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THERMAL MANAGEMENT HISTORY
OF THE
MARQUARDT R-4D ROCKET ENGINE

I. INTRODUCTION

The successful application of Marquardt precision control rocket
engines in space vehicles is partially due to thermal management techniques
which were developed in conjunction with the Apollo Service Module Reaction
Control Engine Program. During this program, thermal analysis techniques
were developed which provided rapid and accurate evaluation of proposed
engine designs. Analyticel predictions that were made were verified by
thermal testing of the Marquardt R-4D 100 pound thrust rocket engine in
simulated space environments which provided pressure and radiation back-
grounds approximating space flight conditions. These analytical tech-
niques contributed significantly to the successful performance of this
engine on the Apollo Service Module, the Lunar Module, and the Lunar
Orbiter Spacecraft. During the development tests and space flights of
these engines, more than one million altitude ignitions and 500,000 seconds
of firing were successfully accomplished.

The thermal management techniques used in the design of the R-4D
engine include (1) tihe 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
temperature during long off times in space. The thermal management tech-
niques have resulted in a rocket engine whose component temperatures are
well below the structural design limits of the constituent materials.

In the following report, analysis techniquees used in the design and
analysis of the R-4D 100 pound thrust rocket engine are described. The
evolution of the R-4D design in terms of its thermal characteristics is
described and the results of various programs in which the basic thermal
design of the engine was modified are presented.
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II. ENGINE DESCRIPTION

The Marquardt R-4D precision control rocket engine consists or two
high response integral solenoid operated valves, an injector assembly,
and a two-piece thrust chamber (Figure 1).

The radiation and film cooled combustion chamber is made of forged
molybdenum and coated with molybdenum disilicide to provide oxidation
protection from the combustion gases formed by the nitrogen tetroxide
oxidizer and hydrazine type fuels. The radiaetion cooled Model R-4D
nozzle is also made of coated molybdenum to an expansion ratio of 6.8:1
at which point a light weight, thin walled, bell shaped L-605 cobalt base
alloy expension bell is attached. The present expansion ratio is 40:1,
but due to the two-piece construction, a variety of expansion ratios are
obtainable. The injector head contains four concentric rings of equally
spaced injector orifices and a preigniter to provide smooth ignition.

The rings consist of eight injector orifices for wall fuel cooling, eight
injector orifices for preigniter wall fuel cooling, and eight like on
unlike propellant injector dcublets.

The preigniter chamber is a tubular chamber extending from the face
of the injector head essembly 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 ignition
of the main combustion chamber. Ignition of the preigniter chamber pre-
pressurizes the main combustion chamber, minimizing ignition delays of
the main propellant strecams.

Propellant valving ic provided by two normally closed, dual coil,
solenoid actuated coaxial flow poppet-type valves with an integral pro=-
pellant flow regulation orifice. 1Integral fixed orifices are incorporated
into each valve to provide the correct propellant pressure drops at the
design inlet pressure to obtain the required O/F and thrust level.
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III. ANALYSIS TECHNIQUES

The analysis of the thermal characteristics of the R-4D engine
system encompactsed many facets of analysis; these techniques and proce-
dures are described in the following section.

A. Energy Balance

The R-4D rocket engine attains a steady state thermal condition
approximately 50-100 seconds after ignition. After shutdown, the energy
stored in the chamber is transferred to the surroundings by radiation and
by conduction to the injector, valves, and spacecraft structure.

It was necessary to evaluate the engine system, both during
the heating and during the nonfiring cases, to determine the engine char-
acteristics as a function of duty cycles. This requirement meant that
the heat transfer paths throughout the engine must be accurately defined
in order to determine the energy transfer. In the establishment of the
energy balance through the system, the heat transfer pathes can be clessified
into either convection, conduction, or radiation transfer paths. Figure 2
shows the heat transfer paths for a sample block model of the R-4D engine,
where Qr is radiation, Qc is convection, ch is conduction, and Qp is power

generation.

A simplified energy balance for the system is:

Q +Q +Qy =0 =C3g5 ‘

:to is the transient term to complete the equation. During steady state

the equation reduced to
Q +Q, +Qq4+Q =0 /7
During the nonfiring conditions, the convectién terms are zero

and the addition of a power source at the injector is required if active
methods of heating the engine, such as a hzater, are used.
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B. Marquardt's Thermal Analyzer Computer Program

The thermal characteristics of the R-4D rocket engine were
calculated, using the Marquardt Thermal Analyzer program (Reference 1).
The Thermal Analyzer computer program solves the pertinent heat transfer
equations at each specified location (node) in the engine by a finite
difference method. The procedure can te visualized by using the analogy
between heat transfer and electricel circuits.

