i l i n g  
may wet the  sensor  and could cause premature va lve  c losure  i f  app ropr i a t e  
design provisions are not  explored i n  SRtT. Majori ty  vote  sensors  could be 
considered and eva lua ted .  

Another problem which must b e  faced during r e f i l l  is thermal and 
thermodynamic s t a t e  con t ro l .  The contents  of t h e  r e s e r v o i r  a r e  subcooled 
with r e spec t  t o  the prope l l an t  i n  t h e  main t ank  due t o  t h e  cool ing  of t h e  
thermodynamic vent system. The in t roduc t ion  of l a r g e  q u a n t i t i e s  of warmer 
l i q u i d  during r e f i l l  temporari ly  overloads t h e  thermodynamic vent  system. 
Severa l  hours are requi red  t o  cool  the r e s e r v o i r ' s  conten ts  t o  s t eady- s t a t e  
l e v e l .  The thermal i s o l a t i o r ~  and thermodynamic cool ing systems must be 
designed t o  prevent b o i l i n g  of p rope l l an t  wi th in  t h e  collector tubes  during 
t h i s  per iod.  SRdT t e s t i n g  a n a l y s i s  w i l l  be necessary t o  de f ine  t h e  map of 
acceptab le  pressure t r a n s i e n t s  and ope ra t ing  condi t ions ,  inc luding  the  
requi red  degree of subcooling,  r a t i o  of incoming t o  r e s iden t  p rope l l an t ,  and 
vent valve  and l i q u i d  sensor c h a r a c t e r i s t i c s .  

Addit ional  technology i s s u e s  t h a t  must be  addressed during a zero-g 
r e s e r v o i r  SR&T program are: 

1. Liquid r e t e n t i o n  during adverse a c c e l e r a t i o n  maneuvers. 

2. Screen dry ing  due t o  l o c a l i z e d  hea t  t r a n s f e r  and screen 
vibra t ion .  

3. Fluid flow s t a r t u p  and shutdown t r a n s i e n t  e f f e c t s  on 
screen bubble pressure  s t a b i l i t y .  

4. F l u i d  temperature s t r a t i f i c a t i o n .  

5. Liquid subcooling t o  satisfy pump i n l e t  requirements and t o  
avoid vapor entrapment i n  c a p i l l a r y  compartments, 

6. Cooling c o i l  attachment design and assembly techniques. 

7 Screen i n s t a l l a t i o n ,  suppor t ,  and j o i n t  s e a l i n g  methods. 



TESTING APPROACH 

Since the  TAPS zero-g r e s e r v o i r s  a r e  re 'ativelp small--51 cm (20 i n . )  
and 25.5 cm (10 in . )  i n  diameter  f o r  the LH2 and LOX r e se rvo i r s ,  respect ively--  
full-scale prototype SRSlT t e s t s  are recommended f o r  each. Although t e s t  
r e s u l t s  using s t o r a b l e  fluids could be used to pred ic t  t h e  fluid-dynamic 
behavior  of the IAPS prope l l an t s ,  cryogenic hydrogen and oxygen t e s t s  are 
recommended t o  provide an adequate understanding of t he  combined fluid-dynamics 
and thermodynamic e f f e c t s  i n  a thermal environment r ep re sen ta t ive  of on-orbit  
opera t ion .  

The t e s t  a r t i c l e s  should be designed f o r  easy  disassembly t o  f a c i l i t a t e  
t e s t i n g  of var ious  c a p i l l a r y  sc reen  ma te r i a l s  and i n t e r n a l  a c q u i s i t i o n  system 
geometries.  Tes t ing  w i l l  be  conducted i n  a  vacuum chamber with provis ions  f o r  
vary ing  the r e s e r v o i r  heat load ,  coolant  vent flow r a t e ,  en t e r ing  and e x i t i n g  
p rope l l an t  flow r a t e s ,  i n t e r n a l  l i q u i d  l e v e l ,  p rope l l an t  i n l e t  temperature,  
r e f i l l  vent pressure ,  and refill vent flow r a t e .  The t e s t  support f i x t u r e  
should be designed t o  r o t a t e  t h e  r e s e r v o i r  through 180 degrees between t e s t s  
t o  allow t i l t  t e s t s  ranging from p l u s  one g t o  minus one g. The cool ing c o i l  
attachment and thermodynamic vent  flow path should be designed f o r  ea se  of 
modif icat ion t o  allow f o r  temperature and subcooling opt imizat ion and proper 
coo l ing  of heat  sho r t s .  A thorough a n a l y t i c a l  math model and a  comprehensive 
network of  p ropel lan t  temperature measurements would be requi red  t o  ex t r apo la t e  
one-g temperature p r o f i l e  da t a  t o  a predic ted  zero-g temperature d i s t r i b u t i o n .  
Prel iminary math model r e s u l t s  should be used t o  e s t a b l i s h  the  proper combination 
of t e s t  cont ro l  condi t ions and range of parameter v a r i a t i o n s  i n  order  t o  
ga the r  t h e  maximum amount of u s e f u l  d a t a  with t h e  minimum number of test:  runs.  
It i s  expected t h a t  va r i a t i on  of h e a t  loads ,  coolant  flow r a t e s ,  and coolant  
flow rout ing w i l l  r equi re  t he  most ex tens ive  t e s t i n g  because of t h e  need t o  
e x t r a p o l a t e  propel lan t  temperature p r o f i l e  d a t a  t o  a zero-g environment. 

ACCEPTABILITY CRITERIA 

Correlat ion of t h e  zero-g r e s e r v o i r  SR&T r e s u l t s  must show t h a t  vapor- 
free propel lant  can be supp? Led t o  t h e  feed pump during zero-g coast  and 
du r ing  a l l  A P S  o r  M P S  maneuvers. Short t r a n s i e n t  per iads  of vapor i nges t ion  
may be acceptable  i f  they a r e  w i t h i n  t h e  performance l i m i t a t i o n s  of t h e  
downstream pump and accumulator combination. Such condit ions would r equ i r e  
evaluation as a part of the pump SR&T program. The r e s e r v o i r  SR&T goal  i s  t o  
prec lude  any such vapor i nges t ion  t r a n s i e n t s ,  however, and thus  a l l o c a t e  any 
two-phase pump capab i l i t y  t o  system performance margin. 

Demonstration of acceptable  component d ry  weight and coolant flow 
expenditure  a l s o  a r e  important SR&T goals .  An inc rease  of 10 percent  o r  more 
i n  e i t h e r  of t h e s e  parameters above t h a t  s p e c i f i e d  i n  Sect ion 9 w i l l  r equ i r e  a 
re-evaluat ion of the  IAPS design on a systems l e v e l .  



10 5 THERMODYNAEIIC CONTROL 

The design of the thermodynamic c o n t r o l  system f o r  t h e  Tug IMS w i l l  
play a key role i n  t h e  success  o r  f a i l u r e  of the  proposed concept. It is  
p r inc ip ly  t h e  need f o r  thermodynamic con t ro l  t h a t  sets the cryogenic AF'S apa r t  
from competing s t o r a b l e  p rope l l an t  systems. Thermodynamic con t ro l  of t he  
oxid izer  and f u e l  i n l e t  temperatures must be provided t o  supply propel lan t  a t  
t h e  thermodynamic states requi red  f o r  s a t i s f a c t o r y  t h r u s t e r  operat ion.  Liquid 
subcooling must b e  achieved wi th in  screened compartments t o  preclude vapor 
disruption of the p rope l l an t  a c q u i s i t i o n  c a p i l l a r y  devices.  Excessive forma- 
t i on  of vapor a t  the  feed  pump i n l e t  could cause inadequate  pump flow and 
e f f i c i ency .  

