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RMAL GEMENT HISTORY 
OF THE 

QU Dr R-4D ROCKET ENGINE 

1. INTRODUCTION 

The successful application of Marquardt precision control rocket 
e gines in space vehicles is partially due to thermal management technique~ 
w ich were developed in conjunction with the Apollo Service ~IDdule Reaction 
Control Engine Program. During this program , thermal analysio techniques 
were developed which provided rapid and accurate evaluation of proposed 
engine design. Analytical predictions that were made w re verified by 
t hermal testing of the M rquardt - 4D 100 pound thrust rocket engine in 
s imul ted sp ce environments which provided pressure and radiation back­
grounds approximating space flight conditione . Thes analytical t ech­
niquea contributed significantly to the succe ful performance of this 
engine on the Apollo Service Modul , the Lunar Module, nd the Lunar 
Orbiter Spacecraft. During the d v lopmen~ te ts and space flights of 
th engines, more than one million altitude ignitions an~ 500,000 seconds 
of firing were successfully accomplished. 

The thermal management techniques used in the design of the R-4D 
engine include (1) tile use of fuel film cooling of the engine walls, 
( 2) minimization of heat conduction through the use of seals and minimum 
area conduction paths, and (3) the use of heaters to control the engine 
emperature during long off times in space. The thermal management t ech­

niq~ea have resulted in a rocket engine whose" component t mperatures are 
11 below the structural design limits of the constituent materi ls . 

In the following report, andlysis techniques U8 d in the d sign and 
an lysis of the R-4D 100 pound thrust rocket ngine ar described. The 

olution of th -4D design in t rms of i s therma l ch racteri tics is 
d cribed nd h resul t s of various program 1n hi h he b ic the 1 
d ign of t he enain s modified re pr s nted. 

2- 1' 
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II. CINE DESCRIPTION 

The Marquardt R-4D precision control rocket engine consi ts of two 
h igh response integral solenoid operated valves, an injector a sembly, 
and two-piece thrust chamber (Figure 1). 

The radi tion and film cooled combustion chamber is made of forged 
bdenum and coated with molybdenum disilicide to provide oxidation 

ro ection from the combustion gases formed by the nitrogen tetroxide 
oxidizer and hydrazine ype fuels. The radiation cooled Model R-4D 
no zle is al so made of coated molybdenum to an expansion ratio of 6.8:1 

t ich point a light ,eight, thin walled, bell shaped L-60S cobalt base 
lloy ex,-,ansion bcll is attached . The present expansion ratio is 40 : 1, 

but due to the two-piece construction, a variety of expan ion ratios are 
obtainable . Th injector head contains four concentric ring of equal ly 

paced injector 0 ifices and a preigniter to provide smooth i gnition. 
rings consis~ of eight injec or orifices for all fuel cooling , ight 

injector orific s for preigniter wall fuel .cooling, and eight like on 
nli e propellant injector dcublete. 

The preigniter chllmb r 1~ tubular chamber extcndtng from the face 
of he injector head assembly and contains two propellant injection ori­
fices. The preigniter chamber is designed to mix and ignite a small 
quantity of propellants within the preigniter chamber prior to i nition 
of the main combustion chamber. Ignition of the preigniter chamber pre­
pr surizes the main combustion chamber, minimizing ignition delays of 
he in propellant streams . 

Propellant valving is provided by two normally closed , dual coil , 
olenoid actuated coaxial flow poppet-type valve with an integral pro­

pellant flow regulation orifice. Integral fixed orifice r e incorpor t d 
in 0 each valve to p ovid he correct propellan pressure drops t he 
design i 1 t pr s&ure to obtain the r equired 01 and thrus evel . 

2- 2 
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III. 

The lysis of the thermal characteristics of the R-4D en ine 
sy em ncompa~sed many facets of analysis; these techniq es and proce­
du s are described in the fo llowing section. 

A. nergy Balance 

~ e R-4D rocket engine attains a steady t t thermal condi tion 
pprox ~ tel 50-100 ~ conds after ignition. Af er shutdown, the energy 
odin th chamber is transferred to the surroundings by radiation and 

b io to the injector, valves, and spacecraft structur • 

t wa n c s ry to v luate the engine system, both during 
d during th nllnfiring cas s, to determine the engine char­

function of duty cycles. This requirement meant that 
fer p th throughout the ngine must be accurat ly defined 

d t rmine th en rgy tran fer. In the tablishment of the 
rgy b 1 nc through tho y tem, the heat transfer paths can be cl ified 

in 0 ith r conv ction, conduction, or r di tion tran fer p the. Figure 2 
ho the h t tr fer p h for ample block mod 1 of ~he R-4D engine , 
~ere Qr i rad! tion, Qc i convection, Qcd conduction , and Qp is power 

n ration. 

implified nergy lance for th 

Qr + Qc + Qcd Qp • c 

C~i 
8 the n i nt t rm to co h 

th u ti~ r duc d 0 

Qr + Qc Qcd + Qp 0 

r ng th onfiri g condit on , 
h ddt ion of a power ource h 

m hods of ating ten in, uch h . t 
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The evaluation of these prope~tie9 used in conjunction with 
the The mal Analyzer program then portrayed a thermal history of h 
engine during all phases of operation . 

1 . Coefficients of Convective Gas Heat Transfer 

During the last ten years many equations and correlations 
have been derived to predict the coefficients of convective heat transfer 
f rom the combustion gases to the engine combustor and nozzle walls. An 
evaluation of some of these equations was made during the program and a 
correlation which provided an adequate representation of the heat transfer 
process due to forced convection in the engine reported by D. R. Bartz 
(R ference 2). This simplified method of determining the coefficient of 
heat transfer due to forced convection provided an adequate simulation of 
t he actual process. During the program, modifications of this equation 
were made to include the eff ct due to liquid and a9 ous film cooling . 
Th r ultlng equa ion is: 

wher 

h cg 

r 
IJ. 

A 
0-

i 
T 

p 

f 

O. 26 
= 0 0.2 

",0.2 (_)O.S.(..!)Oo9 ( ___ 
,0.6 A. A 

\ 

i 
at transfer coeffic' ,ent 

,d'ameter I 
I randtl No. I I 

i scosity 
opellant flow r te I 

\ ow are 
rrection factor 

!l hal py of ga / 
t ' P rat re / 

em 
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2 Combustor and Nozzle Wall Temperatures with Film Cooling 

An xtensive background in thrust chamber cooling, bo h 
anal ytical and experimental , was developed during many of the NASA and 
Ai r orce contracts on cooling techniques. Investigations included 
evaluation of propulsion j)erformance penal ties due to film cooling . The 
design criteria generated by these contracts was verified during tests 
conducted in the Apollo SM/RCE Program. The engine was successfully fi l m 
cooled using both monomethylhydrazine and a mixture of hydrazine and UDMH 
in SO/50 wt portions . The radiation cooled refractory concept of t he 
R-4D ' eng1ne has been used ~ith varying amounts of film cooling ranging 
from 0% to 40~. The amount of fuel coolant used on the present engine 
configurat ion is approximatel~ 251.. This l 'esults in a maximum wall temp­
erature of approximately 2000 F, using MMH fuel and a maximum wall tempera­
ture of ~ 24000 F using the SO/50 mixture. The princ i pal r e son for thi s 
di fference haa no t been es t ablished , but indications are t ha t he hotter 
temperature is the result of t he two-phase properties of the coo l nt 
(hydrazine a d UDMH) and the slightly higher reac tion rat e of prop llant 

combina tion, hich resul t s i n a higher gas temper ture . 

Extenoive anal ysis and xperimental da a have bee genera d 
in he liquid and gaseous film cooling regions and these cor reIa i ons have 
been described in detail in Reference 6. 

The evaporative film cooling correlations described have 
b en derived for the simplified physical model employing a simplified 
liquid/vapor diffusion model which assumes that after he otal liquid 
h at capacity and heat of vapor~zation of he fue l i s exceeded , the 
r sultant vapor i s al low d to di ffus ay from th wall t fini te 
r tee The q tion fo r he 1 . g h of th liq i d . or on of the f i m 
cool nt is 

T e first term on 

:: [w c Cp I. (T e -
he (T -g 

th right hand d 

+ ------~----~-

qu tion r pr nt th 
d i stance ro th inject on oint req chan h fil temper t re 
f om it i itl 1 nj cion t mpereture to 1 quid temp ratur e . 
he cond m r pre n t dio a c i v g m 
e u is on a t d equ 1 o t h pe tur • 
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At LI h liquid film cool nt i vaporiz d nd i urn 
to e atur d v Th eq~ tion u d 0 r dict the f c i 
temp rature i n h region r 10 • 

A 
(-~---

1/ if 
1 ( ~ f (V) i= Q c c 

V 
(,"' 

1) 
V V V 1 . 5 (y- -
...& < 1.0 f ( ) :: (....£.) fl 
V V 

c c g 

V f- > 1 . 0 
c 

( 
V 

1 + 0.4 TA -1 (-& - 1) 
c 

These equation have been programmed on the IBM 360/40 to 
redict the effective gas temperature vs. distance from the injector 

face. Typical r esults for the R-4D engine are shown in Figure 4. I t 
an be seen that the latent h at of vaporization of the fuel maintains 
relatively cool wall temper t ur t considerable di tancea from the 

inj ection p~int. Once t he f 1 va orized th f f c i te~ 
tur incr e r apidly , appro ching ~t h l imit, t he combus tion sa 
reco r y t m rature. 

film 
v ri 
a d 1 

. Th 
nd the g 
d Y 
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3. onvec \~ Heat Transfer Coefficient for Prope l I an 
low Through Valve and Injector Passages 

Convec tive heat transfer coefficients for he heat e cha 
b en the propellants and the injector and alve pas ages was d n d 

u ing th quation i n Reference 3, 

~ _ 0.23 EO•8 PRO. 4 

in e r e ion o f turbul ent flo • 

1 
w r 

When the fuel and oxidizer flo 
in r nd transi t ion r g ons , the conv ctiv 

dete min d by us ing he d ta fro Refer e c 

in the pas 
h t tran f r co 

4, Figur 5. 

4. Engine Material Thermal Characteri 

s i 
fici 

h 
ts 

During the development of the R-4D engine, many material s 
ere incorporated into the construction. These materials included the 

refractory metals, molybdenum and columbium, L-60S cobalt alloy , A286 
lloys , 321 s t ainless, Rene' 41, and alumtnum. Each of t hese material s 
as arying he mal property cha acteri t ic hich ould a f c th the 1 
na ysis . The roperties which were required or u~e on he program 

• 
• 

c. 
d. 

• 

Density 
Specific heat 
Thermal conductivity 
Emittance (total and spe tr 1) 
Solar absorbtivity . J 

majority of the propertie re known f rom literature, 
ut in some case it was necessary to evaluate the proper~ies of the 

erials. we uch cas s were the determination of t he emittance of 
molybdenum and columbium, and h thermal conduc i vity d pec i i c 
o f C-l03 . co lumbiu~ . These pro e ties er e obt a in d from e t s d 

n r i ous ou . ide our . ure 6 , 7, a d 8 ho ypic 1 d t or 
e e a er 1. 
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In addition to the hot firing tests which were conducted 
during the development program, a series of teRts were conducted to 
determine the engine cha~acteristics during cold soak (radiation to deep 

pace) operati~n. During space operation the engine usually radiates to 
pace vacuum (_460oF), but dUllng ground tests the engine was tested in 

vacuum test cells where the surroundings were ambient (70oF). Since the 
o mperature of the combustor is in the 1000-3000 F range, the effect due 

to he temperature difference of the surroundings is negligible. During 
e time when the engine is not operating, i.e . , cold soak, and the engine 

us be maintained at temperatures above the freezing point of the pro­
llants, it was necessary to simulate the space environment. This was 

ccomplished by locating the engine in the test cell where the s~rrounding 
t cell walls are cooled with liquid nitrogen. The engine was then 

d by a re istance heater and thr power required to maintain the 
ine at various temperatur levels was obtained. These data were then 

r d to the thermal model results . Figure 11 shows the power requir -
for he -4D engine v • injector temperature based on the experimental 

ul nd he nalytic 1 model. 

he the 

I 
e da a sho that the analytical methods used to calculate 

1 characteri tics of the R-4D engine can adequately predict 
he actual emperature duringooth hot firings and cold soak conditions . 
s will be hown lat r, the analytical methods which evolved from his 

program 
n c aary 

J 

I 

r u d in aucce sful upplemen ary programs to provide the 
h rmal de gn cri i . 
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IV. THERMAL DEVELOPMENT HISTORY 

The development of the Marquardt R-4D engine can be discussed 
chronologically , using the time periods required to accomplish major 
areas of engine deve l opment. Th ~pproximate t ime periods and ar as of 
development effort a e li s ted i n Table II . 

Ar as of 
Devel o ment Effort 

I I 

Time Period 

A. Incr ase p r formanc S pt . 62 0 

D c . 62 

B • . Reduce injector 
t r mal soakback 
t emperat ure 

C. El i minat e tlhot 
phasingtt of 
propellan s 

D. l iminat e 
i nition over­

r es ures 

J nuary 63 
o Jun 63 

July 63 0 

Jan. 64 

June 63 to 
July 64 

Solutions Investigated 

U e mUltiple doublet 
to i mprove propellant 
mixing . 

Use higher r esis t ance "Ket 
ea l and add fue l cool i ng 

annulus downstream of 
a l ve seat . 

I solate oxidizer pro­
el lant passage . 

Us oxidizer valve 
tandof f . Remove oxidizer 

flow paths from head 
II pider." Add film cooling . 

Change injector design 
to l2-on-l2 pattern 

Use stronger chamber . 
Add preigniter . 

Each effort was i n er-related with others and he engine des i gn 
evo ved as a comp omi f . which coul d at i s fy the t echnica l r quire nt 
wi thin t he constrain ts of cos t and sch dul • 

A. Increase Pf.rfo rmance 

The minim m p ei f ie i~pu18 r q ir ment 
f the development program ~la 300 Tb"" econd : The ini tia 
m 

t i iation of 

es n cone pt , 

ingle doublet, was sel ct d du to e se of manufacture implic i y of 
es gn , and high pulse performanc , howev r the teady s at perfo manc 

2-23 



( 

TH'A}f -----
~~/ar~~8~ __ vA N __________________ ---_________________ A~l~08~O_ 

was below 300 seconds . Several design and development studies were made 
wh· ch attempted to reach 300 seconds specific impulse . Various single 
doublet configurations were used which incorporated splash plates , pre­
mixing cups , and various combinations of oxidizer and fuel injection 
velocit ies and impingement angles . The best results obtained were 270-280 
seconds I ,which was below the minimum spp.cification requirement . sp 

A mUltiple doublet inj ec tor s t es d t o incr a e mixing efficiency 
and to provide a more uniform chamber t mper t r . S v r 1 combin i on 
w re tes t ed : , 

Multiple Doublet 
'Confi ur ation Tested 

4 on 4 

6 on 6 

8 on 8 

12 on 12 

;. 24 on 24 

\ 
\ 

\ 

I , 
I 

I mprovement over ingle doublet 

Greater improvement, but still not sufficient . 

This injector met the 300 second minimum and 
8 eventually selected as the candidate 

design. Several i t erations upon t he doublet 
configuration were made to op imize per­
fo rmance . 

This injector further improved the performance 
and the temperature distr i bution. It was 
se lected as the backup design to the 8 on 8 
s i nce it was harder to manufacture than the 
8 on 8 and resulted in lower life capability 
due to higher ch~mber temperature • . 

i 
On i njector of this design was tested but 
p ovided no significant improvement i n per­
formance . Great~y i ncr eased manuf acturing 
difficulty for this de ign precluded fur t her 
consideration. 