Jp—— L4

LR
;__1_. :E'cl
R I 1
T Ak % Ay K 5
' o 9 T Sk | c
:-.E Nt | S
\ | i
! i /"'" ‘l
. T3 “ C3 - !
1 | /
: I

Typical Heat Transfer MNetwork |
Electrical Anulogy '

’

From an’ energy balance at each node
\

a7 ﬁ g /
40 ”é‘ Ay x-Tx JE\ Aok

. 26
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or expressed in finite difference notation

T
6+a0_ 1 |1 1
e ! S TAj_k=-Tk S A
A6 C |5 WNK-TRE A

where

C thermal capacity of specified material lump

or node
Ty initial temperature at time @, °F

Tg+Ag temperature after a time interval A@

A.j_k reciprocal of thermal resistance, for
cg:duction, convection, or radiation between
nodes

An application of the R-C network approach to the Marquardt R-4D rocket
i{s shown in Figure 3.

/

In order to use the Thermal Analyzer computer program, the
various data describing the heat transfer processes and rates must be
determined. These data include: //,

1. The convective heat transfer coefficients from the combustion
gases to the walls of the combustor and nozzle.

2. Combustor and nozzle wall temperaturee with film coocling.

3. Heat trancfer coefficients from the propellante flowing in
the injector and velves.

4. Thermal cheracteristice of the materials.

5. Environmental characteristics and resultant electrical energy
inputs required from heater and valves.

2-7
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The evaluation of these propeities used in conjunction with
the Thermal Analyzer program then portrayed a thermal history of the
engine during all phases of operation.

l. 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
from 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
(Reference 2). This simplified method of determining the coefficient of
heat transfer due to forced convection provided an adequate simulation of
the actual process. During the program, modifications of this equation
were made to include the effect due to liquid and gaseous film cooling.
The resulting equation is:

|

& . |
O ‘ . 0026 "r°2( )03(.«..)09 Hp = Hy
€9 0‘02 Pff06 Aw A | TR - TW

\

where o y
!
heat transfer coefficient
|d1ameter j
\Prandtl No. /
viscosity ‘
propellant flow rate/
'flow area
correction factor
enthalpy of gas ,
temperature ;

;? Un:’
w

‘

SIZQ>»= R

,Subscript
: throat conditions
film temperature
recovery temperature
wall temperature

X o s

2+9
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2. Combustor and Nozzle Wall Temperatures with Film Cooling

An extensive background in thrust chamber cooling, both
analytical and experimental, was developed during many of the NASA and
Air Force contracts on cooling techniques. Investigations included
evaluation of propulsion performance penalties 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 film
cooled using both inonomethylhydrazine and a mixture of hydrazine and UDMH
in 50/50 wt portions. The radiation cooled refractory concept of the
R-4D engine has been used with varying amounts of film cooling ranging
from 0% to 40%. The amount of fuel coolant used on the present engine
configuration is approximately 25%. This 1results in a maximum wall temp-
erature of approximately 2000°F, using MMH fuel and a maximum wall tempera-
ture of ~ 2400°F using the 50/50 mixture. The principal reason for this
difference has not been established, but indications are that the hotter
temperature is the result of the two-phase properties of the coolant
(hydrazine and UDMH) and the slightly higher reaction rate of propellant
combination, which results in a higher gas temperature.

Film Cooling Analysis Methods

Extencive analysis and experimental data have been generated
in the liquid and gaseous film cocling regions and these correlations have
been described in detail in Reference 6.

The evaporative film cooling correlations described have
been derived for the simplified physical model emplcying a simplified
liquid/vapor diffusion model which assumes that after the total liquid
heat capacity and heat of vaporization of the fuel is exceeded, the
resultant vapor is allowed to diffuse away from the wall at a finite
rate. The equation for the length of the liquid portion of the film
coolant is

Yoo CPy (Te - Ti) Wee 2 /

+
1 P hcs ('rr - 'rs) P hc8 (?r - 'rs)

The first term on the right hand side of thie equation represente the
distance from the injection point required to change the film temperature
from its initial injection temperature to its saturated liquid temperature.
The second term represents the distance over which the effective gas tem-
perature is constant and equal to the film coolant eaturation temperature.

2-10
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At L; the liquid film coolant is vaporized and is assumed
to be saturated vapor. The equations used to predict the effective gas
temperature in the gaseous region are shown below.