To v e r i f y  t h a t  t h e s e  problems have been adequately r e f l e c t e d  i n  t he  
specf£ ica t ions  fcr  prlmary IAPS elements ( t h r u s t e r ,  r e se rvo i r ,  pump) and a r e  
properly reso lved  i n  t h e  design of t h e  thermodynamic con t ro l  system, t he  
following SR&T program has been i d e n t i f i e d .  It should be noted t h a t  t he  APS 
w i l l  use t h e  same i n s u l a t i o n  and thermal i s o l a t i o n  support concepts developed 
f o r  t he  Tug main propulsion system. While thermal i s o l a t i o n  performance w i l l  
be  eva lua ted ,  fu r the r  development of t h i s  technology w i l l  no t  be a primary 
objec t ive  of t h i s  SR&T program. 

BACKGROUND 

Cryogenic thermal c o n t r o l  technology is as o ld  as the  s tudy of cryogenic 
fluids. Not u n t i l  cryogens were considered f o r  extended space app l i ca t ion ,  
however, d i d  the problem of zero-g venting appear.  S tudies  i n  t h i s  area have 
been conducted as  e a r l y  as 1966 when General Dynamics under Contract NAS8-20146 
evaluated fou r  d i f f e r e n t  ven t  system l i qu id /vapor  s epa ra t ion  methods: 
(1) heat  exchange, where the vent  fluid i s  t h r o t t l e d  t o  a low pressure  and 
temperature and allowed t o  exchange heat  w i th  the  tank f l u i d  t o  vaporize any 
l i qu id  i n i t i a l l y  present  i n  the vent;  (2 )  mechanical, employing a r o t a t i n g  
element f o r  cen t r i fuga l  separa t ion ;  (3) d ie l ec t rophores i s  , u t i l i z i n g  an 
e l e c t r i c  f i e l d  t o  s epa ra t e  l i q u i d  from vapor (both t o t a l  liquid con t ro l  and 
l o c a l  s e p a r a t o r  devices were considered); and ( 4 )  su r f ace  tension,  u t i l i z i n g  
f l u i d  s u r f a c e  forces t o  o r i e n t  t he  l i q u l d  i n  a tank wi th  baffles or screens ,  
o r  t o  effect l o c a l  separation a t  the vent .  The r e s u l t s  of t h i s  study a r e  
documented i n  Reference 36. Se lec t ion  criteria included system weight,  vent  
l o s ses ,  power required, and r e l i a b i l i t y ,  It was concluded t h a t  t he  hea t  
exchange system was t h e  most promising, wi th  the  mechanical s epa ra to r  a close 
second. 

I n  1967, a prototype zero-g hydrogen vent  system using the heat exchanger 
p r inc ip l e  was designed, f ab r i ca t ed ,  and t e s t e d  by General Dynamics under 
Contract NAS8-20146. The r e s u l t s  of t h i s  test program are presented i n  
Reference 37. During t h e  design phase, t r a d e o f f s  were made t o  determine t h e  
type of h e a t  exchanger (bulk versus wall.), type of pump d r i v e  ( e l e c t r i c  versus 
turbfne) ,  optimum vent flow r a t e ,  vent cycle, and f l u i d  mixing c r i t e r i a .  



An i n t e r n a l  hea t  exchanger and e l e c t r i c  bulk mixing pump were s e l e c t e d  
for t e s t  i n  a 1.0-m (40-in.) diameter  by 2.3-in, (89-in.) long hydrogen tank. 
I n t e r m i t t e n t  opera t ion  was used t o  mininize t o t a l  pump power input  t o  t h e  
tank. The pump provides forced convection h e a t  exchanger flow a s  well a s  
l i q u i d  temperature d e s t r a t f f i c a t i o n .  Deactuarion and a c t u a t i o n  of vent  and 
pump were con t ro l l ed  by a p re snure  switch. Various l i q u i d  and u l l age  mixing 
modes and mixing flcw d i r e c t i o n s  were t e s t ed .  Liquid mising flow d i r e c t e d  
a t  t h e  l iquid-vapor t n t e r f a c e  was found b e s t  for tank p re s su re  con t ro l  and 
rninjmum vene lo s ses .  S imi la r  tests were conducted i n  1968 by the  Lockheed 
Mfss i les  and Space Company u s h g  a n  i n t e r n a l  mixer and heat exchanger i n  a 
l a r g e r  l~ jd rogen  tank--2.8-m (110-in.) diameter o b l a t e  spheroid--with similar 
r e s u l t s .  These t e s t s  a r e  r epo r t ed  i n  Reference 38. A zero-g thermodynamic 
ven t  system (TVS) using a tank war7-mounted hea t  exchanger was t e s t e d  as a 
p a r t  of a cryogenic f l u i d  s t o r a g e  and expulsion subsystem b u i l t  by 
McDonnell Douglas Astronaut ics  Company i n  1974. This t e s t  program i s  
documented i n  Reference 33. The s p e c i f i c  ob jec t ives  were t o  demonstrate 
(1) both s teady-s ta te  and t r a n s i e n t  opera t ion  of  t he  TVS, (2)  con t ro l  and 
p r e d i c t a b i l i t y  o f  the  vented flow r a t e ,  (3) t h a t  t h e  TVS could p r o v i d e  
coolan t  flow f o r  add i t i ona l  hardware such as f eed l ines  and turbopumps, and 
(4) t he  f a b r i c a b i l i t y  of t h e  wall-mounted h e a t  exchanger subsystem. 

To meet t h e s e  ob jec t ives ,  the 'i'VS was configured wi th  a number of flow- 
con t ro l  o r i f i c e s  i n  p a r a l l e l ,  which gave a vent  f low r a t e  v a r i a b l e  from 
0.09 t o  2.3 kg/hr (0.2 t o  5 l b / h r ) ,  Bypass flow also  was provided f o r  
turbopump o r  f eed l ine  cooling. The TVS hea t  exchanger c o i l s  on the tank were 
configured t o  provide a number of a l t e r n a t e  flow paths ,  It was found that 
succes s fu l  hea t  i n t e r cep t ion  ope ra t ion  of t he  TVS requi red  t h a t  t h e  wall- 
mounted hea t  exchanger li i n s u l a t e d  from the  e x t e r n a l  main tank fluid 
( t o  prevent condensatior and l o s s  of ccol ing  capac i ty ) .  This condi t ion  i s  not  
app l i cab le  t o  the Tug Id S design s i n c e  the  cool ing l i n e s  a r e  a l l  e x t e r n a l  
t o  t h e  main tanks.  

Vent s y s  tern f a b r i c a b i l i t y  was f u l l y  v e r i f i e d .  Both dip-brazing and 
epoxy bonding techniques were used succes s fu l ly .  Vent mass flow rate versus 
p re s su re  drop d a t a  were measured for var ious  o r i f i c e  and flow path combinations. 
Complete hea t  f l u x  intercept3.on was demonstrated during s teady-s ta te  thermal 
c o n t r o l  by m a i n t a i d n g  constant vent flow r a t e  a t  t he  proper  condit ions.  

