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ABSTRACT 

On November 14, 197 1, Mariner 9 was decelerated into orbit about 

Mars  by a 1334-newton (300-lbf) liquid bipropellant propulsion system. This 

paper desc ribes and summarizes the development and in-flight performance 

of this  pressure-fed,  nitrogen tetroxide/monomethyl hydrazine bipropellant 

system. The design of all  Mariner propulsion subsystems has been pre-  

dicated upon the premise that simplicity of approach, coupled with thorough 

qualification and margin-limits testing, i s  the key to cost-effective relia-  

bility. The Mariner 9 subsystem design i l lustrates this approach in that 

little functional redundancy i s  employed. This paper summarizes the design 

and tes t  rationale employed in the Mariner 9 design and development 

program. 

The qualification tes t  program and analytical modeling a r e  a lso uis- 

cussed. Since the propulsion subsystem i s  modular in nature, it was com- 

pletely checked, serviced, and tested independent of the spacecraft.  P rope r  

prediction of in-flight performance required the development of th ree  signifi- 

cant modeling tools t o  predict and account for nitrogen saturation of the 

propellant during the six-month coast period and t o  predict and statistically 

anall-ze in-flight data. The flight performance of the subsystem was excel- 

lent, a s  were the performance prediction correlations. These correlations 

a r e  presented. 
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I. INTRODUCTION 

The Mariner 9 Mars-orbiter spacecraft was the sixth in a s e r i e s  of 

Mariner spacecraft which have explored the planets Mars  and Venus since 

1962. The previous five spacecraft completed flyby missions which p,.o- 

vided only brief encounters with the target  planet. The Mariner 9 spacecraft,  

however, was placed in a 12-hour orbit about Mars ,  thereby allowing a 

repeat of the close encounter sequence twice a day for an extended period 

of time. Scientific instruments included a wide-angle television camera  for 

surface mapping, a narrow-angle television camera  for close-up studies, 

two infrared instruments, and one ultraviolet instrument for surface and 

atmospheric properties measurements. Behavior of the spacecraft radio 

signal at  the entrance and exit of Ear th  occultation phases provided additional 

atmospheric information, and the orbital character is t ics  allowed study of 

the Mars  gravitational field. 

The ear l ie r  Mars  and Venus spacecraft utilized smal l  monopropellant 

hydrazine spacecraft propulsion systems designed to  accomplish up to  two 

interplanetary t ra jectory correction maneuvers. The Mariner 9 spacecraft,  

illustrated in Fig. 1, was designed to  use the basic Mariner  6 and 7 

(Mariner 1969) spacecraft with the incorporation of a new and la rger  pro- 

pulsion subsystem, This bipropellant subsystem was designed to  accomplish 

in-transit  t ra jectory corrections,  t o  decelerate the spacecraft f rom a 

hyperbolic approach trajectory into an elliptical orbit  about Mars ,  and to  

per form subsequent orbit t r i m  maneuvers a s  required. 

The basic Mariner propulsion philosophy embodies th ree  key 

principles : 

(1  ) Provide cost and weight effectiveness by simplicity of design 

coupled with thorough margin limit testing. Fo r  unmanned 

spacecraft, this approach, ra ther  than that of redundancy, has 

proven successful. 

JPL Technical Memorandum 33-574 



(2) Design the propulsion subsystem to be modular and man-rated 

when fueled and pressurized.  This approach allows subsystem 

fabrication and propulsion testing independent of the spacecraft ,  

thus decoupling expensive spacecraft ope rations f rom propulsion 

operations. This proves to  be extremely valuable during launch 

preparations where the tested, fueled, and pressurized propul- 

sion system can be independently checked a r d  fueled and la ter  

delivered to the spacecraft for mating and encapsulation, 

( 3 )  Provide "pathfinders " for all  cri t ical  ope rations. P r i o r  to  

assembly, tes t ,  o r  other operations on flight hardware, "path- 

finder" operations a r e  conducted wherein all personnel, 

procedures, and equipment undergo a d r e s s  rehearsal  before 

hazarding the flight hardware. 

These principles were applied to  the Mariner 9 design and development 

a s  will be discussed subsequently. 

11. DESCRIPTION AND OPERATION 

A, Subsystem 

The propulsion subsystem i s  shown in Figs. 2 and 3 .  The subsystem 

pressurization i s  by gaseous nitrogen. Pressuran t  i s  isolated f rom the 

remainder of the subsystem by the commandable pyrotechnic valves of the 

pressurant  control assembly (PCA). Upon actuation of one of the PCA 

normally closed valves, pressurant  flows from the pressurant  tanks through 

the p re s  surant filter and the regulator, whose outlet p re s su re  i s  controlled 
3 2 

to  1741 X 10 N / m  (253 lbflin.'). After flowing through the regulator, 

pressurant  flows into the pressur rn t  check and relief assembly (PCRA)  and 

into the propellant tanks. 

Once in the propellant tank, the pressurant  causes the bladder to  

collapse about the standpipe and expel propellant through the gas separation 

device and into the propellant isolation assembly (PIA). The PJA controls 

propellant flow to  the rocket engine with th ree  normally closed and two 

normally open pyrotechnic valves and a filter. After leaving the PIA, 

propellant flows through the flex lines, which permit  gimballing of the 
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rocket engine, and t o  the rocket engine solenoid valve. The rocket engine 

opera tes  with N 0 and MMH at a mixture  ra t io  of 1.57:l ;  the  hot gases  a r e  
2 4 

expelled through a n o z ~ l e  with an expansion ra t io  of 40: 1. 

Servicing valves al-c: used t o  provide a c c e s s  t o  the  inlet and outlet s ides  

of the  pyrotechnic valves i r ~  the  PCA and PIAs,  t o  the downst ream side of the  

check valves in the  PCRA, and t o  the  propellant tank side of each standpipe. 