Tr - Tw .- exp (- he A ,
Tr - 'I'8 [0} C%c ch

' Y o

v < 1.0 £ F = (F)

c c g

v v v

# > 1.0 £ (B = 140 AN (& - 1)
[ c [

These equations have been programmed on the IBM 350/40 to
predict the effective gas temperature vs. distance from the injector
face. Typical results for the R-4D engine are shown in Figure 4. It
can be seen that the latent heat of vaporization of the fuel maintains
a relatively cool wall temperature at considerable distances from the
injection p-int. Once the fuel has vaporized the effective gas tempera-
ture increases rapidly, approaching at the limit, the combustion gas
recovery temperature. '

The equations for prediction of these lengths of the liquid
film and the gas temperature at the edge of the boundary layer have been
verified by test data obtained from tests conducted on the R-4D engine,
and is shown in the Analyeis Results section of thie report.

2-11
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EFFECTIVE GAS TEMPERATURE FOR HEAT TRANSFER
DUE TO COMBUSTION GAS CONVECTION
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3. Conveciive Heat Transfer Coefficiente for Propellant
Flow Through Valve and Injector Passages

Convective heat transfer coefficients for the heat exchange
between the propellants and the injector and valve passages was determined
by using the equation in Reference 3,

hD = 0.23 REO'8 PRO"‘

) K
in the region of turbulent flow.
When the fuel and oxidizer flow in the passages was in the

laminar and transition regions, the convective heat transfer coefficients
were determined by using the data from Reference 4, Figure 5.

4. Engine Material Thermal Characteristics

During the development of the R-4D engine, many materials
were incorporated into the construction. These materials iIncluded the
refractory metals, molybdenum and columbium, L-605 cobalt alloy, A286
alloys, 321 stainless, Rene' 41, and aluminum. Each of these materials
has varying thermal property characteristics which would affect the thermsl
analysis. Thec properties which were required for use on the program were:

a. Density
b. Specific heat ‘
c. Thermal conductivity

d. Emittance (total and spectral)
e. Solar absorbtivity.

A majority of the properties were known from literature,
but in some cases it was necessary to evaluate the properties of the
materials. Two such cases were the determination of the emittance of
molybdenum and columbium, and the thermal conductivity and specific heat
of C-103 .columbiur. These properties were obtained from tests at Marquardt
and various outside sources. Figures 6, 7, and 8 show typical data for
these materials.

2-13
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SPECIFIC HEAT ALLOYS AND PURE METALS
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C. Analysis Results

The appropriate values for the heat transfer coefficients,
effective gas temperature, and the various material properties as a func-
tion of temperature, were input to the Thermal Analyzer program. The
output from the Thermal Analyzer program was plotted on an automatic
plotter for rapid evaluation. Figure 9 shows the comparison between the
theoretical temperatures obtained from the Thermal Analyzer compuler
prugram and temperatures recorded during a test firing of the R-4D engine;

{ Figure 10 shows the steady state results for an engine using a higher
performance 8-on-8 injoctor as another comparison. , The comparison for
both engines is well within the accuracy required and shows the effective-
ness of using the film cooling design techniques described.

Table I shows the experimental temperatures obtained from hot
firing tests, and the temperatures resulting from the analysis techniques
described for the engine operating at a mixture ratio of 2, using nitrogen
tetroxide oxidizer and 50% b. w. 3286/501 b.w. UDMH.

|
{

. TABLE 1
R-4D COMPONENT TEMPERATURES °

THEORETICAL . EXPERIMENTAL
COMBUSTION CHAMBER
A. FLANGE ;
; 1. STEADY STATE 330°F 270 - 330°F
l 2. SOAKBACK/ 440°F 400 - 460°F
B. THROAT :
: . THERMOSCOPE 2150°F 1900 - 2200°F
( - 2. XR FILM 2200°F
C. BELL NUT | 1800°F 1800°F
| INJECTOR .
-2 1. STEADY STATE 188°F 165 - 185°F
2. SOAKBACK 326°F 300 - 330°F
/ - o
: VALVES
1. OXIDIZER VALVE / =
SOAKBACK . 144°F

2-18
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TEMPERATURE VS TIME
MARQUARDT 100 LB. THRUST ROCKET ENGINE
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C-103 COMBUSTOR COMBUSTION GAS TEMPERATURE
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[ N
0
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In addition to the hot firing tests which were conducted
during the development program, a series of tests were conducted to
determine the engine characteristics during cold soak (radiation to dcep
space) operati-n. During space operation the engine usuelly radiates to
space vacuum (-460 F) but dui ing ground tests the engine was tested in
vacuum test cells where the surroundings were ambient (70°F). Since the
temperature of the combustor is in the 1000- 3000°F range, the effect due
to the temperature difference of the surroundings is negligible. During
the time when the engine is not operating, i.e., cold soak, and the engine
must be maintained at temperatures above the freezing point of the pro-
pellants, it was necessary to simulate the space environment. This was
accomplished by locating the engine in the test cell where the surrounding
test cell walls are cooled with liquid nitrogen. The engine was then
heated by a resistance heater and ths power required to maintain the
engine at various temperature levels was obtained. These data were then
compared to the thermal model results. Figure 11 shows the power require-

ments for the R-4D engine vs. injector temperature based on the experimental
results and the analytical model.