T~e 8 on 8 configur ion d 11 r ed the r quired p cific impulse , 
bu hr st ady t a te i jector 
gr a r than the limi s t 

ct d for further de 

nd th rmal oakback wer 
of th engi e . It w 

p r ormanc improvement . 

Th -proto ype naine eonfi ur ion eon i t d 0 (1) ch mber , 
1 molybd n m n. 040" all t hic nea, bolte direct y to he head 

-( 2) v 1 8 t ue nd oxidizer at d direct y on h luminum h ad , and 
( 3) head, 8 on 8 inj ec t or. 
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B. xcessive Injector Head Temperature 

The 8 on 8 injector design resulted in high performance aud 
high chamber emperature--typicsl throat temperatures of 28000 F and 

c amber flange temperatures of lSOOoF . This flange temperature resulted 
in a large amount of conductive heat transfer to the head . This heat was 
no dequa ely removed by the propellants, thus, some mod~ of thermal 

nag ment as required to minimize the heat transfer from the combus or . 

1. Higher Resistance "K" Seal 

To lower the amount of heat conducted into the head f=om 
t he chamber, a steel bearing ring was added to the "K" seal . This con­
f iguration was known as the "wide flange K seal . " This change did lower 
he d temperatures significantly; however, the flange temperature increased o t o 2000 F, which caused the seal to fail. 0 performance degradation was 
measurable, nor was there any evident physical damage to the engine. 
However, effects of the leakage of the combustion products through the 
seal to the ~ehicle were unknown and the~efore not desirable. Several 
changes to the seal configuration were made in an attempt to solve the 
problem, including some attempts to change the heat release pattern by 
changing the injection momentum ~ngle. This problem was finally resolved 
by using fuel film cooling which lowered the flange t mperature to less 
han 400oF. Concurrently, the seal joint as designed for 20000 F by using 

a Clat labyrint h L-60S seal . Both film cooling and the h igh t emperature 
flat chamber seal re incor orated at about he same time . 

Two attempts were made to r~~uce the heat input to the 
injector head by convection from the combustion gases . The approach used 
a to install a convective barrier across the portion of the injector 

fac which was outside the doublet impingement diameter . A stainless steel 
barrier was used and a thermally insula ed phenolic was r was atte:npted . 
ot a mp s resulted in very little head emver atur . difference end he 

cone p s dropped . 

2. uel Cooled Head 

two-pas fu 1 cooling annulus w dded to the basic 
8 on 8 injec or in an attempt to lower he run ing emperature of the 
injector head and, consequently, t e ax1 m oakback t emperature . The 
fuel entered a cooling passage downst earn of the valve sea, made one 
complete circle, passed into a lower cooling pa h, circl d the head again 
hen n ered he fuel distribution manifold. These cooling annuluses wer 
mal diameter passage for high ffici ncy coo 1 g and minimum dribble 
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volume. They were very effective and lower d the heat temperature steady 
s t ate head mperatures to l500 F as opposed to 350°F ithout the cooling 
path. 

One detrimental effect was anticipat d, i . e ., the effect of 
the large dribble volume on pul~e performance. During testing to vcrify 
his effect, the chamber was destroyed by an ignition overpressure . This 

was the first time this had occurred at THe without a questionable facility 
malfunction (a prior chamber failure during dvent development was caused 
by a plugged chamber, due to faulty pur ing echnique) The in~ector head 
was r fit t ed ith a new chamber nd the t s e i repe ted . The second 
chamber was also destroyed . 

Analyses of his phenomena 1 ad to th conclusion t hat the 
o idizer lead and large fuel dribble volume was the basic cause nd the 
fuel cooled injector head idea was scrapped . A fuel cooling loop loca ed 
upstream of the alve seat was thought to be unusable as the fuel would 
vap"rize during aoakback from the long run. 

Because of the destroyed chamber, the backup design 12 on 
12 design was pressed into service and the prototype testing was started. 
The 12 on 12 injector design had a larger impingement diameter, therefore, 
a l arger diameter fuel metering annulus. This larger annulus provided 
much more head cooling and the injector head temperature was lower than 
the 8 on 8 . The higher performance r esulted in a hiRher chamber temperature 
of 2900-3000oF. This temperature approacheF the upper limit of the molyb­
denum di sil icide coating but the life capability was still considerably 
beyond the mission requirements • . 

c. Hot Phasing (Reference 5) 

The mission duty cycle simulation tests of the inj ctor de ign 
required an engine atart and operation from high temperature oakback 
condition':. It as known as "Maneuver No. ltt and conais ed of · 

10 seconds on, 30 conde off , 
3 econda on, 360 9~cond off 

10 I cond on. 

uri g xecutio of the bove cycle, culi r beh lor of 
th thrust and chamber pres ure, a d an x remely apid e ting of the 
chamber was observed. Typi 1 de arc r shown n igures 2 nd 13. 
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A pho ogra h ho . g the ex e ' o 0 the cham e 
bur ning condit ' on is s1 0 n in Figure 14 upper . A photog aph 
type during hig he t r nsfer urn ' ng is shown in Figu 14 
phenomena w s given the co 'ned name of "Ho t Phase", although 
name 'vas HH (High Hea Transfer Bur ning) . 

under a no rna 
o similar 
10 er . This 

h official 

s ral chamber wer burned ou a he ar a jus above the 
t e t ime of per'mentatio wi h his y e of urn'ng. Th 

excep ional y impressive. normal 
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tI e propellant passage between the valve and the head. The thermal r s ' s -
ance betw~en the injector and the oxid 'zer va lye was i nc r eased by using 
long sta inl e s s t eel bolts . A phenolic insulat or was installed to absorb 
the ransverse l oads . 

I nitially the standoff was a r movabl par with omniseals 
at ach end for propellant sealing . This was changed 0 a pr ssed- i n 
A-286 'nsert 0 l i minate sealing and installa t ion difficulties exp r ienced 
wi h he omniseal injector interface . 

Alternate approaches were tried to reduce the cooldown time 
of h 0 idiz r propellant passages: (a) use of pressed- i n s t eel l i nes into 

z d's ribu 'on manifold, and (b) a tt sp'derlt d s ign us' ng indi-
v ' du 1 a n es e l tubes as propellant passages. 

( a) Pressed- in Steel Lines 

In hi pproach, tee! lines were press d dir c 1y 
i nto he oxi 1 r di r l u ion nlfold. T i design proved dif ficult t o 

br i cat an ovid d no ob vahle b nef ta . 

( ) Spider Design 

A radical departur from the central standof and the 
propellant distribution manifold was made in the spider design. It car­
ried the concept 0 thermal isola ion of the oxidizer valve and the rapid 
coo ing of the propellan passages to the ultimate extreme. In this design, 
the valve loading wa s ructurally reacted by the bolts and h ad . The pro­
p llant was injec ed into the chamber by individual s ainless s el ubes ~ 
Th" llow d max mum isolation of he oxidizer valve from the head and 
pro ded 10 eat capability propellant passages. , I 

' Th individu 1 tube were lip fit ed into the 
i jector to llow for he mal expansion and 0 minimize th~ st- sses . The 
di fficul y of fabrication techniques wa m jor reason' that the design 
was not mor r adily acc p ed . Leak e 0 combustion products hrough 
the lip· f t joints, with pos ible accumu a ion of propellants also pre-
s d dif c lty mbly fabric tion l ch ique h v dvanced 
tr 1 1 the p r , and hi de n y 0 be a ibi 
It 0 0 idt:r d fo rn 1 teo1 tion of dv need inj ctor desi • 

iv 
o 

n 
h 

( ) 

Th chamber 
h nj c 0 

id e 
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ilm cooling) on 0 

nom nal In on ro 
hot pha burning li r 

a r duc d 

he chamber flange to cool it . The results were 
he high temperature flange seal problem and 
limina ed. I ddition, he chamber tempera­

low lev 1 that he R-4D chamber has almos 
nl1mi ed 0 

ilm cooli 

The chamber 
d ign had wo para e cp r 
nd the second at 1600-18000 

hift from nucle toil 
igher flange temp r ture 
tored in he flang nd ch 

v Iv during so kb c . The 
the hic n of h chamber 

fuel were used in an a empt 0 optimize 
performance degradation and run time. 

I 

r 
oakbac 

i incr 

for he film cooled engine 
o ic ,one 500 F or less 

mperature i caused by a 
fuel coolin s reams . The 

o e inc a ed heat 
b d b h h ad and 

"'~lIucr ur I 0 becom higher as 
sed 

v ry t t of fllm cool d gine rt Ith nucl ate 
boi ling he t transf of the coolan on the 11 Th br pt tran ition 
to film boiling and its corresponding high chamb r all temperature is 

... func . on of OIF ratio, perc nt fuel cooling, a dime. Th time tc 
transition "ncr ases as the OIF and perc nt coo ing are incr ased . 

The T-10060 (Figure 15) injector, with 12 to 13% fuel cooling 
hifts to film boiling when the OIF ratio is 1. 8. At an O/F ratio greater 
han 1.85 , the flange temperature is low, i.e., 5000 F or lee . Figure 16 

shows chamber flange tempe atur v r~us O/F for most engine configurations 
through T-I0060. Figure 17 shows the eff ct of ·o/r ratio upon the length 
of run time un il the transition t~ film boiling and its associated high 
t mperatur.e occur • 

The uel cooled injec or design did not have the same 
p formance as a non-film cooled injector of the same hole size, because 
ile doublet O/F is not optimum. Th cooling fuel is included in the 
nine OIF ratio but does not re ct s efficien ly as if mixed in a doublet . 

A ood correlation w made of ngine mperature vs. Isp or v rioue 
ount of cooling. This data i die t s th . ngine chamb r t mperature i 
dir ct function of performanc within relatively narrow lim! s . Figure 

18 hows throa mperature' , • Isp for n8i wi h fuel . cooling from 9 
to 12% nd da f om n ngine ith film cooling of 19.5%. At "he 300 

cond r ormanc 1 1, t h d ition 1 ilm cooling ad deere d h 
o ~mpera ure by 3000 

• 
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CHAM E FLA GE TEMPERATURE VS IXTURE RATIO 
DATA TAKEN AT 60 OR 90 SECO o POI 

SY BOL ENG INE PIN SIN RUNS CELL RU DATE % LE 0 

0 T·l0020 0001 3060-31 34 6 3-03-64 10.7 

6 T -10020 000 1 471-51 8 2-22-64 10.7 

0 T - 10020 0001 -2 819-886 3- 12-64 19.4 

0 T -10050 0002 3386-3474 6 3-24 TO 3-27-64 12.9 

T -9730 0001 625-714 1 2-29 TO 3-04-64 21.5 

0 T -10100 0001 -2 386 1-3876 6 5-06-64 10.6 

0 T-l0060 0003-3 3877-3907 6 5-1 5-64 12 .92 

T -10010 0001 386-432 1 2-17 -64 11.4 

T -10030 0002-1 3135-323 1 6 3-04 TO 3-06-64 8.9 

SOLID SY BOLS: DATA OT STE DY ST AS RU AS CUT IN TRANS IENT 
FRO UCLEATE TO rtL BOILING. 
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D. l~nition Overpressures 

I n August, 1963, a l2-on-12 engine was destroyed by an 
ign 'tion overpressure . This placed great emphasis on understanding how, 
what, and why an ignition transient pressure would some imes shatter a 
chamber . A two-prong engineering development effort was launched to examine 
ignition phenomena and combustion characteris ics in de ail . The injec or 
combinations which were built and tested were dash numbers of Drawing 
VX20560 ( -501 through - 533) . These engines were tes ed for thermal charac­
t eristics and ignition pressure levels . 

The most successful 12 on 12 configuration for thermal consi­
derations was the -511 . It always "stepped" out of hot phase operation 
in leas than 0.5 second and delivered specific impulse in excess of 295 

o 
s econds~ It had a hot chamber temperatur~ of 2900- 3000 F but was the best 
candidate for a successful engine . Unfortunately , a second injector of 
this configura ion (S / 002) would not behave i n the same mann r as sl 001 . 
Af er s v r a l ests to verify t he S/ 002 was dif f erent from S/ 001 , the 
12 on 12 injector design was dropped . 

An injector cesign selection was also being made on the basis 
o . ignition spike testing. This testing indicated the 8 on 8 had l ow r 
pressur e ransients and th program eventually sel ec t ed the - 525 engine 
as he i n jector design to be developed . 

E. Pre-Igniter Effects 

The T-10060 fuel cooled engine had demonstrated the most success­
o ful engine design . Its steady state chamber temperature was 2200 F and the 

. 0 
maximum head temperature was less than 350 F and was thermally acceptable 
fo r the A 110 Mission . It was not acceptable from the standpoi~t of ignition 
trans-l.en t ressures t hat it gene-r;t~d . The pre-igniter was introduced to 
r duce or eliminate 'these overpressures (Figure IS) . 

.. I 
/ ~ 

The pre-igniter had an adverse ffect on the ngine's thermal 
characteristics. The percentage of fuel film cooli g had to be increased 
f r om 13% 'on the chamber wall to 22-23'. on he wall t o obtain the same 
chamber 11 temperature nd to llow runs of lnfini e len t h i thout a 
sh if to film boiling . 

Additional fuel cooling was required on the pre-ign r i t s I f 
o pr vent burnout of the steel (A286) wall. The effec of this larg 

amount ~f fuel , hich was not mixed in the main doublet, was lower ing 
of performanc . Thi can be a tributed 0 a ver y high double t OIF ratio 
and poo iy.ing 0 he uel used or film cool ng 
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V.. SUPPORTING PROGRAMS 

During the Apollo pro~ram, additional programs were conducted to 
det rmine the characteristics and performance of the engine du t o various 
d s ign changes. These programs included: 

A. S-9-6003, Columbium Alloy Combustion Chamber 

B. AS-9-5626, Apollo S/M RCS Engine Modification for Moog Valve . 

C. M4J7XA-4060l3 NAA , Thermal Management of Apollo SM/RCS. 

D. TBC P.O. N-672458 7674 , Lunar Orbiter Velocity Control Engine 

A. Columbium Allov Combustion Chamber 

he Columbium Alloy Combustion Chamber development program, 
funded by ASA- lSC under Contract NAS-9-6003 , was conducted to develop 
a coated columbium alloy combustion chamber suitabl~ for incorporation 
into the Apollo Ll-1/SM RCS engine . Heat transfer analysis of the engine 
system was conductpd to predict the various structural temperatures during 
and after an engine hot firing (Reference 6). The engine combustor was 
composed of a C-103 columbium alloy . The component and columbium struc-
ural temperatures predicted by the analysis and the actual temperatllre 

measured during test firings of the engine are listed on Table III for the 
R-4D engine. In summary, the valves, injector head, and combustor flange 
t mperatures ere lower with the columbium alloy than the corresponding 

mpel"atures with a similar mOlybdl.flum alloy chamber. The maximum combus­
ion chamb r temperature, using the columbium alloy , is approximately o 100 hotter than with a similar molybdenum chAmber. The principal reason 

fo r this dlfferer,ce is due to the lower thermill conductivity of the 
columbi~J. This lower therm 1 conductivity results in less conduction 
h at transf r along the chamber wall . 

Since the thermal conductivity and emittance of the C-103 
columbium alloy was not known at the start of the program a determina­
t ion of these properties was made by Marquardt Battelle emorial 
I stitu e, and the U. S. aval Radiological Defense Laboratory . The 
r e ults of these tests are shown on Figures 6 and 7, 

The re ults of th te t indicated that columbium could be 
r. ucc 8sfully nC'lrpOl' ted into the R-4D engine. The majority of the 
tructural r ion of the ngine would be perat d t or n ar the oper-

ating temper ture moly d num combu 0 engin y t m, hi h o columbium alloy combustor 0 1 run up to 100 F hotte th n Imll r 

2-38 
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lybdcnum combus .or. Tests of the oxidatLon r~sistant coating on he 
o columbium combustor h~dicate a maximum safe temperature above 2800-3000 : , 

which is well above the operating temperature of the engine. 