P r e s s u r e  t r ansducers  provide p r e s s u r e  information a t  the  PCA inlet ,  down- 

s t r e a m  of the  check valve in the PCRA, and a t  the  PIA outlet a s  well a s  

providing rocket engine combustion chamber  p r e s s u r e ,  

The propulsion support  s t ruc tu re ,  a beryl l ium tube t r u s s  with magne- 

s ium and s tee l  fit t ings, i s  attached t o  the  upper  octagonal spacecraf t  f r a m e  

and supports  the  propulsion equipment, the  high-gain antenna, and the  low- 

gain antenna. 

The following operating sequence was that  upon which the subsys tem 

design was based. A l a t e r  sect ion desc r ibes  the  sequence actually followed. 

Before the  f i r s t  t r a j ec to ry  correc t ion ,  the  engine valve mus t  be opened t o  

bleed the a i r  t rapped between the  normal ly  c losed propellant  pyrotechnic 

valves and the  engine valve. Actuation of the  f i r s t  se t  of pyrotechnic valves,  

P -1 ,  0- 1, F- 1, p r e s s u r i z e s  the  propellant tanks  and allows propellant flow 

down t o  the engine valve. The t ra jec tory-correc t ion  maneuver i s  pe r fo rmed  

by opening the engine valve; th is  causes  the  propellant  t o  flow into the  th rus t  

chamber ,  undergo hypergolic ignition, and continue t o  burn  until  such t i m e  

a s  the des i red  velocity increment  i s  obtained a s  de termined by an on-board  

integrating accelerometer .  At th is  time, the engine valve i s  closed by remov- 

ing i t s  e lec t r ica l  power. L a t e r ,  the  propellant and p ressuran t  l ines  a r e  

closed by actuation of the  second s e t  of pyrotechnic valves,  P-2, 0 - 2 ,  F-2 ,  

to guard against leakage af ter  t racking data  conf i rm that  no m o r e  propulsion 

rilaneuvers will  be required before the  nominal t i m e  of the  second t r a j e c t o r y  

correct ion.  The p ressuran t  and propellant l ines  a r e  reopened, by the th i rd  

se t  of valves, P-3, 0 - 3 ,  F-3 .  just before the  second t r a j e c t o r y  correc t ion ,  

if such a correc t ion  i s  needed. The valves remain  open for  the orbi t  

inser t ion  maneuver,  The orbi t  inser t ion  maneuver  was  expected t o  involve 

an approximate 840-s-duration burn to place the  spacecraf t  into the  in i t ia l  

orbit .  Within two days af ter  orbi t  insert ion,  one o r  two orbit  t r i m  maneuvers  
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w e r e  ant icipated t o  p l ace  t h e  spacec ra f t  in  a p rec i s ion  12-hour  per iod  orb i t .  

Af te r  t r ack ing  da t a  con f i rm c o r r e c t  orb i t s1  c h a r a c t e r i s t i c s ,  opera t ion  of t he  

four th  s e t  of valves,  P - 4 ,  0 - 4 ,  F - 4 ,  i s  poss ib l e  t o  i so la te  t he  propulsion 

fluids f o r  the  r e s t  o i  t h e  mis s ion .  An additional s e t  of va lves ,  P-5, 0 - 5 ,  

F - 5 ,  i s  avai lable  f o r  subsequent  m a n e u v e r s  i f  needed. 

Actuation of the  pyrovalves  and managemen t  of solenoid pourer  fo r  t he  

engine valve i s  accompl ished  by n e c e s s a r y  power  switching in the  pyro-  

technics  subsys tem.  T h r u s t  vec tor  cont ro l  dur ing  engine f i r ing  i s  provided 

by the  u s e  of g imba l  ac tua to r s  f o r  pi tch and yaw con t ro l  arid cold g a s  je t s  

fo r  r o l l  control .  

Re fe r r ing  again t o  Fig.  2, note how the  components  a r e  a r r a n g e d  into 

ident i f iable  subassernbl ies .  E a c h  subassembly  contains  a g roup  of com-  

ponents  tha t  c a n  be phys ica l ly  located toge the r  and fu.,ctionally t e s t ed  a s  a 

subassembly .  Also note  t he  commonal i ty  of t h e  subassembl i e s .  The  p y r o  

valve a s s e m b l y ,  c o m m o n  t o  t h r e e  of t h e s e ,  w a s  designed t o  be in te rchange-  

able ,  thus  allowing a "production" run  of t h i s  building block. F u r t h e r m o r e ,  

the  fuel  and oxid izer  p;essurant  check and rel ief  a s s e m b l i e s  a r e  ident ical ,  

allowing economies  in  des ign ,  product ion,  t e s t ,  and s p a r e s  provis ioning.  

T h i s  a l s o  i s  tile c a s e  with the  fuel  tank a s s e m b l i e s  and t h e  propel1,znt 

i so lz t ion  a s sembl i e s .  

T a b l e  1 s u m m a r i z e s  t h e  propuls ion  s u b s y s t e m  pe r fo r rnance  c h a r a c t e r -  

i s t i c s ;  Tab le  2 i s  a weight s u m m a r y .  

B. P r o ~ e l l a n t  F e e d  S v s t e m  

T h e  fabr ica t ion  of the  propel lan t  feed  s y s t e m  m a j o r  s u b a s s e m b l i e s  w a s  

p e r f o r m e d  by t h e  Mar t in  Mar i e t t a  Corp.  (MMC),  Denve r  Division, under  

cont rac t  t o  JPL. T h i s  respons ib i l i ty  included the  p r o c u r e m e n t  of the c o m -  

ponents  and t h e i r  acceptance  and qual i f icat ion tes t ing .  The  only components  

not pu rchased  by  MMC w e r e  t h e  propel lant  tank  she l l s  and the  f lex l ines ,  

which w e r e  p rocu red  by J P L .  T h e  components  w e r e  inco rpora t ed  with de ta i l  

p a r t s  machined  by MMC t o  f o r m  the s u b a s s e m b l i e s ,  which w e r e  then  

acceptance  t e s t e d  and provided  t o  JPL. F i g u r e  4 shows a comple ted  

subassembly .  