During t h e  same period, t h e  tank wall-mounted heat  exchanger vent concept 
w a s  evaluated by Loclcheed Miss i l e s  and Space Company. Resu l t s  of t h i s  
experimental program a r e  documented i n  Reference 34. Tes t ing  of LH2, LH2, 
o i l ,  Freon, and water  were conducted using a 0.56-m (22-in.) diameter 
s p h e r i c a l  tank f o r  the noncryogenic f l u i d s .  Test  data were obtained f o r  
va r ious  u l lage  volumes, hea t  loads ,  f l u i d  temperatures,  and vent  flow rates, 
and compared wi th  analytical models. Both t h e  model and t e s t  r e s u l t s  i n d i c a t e  
t h a t  a passive tanlc wall-mourrted hea t  exchaqger can e f f e c t i v e l y  con t ro l  tank 
pressure and p rope l l an t  temperature. 

SR&T OBJECTIVES 

The p r i n c i p a l  ob jec t ive  of this SR&T program i s  to v e r i f y  the  s a t i s f a c t o r y  
ope ra t ion  of t h e  proposed thermodynamic c o n t r o l  concept. S a t i s f a c t i o n  of 



this o b j e c t i v e  w i l l  require thermal-vacuwn t e s t  o f  a prototype system 
inc lud ing  thermally r e p r e s e n t a t i v e  segments of  t h e  e n t i r e  APS. Thermal 
i n t e r a c t i o n s  between t h e  zero-g r e s e r v o i r ,  pump, accumulator,  t h r u s t e r s ,  and 
in te rconnec t ing  m-n i fo lds  w i l l  have a s t r o n g  in f luence  on i n d i v i d u a l  
component and system performance and must b e  v e r i f i e d  experimental ly .  The 
r e s t  s e tup  w i l l  use pro to type  hardware a v a i l a b l e  from the  previous component 
SR&T programs. S a t i s f a c t o r y  temperature,  p r e s su re ,  and flow rate c o n t r o l  must 
be demonstrated f o r  bo th  t r a n s i e n t  and s t eady - s t a t e  t h r u s t e r  opera t ion .  
System a c t i v a t i o n  and deac t iva t ion  using r e p r e s e n t a t i v e  on-orbit  sequences 
will be simulated. Techniques f o r  improving system performance and reducing 
coolant  consumption w i l l  be i d e n t i f i e d  and experimental ly  eva lua ted .  
S a t i s f a c t o r y  c o n t r o l  o f  t h e  t h r u s t e r  p rope l l an t  ill.J.et condi t ior ls  within t h e  
requi red  l i m i t s  a s  s p e c i f i c  i n  Sec t ion  9 w i l l  be dzmonstrated, 

KEY TECHNOLOGY ISSUES 

Because of t h e  c r i t i c a l i t y  o f  weight and r e l i a b i l i t y ,  thermodynamic 
c o n t r o l  of  the proposed IAPS relies heav i ly  an pas s ive  design techniques.  
Mul t i l ayer  i n s u l a t i o n  and low-conductivity supports are used t o  min5,mize 
tankage and f eed l ine  hea t  l e aks .  S e r i e s  flow coolan t  c o i l s  wi th  only two 
on-off flow cont ro l  valves and one v a r i a b l e  power heater are used both t o  
r e j e c t  t h e  hea t  load  and t o  c o n t r o l  a l l  16 t h r u s t e r  p r o p e l l a n t  i n l e t  
temperatures f o r  both t h e  LOX and LH2 s t o r a g e  and feed systems,  Pass ive  tank 
wall-mounted cool ing c o i l s  are employed f o r  thermally condi t ion ing  the  
p rope l l an t  tanks r a t h e r  than  a c t i v e  bulk mixers and i n t e r n a l  hea t  exchangers. 
Thus, system temperatures and p r o p e l l a n t  thermodynamic s t a r e  throughout: the 
IAPS w i l l  depend on t h e  balance of hea t  leak d i s t r i b u t i o n s  and conduction 
paths  between the p r o p e l l a n t  and cool ing  f l u i d .  

S a t i s f a c t o r y  t h r u s t e r ,  pump, and c a p i l l a r y  system temperature requi re -  
ments can be  assured by c o n t r o l l i n g  t o  t h e  warmest al lowable measured 
temperature. E f f i c i e n t  use of the eappendab1e coolan t ,  however, w i l l  depend 
on minimizing the  s p e c i a l  v a r i a t i o n  i n  propel.1ant: temperatures  by proper 
design and a l l o c a t i o n  of the system thenaa l  r e s i s t a n c e s .  hna2yt fca l  
p r ed i c t i ons  w i l l  r e q u i r e  experimental  v e r i f i c a t i o n ,  It is expected t h a t  
design modi f ica t ions  such as i n c r e s s t n g  o r  decreas ing  the spsc ing  of cool ing  
tuhe saddlebLocks o r  rerouting t ank  wnll-mounted c o i l s  w i l l  be r equ i r ed  as t he  
r e s u l t  of t h i s  t e s t i n g .  It is  t h e s e  adjustments and subsequent v e r i f i c a t i o n  
of e f f i c i e n t  and proper  system temperature  c o n t r o l  that is t h e  key i s s u e  of 
this SR&T program. 

TESTING APPROACH 

SR&T requirements for t h e  thermodynamic c o n t r o l  system will b e  s a t i s f i e d  
by thermal-vacuum t e s t i n g  of a pro to type  system inc lud ing  thermally representa-  
t i v e  semgnets of both the LOX and LB2 por t i ons  of the  e n t i r e  IAPS. The test 
specimen will i nc lude  t h e  zero-g r e s e r v o i r ,  pump, accumulator,  a single 
t h r u s t e r ,  aad a segment of t he  i n t e r connec t ing  manifold and cooling l i n e s ,  
Prototype hardware from the previous SR&T programs w i l l  be used where ava i l ab l e .  
The system w i l l  b e  i n s t a l l e d  i n  a vacuum chamber and t e s t e d  a t  a?proximately 
0.133 IG/cm2 (10-5 t o r t )  to as su re  i n s u l a t i o n  performance r e p r e s e n t a t i v e  of  
a space envir0nmer.t. Th rus t e r  exhaust  w i l l  be  t o  s e a  l e v a 1  p re s su re  



The test apparatus w211 be designed f o r  ease i n  varying cooling co i l  
routing, attachment loca t ion ,  and saddleblock spacing, The t e s t  sequence 
~ r i l . 3 .  EoXlow a representa t ive  Tug operational p r o f i l e  i nc lud ing  i n i t i a l  LAPS 
ac t iva t ion  en-orbit,  system chilldown, r e se rvo i r  vent r e f i l l ,  a t t i t u d e  cont ro l  
pulsing, APS delta veloci ty maneuver, quiescent . ,*st, and system 
deactivatfon and safing.  System pressures,  te;.. ' ~ s u r e s ,  axtd flow r a t e s  w i l l  
be measured a ~ ~ d  t h e  thermal cont ro l  system modiffel as required t o  meet 
temperature requirements and minimize hydrogen coolant consumption. Although 
not  a prime ob jec t ive  of this SR&T program, insulation performance w i l l  be 
monitored and po ten t i a l  improvements such as  add i t iona l  coverage o r  b e t t e r  
design of penetrat ions o r  joints w i l l  b e  considered. 

ACCEPTABILITY CRITERf A 

SR&T t e s t i i lg  and analys is  of the IAPS thermodynamic con t ro l  system must 
demonstrate proper propel lan t  temperature contro l  as required by t h e  th rus te r s ,  
feed pump, and zero-g rese rvo i r  capillary devices. These requfrements are 
specified i n  Section 9 .  Hydrogen coolant corrsu~nption i n  excess of 50 percent 
above that predicted w i l l  requi re  re-eval~&ition of the IAPS at  a system l e v e l .  