The data show that the analytical methods used to calculate
the thermal characteristics of the R-4D engine can adequately predict
<:} the actual temperature during ooth hot firings and cold soak conditions.
As will be shown later, the analytical methods which evolved from this

program were used in successful supplementary programs to provide the
necessary thermal design criteria.

- = -
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POWER REQUIREMENTS
RADIATION TO DEEP SPACE
R-4D 100 LB. THRUST ROCKET ENGINE

50 :

- BTU/hr

6 © MAXIMUM FIRED ENGINE
A MINIMUM FIRED ENGINE

L/, REGION EOR UNIFIRED ENGINE
| I

-0 0 50 100 150
INJECTOR TEMPERATURE - °F

ENERGY LOSS TO SPACE
©
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1v. 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 development. The approximate time periods and areas of
development effort are listed in Table II.

TABLE II
Areas of
Development Effort Time Period Solutions Investigated
A. Increase performance Sept. 62 to Use multiple doublet
Dec. 62 to improve propellant
mixing.

B.. Reduce injector January 63 Use higher resistance "K"
thermal soakback to June 63 seal and add fuel cooling
temperature annulus downstream of

valve seat.

C. Eliminate "hot July 63 to Jsolate oxidizer pro-
phasing'" of ’ Jan. 64 pellant passage.
propellants Use oxidizer valve

standoff. Remove oxidizer
flow paths from head
"gpider." Add film cooling.

D. Eliminate June 63 to Change injector design
ignition over- July 64 to 12-on-12 pattern
pressures Use stronger chamber.

Add preigniter.
Each effort was inter-related with others and the engine design
evolved as a compromise which could satisfy the technical requirements
within the constrainte of cost and schedule.

A. Increase Periormance

The minimum specific igpulae requirement at the initiation of

the development program wase 300-Tg£/eecond: The initial design concept,
m

a single doublet, was selected due to ease of manufacture, simplicity of

design, and high pulse performance, however, the steady state performance

2~23
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was below 300 seconds. Several design and development studies were made
which 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
velocities and impingement angles. The best results obtained were 270-280
seconds Isp’ which was below the minimum specification requirement.

A multiple doublet injector was tested to increase mixing efficiency

and to provide a more uniform chamber temperature. Several combinations
were tested:

'
'
|
L]
i

Multiple Doublet

‘Configuration Tested Results
4 on 4 Improvement over single doublet
6 on 6 Greater improvement, but still not sufficient.
8 on 8 | This injector'met the 300 second minimum and
: was eventually selected as the candidate
(Z; design. Several iterations upon the doublet
' ' configuration were made to optimize per-
formance.
12 on 12 \ This injector further improved the performance
{

and the temperature distribution. It was
selected as the backup design to the 8 on 8
since it was harder to manufacture than the
8 on 8 and resulted in lower life capability
due to higher chamber temperature.

24 on 24 One injector of tﬁis design was tested but
provided no significant improvement in per-
{ formance. Greatly increased manufacturing

\ difficulty for this design precluded further
\ consideration.

———

The 8 on 8 configuration delivered the required specific impulse,
but the steady state injector temperature and thermal soakback were
greater than the limits set for some portions of the engine. It was
selected for further develcpment, based on the performance improvement.

The pre-prototype engine configuration consisted of (1) chamber,
all molybdenum ".040" wall thickness bolted directly to the head,
(2) valves, fuel and oxidizer seated directly on the aluminum head, and
(:) (3) head, 8 on 8 injector.

2-24
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B. Excessive Injoctor Head Temperature

The 8 on 8 injector design resulted in high performance ard
a high chamber temperature--typical throat temperatures of 2800°F and
chamber flange temperatures of 1500 F. This flange temperature resulted
in a large amount of conductive heat transfer to the head. This heat was
not adequately removed by the propellants, thus, some mode of thermal
management was required to minimize the heat transfer from the combustor.

l. Higher Resistance "K" Seal

To lower the amount of heat conducted into the head from
the chamber, a steel bearing ring was added to the "K" seal. This con-
figuration was known as the "wide flange K seal." This change did lower
head temperaturee significantly; however, the flange temperature increased
to 2000° F, which caused the seal to fail. No 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 vehicle were unknown and therefore 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 angle. This problem was finally resolved
by using fuel film cooling which lowered the flange temperature to less
than 400°F. Concurrently, the seal joint was designed for 2000°F by using
a flat labyrinth L-605 seal. Both film cooling and the high temperature
flat chamber seal were incorporated at about the same time.