Upon t h e i r  receipt  at J P L ,  the  subassembl ies  wyre mounted on the  

subsys tem s t ruc tu re  and joined t o  t h e i r  interconnecting plumbing. When 

assembly  of the propulsion subsys tem was  completed, i t  was  then subjected 

to  the  subsys tem flight acceptance t e s t .  

The connection of components within subassembl ies  and the in ter -  

connection of subassembl ies  within the  propulsion subsys tem was  accom- 

plished by in-plac e induction brazing.  With th is  technique the  number of 

mechanical  external  sea ls  on the subsys tem was reduced t o  16: 10 se rv ice  

valves, each with a p r i m a r y  and a redundant sea l ,  two tank flanges with 

aluminum c r u s h  gasket  sea l s ,  and four "AN-type" fitt ings, two on each flex 

hose, with c r ~ s h a b l e  aluminum sea l s .  This  fabrication technique resulted 
3 

in a subsys tem external  leakage ra t e  of l e s s  than 1 X S T P  c m  / s  when 

the  subsys tem was p r e s s u r i z e d  t o  i t s  operating p r e s s u r e s  with helium. 

Components f r o m  existing p r o g r a m s  w e r e  se lec ted  wherever  possible 

to  minimize development and qualification. Some minor  changes and improve-  

men t s  were  incorporated in s e v e r a l  components due t o  performance requi re-  

men t s  and the  need fo- long- te rm exposure  t o  propellants .  

After manufacture,  the subassembl ies  were  flight-acceptance - tes ted  

before  being integrated into t h ?  subsys tem,  The sequence of FA test ing 

was to  ensure  p roper  assembly,  functional operation, and cleanliness v e r i -  

f ica t ion  

C. Rocket Engine Assembly 

The Mar ine r  9 rocket engine, shown i n  Fig. 5,  was manufactured b: 

the Rocketdyne Division of North American Rockwell Corporat ion.  It i s  a 

two-piece conductively cooled combustion chamber  and radiation-cooled 

nozzle extension. The engine i s  equipped with a torque-motor-opera ted ,  

mechanical ly linked bipropellant control  valve produced by the  Moog C o r -  

poration, Aerospace Division, E a s t  Aurora ,  New York. The combustion 

chamber ,  fabricated f r o m  hot-pressed beryll ium, is at tached t o  the  40:l 

cobalt alloy nozzle extension by a Re&-41 nut. The  engine employs a 

unique method of t h e r m a l  control  developed by i t s  manufacturer ,  and 

t e r m e d  "INTEREGEN. " Heat t r a n s f e r r e d  corvectively t o  the  engine i s  

conducted through the  thick, highly coni:t,ctive chamber  walls  and 
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t r ans fe r red ,  again convectively, t o  the  boundary l aye r  coolant (BLC) 

covering the  th rus t  chamber  walls  n e a r  the  injector .  The BLC covering i s  

a lso  convectively heated f rom the  hot gas  side. In th is  manner  the  engine 

can run for  long per iods  with a nea r - s t eady  t e m p e r a t u r e  distribution. 

Success of th is  cooling technique depends on the  heat absorption capabilities 

of the  BLG and the  p roper  t h e r m a l  management in  the  m e t a l  walls so  that 

adequate protection i r o m  the  hot combustion gases  i s  afforded. 

IU. SUBSYSTEM DEVELOPMENT 

The subsys tem development sequence i s  shown in Fig. 6. E a r l y  

design of the  subsys tem made maximu,n use  of previously qualified hardware.  

The conceptual design was  f i r s t  evaluated in the  breadboard  s y s t e m  using 

surplus  o r  prototype hardware.  T e s t s  \-/ere conducted using th is  sys tem t o  

evaluate genera l  ope ration and charac te r i s t i c s .  

The engineerinq t e s t  model (ETM)  was the ini t ial  suhsys  - m  with fully 

operat ional  components ana subassembl ies .  The ETLM was  usel t o  evaluate 

operation and performance of the  subsys tem over  a wide range  of conditions 

and environments. It a l so  se rved  a s  a pathfinder fo r  fabricat ion,  assembly ,  

checkout, and other  operat ional  aspects .  

The ETM was loaded with solvents  and subjected t o  flight-acceptance 

and type-approval  vibration i n  a single axis. F ive  hot firing t e s t  s e r i e s  were  

conducted on the  ETM in  o r d e r  t o  pathfind the  conditions planned for  t:;e type 

approval (qualification) p r o g r a m  and t o  evaluate pe r fo rmance  a f t e r  long - 
t e r m  ( three-month)  exposure t o  propel lar~t .  The resul t s  indicated that the  

ETM opera ted  and pe r fo rmed  sat isfactori ly.  

E a r l y  i n  the  design phase  of the  propulsion subsys tem,  the compar isons  

and tradeoffs  between welding and brazing of tube-to-tube and tube- to-  

component joints were  resolved t o  a choice of the  induction brazing p rocess .  
. .- 

Ae roquip equipment (Aeroquip Corp.  , Aircraf t  Division, Jackson,  

Michigarl) was utilized, consisting of (1 )  a 15-kV water-cooled induction 
1 

genera tor lvol tage  regulator  combination, ( 2 )  a remote  console, whic 1 was 

connected via R F  cable, wa te r  cooling, and argon g a s  l ines  t o  the  induction 

i '  
rn 

genera tor ,  and ( 3 )  the  water-cooled b r a z e  tools.  During the  c o u r s e  of the  
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braze  development and ea r ly  s tages  of the  a s sembly  buildup, special  

considerat ions relat ive to  cleanliness and prepara t ion  of m a t e ~ i a l  and 

techniques for  maintaining iner t  environments in the b r a z e  joint zone we r e  

found n e c e s s a r y  t o  consistently accomplish good b r a z e s .  

IV. FLIGHT ACCEPTANCE AND QUALIFICATTON TESTING 

At the  completion of fabrication, each flight propulsion subsys tem was 

subjected t o  the  following t e s t  sequences:  

( 1 )  Proof and leak. 