INTEGRATED SYSTEM PRELIMINARY DESIGN ANALYSES 

The IAPS preliminary design is  def ined  i n  terms of requirements and 
primary c h a r a c t e r i s t i c s  i n  Sec t ion  9 ( In tegra ted  System Preliminary Design 
Spec i f i ca t ion ) .  Addit ional  d e s c r i p t i v e  information,  supplementary t o  t he  
prel iminary design d e f i n i t i o n ,  i s  contained i n  Sec t ions  5.2 and 5.3 in 
discussions of Concept 1-5. Most of those d i scuss ions  are app l i cab le ,  
except where changes were introduced during prel iminary design.  To provide 
des ign  change t r a c e a b i l i t y ,  t h i s  s e c t i o n  summarizes those  changes. Subsequent 
s e c t i o n s  present  design ana lyses  for t h e  p r i n c i p a l  i s s u e s  resolved i n  
prel iminary design.  

11.1 PRELIMINARY DESIGN CHANGE SUMMARY 

The changes r e s u l t i n g  from prel iminary des ign  caused a substantial 
payload performance increase:  40 kg (88 l b )  and 185 kg (408 l b )  f o r  Mission 
P r o f i l e s  A and B, r e spec t ive ly .  I n  Mission P r o f i l e  B,  most of t h f s  was due 
t o  t h e  e f f e c r i v e  s p e c i f i c  impulse ga in  occasioned by the change t o  a zero 
c a n t  angle. For Mission P ro f i l e  A, this effect w a s  less important ,  t he  
system dry weight reduct ion of 1 8  kg (41  lb) being t h e  p r i n c i p a l  cont r ibu tor ,  
With respect: t o  e a r l i e r  (conceptual phase) comparison with s t o r a b l e s ,  t he  
r e l a t i v e  ;:.>sition of t he  IAPS was enhanced; however, the cant angle  change 
and possibly most of t h e  va lve  weight reduct ions  apply equa l ly  t o  t h e  
s t o r a b l e s ,  For t h i s  reason, t h e  conceptual  phase comparisons are t o  be 
considered the only v a l i d  ones made on a common b a s i s .  It can be noted, 
however, t h a t  the cant  angle  change has the  g r e a t e s t  favorable  impact on t h e  
IAPS i n  Mission P r o f i l e  B, which cannot be performed by t h e  s t o r a b l e  systems. 

Processlmechanical diaeram changes were a s  follows: 

1. The hydrogen bleed tapoff  was moved from t h e  high-pressure feed l i n e  
t o  t he  low-pressure r e s e r v o i r  o u t l e t .  This improves thermal 
performance, reduces the pressure  r a t i o  of t h e  Jou le  Thompson 
expander, and minimizes t h e  s i z e  of t h e  hydrogen accumulator. This 
change also requires t he  bleed circutt shutof f  va lves  t o  ac t  as 
ascent i s o l a t i o n  valves.  

2. The oxygen accumulator pressure  v e s s e l  w a l l  was determined t o  be a t  
minimum gauge a t  t h e  p re s su re  corresponding t o  i ts  gas a t  ambient 
temperature. To e l imina te  components and s impl i fy  a c t i v a t i o n ,  t he  
unit i s  provided wi th  a ground se rv i c ing  (ambient) helium disconnect  
with a c losure  manually sea led  a f t e r  loading.  
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3. For prel iminary design purposes,  t h e  f u e l  cel l -suppl ied power opt ion  
was se l ec t ed .  The battery-powered opt ion  is  s t i l l  a competit ive 
a l t e r n a t e  t o  be  considered i n  Tug Phase B. 

4. An a d d i t i o n a l  high flow rate J T  expander and shutoff  valve was 
added i n  p a r a l l e l  t o  t h e  normal flow expander. This p a r a l l e l  path 
is required t o  accommodate the t r a n s i e n t  chilldown hea t  load p r i o r  
t o  IAPS a c t i v a t i o n .  

The conceptual phase solenoid va lve  weights  were c6nservat ively e s t i m t e d .  
I n  prel iminary design, these were eedefined and reduced according t o  t h e  
fol lowing c r i t e r i a :  

Reservoir pressure  valves 0.36 kg (0.8 lb) 

Feed pressure  va lves  0.45 kg (1.0 lb)  

MPS helium pressure  valve 0.5!+. kg (1.2 l b )  

The a d d i t i o n a l  weight changes r e s u l t i n g  from prel iminary design refinements 
a r e  l i s t e d  i n  Table 11-1. The t o t a l  of a l l  ref inements  r e a u l t s  i n  a  weight 
decrease  of 18.5 kg (40.9 l b ) .  

I n  accordance wi th  conceptual phase  conclusion^ and recommendations, t h e  
TAPS t h r u s t e r  quad was moved t o  t h e  Tug a f t  s k i r t  from the  base l ine  midship 
loca t ion .  T h i s  change involves v e h i c l e  i n t e g r a t i o n  aspec ts  too ex tens ive  t o  
be resolved within t h e  scope of t h i s  subsystem study.  LOX tank diameter and 
shape, primary s t r u c t u r e  ( p a r t i c u l a r l y  t h e  a f t  docking r i n g ) ,  and the  Orb i t e r  
attachment are a l l  involved. S ince  the  n e c e s s i t y  !.or t h f s  change app l i e s  t o  
both s t o r a b l e  and in t eg ra t ed  APS, t h e  r e s u l t i n g  veIi ic le  imcact is of no 
consequence t o  t he  APS concept comparisons of t h i s  study. A design s o l u t i o n  
app l i cab le  t o  t h i s  charip,e has been worked out  wi th  acceptable  r e s u l t s  f o r  an 
e a r l i e r  vehicle ve r s ion  with even l a r g e r  main tanks  (Reference 39). The 
s o l u t i o n  involves a  tapered a f t  o u t e r  s h e l l  and i s  shown i n  Figure 11-1. 

11,2 PUMP TYPE SELECTION 

T c  f u r t h e r  the  design a n a l y s i s  of t h e  conceptual  phase, (Section 5.3) 
prel iminary design phase a c t i v i t y  centered on making a choi-e between vane 
and r ec ip roca t ing  pumps. Data rece ived  from Sundstrand Corporation covered 
both types. P a r t  of t hese  d a t a  a r e  presented i n  Figures  9-10, 11-2, and 11-3, 
and i n  Table 11-2, where prel iminary des igns  and c h a r a c t e r i s t i c s  of both types 
of ox id i ze r  and f u e l  pumps a r e  presented.  Although consideraLle engineering,  
mostly by Sundstrand, ha s  been accamplished s u b s t a n t i a l l y  more design 
development and t e s t  d a t a  a r e  necessary t o  make a f i r m  evaluat ion.  Based on 
the  l imi t ed  information developed, a pump type s e l e c t i o n  f o r  the prel iminary 
design purposes of this study was made and 2s descr ibed i n  t h i s  s ec t ion .  
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Table 11-1. 