0& Valves 

AS Contract AS-9-5626, "Apollo Servi.ce Module Reaction Control 
y tem ngine dification for the Moog Valve" was conducted to provide an 
ngine which \! es the Moog bipropellant valve, bOlt retains the combustion 

charac eristic of th~ R-4D engine. A heat transfer analysis was c~nduc d 
o dete ine the design requirements when the Moog valve (which is a bi­
ropellant valv~' is used instead of the twin coaxial valves. 

The heat transfer analysis of the engine using a Moog valve was 
conducted using the thermal analyzer program for a majority of the study. 
his was required because of the thermal resistance change between the 

injector ·:md the valve. The design of the Moog valve required redesign of 
.he injector to minimize the heat transfer to the valve. The analyses 

and data generated in the test program (Reference 7) . indicated that the 
injec tor and combustor temperatures are approximately the same as for the 
R-4D engine, with coaxial valves, and that the Moog valve temperature~ 
are higher than for the coaxba.l valves during soakback from a steddy state 
run. The temperatures are well below the valve upper temperature limit. 
The approximate temperature of the valve seat of the Moog valve was 
200-2l0oF at soakback, compared with l60.l800 F for the coaxial valve 
configuration. 

c. 4ssive T~ermal Management Program 
J 

Th major objectives of thi progr m, funded by NASA-MSC under 
Contr ct AS-9-5026., er to, 

/ , 
• 

or he engin • 
tabl! h minimum and maximum op~ratiQnal tempe~4tur 

/ 

2. De,ermine r4diation properties of the combustion chamber 
nd 0 0 ible lternate materials. 

3. V rify major thermal ch racteri.tic8 of th, n 1n 

4 
ould 1 rov 
or opt1 um 

v lu t potenti 1 eh nv" 0 the ft81n 
r.ermal ch c ri tic l\Q r corm nd n 

erm 1 erfor~nc. 
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1) Fuel Valve Standoff 

The standoff design was a straightforward extension of the principle 
used for the already existing ox valve standoff. Since extended 
l ength of the bolts was not possible due to the injector configuration , 
good thermal isolation and stress relief for therma l expansion was 
provided by using long titanium bolts ith titanium standoffs under the 
bolt heads between the valve cap. Th pr mary difficu1tyowas encoun­
t ered in provin tha an overall resis ance of 44 000 sec F was 
obtained. ' Btu 

Several attempts were made to measure the thermal resistance by 
conductive cooling of the head and m asur i g a known heat input. 
These attempts were unsuccessful due to excessive uncontrollable 
heat leaks in the setup. lhese heat leaks were not r p atable and 
l ed to several erroneous conclusions about possible problems of 
unrepeatable valve seat joint thermal resistance . 

A radiation space cold soak test v cuum chamb r was assembled to 
v rify the actual ovprall valve head thermal re istance. This test 

o 
o be 47 000 sec F for he acility proved th~ overa ll resistance 

ecoF , Btu 
o valv-:! and 55,000 B · fo th fuel 
v y C ose to he anal ic 1 valuation 

valv • 
a d 

hese r e is anc s w re 
proven 0 e 

r p ble . 

D. High kesistance Chamber Head eal (Reference 9) -
The high resistance ' seal program objective was to design, fabricat , 

nd f\tnctionally t at a chamb r head eal hi(.h had ,thermal 
hr-o, 

esi tanc 5.0 • Btu. The seal ... ~ 0 be interchangeabl wi h the 

t ndar1 Apollo a1. 

urni h .:! th rma1 r 

dlficat.ion to the h 
0 

3 0 hr- F w d .' . Btu 
1mo 

i tanc 

d-s 

a1 

1 

d ign w~ built andfested which would 

of 5 hr- but ou 'd' require li h 
Btu i 

c vity. a {th a th rmal resistance 

h cavi y. Th er al 

.0---
i e 
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To provide thermal data for structural analysis, a thermal model 
o f the R-4D engine under soakback from firing and cold soak conditions 
o f the engine was made. Good agreement with temperature results from 
fir ing tests were obtained . The model gav,' temperature profiles whi ch 
were ithin 150 of the actual t est data. Accurate soakback tempera­
t ure predictions enabled a good structural evaluation to be made. 

Detailed thermal evaluation of candidate seal designs was made 
by comparative calculation of thermal resistance from maximum and 
inim m dimensions. Practical seal design configurations were se­

lected , fabricated, and tested for verification of the analy~is . 

Test Methods 

The test method used for verification of the thermal resistance 
calculations was a direct measurement of the heat loss across the 
seal under actual heating rates and thermal load conditions. 

Simulated heads were heated by small electrical resistance heaters . 
An actual chamber was attached to the head, using the seal and attach 
hardware. The power input to head was measured and used with the 
m asured temperature difference across the seal to calculate the ther­
mal resistance of the seal. Figure 19 is a schematic of the experi­
men a1 test setup. Figure 20 shows the actual test harc~are. The 
heat input was calculated from current and vol cage measurements. All 
he t generated was assumed to go across the seal. Convective losses 

negligible at low pressure P <10-5 mmHg. dis ive losses were 
pproxirnately zero by controlling the boundary tempera ur to 

same emperature as the simulated head. 

h 
r 

I)ea 
eomp,. 

Th emperature di 
lange w 

erenc ' re ulting be ween simu ated h ad and 
easured nd used 0 calcula e ~e seal h 

c , 

c llent agr em nt wit~ c 
bili indica e 11 a mpt 0 

cuI ted val e and high degr 
r j tif d . g e 2 

s th resu sand ca cuI t d h rmai sac • 
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SEAL THERMAL RESISTANCE TEST RESULTS 

Seal 
Configur~ tion PiN Mat erial Thermal Resistance 

Predicted 
(NeS1 cta Contact Res1stance l .monatre.ted 

Hinimum Maximum Seal Jo1nt* 
Hr-oF Hr -<7 Hr-oF Hr-<7 

BI'U ]ffij"" IffiJ lffiJ 

Conical '1'-13622 'I'itanium 5· 3 . 6.2 6.6 5.7 
1nval.l '1'-13621 Rene ' 41 3 ~7 4. 3 5.2 4.6 

ratpt '1'-13611 Titanium 1.8 2.2 2.1 2.0 
'!'bin ene ' 41 1 .2 1:5 1. 3 1 .2 

,. - 3618 4.1 5·3 3.0 2.8 

3.8 4.3 2.8 2.6 

81 8.3 · . 3. 5 3·2 

rall 1 r let ce of dIs c amb r 

'J-47 21 
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candida seals w r ired in two engines which were modified 
o accept composite s al and conical titanium seal. The predicted 

r ul ere v ry close 0 he ac ual . 
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id r d for 
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monstrate a pot n ial problem which should 
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D. Lunar Orbite~ (Reference 10) -
The Lunar Orbiter engine was a modified Apollo engine hich 

pro lded the ~veloclty for the photographic lunar s 1lite. The modi­
f ications ere the addition of a heaer, quali fication of th engine to 
a higher vibration spectrum, and extended burn im of up to 700 seconds. 

The heater selected was a modific tion of 
It as incorporated into an assembly hie pod 
vlded a heat path into the injecto • 
existing 10/32 scr w hol in the hea 

Design crit ria which was u 
obtained from thermal te ts made on the 
Figure 11 shows the engine heat 10S8 v 
t wo conditions of firing. The OIst c o operated over 3,000 second t 2700+ 
The Lunar Orbiter engine wa oriented 
a ther.mostat was not used. The h ter 
operated continuously throughout the i 

d for 1z1 I 0 h h r 
ver1fic tion te8ting. 

er th 0 t temper tur for 
• obt ined using a chamber 

and a u8ed 0 ize the h a ere 
y .fro h t 11 time d 
sturn dol unchnd 

eion. 

The engi~e performed ery 11 0 it 
engine temperature was maintained t ~75° 

in 
t of 

and no problems were e countered . 
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IS i ion ae~lerit1 me urements were somet~e requir d on production engines th t 
wer not quipped with taps for chamber prea8ure meaeur ent. In theae c ae , 
pi electric accelerometer8 were mounted on the outaide of the ensine injector and 
t~ 1r output 8ignala, processed by the same electronic y tem u d fo~ pres ur 
me urements, were used to indicate ignition everity. Figur 5 . · ahows a diaar 
of the 8ignal conditioning circuitry uaed with piezoelectric transducer to mea8ur 
igni tion severity. The Kistler peak reading voltmet r proved most valuable for 
gathering large ounts of data on ignition everity. It~ outpu t ho ing th 
highe8t peak value of acceleration or pr 8 ur for lected set of firings, could 
be read directly from its meter face or could be recorded on a chart recorder or 
o cilloscope for later data reduction. 

B. IC STRAIN MEASUREHENr 

c. 

D l.ing the ensine dey lopnent program, inform tion need 0 the tre di tri­
butlon in the combu tion chamber and exp ion b 11. Thl inform tion w to erve 

guid for dealsn efforts to ~prov~ the re i t c of the chamber d b 11 to 
1 ad caua d by tran ient ignition overpressure. Th m urement method adopted 

a ~ple i ns 1 tive arm oridge circuit, 0 cillo cop 
w r . conducted with a many 8 48 atrain g e c ent to lected 
t h engine cClDbuation chanber and expan ion b 11. 1 ur 6 h 
c bU8tion chaDber in ta11ed in the test e 11. C 1brat 
60 Hz chopper which inte~ittently k d c ibr t r i 
tr in gage to produc on th fac of th oaci 0 cop a aqu e 
known sase resistance change. 

S r in recordings 
op nlns th c 

ere made by a~ing th awe p circuit of th 0 cillo cop , 
hutter , firing th ngin d h n el o i th 0 ci llo co 

c er shutt r camrr ~n~trlgg r 1 n 1 u d t o tntti t h P on 1 
o cillo"",: (, ~e ultan80ualy. 1/ 
HIGH SPEED MOVIES 

olor motion picturea mad t speeds from 2,000 to 16,000 r 
to study ignition and related proces8es in engine8 quip 

stic combustl bera. The high peed movi s wer fir 
Ition tr i t th d without ignition ov rpr s ur 

red th mixture 1n th combu t10n ch-"~- .v, ...... 
k bro preignition ppe r c 
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Th tranefo~ tion occurred during the ehort interv 1 betw en fram e. Thia vaa 
th first concrete evidence that a detonation v ve had propag ted through the 
m t rial in the ch ber. The pre enc of detonation avea during ignition over­
pr a ure v a aleo detected by high reepone presaure me surem nt. High ap ed 
mov! e were ueed 1 t~r in the program to atudy the t~ing of th ev nta i n t 
combu8tion eh b r durin pul ins op r tion d to tud i j c or p ying a8 a 
funet~on. of it d temp~rature. ~igure 7' . 'l8ho a ine with a trans-
parent combu tion chamb r inatalled in the test cell for a movie run. 

D. OTHER MEASUREMENTS 

Information fr high ep ed orlea wae ccnp tv! with d.ta f both high d 
10 range Klatl£:, ban auc re. The high range tr duc r v ' u to aure 
pr eur 8 ft r i 1tion and th low r S i tl r tr educ r" ua 
th pre ur in the c bU3tion chamber b fore ignition oecurr d. It. combinAtion of 
a 0 rang tr~ er d eolenoid v.lv ue to etudy the chamb r pr aeure 
at e= c bU8t! C .. ed. The olenoid val va. held .hut durins th preignition 
and C bu.ti period. to protect th tran cI r ( ich v.. or eenaitiv then t he 
Ki tl ,: tr era) d then open d ~t r th 1 1 ant 1 re cl0 d. Thie 
p 0 ided • t of t ch b r pr .eure i • i 
in 1T\atlm v. ua 1. cQIljunction with t 1 
pr ea •• that GeC aft r ine fir • 

pM' eter. a 
canbuetion ch-IICI­
o¥ rJ prt.)nded 
probl .... oef..at 

d 
i.tie • 
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Exp rience ned during th Apollo program ahowed th t i nition preaaure d t a 
lnclud d a 1 g random component d th t both th m and var lanc of th 
d t were aignificantly ffected by numb r of variables lncludtng enain 
ori ntation in e gravit tion 1 field, the duty cycl being fired, the temper-
a ure of th ine and prope1l t, the typ of fu 1 b lng uaed, the numb r of 
p ea p r r d the pressur within th t at cell. During the proar .t chnlqu a 
v r developed for identifying th algniflcant v labl a affecting lsni~lon pre sur , 
for controlling them during engin ignltlon teata and for: data r ductlon and pr -
t t ion ln ful d u eful fO~8. Control of th varl bl a affectlng lsnitl 
pr aure vas poa lbl~ by constructlon of ultl-attltud pace ~ul tl0 
f clllty" Thl. f lllty provlded the C4P blllty for flrlng t.h rock t in ln 
an deair d ttlt vlth re ct to the ravltatlonal f1 1d. f lllty pr aur 
prlor to 19n1tl as h ld at 1 aa than 25 mlcrona of ercury by the c bin tlon of 
a cold tr p and 9,000 c~ root b1 r baCk by. thr at at lnJ ctor. 
Durlng 19n1tl00 teata the glne v a po d to a s u1 ted bl k p e the 1 
environment in th form ofl 11quid nltrogen cooled hrowl which surro d but 
dld not f ~ouch e c bustlon ch brand exp alon b 11. Engine t p r tur control 

aa accc4p11 h in. anner s 11 r to that u on actual p Yehlcl by 
lectrical1y h attng th rock t ngin lnj ctor head while a11cnrlng the ngine to 
adl te he t to lta cold surrounding. Oper tlon of th eosln ~rope1lant valves 
as control1 by H' quardt d al "pula r" vi th provislons for lndep t 
ontrol of th flrina pu1ae vldth, be n pul nunb r of pu1 a d r 1 -
1" timing of the oxldizer And fu t 1-

at itude spec ul tion facility d Fl ur 9 h in 
t:ro1 p 1 of the pula r. , 

r 
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Th 1anltlon tel1t data cards vere u ed as input to an analysis of vari ee eaaputer 
pr .. which determined thol variables and combination. of veri.bl • that aipif­
i e tlJ affeeted ignition severity durina each test. (For ex ple if the tempera· 
t ur of the cClDbu.tlon ch~ber had a statlstic lly .ianificant influenc on ignitlon 
8e lty and if the naine off time between flrios. did not, but certain camblna-
ti of off time 8DCl ch ber temperature prochac lanltlon a rltl a .ignlflcantly 
diff t f wh t would be predicted from the ch b r rat ff c 
th put r pro r uld ldentlfy ch b r t_perature cambi 1 r 
t atur doff tia aa 19n1flcant varlable.) .. 

put r pr r printout of a. p1e of i tl teat data 1. ah In 
I t ahowe that durlna thie teat, c b.r t perature, ft bar of pula •• 

f time r the varlab1e that alsniflcaatl aff ct lpltl a. rlty. Aft 
the englne thro h aet of run. ael ctad b, 'tatl.tlcal exper n d algn 

~ecJ!JD1q a lden.tlflcatl of th allDiflc t v .abl a usl the a1,al. of 
'· ..... • ..... ee camput r proar ,a computer p\ottlna routine waa us to pr par plot 

of tanltl pr.eur at.nat the slanlflc8ftt varlable.. Fl \Ire 13 1 
t ypical plot of llDltlon data abovlna th ffect of c tl c b r CtIEIllDe 

1 nltloa .a. it,_ Flaur 14 ch t ic 1)' h 
lara. t. of lsnltl t d _ 

OF DtGITlON OVE RESSURES . 

r ld tlfled duri ~~e d velopment of th 
1 • The flrat type(lat r ft .d "h tero ou. 

wave that prop ated ~roush the mat rlal that 
ch er durln the prel itlon perlod. (Later ln 

". i lUoft overprea ure • ld tlfled, a d ton tlon 
_ 1 .... 1i .... _1ter a l.ft the c butlon ch b r lnt rn 1 urfac. 