( 2 )  Functional. 

( 3 )  Vibration. 

(4 )  Vacuum chamber  leakage. 

( 5 )  Postvibrat ion fuctionaL 

In addition, the  flight subsys tems underwent t h e r m a l  vacuum and vibration 

t e s ~ i n g  while instai led on the  spacecraf t .  Isopropyl alcohol and Freon  were  

used a s  fuel and oxidizer  s imulants  during vibration t e s t s .  

A. Proof and Leak Tes t  

A proof p r e s r  -e t e s t  was pe r fo rmed  t o  demonst ra te  in tegr i ty  of the  

subsys tem at  p r e s s u r e  levels  of 1 .5  t i m e s  the  normal  wcrking p r e s s u r e  for  

various components of the  subsyster:~. The levels  of p r e s s u r e  f c r  p a r t s  of 
6 2 the  subsys tem varied f r o m  41.4 X 10 N / m  (6000 lbflin.') f o r  the  p ressuran t  

6 2 2 bottle? to 172 X 10 N / m  (250 lbf i in .  ) for  t h e  rocket engine. 

The purpose  of the  leak t e s t  was  t o  verify ths t  z e r o  leakage was 

obtained a t  t h e  maqy b r a z e  joints of the  subsys tem which had been added 

t o  interconnect  subassembl ies .  Helium gas  was used a s  the  leak detection 

medium, with a portable hel ium m a s s  spec t romete r  2s Ihe detec tor ,  In. 

addition t o  the  b raze  joints, various o the r  a r e a s  of the  propulsion sul sys tem 

such a s  the  servi \ :e  valves and the  rocket  engine asserrrbly f lex hoses w e r e  

leak-checked a t  working p r e s s u r e .  
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B. Functional Tes t s  

T h e  propulsion subsys tem functional t e s t  had t h r e e  objecti\-es: 

(1)  ToverifythatallsubassemOlycompone~-tsmcettheirflight 

performance c r i t e r i a .  

(2)  To  observe  any possible adverse  interact ion betlveen components 

-.\,hen they a r e  operating under  normal  conditions. 

(3)  T o  provide a s s u r a ~ ;  . that thz  functional operat ion of a corn- 

ponent has ~ o t  been compromised a s  a result  of o ther  subsys tem 

t e s t s  such a s  1-ibration. 

The key functional t e s t s  were :  

(1)  Regulator lockup tes t .  

(2)  Relief valve assembly  functional t e s t .  

( 3 )  C h e c k v a l v e s c r a c k i n g p r e s s u r e a n d l e a k t e s t .  

( 4 )  Rocket engine valve and flow tes t s .  

( 5 )  Gimbal  actuator  functional tes t .  

C. Vacuum Chamber  Leak Tes t  

The purpose  of the  vacuum chamber  t e s t s  was :o ver i fy  that  the  p ro -  

pulsion subsys tem total  external  leakage wzs within specification when 

p ressur i zed  with hel ium at working p r e s s u r e .  A secondary purpose  of the  

t e s t  was to verify that  outgassing of various c o m p o n e ~ t s  on the  subsys tem,  

such as  cabling, was within acceptable l imi ts .  Although the  two propellant 

tanks were  p ressur i zed ,  no at tempt was made t o  p r e s s c r i z e  the  feed l ines 

t o  the  R E A  since t h e s e  l ines normal ly  contain only liquid propellant.  F u r -  

t h e r m o r e ,  helium gas  would soon have pe rmea ted  the  Teflon lining of the  

f lex hoses  and obscured the  t e s t  resul ts .  

D. Qualification (Type Approval) T e s t  P r o g r a m  

The broad objectives of the  ty-pe approval  (TA) p r o g r a m  were ,  a s  

near ly  a s  pract icable,  t o  s imula te  the  p r o c e s s e s ,  in ter faces ,  t e s t s ,  
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en\-i ronn~en t  s, and duty cycle that  a n  ac tual  flight subsys tem \vould cspe  ricncc. 

In additior., i t  was intended to  expose the  subsys tem t o  l imi ts  o r  environ- 

ments ,  .\.here appropr ia te ,  beyond expected conditions so  a s  t o  demonst ra te  

a level oi  margin.  hlost notably, the  ex*ended conditions \{.ere ( 1 )  higher 

level  and inc reased  durat ion fo r  mechanica l  v i t  ->t ion ,  ( 2 )  operation at 

e s t  i-erxe t e r n ~ e r a t u r e  l imi ts ,  ( 3 )  two nl is  sion duty cycles ,  :4) es t  r ,I handling 

and servicing,  ( 5 )  additional functional and component checks,  and ( 6  other 

extended ope rating l imi ts  such a s  high tank p r e s s u r e s ,  e x t r e m e  nonope rating 

t e m p e r a t u r e s ,  and e x t r e m e  engine valve t empera tu res .  

The  TA subsys tem Lvas assembled,  t e s t ed ,  handled, zild, in genera l ,  

exposed t o  conditions s i rn i lar  t o  those  that  flight units x-ould experience.  

Following th is ,  t he  TA subsys tem underwent two simulated miss ion  duty 

cycles.  In the  vibration test ing,  the  TA was subjected t o  m o r e  s e v e r e  con- 

diticns ti~ar. expected on the  flight uni ts ,  ar.l in :he t w o  miss ion duty cycles ,  

the  TA unit was exposed t o  specific extended environments.  

The fact that  the  pyrotechnic valves w e r e  i r r e v e r s i b l e  in operation 

precluded a complete simulation, s o  the  sequences w e r e  folded a s  shown in 

Tables  3 and 4. The to ta l  engine f ir ing t i m e  of each t e s t  s e r i e s  exceeded 

that  expected fol flight. There fo re ,  t h e  engine, f i l t e r s ,  b ladders ,  and 

ser\- ice valves demonst ra ted  marg in  i n  capacity and cycle capability. 