Two attempts were made to rcduce the heat input to the
injector head by convection from the combustion gases. The approach used
was to install a convective barrier across the portion of the injector
face which was outside the doublet impingement diameter. A stainless steel
barrier was used and a thermally insulated phenolic washer was attenpted.
Both attempts resulted in very little head temperature difference and the
concept was dropped. s

2. Fuel Cooled Head .

A two-pass fuel cooling ennulus was added to the basic
8 on 8 injector in an attempt to lower the runnirg temperature of the
injector head and, consequently, the maximum soakback temperature. The
fuel entered a cooling passage downstream of the valve seat, made one
complete circle, passed into a lower cooling path, circled the head again,
then entered the fuel distribution manifold. Thcse cooling annuluses were
emall diameter passages for high efficiency cooling and minimum dritble

2=25
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volume. They were very effectlve and lowered the heat temperature steady

state head temperatures to 150°F as opposed to 350°F without the cooling
path.

One detrimental effect was anticipated, i.e., the effect of
the large dribble volume on pulse performance. During testing to verify
this effect, the chamber was destroyed by an ignition overpressure. This
was the first time this had occurred at TMC without a questionable facility
malfunction (a prior chamber failure during Advent development was caused
by a plugged chamber, due to faulty purging techniques). The in ector head
was refitted with a new chamber and the test series repeated. The second
chamber was also destroyed.

Analyses of thie phenomena lead to the conclusion that the
oxidizer lead and large fuel dribble volume was the basic cause and the
fuel cooled injector head idea was scrapped. A fuel cooling loop located
upstream of the valve seat was thought to be unusable as the fuel would
vapnrize during soakback 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 larger 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 resulted in a higher chamber temperature

of 2900-3000°F. This temperature approacher the upper limit of the molyb-

denum disilicide 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 injector design
required an engine start and operation from high temperature soakback
conditionr:. It was known as "Maneuver No. 1" and consisted of:

10 seconds on, 30 seconde off,
3 seconds on, 360 seconds off,
10 seconds on.

During execution of the above cycle, a peculiar behavior of

the thrust and chamber pressure, and an extremely rapid heating of the
chamber was observed. Typical data traces are shown in Figures 12 and 13,

2-26
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A photograph showing the exterior of the chamber under a normal
burning condition is shown in Figure 14 upper. A photograph of similar
type during high heat transfer burning is shown in Figure 14 lower. This
phenomena was given the coined name of "Hot Phase", although the official
name was HHTB (High Heat Transfer Burning).

Several chambers were burned out at the area just above the
throat during the time of experimentation with this type of burning. The
heating rate was exceptionally impressive. A normal
start shows dull red streaks starting, then slowly reaches full cherry red-
ness within about ten seconds after "engine on." Observations showed that
HHTB burning was like having a light bulb turned on in the cell. The
chamber was almost instantly and rather uniformly "white" hot from the
flange to the throat.

The rate increase of chamber temperature was faster than the
Bristcl response of the thermoscope and reached failure temperatures of
3300°F within two to three seconds.

When the "step" occurred, i.e., changed from HHTB to normal
burning, the engine reverted to normal operation and the chamber tempera-
ture cooled to standard 2700-2800°F steady state operation. This reversion
was an abrupt, almost instantaneous event. Thrust and chamber pressure
increased by about seven percent, causing a step in the instrument traces
(hence its name, "step'").

Since the Hot Phase occurred only when the 2ngine was started
from high temperatures, it was believed that the cause was a two-phasing
effect on combustion due to boiling of the propellant as it passed through
the manifolds. Since the oxidizer has a much lower boiling temperature at
these pressures, development effort was concentrated in this area. A fair
correlation was observed between a propellant temperature within the
oxidizer valve of 145°F and the occurrence of the step. The Hot Phase
burning presented no difficulty unless it continued for more than two
seconds; therefore, thermal isolation was attempted to lower the maximum
temperature of the oxidizer valve upon soakback and to minimize the time
required to cool the oxidizer flow passages.

Two methods were used to lower the maximum temperature of the
oxidizer valve upon soakback: (1) use of an oxidizer valve standoff,
and (2) film cooling.

(1) Oxidizer Valve Standoff

An oxidizer standoff was designed using stainless steel
A-286. This is a steel tube of minimum cross section which is used as

2-29
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the propellant passage between the valve and the head. The thermal resist-
ance between the injector and the oxidizer valve was increased by using

long stainless steel bolts. A phenolic insulator was installed to absorb
the transverse loads.

Initially the standoff was a removable part with omniseals
at each end for propellant sealing. This was changed to a pressed-in
A-286 insert to eliminate sealing and installation difficulties experienced
with the omniseal injector interface.

Alternate approaches were tried to reduce the cooldown time
of the oxidizer propellant passages: (a) use of pressed-in steel lines into
the oxidizer distribution manifold, and (b) a "spider" design using indi-
vidual stainless steel tubes as propellant passages.