• ) The r i iter w.. added to the enaine t o r 
lle1tua:n'elUtotIta dec.ClDJIt.I.OD ft ... ~.aure. b, hort 1 the tim b tween try 

d th 1r aub. t 1 ition. 
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sure measurement made with low-range Kistler transducers during the preignition 
od showed that a preignition reaction r i ed the temperature and prellure of the 
ure within the canbustion chamber until the initiation of the travelling deto­
on wave occurred. An lytical est~ tel b. on det tion th ory and the 

mm~t of material injected before ignition pr dieted th t ignition pre8sure around 
2, psi might be produced during a h terogeneoua deton tion. Ext live engine 
t e programs were conducted to determine the engine te t conditions th t produced 
i tion overpressures and the effect of the OY rpre ur on the olybdenum com-
b i chamber and hell. These early telt results ah that the t~ing of th 
p lIant valve opening influenced the peak ignition pr ssur. The highest 
pressure occurred when the oxidizer valve vas opened b fore th fuel v lve. Figur 
1 s a sampl of peak ignition pre ure data plott d • a function of v lve 

8- (Another f tor th t seemed to aff ct ignition pr ssur agnitude v 
llant temper ture. The largest igni tl r ob in uring. t 
lth cold propellanta. It aa onl 1 t r t co d p 

~~8ton8 aasoci ted with cold engin h va to b r po ible for 
parent propellant t per tur ff ct.) 

ob rved relation between 19nition overpressure and naine operating variable 
not explain all t~ dat characteristic becau e of the influence of uncontrolled 
81&nificant Y labl s such • hard ar t p ratur and t~ betw en pulees. 

HmlRw'~. it val f It that s ti f i itio ch r ct rl tics could be obt ined 
~inating t eou d 8 d 11 t t of th prei it r 

ign ica e h t pr i iter could 1 1n t large ignition 

t 

t f1 
lth 
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1. aporadlc combustlon ceases when the oxldlzer 1 exh u t d (t plc l1y about 
100 millieeconds after the valves are clo.ed). The fu 1 aUll r lnina in the 
injector then empties for approximately 200 millieecond. mor • 

Fuel ia depo ited on the combuation chamber walla by the film cooling flow used to 
l ower steady atate operatina temperature. and by the empty ina of th injector after 

e valvee are closed. If the combustion chamber wall are re1ativ 1y cool, thie 
f 1 can accumulate from pulae to pulse. The accumulated f uel repre ents a reaervoir 
of nersy a. do combustion inte~ediate compounda auch a ni t rates formed by reacti 
of this fuel vlth oxldizer during th prelanltlon and post combustlon transient 
proc • ea. Identlflcatlon of th qu nc 0 tr 1 nt proc a 8S durlng pulsing 
of e ~oc~ ln 1 th fir t t tow d d ra dl th 1 nitl0 proc • 
. ~1 ure 19 ho yplc 1 ch ber pr sur r cor til a of th ran i nt 
proc • e ld tlfl d. 

nat for octelllns the lnj ctor ptylns tranalent ¥ r b on analy.l and 
1 boratory experiment. Durlns the laboratory experf~ ta. ala •• vial. of 
p!"op llant " re opened in an evacuated bell jar whl1e h1gh .p ed movl. r ueed 
t.o det min the eff ct of pl'Qpe11ant t perature d ravitatlona1 or1 t tlon 

th ptyin~ proc.... The movies how d that emptylns took p1ac: by two-phaee 
1 1uld-vapor flow c pt when the vlal r fl1led with chilled prope1l t and 
o iented to pty by flow u ard as ln t ravity. In thi latt rca. ptylnS 

k uch lone r .nd took pl by .o11d-v por flow with perlodlc etopp a cud 
b frozen plUS. in th vial k. Injec r pt ins curve. a 11 r to tho in 

SUfe 20 vere calculated for t -ph e f1 ua d p rt of th comput ~1 
•• Operatlon Model. 

/ 

1 added to the combu.tion chamber wall. i. affected by aravity / ~d by v porlzation • 
. e v porlz tion rate le h. vl1, influenced by heat tran.fer conaideratlona d 1 •• 
erefor • quit dependent on the thickne •• of th 1 Y r of fuel. Durlng around 

e.tina. sra\!ity flow ha. an important ffect Oft the thlckne or fu 1 fllm a how 
b Flgure 21, ' con.truct d by quatlng r vlty forc • and l ' u forc ln 1 r 
of l~quid on a rtical vall. Thl. cur a at 50~ of.' 0.0 1 ch tb c 1 r 
of onomethylhydrazlne wl11 drat f rtlcal vall ln O. 95: 

r n r ulr •• 43 c •• 
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C puter run. mad with the Pulee Operation Model 1ng h alytical pr iona 
for inj etor emptying tim t W 11 dr inag tim and fuel e"apor tion tim (and 
i cluding the ff t of ev por tion d combustion h at flux. on th combuetion 
c amb r t p rat r ) shoved wo different y s of b bavior. Larse accumulations 
o fuel ere pr diet d for cas • vb r th heat d by combustion lese than 

heat r utr to evapor the fuel depo ited on th canbustion ch b r w 11 
d ins a' firina high ini ial wall t peratur delay d thi acc ul t n un i 

b at d ficit Q umb r of pulses r due the c buetion ch b r t p r tur 
that th res d ~ 1 could not apor t b t firinas . 

er per octs pro d h h a 0 rove all th mat rial 
y a firma. This produced a ris. in ch8Dber t per tur 

1 th 1 itial tnperl\ture vas warm enoush to v por t 
1 be firinas. St tina a puls tr in lower t per-
u a i s only til ess h at va d th ch b 'r 0 

perature i h sh for complet apori~ tlon. Flgure ,22 ehavior 
of ch ber t per ture and pot ti 1 ignition pressure (ba d on ina ant c bu tion 
of th residual f 1) for th two situations discuss d. 

Afte~ recognition of. cond ns pbas explosions a a 80Urc of ianition overpr ur 
t ignificant veri ble. aff ctins c~d s d ph .. e explosions re id tified by 
tudylng Pulse 0 ration Model re.ul~.. Engine tests were conducted to explore 
he effects of engine temperature, attitude, duty cycle, and propellant s lection 

on the ignition pressure magnitude. The test established engine temperatures 
requ~red for avoiding condensation phase explosions and showed the following trend 
in the data. 

1. gnition a verity deerea ed 
hat evaporation i8 an impo 

busti ehllDb r. 

2. low st r 

3. 

rp I • 
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port t t 

( 'II. 

r to d v lop th pollo r 
_ ..... IUIUI at t .t c 11 pre aure. ich r hi p 

t r part. of th proar • On f the f to. Ie. 
pr aaur • (b low 100 micr a)... OC:CtlP'll"aIIUI!. 

• en ines r fir repeated1, at e • 
ifold exploaiona c d a ch teri. ic nr.!ln. 

tranaducer locat upstre of th i 
In aan cue th injector manifold 10 i s c._ed d ase to 
Jector or to a propellant v vee The fir t clearly recognized 

ea e of engine d as du to inj ctor manifold exploai " Qualification 
En lne B whose v 1 .eat" d ad by injector manifold exploaion 80 th t 
it 8ub equently w .. unable to proper1, seal (Th resultln leak cooled the 
e bustion chamber f the in d resu1te 1n an 19nition ov rpreasure which 
d ed the combustion ch ber). ' Subsequent tudy of the injector manifold 
explo ion phen~enon how that injector manifold explosiona were c used by 
ace ulatione of prop 11 t i th inj ctor P.88 tnt cled for th oth r 
pro 11 ant. The c\IDul ti • occurred n the t t cell PI' .eur va. hlgh , 
enouah to prevent orma! boi1ins d evapor ti of propellants durlna the ahut-d 
tr .ienta at th d of ina firina. en the enaine as aub •• qu nt1 
rel aited with &c:c\IDUlatian of one propellant in th pa. a for the oth r 
pro 1lant. the confin r acti produced •• irebl hi h pr .aur a. 

( 
Wh the first injector ifold 
to det min the c ua 8 f injector 

...... vn. 
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GUllllU'~Cra no ally u d t the tim for meaauring propellant auppl, 
r aducer loc t d in th propellant by-paaa lin a ua for 

DZ'C)Dellant during t r tur conditioning. Thia arrang t ia 
In ffort to prov the frequency reapona of th tran i t 

to in mor informatio about the nature of th inj ctor 
o •• prop 11ant aupply ay t a in tr\IDented with high r ponae 

c~~,~tric pr aaur tranaduc ra (HOd 1 601H) located within a few inche 
t at progr aa conduct d to d te~ine if injector manifold 
d what th ir characteri tica • re. The te t program conaiat d 

~ ....... ~ firina_ at sin injector temper tur a r ging fran 2SOp to 
1 pr aaur a r i fr 0.03 to 10 ai. Figur 28 ' provid 
th no al pr aur t i prup 11 t ~pply line 
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The R-4L engine is a p ssure fed b 'ft""~ 
.ttl t..d.e control or 6V applications . t 

c:;. :;:ate after many months in space. For eXJ:tJ]U:)l.e 

ants had been pressured for 338 days b ore t 
the vehicle to a moon crashing orbit to end 
b derless tanke, the effects of dissol or 
discovered. First the oxidizer flow did not re1X!B. 

izer had been pressurized for seve 1 hours. 
if t e propellants contained entrained or 
not occur in f light because the bladde 
cusses Marquardt's test experience i 
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e devel nt p~ the test facilities did not have 
either hot or cold proPellants . Around August of 

o that the propellant temperatures could be controlled 
1ttl.":I!~ift 30· l2O·P t hot ropellants the oxidizer flow rate would vary from 

even though the test c i tions remained the same . In general, the flow 
e ~ run to run and it seemed to be connected i th how long the pro-
been in the run tanks . Also, when the propella.nt tanks were r efilled 

te would return to the expected value . 

ibe pro lem s solved by installing a float in the cylindrical run tanks 
( in. dia. x 18 in. long) . Apparently nitrogen gas dissolved in the propellants 
w ul.d come out of solution either in the flow meter to give an error in :flow measur­
ment or in the injector head. The float eliminated this because it decreased the 
surface ar between the propellant and the pressurant gas and consequently the gas 
could not ttissolve in the propellants as easily. The float was a flat cylinder 
who e d· ameter s a 11 ttle ller than the diameter of the tank. It was made 
fr sta. ess steel ith a honeyco center so it would be light enough to float. 

-2 
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e engine P 1) llant 1".e::J)E~.-"'- ...,.,,-
a 0 e 90°F Because the one use 

ecked f'or nit 1eaks. 
t experience that ni en s cool.j, diss 1ve in the ---

eliminate t e dissol: gas is to heat the ll.ant e ~1 ... 1-; 

e higher t (100°) the is dr!.. en out of' !:O,.i.atial. 
'We e degassoo. this V8¥ and the thrut. t osc ons ere e :ted e rest of 

e PFRr test with propellant ere ccnd ted with degassed propellan s 

(. Figure 3 is a typ1ca1 J..e of' e thrust 0 cillations. 
~ of' :!L1. thrust at a b-equency of 350 • ihe P.l:" S 

m is designed 'f~r steady state t ()]J.ow the 
e engine s ever been daneged 

ses bu Vl. the t oseiDat· 
e engine does ot hotter. 

After the P experl. 
propellant in an effort to UJl(lerstEmd. 

th ~jbient prope11an where 
ut the tanks ere re surlzed 
-.q~es gene cmdi t1 
ressurant gas 

e thrust oseill 
not d ged by 

pre et p op 11 
d be heli ieb 

t for 

.., t ion lmOgI:'8m 

~,dth hell 
c 
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TABLE I 

NITROGEN TESTS - PFRT 

DATE CELL RUNS PROPELLANTS tm1AlKS 

(, 10/26/64 1 3710-11 N204 -A 50 Due to 112 in bypa .. line . 

1424. SIR 0001 0/31/ 64 1 8712-8722 "2°4-1. 50 Du to "2 in byp .... line. 
Accept.nce Tes t 

1424. 'I 0001 11-1 to 1 8723 -8743 204 -A 50 Du to" in bypa.s line. Induced 
lability Invest. Test 11/2/64 by Intr~ucins C"2 into propellants. 

121424, 81 0001 11/21 to 1 8822 -8870 204-1. SO 
0 Oscillated with propellants 90 

dlx A - CaUb. Test a 11/23/64 or above. Desass d for first time. 

X21424, 81 0001 11/23 to 1 8871 -8958 204-1. 50 Oscillated on one pul •• run (8881) 
dh • - Pulae 11/25/64 , 

12/2164 1 9004-9015 204-1. 50 
o ' Tp • 95 • Desassed 2.0 to 2.5 

T~st hours before oscillating runs. 

121424, S/. 0003 4/20/65 1 11159-11191 2°4-1. SO (11188) ;loat sunk 
dlx A - CaUb. T st 

/'1 to 1 11192-11275 2°4-1. 50 ' lost sunk 
4i22/65 

121424. S/ OOOJ /22 t,. l' 11276-11289 "204-1. 50 1fat sunk 
A Ix • - Direct coil /2 / 65 

I I 

/ 24/65 1 \ 112 0-11291 2°4-1. SO 'oat sunk 

I 

() 0003 /25 0 ~. t 11292-11322 20 -A SO INt sunk 
.t 4/27/65 \ 

\ 
\ 
\ 
\ 

/ < 
I d .' 

\ 
( \ I 

\ I 

\ / 
/ , 

/ 
I 
/ 

! 
I 

I 

I , -7 
I 
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TABLE I (continued) 

NITROGEN TESTS - PFRT 

NJINE AND TEST DATE CELL RUNS ROPELLANTS 

( X21424. XI N 0003 4/27 t o 1 11323-11325 204 -A 50 10 sunk 
Appendix ·W - Mi.sion 4/28/65 

y Cycle 

X21424. 51 0003 5/5 to 1 1193 -11975 204 -A 50 t rop~l1anta. De assed 
App ndlx A - Ca1ib. T . t 517165 nd did Dot oscl1lat . 

NITROGEN TESTS - ACCEPtA CE 

~27486. SiN 0007 2/26/65 1 10308-10317 204 -A 50 de asain 
Ace ptance Teat 

227486. SIN 0012 2/26/65 6 7378-7386 204 ~.A· 50 N2 leak 
cceptance Test 

227486. 51 0020 3/25/65 1 10459-10467 204 -A 50 Degassed two hours. 35 min. 
A:-c:eptance Teat before run. 

227486. 51 0024 4/10/6~ 6 74S4-7505 204 -A 50 Degaued two hours before run. 

227 86. I 0022 4/12/65 6 7506-7515 204 -A 50 Deg.ued three hours before run. 

2286 7-517. I 0560 10/25 and 6 204 -A 50 loat sunk 
10/27/67 

:2M87-517 • I 0560 11/10/67 6 204 -A 50 10 t sunk 

2286'87-517 • I 0551 11/15 to 6 N204 -A 50 loat aunk 
1 /16/67 I I 

7057 2 1 /20 0 6 204 -A SO udy tim und r 
5022-002 1/27/67 p .sur equir d to k 

n lIscUl t • 
/ .' 