The  cngine was heated t o  338.7 K (150°F)  p r i o r  t o  t h e  f i r s t  midcourse  

f ir ing,  approximately 11 K (20 O F )  hotter  than the  t empera tu re  predicted 
.r f rom s o l a r  radiation; the  subsys tem was  heated t o  303.7 K ( 8 7 " F ) ,  nea r  

. . s the  m a x i n ~ u n l  of i t s  specif ied range (305.4 K, 9 0 ° F )  and 6.7 K ( 1 2 ° F )  hotter  

. i  -. 
: 0 than t h e  t e m p e r a t u r e  predic ted  for  the  f i r s t  midcourse  maneuver.  C3ld 

" % propellants  w e r e  then loaded for  t e s t  s e r i e s  2 ;  the  propellants  w c r e  at 
. f 280.3 I.; (45 "F )  at the  time of the  orbi t  inser t ion  firing, compared t o  an 

exp;cted t empera tu re  of 297 K ( 7 5 ° F ) .  T h e s e  t e m p e r a t u r e  ex t remes  w e r e  

intended to  demons t ra te  marg in  for  bladder collapsing, engine valve 

operation, check valve ope ration, and the operat ion of other  t e m p e r a t u r e  - 
sensi t ive components. Saturated propellants  were  not used f o r  tes t ing ,  s ince  

analysis  had shown that  the  predicted level  of saturat ion at the  t i m e  of 

orbi t  inser t ion  would be well  below the  threshold  requi red  t o  affect p e r -  

formance.  The orbi t  inser t ion  firing of t e s t  s e r i e s  2 was pe r fo rmed  with 
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propellant tank pressures  initially 17 N/crn (25 lbflin. ') higher than 

expected, simulating tank heating o r  regulator gas leakage, 

Except for a check valve momentary sticking problem, which was la ter  

satisfactorily resolved, all components functioned a s  expecte 3. All specifi- 

cation requirements were satisfied. Reliability of the propulsion subsystem 

was demonstrated and all  interfacing equipment, such as  pyrotechnics, 

thermal, structure, and suppart equipment, operated satisfactorily. 

V. LAUhCH PREPARATION 

The refurbished engineering tes t  model was shipped to  AFETR and 

used a s  a pathfinder for a complete exercise of the prelaunch operations t o  

be performed on the flight subsystems. A typical sequence of testing was 

conducted which included helium leak tes t ,  functional tes t ,  squib installation 

propellant loading operations, propellant unloading, and vacuum drying 

of the subsystem. All the procedures and support equipment, a s  well as 

facilities t o  be used in flight operations, were successfully employed. As 

a result of performing the operations on the pathfinder subsystem and con- 

ducting the propellant loading operations, modifications were made in the 

formal ~ r o c e d u r e s  for use during operations with the actual flight 

subsystems. 

The pathfinder subsystem was la ter  used with the PTM spacecraft for 

launch vehicle interface testing. All the testing was successful and pro- 

vided an excellent proving ground before prelaunch preparations on the flight 

systems. 

The preparations of the propulsion subsystems for launch at  AFETR 

can be divided into th ree  main areas:  

(1) Performance of a subsystem leak tes t  s imilar  t o  the proof and 

leak tes t  conducted at  JPL but without taking the subsystem to 

the proof pressure  levels. 

( 2 )  Repeat of the propulsion subsystem functional test. 

( 3 )  Installation of pyrotechnics, fuel and oxidizer fill, and 

pressurization of the subsystem. 
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In addition to  the two flight subsystems, the PTM subsystem was also 

fueled and pressurized and maintained in readiness a s  a spare. After 

preparation, the subsystem pressures  were monitored pr ior  to  delivery t o  

the spacecraft.  In addition, a toxic vapor detector was used to detect any 

possible propellant leakage. 

After installation onto the spacecraft,  and p r io r  t o  launch, p re s su re  

monitoring was accomplished through the spacecraft te lemetry system when 

the spacecraft was undergoing electrical  tes ts .  Toxic vapor detector 

monitoring was also continued up through launch. 

VI. MISSION SEQUENCE 

The Mariner 9 propulsion subsystem performed a midcourse co r r ec -  

tion five days after launch and three  maneuvers at Mars--orbit insertion 

and two t r ims ,  Pyrotechnic valves shown in  Fig. 2 provided positive isola- 

tion of propellants and pressurant  for the five-month coast period between 

the f i rs t  two maneuvers. The specific mission events and maneuver 

magnitudes a r e  listed in Tablc 5. 

The loss  of the Mariner 8 spacecraft caused a change in  maneuver 

strategy. The maximum allowable AV was committed to  orbit insertion in 

order  to  achieve a 12-hour orbital period and maximum rotation of the 

orbital line of apsides. Commitment of 40 m / s  was made for a single orbit 

t r i m  to  correct  orbital period and t ime of periapsis passage. Per iapsis  

altitude was a l l r - ~ e d  to  float in order  to decrease spacecraft r isk  by 

reducing the number of maneuvers. 

A second midcourse maneuver was nbt required because of the 

extreme accuracy of the f i rs t  maneuver. Orbit insertion and the f i rs t  t r i m  

went according to  plan; the orbit insertion maneuver was so  accurate that 

only one-third of the allocated AV was required t o  synchronize the orbit 

t o  t he  Goldstone Tracking Station with the f i rs t  t r im.  The resulting excess 

AV capability was used for a second t r i m  to  ra ise  periapsis altitude f rom 

1387 to  1650 k m  on December 30,  1971. This increased per iapsis  altitude 

allowed greater  picture overlap; the pr imary  mapping mission could, there-  

fore,  be accomplished in  a shorter  period of t ime  after the Mars  dust s to rm 

had subsided. 
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Another sequence change which did not affect to ta l  AV caF :'.ility, but 

r a the r  thc  r eadiness of that  capability, was a decision t o  leave the propellant 

line isola;,jon valves open a f t e r  orbi t  t r i m  1. The gasl ine valve was  closed 

t o  prc.ect igainst  regulator  failure. The propellant l ines w e r e  left open 

because ( . )  t h e r e  was no evidence of rocket engine valve leakage a s  d e t e r -  

mined 1)y >bserved valve and in jec tor  t e m p e r a t u r e s  and lack of t r a j ec to ry  

o r  attitude d is turbances ,  and (2)  the  line-open s ta te  would allow performance 

of any add'tional maneuvers  required in  a propellant- tank blowdown mode 

without c? nmitting t o  a permanent  line-open mode by opening valves 0 5 ,  

F5. ?'he {lisdorn of that  decision was borne out by the  subsequent r equ i re -  

ment fo r  a second orbi t  t r i m  maneuver.  