F i l l  and Drain 
LOX and Lf12 Drain Valves 
Ilct Fill Disconnect - LOX 
IIe Rupture Disc - 1,flX 

Pressurizaticq 
Ile Isolation Valve - LOX 
He Isolation Valve - UI2 
Pressurization Switch - LOX 

Propellant Control 
1-OX Tank Capil lary Device 
LR2 Tank C a p i l l a r y  Devl. e 
LH2 Bleed Return Solenoid 
LH2 Low Uleed Sllutoff Valve 
LH2 Low Bleed Expander 
LB2 fiigh D l e e d  Shdtclff Valve 
LH2 High Dleed E x p a n d e r  

Propellant Feed 
LOX Reservoir 
LH2 hescrvoir 
LOX/Ltlp System IS0 Valves 
LOX/Lt12 l!uad 1.50 V a l v e s  
LOX Pump and Drive 
LH2 Pump a n d  Drive 
LOX Accumulator/Bellows 
L1i2 h c c a m u l a t o r / B e 1 l o w s  
LOX/LI12 Relief Solenoids 
LOX/LH2 Relief Orifices 

Overboard Vent ' LOX 11, VenL Valve 1 
L0X/L112 Vent Solenotds 

Toea1 

Table 11-3 summarizes eva lua t ion  information on four pump types--one vane 
and t h r e e  rec iproca t ing .  The Type 4 pump, a nonboosted r e c i p r o c a t i n g  pump, 
i s  s l i g h t l y  heavier but has a l l  the advantages of proven servfce since many 
s i m i l a r  u n i t s  are i n  succes s fu l  f i e l d  use (AIRCO u n i t s )  However, t h e s e  all 
r e q u i r e  1.5 ~ / c r n ~  (2 p s i )  NPSP suc t ion  condi t ions  and the zero NPSP requirement 
f o r  this a p p l i c a t i o n  probably cannot he  met a t  any reasonable  speed and weight. 

1 5 - 2 / W S  Weight: Comparison 

Types 2 and 3 are both boosted reciprocating pumps. Type 2 is a high- 
speed (3000 rpm) Sundstrand pump concept runnirLg at: t he  speed chosen f o r  the 
inducer  which provides  1.6/0.75 IWSP (ox id i ze r / fue l ) .  Experience with AIRCO 
ground service u n i t s  i s  that: above 800 rpm more than 1.4 ~ / c r n ~  (2  p s i )  NPSP 
i s  r equ i r ed  f o r  hydrogen and t h e  peak speed attained at  high NPSP has been 
1200 rpm. A t  tha t  high speed, the AIRCO pumps lose volumetr ic  e f f i c i e n c y  bu t  
have not experienced cavitation damage, It i s  poss ib l e ,  however, t h a t  a 
des ign  e f f o r t  t o  increase suc t ion  s p e c i f i c  speed could r e s u l t  i n  a succes s fu l  
high-speed u n i t  at: the boost ph':essures chosen. If unsuccess fu l ,  Type 3 

PXECT:DTNG PAGE RTANR NOT FITXRD 

Delta Wei8lrt 
kg ( l b )  ID 

Iht'S Weight 
( l b )  

. . 
c!ty 

15-2 Weight 
kg (lb) 



Figure 11-2. Liquid Oxygen Motor-Driven Vane Pump 

w- - 0.06 

I 

Figure 11-3. L i q u i d  Hydrogen Motor-Driven Vane Pump 
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Table 11-2. Candidate Pump Characteristics 

could be considered an alternate proposzl. The Type 3 piston stage is geared 
down from the inducer shaft to the speed range of AIRCO experience. The 
lightweight motor and reasonable size inducer features of Type 2, which 
follows from their high shaft speed, is retained in the proposed Type 3 
concept. 

Rctlui rtinc~~ts: 

rlor; rctte, r.lJ/sec (gpm) 

licad rise, r: (Et) 

F1uit.i output; power, kv 
( 1 1 ~ )  

NPSI' 

Vapor capacity, i: 

Chara~ terist ics  

Boost stage 

Head rise ,  K / m 2  
( p s i )  

f f f i c i ency ,  Z 

Punip s tage  

Type I is a boosted vane pump. It is still considered competitive but is 
not selected for two reasons. First, its ability to pump without excessive 
leakage is unknown. In fact ,  the only, limited experimental program on a 
much larger hydrogen unit: yielded seriously low volumetric efficiency due to 
high leakage. For this application, the unit is smaller and that introduces 
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Table 11-3. Pump Selec t ion  Basis 

NMP w r t  (O 9 IDI 

- .  
IKIROCATING 

l W R b  VANE 

Q, 
0 QI B, 

HIGH $Kt0 =TED L W  SKB, -TED ICm SAED WKW3ITED 

L S U F l s m ~  - 
KX)ST STAGE TYR AXIL FLCW IN.IOUCI NOM 

WIVE 
?UMt STAGE SOD am 

OlRKT - GClJltO -- 
suwmuuu 

IHUT PLOW C ~ M C A ~ ~ L I P ~  uuo WBH, m s  VAW) movm 
WTUf FLUID CEIMPATIYLIW NOHCULSATING 
NMP STAGE i OLUMtnK EFFICIENCY 

U N I m  -ONLY 
mca mn UNKCEF 
T A W .  ICW mu1 
Mat  - C O I  
TYS AI)UtAnw 

IUGnllt Rm I)UII 
C U l N l  MKllCl 

fYWIt W E  #IYOIIm 
m a  M DATA Haw 

r O X Y ~  smw CWPA~YLIPI WNOWN - VWC 
kUTEnIlL M IIIM 

YleHLHKMCOli.UXIW 
L I L N G M N ?  Molt #mCULT 

4 
KCmUU 

SHlilUALtCWWlD 0 

6 W W  WIGHT 
OrnGtN 4.b H.0 
W M i t N  7.1 11.0 
TOTAL 11.7 1m.4 n.0 w.0 
DICtAfIOM mRO VAHL 0 ' h1.7 t W . 5  t10.J - 

introduces an aggravating s c a l e  effect--the severa l  leak paths of a vane 
pump are an even l a rge r  proportion of t h e  displacement than on the u n i t  
tested.  Second, the vane mater ia ls  f o r  high-velocity rubbing s e a l  surfaces 
vhich are compatible with oxygen safety hazard standards are evidently not 
among those known t o  be best  for the  funct ional  requirement. 

On the t s a i s  of t h i s  evaluat ion,  the Type 2 high-speed, boosted recipro- 
ca t ing  pump i s  selected f o r  preliminary design. 

11.3 RELIABILITY LL?JALYSES 

SHUTTLE DOCKING 

The safety c r i t e r i o n  is  t h a t  nw single-point f a i l u r e  shall. a f f e c t  sa fe ty  
of Orbiter-Tug docking ( f a i l  safe) .  I n  the case of the  APS, it  is asstlmed 
thaL this requires capability t o  hold a t t i t u d e  long enough to  complete the  



ope ra t ion  or  enable  the Orb i t e r  t o  be  maneuvered t o  a s a f e ' d i s t a n c e .  This  
c r i t e r i o n  a l s o  impl ies  t h a t  t h e r e  w i l l .  be no uncontrol led APS t h r u s t .  

In  the APS, on ly  two elements,  t h e  pump and the accumulacor, r ep re sen t  
s ing le-poin t  f a i l u r e s  i n  t h i s  category.  If a pump fa i lure  occurs ,  the 
accumulator provides an opera t ion  completion backup s i n c e  a r e f i l l  i s  
commanded j u s t  prior t o  docking and i t  ci ic tains  s u f f i c i e n t  p rope l l an t ,  
Failure of an accumulator i s  considered i n  t h i s  s e c t i o n  and a l s o  is found 
t o  b e  f a i l - s a fe  i n  t h i s  context ,  

H e l i u m  leakage from an accumulator bellows rup tu re  can a l t e r  the APS 
t h r u s t  c h a r a c t e r i s t i c s  s u f f i c i e n t l y  t o  make Tug recovery by t h e  Orb i t e r  
p o t e n t i a l l y  unsafe. The degree of t h e  hazard caused by the  helium contamina- 
t i o n  of propel lan t  is not y e t  def ined  and should b e  inves t iga t ed  further. 
Even though a bellows rupture  is  h ighly  un l ike ly ,  t h e  bellows arc moving 
components and single-point f a i l u r e  elements. Fa l l - s a fe  accommodations 
should therefore  be  provided. 