(a) Pressed-in Steel Lines

In this approach, steel lines were pressed directly
into the oxidizer distribution manifold. This design proved difficult to
fabricate and provided no observable benefits.

(b) Spider Design

A radical departure from the central standoff and the
propellant distribution manifold was made in the spider design. It car-
ried the concept of thermal isolation of the oxidizer valve and the rapid
cooling of the propellant passages to the ultimate extreme. In this design,
the valve loading was structurally reacted by the bolts and head. The pro-
pellant was injected into the chamber by individual stainless steel tubes.
This allowed maximum isolation of .the oxidizer valve from the head and
provided low heat capability propellant passages. L

" The individual tubes were slip fitted into the
injector to allow for thermal expansion and to minimize the stresses. The
difficulty of fabrication techniques was the major reason that the design
was not more readily accepted. Leakage of combustion products through
the slip fit joints, with possible accumulation of propellants, also pre-
sented difficulty. Assembly and fabrication iechniques have advanced
tremendously in the past five years, and this design may now be feasible.
It could be considered for thermal isclation of advanced injector designs.

(2) Film Cooling

The chamber flange temperature was too high to allow effect~
ive sealing of the injector head interface and too much heat was conducted
into the head. An idea was presented to spray a small quantity of fuel
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(fuel film cooling) onto the chamber flange to cool it. The results were
phenomenal. In one stroke the high temperature flange seal problem and
the hot phase burning were eliminated. In addition, the chamber tempera-

ture was reduced to such a low level that the R-4D chamber has almost
unlimited operational life.

Various amounts of fuel were used in an attempt to optimize
the film cooling relative to the Isp performance degradation and run time.

The chamber flange temperature for the film cooled engine
design had two separate cperating characteristics, one at 500°F or less
and the second at 1600-1800°F. This change in temperature is caused by a
shift from nucleate to film boiling of the fuel cooling streams. The
higher flange temperatures are undesirable because of the increased heat
stored in the flange and chamber which must be absorbed by the head and

valves during soakback. The soakback temperatures also become higher as
the thickness of the chamber is increased.

Every test of a film cooled engine starts with nucleate
boiling heat transfer of the coolant on the wall. The abrupt transition
to film boiling and its corresponding high chamber wall temperature is a
223 _ function of O/F ratio, percent fuel cooling, and time. The time tc
transition increases as the O/F and percent cooling are increased.

The T-10060 (Figure 15) injector, with 12 to 13% fuel cooling,
shifts to film boiling when the O/F ratio is 1.8. At an O/F ratio greater
than 1.85, the flange temperature is low, i.e., 500°F or less. Figure 16
shows chamber flange temperature verrus O/F for most engine configurations
through T-10060. Figure 17 shows the effect of O/F ratio upon the length

of run time until the transition to film boiling and its associated high
temperature occurs.

The fuel cooled injector design did not have the same
performance as a non-film cooled injector of the same hole size, because
the doublet O/F is not optimum. The cooling fuel is included in the '
engine O/F ratio but does not react as efficiently as if mixed in a doublet.
A good correlation was made of engine temperature vs. Iy, for various
amounts of cooling. This data indicates that engine chamber temperature is
a direct function of perform&nce within relatively narrow limits. Figure
18 shows throat temperature . . for engines with fuel cooling from 9
to 12% and data from an engine wit film cooling of 19.5%. At the 300

second performance level, the additional film cooling had decreased the
throat tcmperature by 300°F.
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CHAMBER FLANGE TEMPERATURE -°F
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DATA TAKEN AT 60 OR 90 SECOND POINT
SYMBOL ENGINE P/N S/N RUNS CELL RUN DATE % BLEED
O T-10020 0001 3060-3134 6 3-03-64 10.7
A T-10020 0001 471-518 1 2-22-64 10.7
D T-10020 0001-2 819-886 1 3-12-64 19.4
o T-10050 0002 3386-3474 6 3-24 TO 3-27-64 12.9
B T-9730 0001 625-714 1 2-29 TO 3-04-64 21.5
O T-10100 0001-2 3861-3876 6 5-06-64 10.6
O T-10060 0003-3 3877-3907 6 5-15-64 12.92
0 T-10010 0001 386-432 1 2-17-64 11.4
b T-10030 0002-1 3135-3231 6 3-04 TO 3-06-64 8.9
SOLID SYMBOLS: DATA NOT STEADY STATE AS RUN WAS CUT IN TRANSIENT
FROM NUCLEATE TO FILM BOILING.
|
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] o. |
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l: ' ' ’l 7
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SPECIFIC IMPULSE\‘V‘S THROAT TEMPERATURE