VII, ANALYTICAL MODELING AND FLIGHT 
PERFORMANCE CORRELATIONS 

L, substantial  effort  was n e c e s s a r y  t o  predic t  the  in-flight p e ~ f o r m a n c e  

of the  subsystem. Accura te  predict ion was necessa ry ,  s ince up t o  9670 of 

the  pro.bellant was  expected t o  be  consumed during the  M a r s  orbi t  in se r t ion  

maneuvLbr ,  and one m u s t  be able t o  commit  t o  l a t e r  orbi t  t r i m  maneuvers  

without enciartgering ' ~ t :  spacecraf t  a s  a resul t  of propellant  s tarvat ion  of 

the rocket engine. P r o p e r  predict ion of in-flight performance requi red  the  

developrnexltt of modeling tools  t o  predic t  and account for  nitrogen sa tura t ion  

of the  propckllant during the  six-month coast  per iod  and t o  predic t  and 

stat is t ical ly analyze in-flight data. 

r ? s i s t ance  incrpase  does  not occur  unti l  t he  pa r t i a l  p r e s s u r e  of N in 2 

A. - Nitr*~ Solubil" ;T Effects  and M a s s  Tr imspor t  Model 

A portion r.f rrle nitrogen p ressuran t  gas  used in  t h e  M a r i n e r  9 propul-  

sion subs ystt* ..I dissolved into the  propellants  during the  in terplanetary  c r u i s e  

phase. T ~ L  actual  amount in solution was  of in te res t  because full sa tura t ion  
6 2 2 of the  c- idizc:r a t  a tank p r e s s u r e  of 1 . 7 2  X 10 N / m  (250 lbfl in.  ) would 

decv.>ase ope rating mix tu re  ra t io  about 6% f r o m  the  unsaturated operat ion 

p o i ~ ~ t .  Prefl ight  test ing with an oxidizer  flow bench which simulated the  

propulsion F - J  b..ystem hydraulic c i rcui t  showed that ( 1 ) the  engine in jec tor  

i s  the  onlir component which exhibits significant r e s i s t ance  i n c r e a s e  due t o  

the  twc-phase  flow caused by gas coming ont of solution, and ( 2 )  such a 
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solution exceeds the injector inlet p r e s su re ,  l e s s  vapor p r e s su re .  It was 

t h ~ i s  necessa ry  t o  predict the nitrogen gas absorption level at orbit insert ion 

so  that the  p roper  mixture rat io could be loaded. 

A mathematical  model of the Mariner 197 1 propellant tanks was devel- 

oped to predict  ( 1 )  the ra te  of p ressuran t  gas ,absorption into the liquid pro-  

pellants, ( 2 )  the volume of gas bubble inside the Teflon bladders, and ( 3 )  the 

propellant tank p r e s su re s  with an isolated gas  supply. The model was 

~ t - o g r a m m e d  for use on the Univac 1108 computer t o  print  and plot gas  con- 

centration, average gas concentration, bubble .volume and tank p r e s su re  a s  

functions of p r e s  surant  supply pro.;ile, radius,  and t ime.  Required inputs 

a r e  propellant and initial bubble volumes, propellant diffusivity and 

solubility, bladder permeation coefficient, and tne bladder thickness. 

Nitrogen gas wiii permeate  through the  Teflon bladders and diffuse 

into the liquid propellants because of a concentration gradient that develops 

after  propellant tank pressurizat ion.  These  p rocesses  can be compared t o  

the  t rans fe r  of heat due to  a t empera tu re  gradient. Thus an existing heat 

t r an s f e r  p rogram was used a s  a bas is  fo r  the  gas t r anspor t  program.  

In the gas diffusion model, the m a s s  t r anspor t  equations were  rewrit ten 

and solved a s  finite difference equations. The liquid propeliant volumes 

we re  assumed spherical  and contained within bladders  exposed on the  out side 

t o  p ressuran t  gas. The liquid volume i s  divided into 10 concentric spheres  

and represented as  10 liquid nodes (Fig. 7 ) .  The gas  ullage volume outside 

the  bladder and the bubble volurne inside the  bladder a r e  represented by two 

gas  nodes. Positions and volumes of each of the  nodes and the conductance 

of each of the  conductors a r e  calculated by the program.  The p rogram 

recalculates each conductance a s  the bubble volume and sur:ace a r e a  

decrease .  

Preflight predictions of saturation level at  orbit  insert ion were  cal-  

culated using the spher ical  permeation/diffusion model just described,  

Predic ted propellant tank p r e s s u r e s  obtained f rom thi.s analysis a r e  plotted, 

along with flight data, in Fig. 8. Iqote that a significant difference in curve  

shape and final p r e s su re  exis ts  for the oxidizer tank, while only the  ra te  of 

p r e s s u r e  decay i s  different fo r  the fuel tank. 
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Since certain assumptions were necessary to  accomplish the orbit - 
insertion saturation predictions, i t  was desirable t o  update the model to  

match the observed pressure  decay curves. P r e s s u r e  profiles which 

matched the flight data were obtained with the permeationldiffusion computer 

model by assuming different values for bladder a r ea  availaSle, diffusion 

rate,  and solubility. The revised constants were used to calculate N 
3 2 2 saturation pressures  at orbit insertion of 1207 X 10 N / m  (175 lbflin. ) 

3 2 
for the oxidizer and 1469 X 10 N/m (213 lbflin. ') for the fuel. The 

oxidizer saturation level i s  very nearly equal t o  injector inlet p ressure ,  so  

only a smal l  amount of excess N would be expected to  come out of solution. 2 
No mixture ratio shift which could be attributed to  excessive saturation was 

observed during orbit insertion. The flight data tend to  support the ground- 

tes t  derived model of a saturation effects threshold of injector inlet p ressure  

but do not allow an evaluation of saturation effects per  se  because the 

threshold was not exceeded. The combination of ground and flight data, 

however, should be especially useful to future programs which use N a s  
2 

a pressurant  gas. 