RecvlTcry involves the ha l f  hour of T . P  rfeval opera t ions  preceeding APS 
deactivation and manipulator attachment;, , ' a i l - sa fe  design must provide 
enough propel lan t  t o  s t a b i l i z e  t h e  Tug a t t i t u d e  t o  f 0.5 deg i n  a l l  axes 
during this half-hour period. 

Any of four  Tug conf igura t ions  can e x i s t  during recovery: f u l l  o r  empty 
of p rope l l an t s ,  and wi th  o r  without a payload, A comparison of the configura- 
tions shows that the worst c a s e  of p rope l l an t  usage exists when the Tug is 
empty of q r o p z l l ~ n t s  and has no payload. Using moment-of-inertia va lues  of 
7400 kg-m (5462 s lug- f t2)  and 27400 kg-rn2 (22021 s lug- f t2)  f o r  r o l l  and 
p i t c h  o r  yaw, r e spec t ive ly ,  and a minimum b i t  s ize  of 2.22 N-sec (0.5 lb-sec) ,  
the propellant needed f o r  s t a b i l i z a t i o n  f s  approximately 0.113 kg (0,250 lb). 

E i t h n r  the LOX o r  the LH2 accumulator bellows may f a i l ;  however, s ince  
t h e  volume i s  the  same i n  each l i n e  and the hydrogen flow v e l o c i t y  is  g r e a t e r ,  
t he  hydrogen l i n e  w i l l  pass t h e  l eak ing  helium t o  the  t h r u s t e r s  f i r s t .  The 
l ine  segments t h a t  a r e  common t o  a l l  t h r u s t e r s  hold a t o t a l  of approximately 
0.022 kg (0.048 l b )  of propel lan t .  

The most s t ra ight forward  sol-ut ion,  and the  one tha t  i s  s e l e c t e d ,  i s  t o  
i n c r e a s e  the l i n e  capac i ty  past t h e  accumulators s o  t h a t  they always  hold t h e  
r equ i r ed  amount of propel lan t  i n  ready. This i s  accomplished by adding a sec t ion  
of l i n e  of l a r g e r  diameter with c a p i l l a r y  provis ions  as necessary t o  retard 
helium imigrat ion t o  t he  t h r u s t e r s  during t h e  s h o r t  ope ra t iona l  per iod 
involved. 

To provide the half-hour of a t t i t u d e  c o n t r o l  p rope l l an t  f o r  t h e  most 
demanding Tug conf igura t ion ,  0.085 kg (0.188 l b )  of LOX i s  needed i n  the 
l iners .  The hydrogen needed f o r  a t t i t u d e  con t ro l  i s  ,029 kg (.063 lb). 



ACCUMULATOR FAILURE RATE PREDICTION 

During the conceptual phase, the accumulators were identified as items to 
be subjected to SR&T to improve their reliability. Subsequent preliminary 
,tesign activity revealed that the SRtT approach is unnecessary and reliability 
goals zre attainable as a result of design improvements. 

The principal design improvement was to eliminate all static seals in 
:he assembly and utilize an all-welded design (Figures 9-10 and 9-11). This 
eliminated the predominate failure mode of the conceptual phase--leakage over 
the 168-hour mission. 

The only other failure mode to be assessed for the accumulators is 
bellows rupture as a fatigue failure. The required operating life of the 
bellows is 150 cycles per mission with replacement after 10 missions. 
Investigation of industry practice relative to assessing and demonstrating 
reliability for applications similar to this one resulted in the conclusion 
that a failure rate goal of one per million cycles was reasonably attainable 
withont SR&T improvements or demonstration. Demonstration of this reliability 
can be deferred until the component qualification program of Tug Phase C and 
then be accomplished by an engineering evaluation test at four times design 
operating life. 

This appraisal is briefly supported by the following. Small, 7.6 cm 
(3-in.) diameter bellows in conunercial service for vacuum pumps frequently 
demonstrate 3 billion cycles without a failure. These units are manufactured 
by Metal Bellows Co. and are a welded, as opposed to formed, type of bellows. 
In this application, the bellows is subjected to a moderate differential 
pressure and is therefore similar to the accumulator bellows in that the 
stress level is predominately due to extension/contraction deflection as in a 
spring. Metal Bellows Co. is currently developing bellows of this welded 
type for t h e  Space Shuttle Orbiter ECS. 

At cryogenic temperatures, as for application here, both metallurgical 
and component tes t  data indicate that the fatigue limits are higher with the 
CRES materials of interest. The Rockwell Rocketdyne Division practice in 
testing engine cryogenic feed line bellows flex joints (applications involving 
internal pressure with limited deflection) is to conduct them at the more 
severe condition of room temperature, Data reported by Battelle (Reference 40) 
show the endurance life (flexing to failure) of t e s t  coupons is four times 
better at LN2 temperatures than at ambient and is 15 times better at LH2 
temperature. 

The approach recommended involves an engineering evaluation of the bellows 
insteal of a statistical reliability demonstrntion. The design is to account 
for the fatigue properties of the material by holding operating stress levels 
to an appropriate l o w  value. This is the approach taken by Rocketdyne on the 
Shuttle main engine line bellows where the cycle life requirement Is higher 
than for previous expendibi,e engine programs. They have tested units designed 
to 4000 maximum deflection cycles to 16,000 cycles without a failure, thus 
meeting proaram demonstration test requirements. It is considered that Tug 
requirements arc similar and therefore the same approach is warranted. 
Puls ing flow influence on bellows stress levels and life is a consideration 
that is yet to be investigated. 



1 1 4  HEAT LOAD VARIATION SENSITIVITY 

The design and performance of t h e  IAPS thermodynamic c o n t r o l  system 
depends on t h e  e f f ec t iveness  of  t h e  thermal i s o l a t i o n  system. An inc rease  i n  
heat load,  f o r  example, w i l l  r e q u i r e  an inc rease  i n  LH2 bleed consumption 
and a corresponuing increase  i n  t he  capac i ty  of t h e  LHz zero-g reservoir. 

The combined performance of the i n su l a t ion  and low conduct iv i ty  suppor ts  
can be  expressed i n  terms of e f f e c t i v e  en i t t ance ,  r .  A review of t h e  l i t e r a -  
t u r e  as well  a s  thermal-vacuum t e s t i n g  of a Rockwell-built cryogenic r a d i a t o r  
(Reference 41) i n d i c a t e  t h a t  an  e f f e c t i v e  emittance value  of approximately 
0.006 i s  r ep resen ta t ive  of c u r r e n t  technology. It  i s  a n t i c i p a t e d ,  however, 
that fu tu re  improvements i n  ploymeric metal iz ing processes  and mul t i layer  
i n s u l a t i o n  layup and i n s t a l l a t i o n  techniques can reduce e f f e c t i v e  emit tance 
l e v e l s  to  approximately 0.002 by 1978. This l eve l  has a l r eady  been demon- 
s t r a t e d  i n  the  l abo ra to ry  on ca lometr ic  t e s t  tanks.  