I , 

" 

,;' 

4-8 
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TA lE I (cont.) 

NIT OG T STS - PFRT 

TEST 

T- 11 2. I 0001- 12/1 / o -A-50 1e 2 through prope llants. 

-11 3. / 0001-1 12131/64 o -A-SO bb1ed 2 through prop 11 n s . 
o 11 tiona. 

-11400. I 0001-11 117/ 5 1 " 20 -A-50 1000 no t d aa ed. 

-116065. / 0001-5 5/26 to 20 -A-50 
T •• e /2/ 5 

/:\ 0001 3/29 to d D o -A-SO Prop llant purpo ely satur t ed 
1 fi- 11/8/ S 

2 o 1 v 1 by bubblin • 
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ENGI TEST 

X228439 

I. 

T-12285. 5/ 0001-1 
Pre Qual. 

T-12340, 5/ 0001-1. 
Hell Effecta 

T-12321, 
Contour t. 

T-11606. 5/ 0001- 15 

T-14200, sf 0001 - 7 
- DST T at 

228686-S01, 5/ 0049 
Bot Calibration 

22~686-S01, 5/ 0234 
Hot Calibration 

228686-S01 , 5/N 0049 
Ambient calibration. 

228686-501, 5/ 023 
1 nt calibration 

228686-S01, 51 
OrbIt retroarad 

228686-501 . ~ 023 
•• 1on .~'b .. ent. 

228686-501, 5/ 023 
• 10 

HELIUM TESTS 

TE 

7/8/65 

7/12 to 
7/30/65 

5/15/ 66 

7; 13/66 

8/24 0 

8/26/66 
\ 

10/ 10/66 

10/15/66 

CELL 

1 

1 

i 

1 

6 

1 

1 

1 

1 

10/ 2/ 6 \ 1 

0/20/ 

0/1 / 

10/19 to 
0/20/ 

1 

11 . 

\ , 

RUNS 

1-301 

10484-10487 

3453-3471 

3608-3700 

APO 

3967-3987 

4073- 092 

4015-4032 

4094-4110 

3 6 

4 1- 203 

-10 

PROPELLANTS 

N 0 -A-50 2 4 

N 0 -A-SO 2 4 

N'lAL QUAL 

, 

I 

First t st with H a.tur. d 
prop llants. No osc illations 

Bubb ed, no o.cl11atlon 

bbl d H a t 400 ps ia . No 
oscll1~tion. n in orific d 
for an OIF - 1.6. 

Un; tura t ed propellants. 

Uns urat d prop llants. 

urated Ly u blinS. 

turated by bubbiin • 

d - d t o.c 1 te 



TH'AA 
/' A larauardl VAN "' Ul'S. CAlif 0."" " 
--- -- 7 ' :OHII(JlNTIfI 

A-1080 

TABLE II 
(Continued) 

HELIUM TESTS 

ENGl AND TEST M TE CELL RUNS PRO ELLANTS ~ 

LM SUPPLEMENtAL QUAL 

2286 6-501, 51 0331 12/29/66 1 4773 -4B3 2°iA-SO S~turated by stirring. No 
Cold calibration Qselllation. 

r 228686-501, 51 0261 1/ 17/67 1 4949-4969 204/A-SO Saturated by stirring. No 
Cold ca'Ubration o cUlation. 

228 6-501, 5/ 0261 1/14/67 1 4926-4928 N20iA-SO Sa tu~~ted by stirring . 0 
Mi .. abort oscUlations. 

2286 -SOl, 5/ 0331 11/29/66 1 4597-4613 o -A-SO turat d by stirring . 0 

bi cali ration 
2 4 oscUlations. 

228686-501, SIN 0261 12/1/66 1 4641-4658 N204 - -50 t urated by stirrin • 
Ambie t Calibration oscUlations . 

228686-501. SIN 0261 113/67 1 4817-4827 N204-A-SO Saturated by stirrin& . No 
bi Dt calibration I;) c naUons. 

228686-501. SIN 0331 12/30/66 1 4794-4810 N ° -A-SO Saturated by stirrin • 2 4 
• A bi t :alibration oscilla tions. 

228 -501. SIN 0261 1/18/67 1 910-4986 N204 -A-SO Saturated by stirrin • 
Ambi t ca Ubra tion ose 11 la tiona • 

228686-501, sl 0331 12/26/66 1 4755-4771 N204 -A-SO Saturated by stirring. No 
Ibt calibration osc 11 tions . 

1/16/67 1 4930-4946 ° -A··50 urated by stirring. No 
2 4 

on. oscUlations. 

I I 

o \ ,<I 

f 
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,,/ After the Qual :tfica.ticn pro ram a saturation technique was developed. To 
s turate the propellants the tanks are pressurized to the de~ired pressure and 
sl ly stirred tor a given amount of time. The amount of gas dissolved in the pro­
pellant is determined by fre~zing a sample of propellant, exposing the frozen sample 
t o an evacuated volume, recording the pressure increase in the volume and identifying 
th gas constituents. JPL conducts t e analysis in their laboratory. By running a 
few controlled tests, it is ~ossible to determine the stirring t i me required at a 
given pressure to reach the desired saturation l evel. 

Another method used to saturate the propellant was to bubble che gas through 
the tank. from the bottan. The disadvantage of this t~chnique is tnat it ~ super­
saturate by leaving entrained bubbles in the propellants. This technique was used 
during the test just prior t o t he Quali ricat on tests and during the Lunar Orbit er 
pro • I t was aJ.so used after the l ificat ion program before t he stirring t ech-
nique was developed. 

o for.mal programs were run after Qualificat ion with sat urated propellan~s. 
The Service odule Buppleme:n.ted Qual1fic:a.tion test with bubbled propellants and 
t c Lunar MOdule A-50 Supplementet'. ~lification tests with stirred propellants . 

the Service Module test osc:illations occurred. But it is felt that the oscilla-
tio ere due to entrained bubbl es in the propellant rather than just saturated 
p opellant s . 0 oscillations occurred during the Lunar Modul.e tests. 

all Apollo testing is done with helium pressurization except for 
ce tests which still use trogen; s i nce the engine performance is the 

s both the tests have always been run with unsaturated propellants . 

teady state testing done with a known l evel of helium saturated 
p ell an s ba b en 0 og • The results of the e tests have 1 to 

I • 

Di sol¥ 
1 st d1 

o introduced 
een un t o 

pressur ts, 

the oscillate if the' amount of gas that comes out of 
ce 

o 

s in the propellants may cause t • 
he PFRr g hen a test f cUi 

propelJ..a.nts. Since t at t· many tes save 
condi tions, with either nitrogen or helium as the . 

ale those eng ' n t t have oscillate Wit' 
0:; from. these t ts are viewed below in S lin 
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PFRI' Tests 

During the cceptance test of PFRT engines land 2, thrust oscillations 
o curred (Run 8711 for engine 1 and 8713 for engine 2). The cal18e of the oscill.a.­
t iona was that nitrogen gas was mistakenly being ntroduccd into hE: propellants 
(FMRr s 279-056 and 054). The oscillations were duplicated on Runs 8723- 8743 by 
purposely injecting nitrogen into the propellants. A copy of the o~cillograph for 
t he two cases is shown in Figures 3 and 4 . 

During Calibration tests with wann propellants (90° or greater) the engine 
o cillated again. Tabulated in TableIII are the runs from 8826 to 8867 showing the 
t est con<:litions. Several conclusions were reached from this ~est . One, if the 
propellants were hotter than 90° the engine would oscillate, lDut if the propellants 
were de sed by ven ng the tanks when the propellants wer e hot, the engine would 
not osci tee Al.so, the oscillations were sanewhat random in t hat the engl.ne did 
not alwa oscillate ith hot propellants . 

During this ime period. the main propellant storage tanks were kept at a 
p ssure of around 100 psig so that the propellants were already saturated to this 
pressure hen they ~ loaded\into the run tank. Furthermore these specific tests 
wer run during the ter whe~ the propellants were cold (40° _60°) and they could 

bsorb more gas. Consequently it was postulated that it was necessary to degas 
hot oxidi er to drive out the gas absorbed during storage and also any gas that s 
abeo b hile the p 0 ellants were in the run tanks. 

ine o. 3 oscillA.ted" 1ith hot propellants (Runs 9007 and 9(08) even 
e ropel. s ba been degassed. However, the time between degassing 

s 2. 5 s . I t '\vas felt that 2 . 5 hours under p essure was enough 
e prope ts to beco E! saturated enough to cause thrust oscUlations. 

.. 

. . 
llated durin¢ the period from April.: 21 to April 28, 1965. 

e 28th, th flo was found to b~ funk and it is thought 
t occu on these runs we e b cause th . prop l lant be-

l OW. 

withou the float to act as barri e een the ro-
t 
\ " 

h hot de 

\ 

, 
I 

-13 I 
I 

I 
I , 

I 
I 

/ 
I 
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WARM P OPElLANT TEST RESULTS 

UNO SSE"J , ill 

"- Stable U::.s ssed 'l\1nks Stabl e s 

E26 x No 8851 No 
3827 x 0 8858 x 

8828 x No 8859 x 
8829 x No 8860 x 
8830 x No 

8331 x No 
3832 x No 
8833 x No D SSED - to 100°F _th 0 
883 x 0 let set. uri 
8835 x 0 

8836 x 0 

8831 x Fuel X Ox 0 
8838 X?u1 x Ox No 

8839 X Ox x 1 No 
~ X Ox x 1 

X 

x 
x 
X Yes 

8846 X No 
~1 X No 
~8 x No 
~9 x Yea 
8850 X Y a 

8851 x No 
8852 x 

53 x 
8854 X 

8855 .x 
056 x 

( 
x No 
x No 
}'( No 

• 



.... -. 

Run ance 1 
De s camp1 te at 18:25 

c. 11 52 5 sec.~ 
119 3 5 sec. 
11954 5 sec. 
11955 5 e<.~ . ) 
119 6 5 sec.) 

..,... ................. c 2 
Degas caup1e e t 20: 17 

11951 
11958 
11959 
11960 · 

, 

) e 

"-

Ti 

18:32 
18:42 
18:55 
19:05 

; 19:24 

-
20:28 
21.:17 
21:32 
1: 0 

----.. -

I 
32/18/64 C II 1 .. ~: , 

-lOBO 

c t 

C ents 

6555 6 .. 

c 



It • 

e d1z 
ted t 350 vi 

turated e engine did 

0001-1 12/31/64 Cell 6 -

e objective or test 
J)J!1!SSUl"E~ the e did and did not osc 

... """u .... &..L1l!O nitrogen tbrwgh th-::m at 
ch propellant '\."as sat 

e runs were 

d not oscillate se runs 

el1ant 

200 
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T-fl60G, S/ 0001-5 - DST Te t 5/26/65 to 6/ 3/ 65 Cell 
Runs , 016 to , 097 

A rt of the DST test, prior to qual, a ser es 0 r uns were 
investi t e the effect of time from egassing to run, ~rope t t e 
tank level on the oc urrence of thrust oscillations . 

e t o 
ture an 

Tabulated on Table IV are the special tests ade to invest gat the time, 
( level, and temperature ef ec • 

lith propel lant tempe tures of 1000 t he eng:ine oscillated i f he un s 
mane mo t han 3/ 4 hour a ter degas i • The p opellants were pressurized to the 
normal pressure tater degass ' • ote rom the table t at us our 
or five runs ere . de from 0 e degassed loa of propel nts a that e 
u ually osci t ed on the our 01' f ' h run whic as 3/ 4 0 2 0 ore af er 
dega • Th nk l evel t thi ti e s also e e lly about 1/4 

t ta l evel a lso h an ef ectj that t e 
propellant if the l e el ' s 1 . This is 
e time hen the engine oscillated, the tanks 

1/4 .1. 0\ e er, severa. runs indicate that this is not always 
03 , 12071 and 12074 oscillated 't the tank. ore than 1/2 full . 

o t 0 the runs during this test were it 1000 pro ell ant . series of 
four de th BoO propeJ.la ... lt . The la t run of the series de 1. 5 ours 
after de sin , did not oscillate . Th ee 'n icate 't t 80 0 propellant 
does not b came saturated as quickly as 1000 prop 1 t or does not become saturated 

no to c e oscillation a s rapidlY. as the 1000 propellant. 

Ac 

A e 
Seve ' n 
in Table 1. 
degassed. 

before 

S 
during th 

be .n p 

in 
pr 

e acce tance test is done with nitr 
o cil ted dur acceptance t t . 

e a l ater accep nce t st 

en a s the pr ss 
These e ines re 

er t e propell 

r 7 oscill t 
he p opella ts 

w en t e propel1an 0 er pressuriz d 4. 5 
d not been e assed. 

ours 

..... \.UJWJ ... r 12 oscillated ecause ther TaS a nitrogen l e i 0 el 

r 20, 
2-3 ho 

2, a 
efo 

24 os cill 
tl e run. 

after 

e 560 an 551 "cil t d b ca e he 1 t 
022-002) t t ured engi e 705762 how d tl t 

't out the 'lont, e e wotud oscillate. 
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TA l 

"­ "- .. 

EFFECT O F TIME, ROPElLA T T E TU E 
AND TANK LEVEL ON OSCILLATIONS T-11 606/ SiN 0001-5 

, , 

5 
5 
5 
5 
5 
5 
5 
5 
5 

12 7 5 
12028 5 

9 5 

12031 5 
12032 5 

033 5 
12034 5 

035 5 
036 5 

037 5 
12038 5 

039 5 
0 5 

5 
5 
5 
5 

5 
5 
5 

8 5 
9 5 

).2050 5 

ion 

Un bl 
Uns b1e 

Stab e 
Sta 1 
St ble 
Unstable 

I 

S ble 
Stable 
Une tab le 

• I · • 
I • 

4-19 

100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 

100 
100 

100 
100 
100 
100 

100 
100 
100 
100 

100 
100 
100 
100 

lOO 
100 
lOO 

100 
100 
100 

3.5 28.5 
Did not de s 48.6 
Did ot degas 56.8 

25 min. 32.1 
1.25 30.6 
1.6 27.6 
1.8 25 .6 
2.1 23.6 
2.5 21.3 

.75 47. 5 
1.0 44.4 
2.1 41.7 

1.0 43 . 5 
.1.5 28.0 

10 min. 47.3 
1.0 34. 
1'.3 28.2 
1.6 ?1.9 

'.5 45.2 
.75 32.0 

1.0 26.4 
~.4 20 5 
I 

I .6 45.5 
.0 33·5 

/1.5 27.6 (0 21.9 

.5 39.4 
• 75 26 • 

I 1.1 20 8 

I .6 40.8 
/ 1.2 28.3 
I 1·9 22.0 I 

I 

I 

/ 
/ 

I 

/ 
I 
I 
I 
I 



TABLE {co nued 

EFFECT OF TIME, PROPELLANT T MPE ATU E 
AND TANK LEVEL ON OSCILLA nONS T -11606, SiN 0001-5 

Run Le as em 
051 .3 42.7 

12052 ·9 30.2 
12053 1.0 24. 3 

12054 5 Stable 100 .25 42.8 
12055 5 St b1 100 .5 30.4 
12056 5 sta 1e 100 .75 24. 2 
12057 5 Unstable 100 .8 18.0 

12058 5 b1e 100 .2 
12059 5 Stable 100 .5 
12060 5 Stab 1 100 .75 
12061 5 Un b1e 100 1.0 
12062 5 S l e 80 1.75 

1203 5 Stable 80 2.0 

l.2064 5 85 ? - Pulse Tube Run 
12065 5 85 , 
12066 5 85 , 

067 5 85 ? 
068 5 85 ? 