KEY:

SYMBOL _ ENGINE % BLEED O/F
0

NOTES:
, ALL TEMPERATURES TAKEN AT THE
\. THROAT BY THERMOSCOPE

1.4
1.6
» 1.8
2.0

‘

ALL CHAMBERS RIBBED AND GRIT-
BLASTED |

T-10020, 10.7
T-10020  19.5
T-10030 8.9
2.0
9.5
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D. Ieonition Overpressures

In August, 1963, a 12-on-12 engine was destroyed by an
ignition overpressure. This placed great emphasis on understanding how,
what, and why an ignition transient pressure would sometimes shatter a
chamber. A two-prong engineering development effort was launched to examine
ignition phenomena and combustion characteristics in detail. The injector
combinations which were built and tested were dash numbers of Drawing
VX20560 (-501 through -533). These engines were tested for thermal charac-
teristics 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 less than 0.5 second and delivered specific impulse in excess of 295
seconds. It had a hot chamber temperature of 2900-3000°F but was the best
candidate for a successful engine. Unfortunately, a second injector of
this configuration (S/N 002) would not behave in the same manner as S/N 001.
After several tests to verify that S/N 002 was different from S/N 001, the
12 on 12 injector design was dropped.

o An injector cdesign selection was also being made on the basis
(:> of ignition spike testing. This testing indicated the 8 on 8 had lower
pressure transients and the program eventually selected the -525 engine
as the injector design to be developed.

E. Pre-Igniter Effects

The T-10060 fuel cooled engine had demonstrated the most success-
ful engine design. Its steady state chamber temperature was 2200°F and the
maximum head temperature was less than 350°F and was thermally acceptable
for the Apolloc Mission. It was not acceptable from the standpoint of ignition
transient pressures that it generated. The pre-igniter was introduced to
reduce or eliminate these overpressures (Figure 15).

Yok

The pre-igniter had an adverse effect on the engine's thermal
characteristics. The percentage of fuel film cooling had to be increased
from 13% on the chamber wall to 22-23% on the wall to obtain the same
chamber wall temperature and to allow runs of infinite length without a
shift to film boiling.

Additional fuel cooling was required on the pre-igniter itself
to prevent burnout of the steel (A286) wall. The effect of this large
amount »f fuel, which was not mixed in the main doublet, was a lowering
of performance. This can be attributed to a very high doublet O/F ratio
and poor mirxing of the fuel used for film cooling.
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V. SUPPORTING PROGRAMS

During the Apollo program, additional programs were conducted to
determine the characteristics and performance of the engine due to various
design changes. These programs included:

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

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

C. M4J7XA-406013 NAA, Thermal Management of Apollo SM/RCS.

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

A. Columbium Alloy Combustion Chamber

The Columbium Alloy Combustion Chamber development program,
funded by NASA-MSC under Contract NAS-9-6003, was conducted to develop
a coated columbium alloy combustion chamber suitabl~z for incorporation
into the Apollo LM/SM RCS engine. Heat transfer analysis of the engine
system was conducted 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-
tural temperatures predicted by the analysis and the actual temperature
measured during test firings of the engine are listed on Table I1I1 for the
R-4D engine. In summary, the valves, injector head, and combustor flange
temperatures were lower with the columbium alloy than the corresponding
temperatures with a similar molybdcaum alloy chamber. The maxiinum combus-
tion chamber temperature, using the columbium alloy, is approximately
100° hotter than with a similar molybdenum chamber. The principal reason
for this difference is due to the lower thermil conductivity of the
columbium. This lower thermal conductivity results in less conduction
heat transier 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-
tion of these properties was made by Marquardt, Battelle Memorial
Institute, and the U. S. Naval Radiological Defense Laboratory. The
results of these tests are shown on Figures 6 and 7,

The results of the teste indicated that columbium could be
succesefully incorporated into the R-4D engine. The majority of the
structural portion of the engine would be operated at or near the oper-
ating temperatures of a molybdenum combustor gnsine system, while the
columbium alloy combustor would run up to 100 F hotter than a similar
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TABLE IXT
SUMMARY OF S/M RCS TEMPLRATURES
STEADY STATE AND SOAKBACK
MOLYBDENUM ' COLIMBIUM
I. COMBUSTION CHAMBER Theoretical Experimental Th‘eoretical hgerlmul

A. Flange 3

1 Steady State 329 270-330 288 230-280

2. Soakback 440 400-460 295 300-330
B. Throat

1. Thermoscope 2150 1900-2100 2230 1900-2300

2. IR Film 2165 2260
C. Bell Nut g 1800 1800 1800 1750-1800

II. INMJECTOR
1. Steady State 185 165-185 . 187 170-190
2. Soakback 328 300-330 255 250-270
I1X. VALVES

A. Oxidizer Valve Seat

1. Scakback 145 150 120 N.A.
B. Fuel Valve Seaz '

1. Soekback 156 155 ; 132 H.A.

; l |
| f /
’
P = O7 psia Fuel Neuh/unm or MH
\
0/F
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molybdenum combustor. Tests of the oxidation resistant coating on the
columbium combustor irdicate a maximum safe temperature above 2800- 3000°F oy
which is well above the operating temperature of the engine.