I n  the event  t h a t  the  predic ted  in su la t ion  improvements a r e  no t  
r e a l i z e d  i n  t i m e  t o  support t h e  Tug veh ic l e  program, a weight s e n s i t i v i t y  
a n a l y s i s  i s  presented  i n  Figure 11-4. The a d d i t i o n a l  weight incur red  by an  
inc rease  i n  LH2 bleed experiditure and zero-g r e s e r v o i r  capac i ty  i s  presented,  
i n  terms of Tug payload weibht pena l ty ,  a s  a func t ion  of i n s u l a t i o n  system 
e f f e c t i v e  emit tance,  As can be seen, use of cu r r en t  i n s u l a t i o n  would r e s u l t  
i n  approximately a 35-kg (73-lb: l a s s  i n  Tug payload c a p a b i l i t y  as compared 
t o  t h e  use of i n s u l a t i o n  providfng performance a t  t h e  level projec ted  f o r  
1978. 

INSULATION SYSTEM EFFKTlVE EMITTANCE, Z 

Figure 11-4. Tug Payload S e n s i t i v i t y  t o  APS I n s u l a t i o n  Performance 



12. CONCLUSIONS AND RECOMMENDATIONS 

The s tudy object ive-- to  evolve a promising Tug a u x i l i a r y  propuls ion  
system using t h e  l i q u i d - l i q u i d  O/H concept--was achieved. The s e l e c t e d  
concept ,  an i n t e g r a t e d  design which uses  the main tanks a s  t h e  prop- 
p e l l a n t  source,  has s eve ra l  s u p e r i o r  ~ t t r i b u t e s  which arise only  because 
3 t  i s  in tegra ted .  Since no o t h e r  compet i t ive i n t e g r a t e d  concepts  f o r  Tug 
now e x i s t  and s i n c e  these a t t r i b u t e s  a r e  extremely b e n e f i c i a l  t o  t h e  Tug 
program as w e l l  a s  t o  Tug f u n c t i o n a l  c a p a b i l i t y ,  t h e  continued development of 
t h e  concept is recommended. The next phase of development r e q u i r e s  
experimental  a c t i v i t y .  To tha t  end, a technology development plan w i t h  
s p e c i f i c  goals  and approaches has been prepared. 

Tug Perf  ormnce 

Significant !usions regarding the performance of a Tug v e h i c l e  
incorpora t ing  t h c  ,cgenic i n t e g r a t e d  a u x i l i a r y  propuls ion system are 
summarized as f o l l c  xe : 

1. Basic payload performance on t h e  s tudy re fe rence  mission ( t r i p l e  
payload deployment) is  approximately 5-percent supe r io r  t o  
dedicated systems when t h e  mission p r o f i l e  involves  t h e  main 
engine for a l l  small  veq3ci ty  maneuvers w.4.thin i t s  c a p a b i l i t y  
(Mission A p r o f i l e )  . 

2. For the mission p r o f i l e  which r ep l aces  s i x  of t h e  main engine smal l  
v e l o c i t y  maneuvers wi th  U S  maneuvers (Mission B p r o f i l e  ) only  
the  i n t eg ra t ed  system r e t a i n s  adequate payload c a p a b i l i t y .  I ts 
payload decrement from t h e  A t o  t h e  B p r o f i l e  i s  only 8 percent .  
This makes the B p r o f i l e  a v i a b l e  one for f l i g h t s  t h a t  a r e  n o t  
payload-limited. 

3. For most main engine f a i l u r e s  which do n o t  r e s u l t  i n  p rope l l an t  l o s s ,  
the  i n t eg ra t ed  APS can be used f o r  a b o r t  r e t u r n  t o  t h e  Shu t t l e .  
This c a p a b i l i t y  e x i s t s  f o r  recovery of t h e  Tug i n  i ts  liftoff 
conf igura t ion  (with payload, i f  p r e sen t )  f o r  up t o  60 percent  of 
the main engine d u t y  cycle. 

4. Since t h e  APS and PIPS prope l l an t  is s t o r e d  i n  common tanks, t h e  
p rope l l an t  a l l o c a t i o n s  a r e  interchangeable .  This  permits ,  without  
veh i c l e  change, t h e  accommodation of missfons r equ i r ing  high APS 
impulse--up t o  a va lue  l i m i t e d  only by MPS t ank  capac i ty  a;ld t h e  
lower (86 percent)  specific impulse of t h e  AF'S t h r u s t e r s .  
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5. The r e l i a b i l i t y  goa l  of 0.996 apport ioned t o  t he  APS is  achievable 
by e i t h e r  an in t eg ra t ed  o r  dedicated cryogenic system. Inherent  
r e l i a b i l i t j  is  g r e a t e s t  f o r  t he  i n t e g r a t e d  system because of 
component commonality w i t h  t h e  MPS f o r  func t ions  such as overboard 
vent ing  and ground loading,  

6. The use of an A P S  u l l age  ( s e t t l i n g )  maneuver p r i o r  t o  main engine 
s t a r t  does not pena l ize  Tug payload performance s ince  the  cryogenic 
A P S  s p e c i f i c  impulse i s  higher  than t h e  main engine tank head i d l e  
mode. This is most a d ~ a r ~ t a g e o u s  s i n c e  o t h e r  main engine s t a r t  
op t ions  a r e  no t  yet  proven. 

Tug Impacts 

Tug v e h i c l e  and program impacts r e s u l t i n g  from incorporat ion of t h e  
se lec ted  integrated APS are, i n  sum, beneficial. To summarize, they are: 

1. A relatively high DDT&E c o s t  - $12.6 2 

2. A higher  load ( increased by 0.85 kw) and duty cycle  ( increased by 
0.85 kw h r  - Mission A and 3 . 9  kw hr - Mission 3) for  the Tug power 
system. An APS dedicated b a t t e r y  o r  h igher  power l e v e l  f u e l  c e l l s  
a r e  required.  

3. The opportuni ty e x i s t s  t o  reduce the main engine development t e s t  
plan by 150 t e s t s  s i n c e  main engine c r i t i c a l i t y  i s  reduced by t h e  
presence of APS backup c a p a b i l i t y .  This  would r e s u l t  i n  a program 
DDT&E cos t  saving of $ 3 . 6  R. 

4. A P S  s e t t l i n g  f o r  main engine s t a r t  e l imina te s  the need t o  develop 
e i t h e r  a main tank s t a r t  basket  o r  a main engine tank head i d l e  
mode s e l f - s e t t l i n g  capab i l i t y .  The s t a r t  basket  i s  estimated t o  be 
the most inexpensive uf t h e  two a l t e r n a t i v e s  a t  a DDT&E c o s t  of 
$0.32 fib For either APS sett1:lng o r  t he  s t a r t  basket choice, t he  
main engine development e f f o r t  i s  s u b s t a n t i a l l y  reduced, but  t h e  
c o s t  saving has no t  been estimated. 

5. The c a p a b i l i t y  of the se l ec t ed  APS permits  e l iminat ion of the 
pumped i d l e  mode i n  t h e  main engine with neg l ig ib l e  rehicle  perfor-  
mance penalty.  An engine DDT&E cost saving of $2.83 8 would 
r e s u l t .  

6. The opportuni ty t o  use  the t i i s s ion  I3 p r o f i l e  a t  92 percent  of 
maxlmum payload i s  est imated t o  app ly  t o  100 of the 243 planned 
f l i g h t s .  The r e s u l t i n g  e l imina t ion  of 5 ou t  o f  11 main engine rota-  
t i n g  s t a r t s  p e r  mission would save $0.9 i n  main engine overhaul 
c o s t s  a t  n e g l i g i b l e  i nc rease  i n  HS maintenance cost .  

7 .  APS backup of the main engine over 243 planned f l i g h t s  r e s u l t s  i n  a 
statistically predic ted  savings f o r  otherwise l o s t  Tug vehicles and 
payloads equivalent to  $18.7 'Fi. 