12069 43 S b1e 
I . 

85 0 40.5 
I 

12070 .. 6 Stabl 100 0 41. 7 

O'll 50 Uno ble 100 l: 38.7 
/ 1 

12072 50 sta: 1 100 1.2 15;7 

073 50 Stabl 100 1.0 46.6 

60 Una ble 100 .75 40. 

075 5 70 .5 47 1 
076 5 70 1.0 8.l. . 
077 5 70 1.1 

12078 5 70 1.5 30.8 

, I 

4-20 



ANDT 

Run th 

~079 O/'.ryJ 100 5.75 
1.."!O60 10/

'
lryJ 100 1. 5 

12081 10/
'
1c.xJ 100 9. 3 

l2082 /487 100 10. 3 
083 5/485 100 10. 8 

84 15/485 100 11.25 
12085 20/20 100 11.8 
1~086 20/480 100 12 .25 
12081 0/10 100 12 ·50 

0/10 100 
30/ 70 100 .5 
0/410 100 .75 
/100 100 1.0 

100/100 100 1.25 
/300 100 1.8 17.0 

500/100 100 2. 5 16.0 
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i tl'O en s the rents by a e 1'0 
1 ted at the botto of the • Fo the tpi level the ullage ess 

om 176 to 186 psia and then vent back to 176 psia. Each cycle too 
d it m.s performed 8 times in about two hours . Follrnfing , the bubble c cles, the 

B8e pressure was maintai ned a t ·the saturation ressnre f9r at l east 30 ' nutes 
or to the pressure required 1"0 the run. The saturation procedure f or 9 l e e l 
shown g hic J..y in Figure 5 . For the 60% sat ation 1~ve1, t h u.llage press e 

s raise-J. fro 134 t o 144 p sia i n 15 minutes an then vented a ck t o 134 ps i a . The 
f1 t s i nstalled for these tests . . 

The Lunar Orbit er has flo f our (4) f l ights ithout thrust oscillations 
occurring . , Thrust and I sp of the engine have agr eed within ~ of the gr ound test 
data. 

Conclusion - Nitro en 

Summarizing hat e know about the effect of itrogen as a pressurant on 
t h ru3t ogcillations : 

1 . itrogen entrained (bubbles ) or nit ogen saturated (to an unknown 
level) propellant , ill cause hrust oscil t i ons. 

2 . 

4. 

5. 

, 
ith hot propel:}..ants d the float insta..lled os cillati ons 1-Till 

occur if the p op nts ot degas e~ If h y are degassed, 
os illations ""Ry occur if' t e opellant · r e pr ess ze for 3/ 
o hour before :he run. I 
If the loat sinks :o cillat ' ons will occ with ambi ent propellants 
after 1 hour at p ssure. 

\ 

the loat or "ng, 0 cilIa .ions ill occ 
prqpellants after 2-3 ours at pre sure. 

ith ambi ent 

· .; , 

, on th L qrbiter tests , t he/ propellant mu t be 
ted to a pr sure greate than 134-144 p ia bef o e o~cillations 
ccur . \ ' 

\ . / . , / 
I / 

I . 
• I 
t 

I 
I 

/ 
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.B. Hell 

./ 

e those en ines t t have osc" bee t e 
vi llum nts . The results f r om these tests a e i below. 

X-22 

T-

This t est 
and test fac~li ty ( 
Heli s the p 
Ta l e VI shmrs t he c 
cil1B.t e . 

0001-2 

0001-1 -

1/8 to 1/ 9/65 Ce 
s 327 - 340 

to 7/30/65 C 11 1 
1 - 30. 

the Pr e- qualificatio test, :run t o conti t t the engine 
cludin procedures ) ere read:. f or the Qualif " cat i on t est . 

t gas. '!'he engine 0 cillated f our ime s duri the t e t . 
ditions f or t hese runs a d three ot her runs t hat did not os -

• 
e 

The f irst ime on Run 169 the pr opellant laS purposely sat urated b"p bubbling 
helium through the ~opellant f or four hours at 250 psia with the propellants at 
lOO°F. J ust before e r un, the tanks pressure s reduced to 110 psia and the pro­
pellant cooled to 40 F . I t 'Was t hought that the propel lant would hold. mor e hel i um 
hot tha n cold, so sat t ing hot and runni ng cold would be the most severe tes t . 
The engine oscillated or the last 10 ~econds of the 20 second run. 

Tbe r est of t e runs we made ith propellant that had been pressurized 
for different lengths of time. Os cillat ' ons occurred. when he tanks had be~n ress­
urized f or 4, 1 and 8 hours ani they did not occur when pressuri zed f a 2 . 2, 2.0 
and 3.0 hours . The level of those that oscillated s also l ess han 1/ 2 
full. Consequent , ~or the Qualification tests, the propellant tanks ere r el oaded 

j when they bec e l e s t 1/2 f ull and if they bee pr e s ~zed f or hours . 
The engine di not s c Date during the l' fication t est. 

T~12340, I 0001-1-

The 0 'e t 
stat pul i 
propellants • 

8/ 1 t o 8/5/ 65 Cell 1 
Run 302 - 4 

ocument e gine per f o 
e ign ixture ra i os and 

4- 24 
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12 1 5.0 sec. 

5.0 c. oth1 

9 5 .0 ce. e 

3 0 50.0 o. H 

181.6/116.1 

182 . 5/1TT.3 

182.4/176.9 1 2.3/176.8 

182.9/ TT . 182 .8/1TT.3 . -

0/40 

. 90/ 

68/67 

69/68 

38/ 0 

85/88 

31 . 28.0 ec -- li -- --iai.3/176:3 -~~;/ 76.3 100/100 8/50 

1233 0.0 c. He 

35 0 c He 

33 5 .0 He 

335 55.0 c. lie 

12336 .0 c . H 

12337 47.0 s c. 

12 38 54 .0 s c . 

12339 63.0 c . 

. 0 c 

--
He 

He 

2 

**'Ihruot 01 tic 

181. 8/1TT. 3 

181.3/176 .3 

250/250 

250/ 50 

250/250 

181.8/171.3 

181.3/176.3 

8 .3/176.3 

181.3/176.3 

82 .3/1TT.3 

40/ 0 

100/100 

36/36 

100/ 100 

0/ 0 

50/2~ 181.8/177.3 100/ 00 
. ------

250/250 81.8/1TT.3 · 100/100 

18 .3/1TT .3 182 3/ 171.3 104jao 

82.3/ 71.3 

79/108 

36/ 38 

0/41 

96/99 

101/108 

43/,,7 

0/',,4 

96/108 

104/99 

rust 
i n 11 • 

nc throughout run. 

aru 

Ye 

Yes 

Yes o1llty problem 
utdown. run - 0 

pe~ol:ml!Ul • 
y 

Yes 

Yes 

es 

Yes 

No*' Engine cot primed . 

Yes Repeat of Run 337. 
No*:* -~ -test. 

Yes 2 sa a nt . 
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169 

255 10 

262 5 

268 17 

299 5 

300 5 

301 5 

Una 

Una 

s 

TABLE VI 

RE-QUALI Ie TIO TEST ITH HELIU 

T-12 285 , s/ 0001-1 

Time Under Tank 
Pressure Level 

bL 40° 

1e 100° 8 s . 20 em 

l.J 70° 7 hrs. 

100° 4.2 3/ 8 

1 100° · 2 .2 50 c 

Stable 100° 2.0 44cm 

s 1e 100° 3.0 

Bub efor 4 hour 
at 00° and 250 psis 

Pul.se Tube Run 

I 

I' , 

( 
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at a 
o e dB. 
of prOpe.J,..,Ll;;;LLS. ... ii:> 

helium. 

1. H 

he n 

ubbl ed through t e p ope ts am ri 
b01"'1-........ e nk fo 5 minutes a 180 p l.a an e 

e . 

2. 180 ps· e run e ture for 15 
o helium. 

3. e 1 a d 2 ere re ted three more t o es . 

d :i~ the te s he ess e educed el 
(O/F = 2 . 2, F = 90 pounds, etc .). e eli 

propellant at a ress e 0 180 psia e en 
n1gner t 180 a . en t e p opella ser e tr.a 

, the pressure s held above 1 

Run Co rust Oscillatl.ons Occurred 

t t, 
te ratures 
at ea.c ccndi· 
to dete e 
of t t osci~ 

of a sequence • 

uns made and . di ates 0 -

cillatio ed ti ese 
di olved eli :in 

:ined · e 

while t 

s 
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350 357-1 
351 357-2 
352 357-3 

~,)2 309-1 
~03 309-2 
3 383 

328 336-2 
329 336-3 
330 33S 
391 336-1 

3 1 401-1 
' 392 <401-2 

393 401-3 

368 376-1 
369 376-2 
370 376-3 
371 

illations 

N 

309-3* 

3 • 

327* 
336-4 
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Non 

315 
316 
317 

:;.41-1 
341-2 
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406- 1 
4 -2 

- - -- -
381-1 
381-2 
381-3 

100° 
o tllations 

362-1 • 

Non 

Non 

406-3 

• 0 cillation caused by tra.ned bubbl s 
-0 dilation CU Q d by poor priming that left bubb es 
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SHORT DURATIO .OSCILLATIO 

T12340, sl 0001 309-3 
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, h 
t io 
osci 
i to 
due 0 

the 0 

OfF 0 

s bubbles 
cil ti 

2 .0 and t 

A-lOBO 

""'''''1,"1 ng the steady state runs in a group of t hree s t o One 
eva1 te t he e 
osc1lla.t 0 • 

e t of hi injector head t tures on the occurr ence 0 t hrust 

to dissolve gas, 

These da 
eleva ed head te 
were the thi 
a.t ~o Ter tem~oel:'a 

· ar re 
only r e 
head temp 

T-

ted bel are the even where 0 ci1latio occurred due 
long y·th t e co eponding head temperature . 

iea 

Rur. 

336-
3 7-3 
406-3 
41 -1 
411-2 
11 3 
11-

Head Temperat e 

2090 

2750 

2640 

113 0 

15 0 

2460 

220° 

t oscillations occur 
rea er} since the fi t t 

bree wh,re the first 

• 

0001-5 - 5/ 5/ 66 c 6 
10'84-10487 

o 
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t e pressure to increase to 190 psig over a 15 minut e eried. At the end of this 
.. period, the tank s vented b.,.",d pressure reduced to 178 psig. This cycle was re-

. p ated 3 times . Pressure y~s tnen held at 178 psig for 30 minutes r e 0 

pressures and firing within one minute. 1 test firings vere conducted with 
propellants at ambient t empe ture . The q nti tive degree of gas sat tio 
usi t·s procedure wit el i has ot yet been specif i cally determined . 
previou te t s ve r esult in th st oscil tions under le strin ent at 
comi t~.ons to 

The runs which wer c due e a as follows : 

Dur i FN I sp 
o. (sec .) OfF LBF (sec. ) Re rks 

10484 5 2.19 100 267 Unsaturated 
10485 50 2.17 100 267 Unsaturat ed 
10486 50 2.18 100 267 Sat ted 
10487 50 2.17 100 267 Saturated 

The OfF and thrust l evel conditions f or the runs we e sel ected on the 
basis of conditions at which p evious engines had d onstrated thrust oscillations 
wi t e standard valve configuration • . 

A copy of a sectio of the osci lograph r ecord f or Runs 10 85 and 10487 
in Figures 9 d 10, e pecti vely. The dy . c characteristics of the 

an pressure traces a e i ent~ 1: hus indic ting stability for t e gas 
saturate c diti 

T-1l606 7/13/ 66 Cell 1 
Runs :3453-3471 

s te t ~s to determine engi ne perfo ce at an OfF 
tank pre sures f om 150 to 400 sia. The 

nd 100 lb . thrust at t 
ope nt 

·a . 

y b bb "ng gas f em the bottom to t e op 
430 a 0 e a 1 min-

e t the ress educed 
o 1 8 times ), 0 0 • 

of 1 0, 85, 300 an 400 sla. 
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S TURATED 
ENG! E o. T-12321, sf 000 15 

RUN No. 10487 30 SECOND Tll1E POINT 
CELL 1. 6 TEST DATE: 5-15:'66 

-1080 

, Y ! 111111 111 II III I! I Ill !" ~ ! 11 ' I I' II ,~ ~, i II i 'I I I I IIIIIIJ 111'11 '11111' , i 1'1 " .I.~ ' I " " ' ! j1).I ' " J j I ~1i ~~ ll J " , 1_ 

~T! li I' il " j III I ~ I ~ j,ll ! 1 ~1 · 1j U! : ~ , I II! Ill' PIII!I ,::' ~ ,I '!' t i I 'litJ ' ~- , ~l I' " , ' r . '" T ,II~I tr ,,' :!! 'J ' I, ! " I!', I I " 1 ' ,I I I • 11111 .. 11 

~:~, I 'I' ; I I' III t I ! 1111 I I' 1 
I: f I ' I ' ;, t': 1,1 j I'll ' 'f III' I '1 I II III iI :', II. I I:!!' : " " 1'1 !! : :: I '1· I I ! 1 I , I , ' I' I.: " ! 'T' 

' :II :~ l't"'A: ~S1~ I ~II.I i:", i '~!1.' II i ~i II~ J. I, lilim !.I\!~I 
1J:'1 /i~i . III ~ I~: ~ : I~I Vt U'liil ~I J ' 1Inl~ I Y~ IIII ~ ~ Ii V. I 11 

:i! II! fie I'!]' ij' II . l ,; 1 :~lli Il lr' ::I"jl 'I 1.1 !!~: I ~ II! I ·· y III II "1'1 i 
h,I! r 11 I I ," , , ~' I II ' f . III 'I II ' , , .. 'I : r~, '.i ! ' , '/ tI : I, Ii, I 1 I J I J. : 

-.. ~~llIii~i~~rr i I1II I: J i liL Il ~II ~ ;1' I " ~ I, II j 1'1' illlll.lli~]ll~1 !i!U r '!'!AI! L;: ~ I ': III ~ ~ If ii\ ~.t 'f ; ~ , No rh~ ',l ' ~~ I Ii\: (, ~ I '/'1 it; ;'!,' ~ I ," alIi i; ; ?' : I • ' . , I ~'l Ifill 1'1, l ~ II rt II~ " I ~ ' : 1 r II U' 
'I ' I P~L TERED, US! I l :t ' . . ' J :'1' I' 1 • ~ J I I J !·t i _I,! ' I ' I ' ,' I .! r: l' I " · '" . ' . - . - . , 

II! 10'1 " I' ,. I 'I' i ' , I ' " i I . ' . , : ~" " " ( j' !' I ~ I " " ,. . ' ! -' " I: 
III I ,!. , , , ~ " ' " 
II I ' , ~ , I II 

:P I! I', . L fl .' tii · ,· .. .':' .. } . I ! I' 
, I I II I I t 1 ' , I ' ,: , 'I' . . . : , .. ' · 11. I· I 

!i!!ll nli I !\ " II I! . : (, ,1l : ,' , ,,' .,', II,!; 1" '11'j '~ i"'Llhtl I I I , ': ""'1 -' , I Ii!. j' ,I - I " I I I! , t I"" " , ' ~ , ,' I . I " ,i I ' J. . , " ' , I ..... , ' ", ' ,', ' 

'i! ~ ; : ! ::! i V !ff;:!!!ll!i II' n 1il'I Hi !I111t,ll !!IT '; I I! . I I Ii 1Ii\1!lfl!lIi1!I;:n! 
WlJt.NW~WMVMIV'N!Y'~~'':·· .f.Io, {oN ' WWN/Y '.', V !OM '.\I:i '~ ,A ;~ W. ~~,V# 
;\l.li!]IIIDillliiIIJ'i::· 'I' : II' . : i.Fill i!,' 1: .1 . 'i l' II' I 11i'!1!!!i 

, .,) !lWJ}jJA\~~ ' J • [I' ,\}. r li, 

I .'1:·I·llif:,: I :1. '.I ! I. I~ I I 11 ' 'I II f I Ii · II I i III i II I s,Aillli ~ , " r ' , ' . I, " , : I: ' , I 'II 

4 3 



TH'AA 
/' A Jarauardl J.~ N Ul'S. CAII'OINIJ. A-lOBO 
---- 7,; IYJRATI , ---~--------------------------

,-
/"" 

Engine ope tion "18.S no 
. ,/ pellar t. The engine oscillated 

sults a.re s r ized belm., . 