B. Operation and Performance Computer Program 

A digital computer program called PSOP (Propulsion Subsystem 

Operation and Performance) was developed to  support Mariner 9 flight 

analysis. PSOP i s  a low-frequency simulation model of the complete pro-  

pulsion subsystem. Figure 9 i s  a simplified block diagram of the program 

which shows information flow f rom an input data l ist  through the program to  

output data. The program was used to  predict flight te lemetry data, gener- 

ate thrust  and spacecraft-mass t ime functions for flight maneuver analyses, 

per form malfunction analyses, and investigate effects of variations in system 

initial conditions. 

On a given run, PSOP will simulate preburn, burn, and postburn 

behavior. A typical preburn event i s  tank p r e s s u r i ~ a t i o n  by opening a pyro- 

technic valve. Postburn activity includes regulator lockup and heat t ransfer  

between fluids and tanks. A burn simulation will continue until one of two 

conditions a r e  met. Spacecraft velocity change can be input and total burn 

time will be determined o r  burn t ime  can be specified to  determine the 

spacec raft velocity increment. 
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The propulsion model was formulated b y  f i r s t  describing the significant 

physical processes  in each of the propulsion components and then organizing 

these descriptions into a large equation set. Like the physical hardware, 

component identity i s  retained and interactions between components (equa- 

tions) a r e  required to achieve a system solution. Figure 10 i s  a simplified 

block diagram of the propulsion model. 

The propulsion performance portion of PSOP keeps t rack  of the vary- 

ing m a s s  elements of the spacecraft,  that i s ,  the instantaneous mass  of 

oxidizer, fuel, and gaseous nitrogen in the various containers. This infor- 

mation i s  coupled with the fixed spacecraft m a s s  in an 8-element m a s s  

model to  determine total mass  and spacecraft center-of-mass location. 

Since the spacecraft autopilot forces the thrust  vector to  point througL 

the spacecraft center of mass ,  the thrust  pointing angle can be determined 

from the location of the center of m a s s  and the engine gimbal center. The 

gimbal actuator positions a r e  computed f rom the thrust  pointing angle and 

the results  converted to  telemetry output data number. Since the spacecraft 

center-of-mass movement during a burn i s  a measure  of the integrated 

engine mixture ratio, and the gimbal actuator a r m  lengths indicate the direc - 
tion of the spacecraft center of mass ,  average engine mixture ratio can 

be inferred from the gimbal actuator positions. 

C. FlightAnalysisComputerF'rogram 

The PSOP program provided flight performance predictions, but a 

tool evas also required to  analyze the flight data and compare the data with 

predi,,tions. A Propulsion Statistic a1 Analysis P rog ram (PSAP) was 

developed p e r  the formulation of Alford (Ref. 1) to  perform this function. 

This program uses  the statist ical  residual technique used by t ra jectory 

ana rsts  and was readily available in computer subroutine l ibraries.  Refer- 

ence 2 t r ea t s  the adaptation for this application. 

Some applications of the residual technique use t ime  as a running 

variable and c a l ~ u l a t ~ e  a solution at every n seconds. One of the pr imary  

inputs for the problem at hand was total velocity change; this  was not 

observable a s  a function of t ime from on-board sources,  so a decision was 

made t o  keep the program simple and perform an average analysis for the 

entire burn. 
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D. PerformanceResul ts  

Of the four propulsion maneuvers performed, only the orbit insertion 

maneuver was long enough to provide sufficient data for a thorough com- 

parison with preflight predictions. PSOP was used with empirical  input 

data obtained from the Mariner 9 and similar propulsion subsystems to  cal-  

culate predictions. A weighted-least -squares fit of the flight data and 

predictions (using PSAP) resulted in the best-fit data list of Table 6. Also 

listed i s  the estimated 1-u uncertaiilty of each parameter  in the best-fit 

column. Burn t ime,  chamber pres:+ure,  and engine mixture ratio a r e  all  

within 0. 570 of preburn predictions. The flight data were not sufficiently 

accurate as compared with engine acceptance t e s t s  to  improve knowledge of 

specific impulse, so  little change was noted there.  The increase in mixture 

ratio and burn t ime compared with the corrected predictions was attributed 

to a 0.870 increase in fuel resistance. Note, however, that the fuel resistance 

change required to  provide a data match i s  l ess  than the 1-u uncertainty of 

that parameter .  

The revised propulsion model was used to  calculate a set  of best-fit 

performance predictions. An example of this ,  engine chamber pressure ,  i s  

plotted in  Fig. 11 with preburn and bes t-fit PSOP output curves. One may 

note that the telemetry resolution available with the pressure  measurements 

would have made detailed performance analysis difficult without the statist ical  

program PSAP. 

A performance summary for the four propulsion maneuvers i s  p re -  

sented i n  Table 7. New performance calculations were performed after 

orbit insertion for the actual flight sequence. Burn-time predictions a r e  

listed for a l l  burns in Table 7 with the original and revised propulsion 

models. The excellent agreement between flight data and predictions pro- 

vides a validation of the prediction tools used. 

1 CONCLUSIONS - - - 

For the Mariner 9 orbiter mission, it was necessary to develop a 

large,  bipropellant propulsion system to replace the small  monopropellant 

system used on ear ly  Venus and Mars  flyby Mariners. Cost effectiveness i 
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was achieved by the  use  of design simplici ty ra the r  than redundancy. 