Auxi l ia ry  Propulsion Design 

P r i n c i p a l  conclusions regarding the design of t h e  in t eg ra t ed  l iqu id-  
l i q u i d  O/H c.oncepr a r e  summarized as follows: 

1. An MS prope l l an t  r e s e r v o i r  t o  provide f o r  p rope l l an t  a c q u i s i t i o n  
during zero gravi ty  is  necessary. The b e s t  design i s  one which i s  
r e f i l l e d  on demand during ETPS o r  MS v e l o c i t y  maneuvers. For zero-g 
cont ra1  of propel lant  i n  t h e  r e se rvo i r ,  a c a p i l l a r y  device  is 
e s s e n t i a l  f o r  adequate performance and func t iona l  flexibility. 

2. In order  t o  make maximum use of the a t t r i b u t e s  of an in t eg ra t ed  
U S ,  pump feed  r a t h e r  t h a t  pressure  feed is  required.  Unlike the  
pressure  feed  system, t h e  pumped system des ign  and weight i s  
unaffected by total impulse r a t i ng .  

3 .  Redundant pumps are not required.  Since the pump duty  cyc l e  is  low, 
probable f a i l u r e  rates do n o t  s i g n i f i c a n t l y  affect t h e  system mission 
success  goa l .  Although t h e  pumps are s ingle-poin t  f a i l u r e  elements,  
the u s e  of downstream nccumnulators a l lows  for safe cont inua t ion  of 
Shu t t l e  docking a f t e r  a  pump f a i l u r e .  S imi l a r ly ,  an accumulator 
f a i l u r e  p e r m i t s  pump-only continuation of docking, 

4. The very low flow r a t e  r equ i r ed  l eads  t~ t h e  preference  f o r  p o s i t i v e  
displacement pumps i n  order to  hold machine speeds to p r a c t i c a l  
l e v e l s  and y e t  maximize e f f i c i ency .  No e x i s t i n g  f u l l y  developed 
f l ight-weight  pumps meet t h e  requirements even wi th  modificntion. 
EIowever, t h e  development of e i t h e r  p i s t o n  or  balanced vane type of 
pumps i s  considered r e a d i l y  achievable  f o r  t h e  app l i ca t ion .  

5. Thermal c o n t r o l  f o r  a l l  cryogenic elef ients  of t h e  system is bes t  
accomplished by an a c t i v e  system using hydrogen bleed a s  the  
coolant ,  

6. The t h r u s t e r  design point: is s e n s i t i v e  t o  t h e  predic ted  t l l ru s t e r  
s p e c i f i c  impulse v a r i a t i o n  wi th  mixture r a t i o  and chamber pressure.  
Based on the  da ta  developed i n  this study,  the se l ec t ed  t h r u s t e r  
design p o i n t  is: 

Thrust - 111 N (25 lb) 

Chamber pressure  - 103 14/crn2 (150 psia) 

Nominal mixture r a t i o  - 3 

Abort mode mixture rat io - 5.6 (aft engines)  

Area ratio - 200 (a f t  engines) ,  50 ( a l l  others)  



Tile. c a p a b i l i t y  f o r  t h e  t h r u s t e r  to s h i f t  mixture r a t i o  from 3 t o  5.6 
1s e s s e n t i a l  i f  a p r i n c i p a l  a t t r i b u t e  of t h e  i n t e g r a t e d  system-- t h e  
c a p a b i l i t y  t o  back up the  mi11 engine  f o r  aborL recovery of t he  Taig 
and i ts payload--is t o  be  retained. The t h r u s t  l e v e l  of 111 N 
(25 I b )  i s  very c l o s e  to rhe b e s t  va lue  f o r  Tug normal opera t ions .  
The a t t i t u d e  hlrld duty  cyc l e  and prope l l an t  consumption is excess ive  
a t  a  t h r u s t  level  of 445 N (100 I b ) ,  f o r  example. In the a b o r t  mcie, 
the +X t h r u s t e r s  could b e n e f i c i a l l y  use higher  t h r u s t  t o  reduce 
extznded burn g r a v i t y  l o s se s .  

7. For two important  reasons ,  t h e  l o c a t i o n  of h P S  t h r u s t e r s  i n  t h e  Tug 
vehicle should be moved from t h e  baseline vehicle mid-ship p o s i t i o n  
t o  an a f t  s k i r r  l oca t ion .  For any APS design,  the aft l o c a t i o n  
provides  greater t h x ~ s t e r  redundancy i n  p i t c h  and yaw by e n a b l i n g  
r o l l  t h r u s t e r s  t o  perform t h i s  funct ion.  A t  the  mid-ship l oca t ion ,  
t h e  t h r u s t e r s  are, a t  times, n e a r l y  a t  the same s t a t i o n  as t h e  
v e h i c l e  c.g. and the r o l l  t h r u s t e r s  have i n s u f f i c i e n t  authority i n  
p i t c h  or yaw. For the  i n t e g r a t e d  APS, t h e  a f t  t h r u s t e r  l o c a t i o n  
enhances the  veloci ty  mode ( e i t h e r  normal o r  abo r t  backup) e f f e c t i v e  
s p e c i f i c  impulse nea r ly  10  percent  s i n c e  the t h r u s t e r  c a n t  ang le  
can be reduced from t h e  25 degrees  requi red  at mid-ship t o  zero.  

8, Two e l e c t r i c a l  power system op t ions  a r e  v i a b l e  for supplying a u x i l a r y  
propuls ion pump power. These a r e :  (1) t h e  add i t i on  of s i lver-zinc 
primary b a t t e r i e s ,  and (2) an i nc rease  i n  t h e  s i z e  and c a p a b i l i t y  of 
t h e  Tug f u e l  cell .  Although heavier  f o r  Mission A by appraximately 
11.3 kg (25 lb), f u e l  c e l l m o d i f l c n t i o n  provides  t h e  greatest mission 
f l e x i b i l i t y  by al lowing extended APS operation without  a f f e c t i n g  
o t h e r  power demands, The f u e l  cell system is approximate1.y 12.7 kg 
(28 l b )  l i g h t e r  f o r  Mission B .  Abort recovery c a p a b i l i t y  could s t i l l  
be provided wi th  t h e  b a t t e r y  system with  a provis ion  f o r  switching 
t o  t h e  f u e l  cel l  and reducing the non-essent ia l  v e h i c l e  power 
loads during abo r t .  Since e i t h e r  approach i s  acceptab le ,  the Etna l  
s e l e c t i o n  of t h e  pump power supply system is defer red  t o  Tug Phase B. 

Technolonv Develo~ment 

Four p a r t s  of the IAPS have SR&T requirements which are recommended 
f o r  completion p r i o r  to Tug Phase B subsystem design s e l e c t i o n s  in mid C Y  
1976, The SR&T program is est imated t o  c o s t  approximately $4 n. None of 
these developments are considered excess ive ly  d i f f i c u l t .  Beginning wi th  the 
most c r i t i c a l  programs, they a re :  

1, Thruster  performance, l i f e ,  and i n l e t  requirements v e r i f i c a t i o n  
(16 months, $1.8 fi) . 

2. Pump f u n c t i o n a l  and performance v e r i f i c a t i o n  (9 months, $0.4 R) . 



3. Zero-g reservoir concept validation, and functional and performance 
verification (12 months, $0.8 a). 

A. Thermodynamic control functional and performance verification 
(12 months, $1.2 R). 

Reliability improvement testing of the accumulator bellows was 
identified as a fifth SR&T program during the conceptual phase of study, but 
was later eliminated by redesigning the component to eliminate the principal 
failure mode. 
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