Saturated 

3455 0 

3456 No 
3451 0 

3458 0 

3459 0 

3460 e 
3461 He 
3 62 He 
3463 He 
3464 N2 
3465 N2 
3466 N2 
3467 N2 

0001-7 

1 with he i um a t urated and unsatura ed r o-
~t nitro en saturated propellant . e test 

P
tank 

185 
400 
400 
300 
150 
400 
300 
180 
150 
400 
300 
180 
150 

DST Test 

T Re ts p 

80 ble 
80 bl e 
75 ble 
75 S hle 
80 Stable 
80 Stabl e ' 
80 Sl..abl e 
80 Stabl e 
80 S b l e 
80 bl e 
80 Unstable 
80 Unstab l e 
80 Unstable 

8/24 to 8/ 26/66 Cell 1 
Runs 3608-3700 

e-

e ob ective of this test was t o d onst te steady s tat e and pulse 
and to deter.mine t e effects 
rior to t he f o 1 suppl -

eJ.uat e long duration fi 
at te opeD.a.nts on e per f'o 

men 1 ' ficati test with 

, 
ce 

Testing th helium saturated A- 50 and on engine T- 12340, S/ 0001-1 
shmTed a tendency for thrust oscill.ations to occur at high OfF ratios and low thrust 

vels . This pehno enon s i vesti ted dth opellants saturated by bubbling 
h lium through the p opellant fran. botta to top During this bubbl , the 

pressures ere cled fr 196 sia to 206 sia, e· t equal t· es 0 er a two 
hour period. Five seco d and 60 seca d runs ere e at amb ent cond~tions ot 

:ware tests ·th ient p ts ere also de y c duct:ing ~ ing sequences 
similar t o the Apollo ss'on 1 (10 seconds 0 - 30 seca ds OFF - 3 sec-
onds 0 - 360 seco d OFF 20 second 0 ) here t e eat soak ck 0 tee e 

· r heats t he eng e . T bl e list the hrust vel ~ OIF r 0 co 'nations 
tested an t e r e ults fa he s conduct ed . In gene 1, t he e . e os cillat 
less Ae zine- 50 . 

A 10 
pe ts nd t e 
pres urize t o 1 

) 150 e i t di 01 ed .heD . 
illate . The in pro e ll t t s w r e 

f or about 40 hour pr'or to t e run. 

4-36 



:t ~ . 0 .. -' _ ... . _ 7 .0 • 

7 2.0 

1 0 17.0 17 0 
'7.0 

• 

.0 2 037 97.0 

3617 60. 1.8 6 • 91.0 

1. 20 • 9 

3. • '. .0 
0 .. .,7. 

361 '.0 .0 .0 .. 
16 a 0 0 • 

• 

• 

• • 

• 

• 

I 

.. 

9.' 

2 .% 
3.3 ' 

-
... 
... 

-.. 

Tria 
", 

Tria 

------

,. 
f', . 

t • 

0 
I 

~ 
, 

.' 
I 

I-' I 

/ 

i 
I 

/ 

I . 

I 
I , 
• 
I , 



~
~
u
~
~
~
~
=
=
~
 _

__
_

_
_

_
_

_
_

_
_

_
__

_
_

_
_

_
_

_
 _

_
 

C
l
l
l
 

·1 
. • • • 

• 

• 

o 
0 

· 

t. 

• 

, 

• 

... ... 

o 
0 

0 

o 
0 

• c 0 
... ,. 
~ ~ 
.. .. ., ""':J 
U

 

H
 

0 • 
'" 

·ft • • 

-3
8

 

co
n

tin
u

 d
) 

• • 
PR

O
G

R
AM

 

• 
• • 

• 

• 

o « 

• • 
t • 

• • 
• 

• 
• • 

o 
0 

. 
• 

t 

o .. 



1. 

.-

le
d

. 

o 
..c 

.... Q
 

• u. 



( 

--. 

-.. --
-1080 

I --- '-

alifit!ation 

ibe objectives or the R D Supplemental Qualification Test ror the Apollo 
ce u1e Reaction Control System Engine were: (1) to demonstrate that the 
S engine will operate saf"ely utilizing helium saturated monomethylhydrazine 
e ruel and hellum sattU"ated ni tr()gen tetroxidt.., which has n1 tric o:.dde content 

een 0. 4 am o.~ by weight, as the oxi zer; (2) to demonstrate that the 
engine v1ll operete safely en arc suppression clrcu try is incorporated 

to tee ctr1caJ.. engine va.J. ve c nd system; (3) to acq re and do nt engine 
o ce dato. with both unsaturated am hellum saturated p opellants . 

e engine oscil!ated during the h:>t caMbration test with Wlsaturated 
n'nTnPll.an:ts and during the ambient calibrat:.'..on test with prOpellants saturated by 

A stu:1y or the test dav indicates that most likely cause or the oscil.la­
s the presence of entrained gas in the propellants. The presence or the en­

ed gas can s<met~s be identified by 1 ts efrect upon the re&ponse of the pr 
PC::;.LJ:.tl:lout old presoures on start- up and shut- down. '1\10 oscillograph records 
""'~,.,...-'~ 1 · cations or helium entra ' nt in the oxidizer are hown in es 11 

12, r t and hot calibration test. The oxidizer DBnifold prezsure 
exhibited sluggish re onse which can be attributed to the damping errect of 

e entrained in the Wopell:mt. Furt er indications or gas entra.i nt vas 
in the c.'bamber pressu!e trace of both " At approximately &Yf, pressure 

, a change in the cr~er pressure thrust transient occur as a result 
s ejection. e e t nsient egulations ere followed a st 1mmed1ately by 

et of thrust 0 cillatlons. 

engine did not oscillate during three 0 he tes s mad ith purposely a ura-
r ellant. The propellants for the orbit retro e test ere saturated by 

Sl>1D.rl..Dg the propellants with helium at 1.80 sia ror 84 hOtU"s berore the test. The 
~U4§,LIJLIC did not oscllla.te. 1he propellant ror the hot and ambient mission s1mul.a.tlon 

vere saturated by burbl.fng helium through the propellant tanks rrom bottom to 
During this bubbl.1Dg the tank pressures ere cyc1.ed rrom 1.96 psia to 206 psia, 
eq times aver a ad of two hours Fol.l..ow:1ng the bubbling, t e opellants 