Characterizat ion of the subsystem through ground testing on a component, 

subassembly, and subsystem level  provided confidence in  the  design and 

performance capability. Application of the propulsion module approach, 

coupled with the use of "pathfinders" for  a l l  c r i t i ca l  operations proved a s  

successful  on this  l a rge r  sized subsystem a s  it had on previous Mariners .  

In o rde r  t o  proper ly  load the subsystem and commit subsequently to  

each propulsion maneuver,  modeling tools were  developed t o  predict in-flight 

performance.  These tools led t o  a 0.570 agreement between observed p e r -  

formance and preflight predictions. These  tech,lologies a r e  present ly  being 

applied t o  the  Viking Orbiter  1975 spacecraft  propulsion system. 
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Table 1. Propulsion subsystem performance characterist ics 

Pa rame te r  Value 

Vacuum thrust  1334 *89 N (300 *20 lbf)  

Vacuum specific impulse 2775 i 4 9  ~ - s / k ~  (283 i 5  lbf s/ lbm) 

Thrust  chamber 
expansion ratio 

Thrust chamber 
pressure  

Propellant loaded mix- 
tu re  ratio, O / F  by 
weighta 

Nominal oxidizer 
flow rate  

Nominal fuel flow rate  

Propellant load 
capacity 

Usable propellant load 
capacity 

Propellant loading 
accuracy 

Minimum burn duration 0.4 s 

Shutdown impulse 
variation, 3a 

a 0 = oxidizer; F = fuel. 
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Table 2. Mar iner  Mars  1971 propulsion weight summary  (d ry  m a s s )  

- 
Dry  m a s s  

Description 
'kg lb m 

- - --- - 

Pressuran t  tank assembly 

P re s su ran t  control  assembly 5.6 12.4 

P re s su ran t  check-relief assembly (2 )  2.1 4. 6 

Propellant  tank assembly (2) 30.4  67.0 

Propellant  isolation assembly (2 )  10.2 22.4 

Rocket engine assembly 7 .8  17. 1 

Tubing and fittings 5.9 13.1 

Thrust  plate assembly 5.7 12.6 

True  a and ring assembly 9.1 20.1 

Propellant tank t he rma l  covers  (2) 2 . 5  5.5 

Cable ha rnesses  ( 2 )  2.2 4.9 

Gimbal actuators ( 2 )  2.5 5.6 

Squibs (15) 1.0 2.3 

Total propulsion subsystem 110.0 242.6 

' - .- 
:.,.A:-~ JPL Technical Memorandum 33-574 



Table 3. Type approval t e s t  s e r i e s  1 

Test  event Simulated flight event 

Propellant vibration ( 3  axes )  

Installation in vacuum chamber 

Moog valve open 

P1, 01, F 1 open 

8-s burn 

1-day coast 

P2 close 

02, F 2  close 

Check valve t e s t  

1-day coast 

03,  F 3  open 

P 3  open 

10- s burn 

1-day coast  

900-9 burn 

2-day coast 

0.4-s burn 

3-day coast  

40- s burn 

Launch 

2-week coast 

Moog valve opea 

P1, 01, F l  open 

Midcourse burn 

1-week coast  

P 2  c lose  

02,  F 2  close 

- 
6-month coast  

03, F3 open 

P 3  open 

Midcourse burn 

3-week coast 

Orbit  insertion burn 

2- to 4-day coast  

Orbit  t r i m  burn 

2- to 4-day coast  

Orbit  t r i m  burn 

Coast 

Close P4, 04, F4 

Orbit  planet 

J P L  Technical Memorandum 33- 574 



Table 4. Type approval  t e s t  s e r i e s  2 

T e s t  event 

- 

Simulated flight event 

900-9 burn  Orbit  insert ion burn 

3-day coast  

16-9 burn  

1-day coast  

- 
- 

P4, 04,  F4, c lose  

1 -day coas t  

05,  F 5 open 

P 5  open 

10-9 burn  

2- to 4-day coast  

Orbit  t r i m  burn  

2- to 4-day coast  

Orbit t r i ln  bui n 

Coast 

Close P4, 04 ,  F 4  

Orbit  planet 

- 

1-day coast  - 
- 

JPL Technical Memorandum 33-574 



Table 5. Propulsion event sequence 

Event AV, m s  Date, 1971 

1. Launch with propellant tanks at 
low p re s su re  

2. Vent a i r  f rom liquid lines 

3. P y r o  valves open ( P l ,  0 1 ,  F l j  
t o  p r e s su r i z e  tanks and lines 

4. Midcourse 1 firing (5.1 s )  

5. Pyro  valve c l .  -,d ( P Z )  t o  
isolate gas  supply f rom 
propellant tanks 

6. Py ro  valves closed (02,  F2 )  
to  i sa la te  propellants f rom 
engine 

7. Py ro  valves open (P3, 0 3 ,  
F 3 )  t~ repressur ize  sys tem 

8. Orbit insert ion firing (915 s )  

9. Orbit t r i m  1 firing (6.4 s )  

10. Py ro  valve closed (P4 )  t o  
isolate gas supply f rom 
propellant tanks 

11. Orbit t r i m  2 firing (17.3 s )  
in blowdown mode 

May 30 

Jun 1 

Jun 3 

Jun 4 

Jun 6 

Jun 14 

Nov 1 

Nov 13 

Nov 15 

Nov 17 

Dec 30 

JPL Technical Memorandum 33.- 574 
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Fig. 6 .  Development sequence 
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Fig. 7. Propellant tank gas diffusion model 
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0 FUEL TANK DATA 
0 OXIDIZER TANK DATA - PREDICTION --- BEST FIT ANALYSIS 

TIME FROM PRESSURANT ISOLATION, days 

Fig. 8. Propellant tank pressures  compared. with saturation 
model predictions 
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Fig. 9. Subsystem performance prediction program 
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Fig. 11. Thrust chamber pressure during orbit insertion 
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