!ned ubder ps1a p essure for at 1.ea t 3q n tes rio ction to 
tmes:;nu:~s e engine did nOt o~cUla; ro e e , 

~~~~~~~~~~~Ja~1~1f~1*(ca~t~i~on~ I 
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Total Pr F low 

Oxidiz r on 0 Combus or 

Oxidizer F lo I 0 J c 0 

l IZ 
( Pl) I 

Fuel Flow n 0 Comb S 0 

l/Z 
\I Z = k Z (PZ - P c) 

Fuel Flow In 0 In jec or 

w = ( - P
Z

) 1/2 

Chamber Pr ure Gen ration 

P = k3 'vi 3 G 

Oxidizer Pr 

P 1 = - --=--- - - -y 
(Wo( A)" 

Fuel Pressu n cor 

~ I 
o 

. I dt 

log r ' th 0 qua i o nd n di 
b ransform d 'nto d ' n s i nl s lin a qua · 0 

etc. 

By t 
equa ·o S 

is illus ra 
charnb r. 

d belo for th quation givin the oxidizer flow in o. th 
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In . W' 1 = 1 

" ". . -

+ 1/2 d(P1 - P c) 
( 1 - P c ) 

d "'1 = d k 1 + P i d P 
w 1 . 1 (P 1 - P C> 1 

---- ._-

R izing 1 as a cons t nand iusing let er ymbols for t e coefficien s in the 
equation b ove give 

d \IT 1 = AdP 1 _ BdP c 

w 1 Pi Pc 

11 b · h . dX . h h . X f . f o am p r r a lon . e varla es ve e c ange In as rac 10n 0 
its nomi value . Ado p i n the change in notation that X !! ~. the equation for 
fuel flo into e combu i on chamber becomes 

1 = APi -B c 

App n 
model i v 

h e bov line ri ation process to he set of e~ua.tiona describing the 
h followilllg set of dimensionle8s linear equa.tions. 

Chamber 

Oxidizer 

,I 
. ' 

~ = - C Pi 

P 1 = (D w'A - E '1) I/S 

4 

I 
I 
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Fuel 

v Z = a P z - b Pc 

\I B = - c P z 
P z = (d W B - e W Z) l/S 

Where: 

h 
t h 
t 

Y ;:r o/~ + dk3] 
LifO/E' aw-1 

A = PI 
Z(PI - Pd 

D = l' A 
W 

P z a=---- -
2(PZ - Pd 

z = r 1 
[I + ol'F 

dk3 ] 
dWZ 

E = -(v '1 -W 

b = Pc 
Z(PZ - Pd 

of q ions c n now 
lac dia a.m red ctOon 

r ranf 

• 

* 

Pz 
c= -----

2(PB - P Z) 

nt d On block eli g 
o comb on 

i 

to 
or th 

By ub i u i g fo r At B t C, D d E, h i r defi °t ion ecogmzln that the 
initial flo a in and out oxidizer side of h i n jector are equal (ie. 
Ii 1 = W A ) nd m aki ng th How' n g new definition8 

P1 -- ---=- = PA -
--:;=---~ = m 

~ . = y(1 + ) 
Zm Pc P 

* Th 0 f ici n s Y and Z hav~ been modified to inch de the effect of OIF ratio on 
lap. 
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Similar e ion on h sid can be ritten in the form: 

T fune · 0 around .... '-' .............. 100 P can 0 n b 
for"' .. " .......... ,.,. G umo c or • Thi ransf r 

G 

T c 
as 0 ega on e u 
then r due 

Z 
ml} 

I 
If it . ur e fuel an oxi.di r supply pressures are equal 
( m' + n' - m + .W ritt en 

G[- ~] i . 
Zn S + ( 

co 

S ~ ( 

G 
S nl l (Jb 

-so 
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f1 
Which may b 

1 1 w --
Tl"t v 1 

, I 

m [Y (m+n) + n 
(1 n) ( m + n)Z < 1 

I 

< 2 (n + m) 
- y + Z 

A 0 h r condi ion ·nsur s t a th ga in n v r exce ds uni y corresponds to 
the case when th comrustor lag begins attenuating at a freAuency below the fre­
quency of the inject or lead term. This case is shown in F~gure 20. 

This condi ion, tabili y may be written 
w 

1/11 < _.l.. 
W~ 

Aoh bility is t th phase gle of op n 00 

trans er fu c ·on be 1 9S than ­
case rs k ch i n gur 21 hi 

800 when th loop gain i~ bove u . y. For the 

[y em + n) + n Z ] 
2 n (m + n) 

\ 

rd , 
_ 1':"1 \ 

\ 

.. 

ufficient ate-bili y cri r· on ob ained when 

, 
I 

\ 

-I 
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W ·ch o ccount the phas contributions of the lagging te rms and conser-
v s 0 he contribution (olf h e a din g e rm. 

For the e ch d i r 22, h ph c r ite rion becom e s 

_y......a.;;(m~+~n;L.)-=--==-::::~1d + t an- i Y (m + n) + n Z 
Z n ( + 7 1 Zn (m ) 

< ..". 

; 
I 

c a 
e h 

C e w re t he combustor lag occurred at a 
I 

freq ncy b d frequ ncyand he injector lag frequency. 

The phase criterion for a y i 0 b applied when 

The s t abi lity cri e · a d riv ed, a nyone of which provides st ability are listed 
b elow: . 

_~_-=--_...;;;Z~ ( 1" 

1 
2m ~ 

I 

m Y-t ( 1 
(1 11 ~ w 1 

[y (rn n) + nil ,Jd + 
2n (m n ) 1 

n ,1 [Y(m + n) n iJ(Tr I 
\ 2n (m + n) / 

The value s f or ' a nd Z can now .. be sub stitut into t h e term 
"t y criteria. If this i s done and that app a i n t e 

I 

__ d k 3 

dWl 
\ / 

The n 

Y (m + nJ + n Z = OfF (m + ) + n + 

: . (1 + 
I 

I , 
I 

, 
• . 
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The stab" " y cri ri hen 'e h 0 

O/F (m + n) + n + m ( 1 + O/F) d k~ 
dv 

(1 + O/F) Z n ( + n) 

Z m [ 0/ ( + n ) + n + m (1 + 0 IF) d 

l' (1 + ) (m 

m 

<: 1 

1 

1 

d k3 
IF (m + n) + n + mC + O/F) d 'rT 1 

(1 + OfF) (2 n) (m + n ) 
Id + tan-! 0 / (m n) n + (1 / 
1'1 

) 

For most system s, m + O. 5 d h third C 0 i " . ed if the 
second one is. It is t erefo r cary to f rther COD id r the second 
cri rion. 

T he three rem aiDing cri hen 

Q c:::: 1 

<: ;r 

Where 

Q = 0/ ------------------------------
R= Z n rn 

,(1 + n)(m +n) 
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1 

I . - 3 ~1 = ... 2 X 10 sec. ~ = 1 5 x 10- 3sec 

= 2.0 (0. ) + 0.205 + .515 (~ . 0}(-0 .290 
2{ .205)(0. ) ( .0) 

= 1.35 

= 2 X 0.205 X 0.5 5 = o . ~ 6 
1.61 {1.205)(O.72 

c· rio s ot e . 

.146 X 1.35 
. 42 X 1. -3 

e seeD cri terio . i 
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The volume flow t i 

= . 62 ::in3/sec. 

which yields a low e ye ea exi of 

V 70 / e e 

The cant ction are io 0° conical nozzle is 

Ac 0.75 A = 

Then 

/ s c. 

The total to static pressure dif er t ial at the ve contracta is 

Th pr 
for a s 
about 

~c = 1/2 ~ 
= 83 · 5 psi. 

ure u stream of the valve in the engine is nominally 170 psia. Allm1ing 
11 drop to tht:: valve seat, the pre u e at the vena I,.;ontracta will be 

the propel is tura ted w t eli at a 
gr ater n i , e 0 t helium will co e out 0 solution On e 
seat. The ub 1 s may r e in in the valve area or t y Jll3.y be swe!,t into ot 
Plrt.,- 0 the injector t cad or into the chamber to cause thrust oscillations . 
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I. INTRO UCT 0 

Th dev lop 

tegral p r 

va 

op 

ar s 

of con 

A-lOBO 

io co ro at Marqu rdt ha b n n-

cs engine dev~lop nt progr • It 

proper perfo ance and reli b e 

re a ected by contaminatio. The 

ation ere found to be the propel-

lant a sages of the injector head and valves and the propellant valve 

seat 

The 

lat 

deer 

tlon, 

tog 

tra 

to 

ff c d by bo fi e idu d p icu-

lugged or re pro ell t p ssag may caus 

pee fie • Al 0 , abnormal flow istribu-

p eignito ch ber cooling, or improper combustor cool-

combustor burn through. 

of e prop 11 

t 

1 fr t porarily trappe p ieles . Vall a a may 

be f ailure resulting in loss of propellant and possible engine 

exp 0 on. 

velo m 

an 

te i g nd 

were d .ve 0 

on con 0 or 

nd n. 

to prov de h a y 

nd 

t d 

di 

catio con 

oc 

cial 

handl g procedures and protection against contaminat d test luids were 

implemented to maintain the requi ed cleanliness of the engines. 

M • 

~ .. 
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II. HIS TOR CAL D LOPMENT S1JMMA.RY 
, .' 

A. General 

Co tion control by de 1 

p ffort during e 01 0 

progr • It 1 believed 

ment procedures, a 

tech ans and opera or 

cont 01 11 b achie d 

However f Ilu e analysis of 

bl func ional 

play d guif c roll 

contra 

f a q lifiea io 

d riod July 1965 a un 96 , sho ed 

£ quent p oblem (bel 

failur /ma fun t on in: tigation ich occ rred). 

99 co tau.u~uGtio probl io A SU1mDaI'Y of 

8U1Dli:l3rlz d 1n 1 • 58 of 

wer i 

of 

Tbi 

ma 0 e co • i 

1 

• 

t con 

99 of the 252 

ie 

n tio • . 

th p 0-

duct on rates and test programs and hence, the opportunities for 

problems, was fairly constant from 1965 through 1967. 
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Res E G CO 

(JULY 1965 TO JU 1968) 

RCS Engine Con 10 . , , 
• 

- ., 
, Low . 

Failure of i t r 

Injector Head & Valve Low p eigni 0 coo 

Propellant VIves 

.' 

La 

pon ... cwlUoUI.Q 

Val 
, I 

Fallur 0 pa 

Val e Ie age 

\ , 
I 

I' 

, 

.' 

S 

tor flow 

, 
orifice rinse test 

/ , 
i 
I 
/ 

/ 
I 
I 
1 

I 
I 

• , 
• 

I 
I 

TOTAL 

NUMBE 
OCCURRE 

2S 

18 

4 

1 

28 
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4 
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1 

1 
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1 

99 

0 
S 



en 

~ 
JQ 

~ 

0 

~ 

I 

30 

2 

10 

JUL ... D 
1965 

o 

a 

• 
19 S 

<:> 

I 

,/ 

1966 1967 

( 

s-



II. 

oOItse«(UentJl] 

JO 

s 



On p tic o con n ion 

CilUC'~U d 

o 

-



( 

_. I ON 
SU FACE 

----_ .. --""'- .. -

DAMAr; E r--::--~~~~~-:--~~~~~ 

F GURE 3. GRO F C - , 
(APPROX. 120X) REF 
329- 0 

7 

..,----.-~ . --~~, ~----=-

. . 

u 3 
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( , 

dis 0 g d r suIt in Teflon seal urface def cts di Bsed in the 

preceeding par agr aph E p nee with large particle contami ation 

i d scuss ed in Section A- • 

Dev 0 

h 

on 

int mal or ex 

valve or dow 

Sour of in 

from 

Manu ctu 1 

vent urr · • 

1s r 0 

brea - ctu 

proe du , 
in p 

aeco 

duri 

an 

ont nat 0 co tro procedures for th prope 1 n 

cti e fo abrica ion and accep nc te t 

tone abov • C r h s bee take to el iminate any 

ernal contami tion cons dere to be i njurious to the 

hard are ( inj ctor as e 

cont in t on cl d T flon particle 

, d fo i p inside the val ve. 

du s of de i c 1 care to pre-

ibility of 0 rtic e ro th v Iv eat 

by cond 2,000 

o thi ak-in 

i dis d , a pee- t ed o a visual 

d b inal emb l y . 

tall t m 

11 wher luids are introduced into 

the valve , a 15 30 micron filter 1s attached at the 'valve inlet in 

piggyback stye. 

-8 
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HISTORICAL D o MENT Su ...... ,~ ... 

I 

(Continued) 

c. 

~ 

Propell nt Inj ecLv~ e_o_n __ ~i_u_a_t~i_o_n __ ~~~_ 

The pro llant njector of the Apollo ~M- ReS Engine has experie ced 

many reJ ctions during cce t nce t es t i lg due 0 contamin tion pro-

ble 0 ever , s nce he p oduc ion f t h q alificati on d s i 

con igu tion b gan in 1965, no engine f nction I f~ilure has re-
, . 

sulted rom injector con inatio during any of the test programs. , 
I I 

I 
I 

The injector design con ains many propellant pa sages which include .. . 
fuel cooling for the preignitor and the combustor. 

Fi i you 0 

lao cc 

th I ac por , 
prob d by co 

port en foun b 

and th ot prei~ai to 

to part;'cul te and film 

Prio 

jecto 

eng! 

at t 

shaped 

ticula 

j 

10 n 0 

Ll ted 

contamination • 
. 
,I , 

c con am 

pro in 

a c 

T f lo 

large 

i 5 how 

r icle on min 

he ho mo t 0 th pope -

or he i nc d 

to v rify op of 

in t i n been du 

oc d du o I r p r cle cont nat io and 

cooling ow ha be n found to be too low due 

.. ype con t amination. 

eq t c 

dd 

i g rocedu o h 

e J 

o con 0 e i tor p s a 
I 

angle in the ins~rt assembly. This conical 

trap for fibers subsequently other par-

on 0 h e i .j s mbly h b 

uch 0 

ou ly by p c 0 

hole nd the particl • o h r 

ion probl ema are di cu sed in Section D, 

Engine contamination prob ems. 

5 - 9 
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RETAININ 
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OXIDIZ R V LVE ASS 

DIRECT COIL 

SEAT ASSE SLY 

; ' ''ULA 0 

INSERT ASSEM 

OXIDIZER PREIGNITER 

. ' 

FU L VALVE ASSEMBLY 

COMBUSTION CHAMBER SEAL 

ATIACH RING 

U L HOLES 

• / 1 
SPLIT RING 

I 
t 

INJECTOR MEAD AS~EMBL Y 

FIGURE 4. HEAD AND VALVE ASSE L - MODEL R-4D ROCKET N IN 

5-10 Figur 

o 

V6720-4 
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FIGURE 5A. BLOCKED CHAMBER COOLINu 
HOLE AND PARTICLE (14X) 

FIGURE 5B , PARTI E THAT BL ·0 C.A IBER 
COOLI G .OLE (14X) 
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, i . 

FIGURE 5 . I JECTO CONTAMI 
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I 

The os f qu ~tly ex erienced con ami t 
~, 

prob w h e in-

j ee 0 

flo 1m 

pu ose 

are the 

.0203 i 

15 perc 

in ar 

th 

typ 

the 

addttio 

with· 

a f1 

in an u 

fall , 

pre 

The 

no 

tube 

pre! 

I 

flu 

s 

qu 

s sembl has be n 010 0 to a p eig i or cooling flow. Thi 

nges on the ou ts ide of the preigni or chamber or coo i g 

Ther are 7 ho es which are .0098/.0102 inche~ (h e 

m es p opella'lt ports in the engine) and one ho e .0199/ 

To 1 low re uiremen s for these 8 holes is 12.5 to 

of f: al flow . Failure to me t the equired flow was, 

ev y cas ,due 0 a general l ow restriction rather 

ny individual hole. It is believed that film 
I 

ion and urfaee held particulate WdS responsible for 

ion. 

nc 0 this prob em in icat d ry 10 ine be-

ion nd ba ic material surfaces, it was found that 

cle n ng a he inj~ctor assen~lies brought the flows to 

limits. 

a 

d sh g 

o 40 o 1,000 per t is 

r on e b th' fo a 5-minute period. This operation is 
\ 

by pu g1ng w1.th alcohol and then with Freon under a minimum . \ . 
of 50 psig. 

lu 

direc 

1 

I 

ho 

o 

done in 

to saIl 

' iree i n opposi c , 
on 0 the p ignit o 

o the 

• Wh n th in cto is c the 
I 

o sly e nd ace p a ce sted propel-

Th e ass m ly is h n forw r 

qu rt 0 n \..hro gh acl va i h 

• procedu e ha p oved 

t .ad of clc.anln 

ow r j etion rate since requiring 

tor as.s mb ly • 
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II. HIS ORICAL DEVELOPME su .. ·.u: ..... """" (Contin ed) 

D. Engtn ems 

on dur-

The fo owing discuss on is presen ed to vie n 

probl hie have occurred during hand lin nd 

accept ce test and controlled test progr s . B 

of the occurrences of gross contamOnation robl 

below), t became vident t a ca e I eon ro 0 

tng as embly and acceptance test at Marqua dt w n t nougb to assure 

reliable engine operati on free from contamination failures. 

An ex 

monopro 

per" 

of 

c:a 

Ie of g oss contamination occurr d at !Me du "ng tes of a 

ellant engin using an Apollo type valve. Fa lure as ex­

hen the engine could not be hut off indicating failure 

alve to clos du to g 0 s contamination or 0 er possi Ie 

vealed 600 mic on (.024 inches) glass 

pa ic ' 

graph) Thi 

sea of th v Iv ( e igure 6 photo­

was suffici nt y large to prev nt th poppet 

from C osing pro 

The 

to 

"An 

yes 

exe 

wer 

wood, 

con 

we 

ac 

durin 

ufa 

tion; 

gn ic 

iv 

0 po I 

on 

d in 

Ole, 

• 
rn 

nd ch c 

nd o 

3) provid 

y to shu 0 the propellant flow. 

probl oc u d 

eu d ri 

g 

n 0 

y nc ud in 1 , 
J cor 0 ion pr duc J and 0 d 

conclu d hat the ourc 0 the conta inants 

e tern 1 0 e quad ngin y co en 

nc ud d' J 1) provi 0 for p o-

' h 0 h the ombu 0 e i b I 

ng e all lev o m n-

of 

ilt r y up tr of each valve to 

ent p any internal for ign • 

- 3 
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GLASS 
PARTICLE 

TEFLON 
SEAL 

FIGURE 6. 600 MICRON (0.024 IN'> GLASS PARTICLE INBEDDED 
IN VALVE TEFLON SEAL (laX) ClR&D ENGINE TEST) 
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Anot e s ion p ob to e er d ngine 

0110 SIC 0 2 

striction in 

oecu r d 

at J ohn 

th 4 

fail 

plast 

n y 

ad lie 
nnedy S a Cente . 

ngin s 

ndica ed 

res l ted in r the 

• 

. 23 

In~ 

che 

ig ion di clos d th t 

and . 00 7 Dche thick) 

of ny 

dged a e 

cro ho e of he f'..lel i 0 e d a causing a 22.5i. 

deer s i n the f ur..! ( i • The plastic material was 

prob bly from i e y used nylo ba. 
; 

Du o d If " gi e on 0110 sIc 020 1 0 

p er , 1 

p ed fa i 

F the p i t on e 

on t h ide f the valve inlet near the 

normall ed. 

B s d 0 xp ie ce 

c ions e 

nd .usage ope a 

on th 

for i 

Third , a 

el men h c 

1 0 

s ins 

p rt 0 th ng ' n 

c 

I s b I i 
" 

nd a er 

ro c 

o • ir 

ich provid 

ion 

y 

h 

ro o qu n • 

on s land also 

area ere th paint is 

, 

, 

25- 30 

1 pr nt 
I most of the inJurious large particle ontamina tion of he type des-

f \ 

eribed above from entering the valve or the inje(.·.tor. , 
I 

I 
I 

/ 
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'. I 
III. EVOLUTION OF CO, k~INATioN CONTROL FACILITXES AND PROCEDURES 

A. Gen a1 

With th adv of development of react n co trol engines for man-

rated em a Marquardt, the need for clean rooms and contam-

01 proc dur s c e apparent. Three special clean room 

fac have been built and put into use to provide the proper 

fac .. 
cedur s, 

for contamination control. leaning procedures, test pro­

hand1'ng procedur shave b en develop d to provide e 
; I 

req 

Aeon 

ed 0 erat ona1 eo t 01 during fabric tion and acceptance tes • 

i o con 01 co tte~ was established ~o monitor eon-

taaaination contr~! activities and provide technical guidance for the 

solu ion of pro'blems as they arise. 

B. Clean Rooms at M rguardt-Van Nuys 
I 

, 1. Whit oom 

A 1, 500 square 00 , Cia s 100,000 clean room facility, i con-

formanc th der 1 Standard 209, is in ~aily use. Th acil-

ity cons 

clud s an 

o tree pre suri ed and control d rooms. I n­

ntry air lock; clothin change area; cle ning, ub-
I 

88 n e' t ' d reas; an in 1 inspection and pac aging 
I 

area. gures 9 thru 12 how one of two idr showers, the cleaning 
. I 

are" the subassem~ y and valve test area, and the final inspection 
, 

and packaging areas respectively. 
\ 

\ 

The ,c an ng a a provides cl aning processes 
• 

cleianing, detergent .washes, ' r~on rinses , and 
I 

includi ng che cal 

ultra nic cl anin , 

,nd it has provisio 's for vacuum, nitrogen, and oven dry 

Illuminatio at an in ty of 17 oot-cand es at th 
• 

leve provided. ear condition ng is con rId 

ng. 

or ing 

o 720 

I 
with a minimum of 12 :ch nges of air per hour at a reI tiv humidi y 

of 45 to 50 percent, and 0.3 micron fitters are utilized for m~xi­

mum control of d' st particles. 

/ 
.. 8 
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2. Lamina low oom 
... " 

./ A lam ar low cl an room i s al 0 1 n h as bly 
// ar a or such ctivi i es as pr shr nk it 0 r on 

engine final ass mbly nd s a e nine di s sembly 

for ork ac iviti s . Thec a e room, adjac nt 

t o the £"1 er d ir low ource , i pI s 

for articula contamina ion. counter 

is n ly b in i 1 m d * ci 'ty pIes . p n or c 

It 1 plan d that in .e f ture it ob<lb y be used 

for hardware r se pIes as well ( re n m thod 1s in ac-

cord nce to SAE-ARP-598). 

Th s facility includes an ntry air oc , c10tbin change a ea, 

and a 900 s quar f oo t ass b and s 1y 

are is quipped wi t tions , et 

and p ng bul ead. The il t 

wor ng level. Th air oni ng 

velo 90 f m, cont ty 

a f 45 erc nt, and 0. 3 hrough-

out for opti m control of dus particl e • Fi thru 15 

sho the L in r f lo-l room and some work ctivities . 

3. Accep ance Te Cont oIled Areas 

Two controlled , area in h es fac i ity hay be de oped 0 

p 0 d co t i na ion control uring ccep stin Con oI -

led . a No . 1 is us ed fo th s en in s 0 the t st 

d'n chmen 0 t th d 

of the r n pr 

cc t Co 2 1 u d or 

p c urn d pt nc f the cont 0 

en n s and h s al 0 be n u d for a cc tanc t sttn • 

5-23 
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test 

verify 
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on ex rna 
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t ob e ,. a LCl! y 

co rea I 

s are 1 e 

e 

in a vacuum oven bef r 

testing. 
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1 
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i 

r 1 . 
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, 

5 re 0 

ro ctio xi ed during • 

0 ntro Ie ar a 0 

, they a consider con on 

ich e 

e 0 

pu 

en the es hru 

in the d ee 

te • The engine ar subse e tty dri 

entering o troll a ea 

Cl S8 I 

rc n 

2 for postburn 

o 

er hour at 

ro filters 

ar u zed for lUCI..A.l.~UW control 

o 

, and 0 

par, iel • 

Se r gi 1 
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