B. Moog Valves

NASA Contract NAS-9-5626, '"Apollo Service Module Reaction Control
System Engine Modification for the Moog Valve'" was conducted to provide an
‘engine which uses the Moog bipropellant valve, but retains the combustion
characteristic of the R-4D engine. A heat transfer analysis was conducted
to determine the design requirements when the Moog valve (which is a bi-
propellant valve) 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.
This was required because of the thermal resistance change between the
injector and the valve. The design of the Mocg valve required redesign of
the injector to minimize the heat transfer to the valve. The analyses
and data generated in the test program (Reference 7) indicated that the
injector and combustor temperatures are approximately the same as for the
R-4D engine, with coaxial valves, and that the Moog valve temperatures
are higher than for the coaxial valves during soakback from a steady state
run. The temperatures are well below the valve upper temperature limit.
The approximate temperature of the valve eeat of the Moog valve was
200-210°F at soakback, compared with 160- 180°F for the coaxial valve
configuration.

C. Passive Thermal Management Program

The major objectives of this program, funded b;’NASA-MSC under
Contract NAS-9-5026, were to,

‘4
l. Establish minimum and maximum operational temperatures
for the engine.

2. Decermine radiation properties of the combustion chamber
and of possible alternate materials.

3. Verify major thermal charactaristics of the engine.
4., Evaluate potential changrs to the engine design which

would improve thermal characterietics ana recommend an engine configuration
for optimum thermal performance.

w2
.
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Results

. 1. The minimum operaticnal temperature was determined to be
-30°F head temperature. This limit wes established by pulse performance
degradation for short pulse widths. The residue of propellant in the
dribble volume froze due to evaporative expansion and plugged the flow
passages for subsequent pulses. The minimum head temperature was lowered
to -90°F for runs long enough to raise the head temperature high enough tc
evaporate all the propellant in the dribble volume.

2. The thermal radiation characteristics were determined by
lab measurement at Hughes Aircraft and Grumman Aircraft Engineering Cor-
poration. Table 4 lists the emissivity and solar absorbtivity of the
probable material combinations for the Apollo engine.

3. The thermal characteristics of the nonpassive thermal design
engine were analyzed and a computer thermal model prepared using the
rediation properties determined. The primary features of this design were
an oxidizer standoff and flat L-605 seal. The fuel valve injector joint
was a ball seat directly in the aluminum head. The model used lumped mass
nodes connected by thermal resistances. This model was used to evaluate
the effects of various thermal prcperties and engine designs. The model
and temperature time transients are presented in the final report of the
thermal management study program (Reference 8).

4. The culmination of the study effort was that the engine
could be significantly improved relative to thermal power losses and solar
soak time limit by relatively minor design changes such as,

a. Fuel valve standoff tn increase the time required to
reach the limiting valve temperature.

b. High resistance chamber head seal to> reduce the heat
loss from the chamber.

c¢. Changes to the chamber bell to reduce solar absorb-
tivity and emissivity. These recommended changes did not consider any
peripheral effects such as lower chamber and head temperatures upon the
start pressure transients.

A direct sesult of the thermal menagement study was a directive
from NAA to implement 1) a fue! valve standoff with a thermal reelstance
of 44,000-5§%5JE, 2) a head chamber seal resistance of the maximum
possible as a retrofit into the present design.
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. _TABLE IV

RADIATION DATA

Test € (2
Somple Facility | =100 | o +100 | +200 | <
g HAC .18 .18 | .18 19 46
b b0 Glwicarnd gaec | .13 | 4 | s 49
2. L-805 os fabricated ond then HAC .29 .30 .34 37 .83
oxidized ot 1800° F an .05 GAEC
psia for | minute
3. L-605 as fabricated, oxidized HAC .30 31 .35 37 79
ot 1800°F and .05 psia for one
mom’eé ond exposed to a vacuum GAFC o7?
of 10 ~ torr for B hours i room
temperoture
4. L-605 polished ond then HAC .18 A7 | .20 .21 74
oxidized at 1800°F and .9
05 ainTar 1 Bl 1 GAEC 3 J4 1 .16
- I.-605 polished, oxidized at. HAC A9 -1 & .28 74
\ 1800°F and .05 psia for | mimte GAEC
and exposed to a vacuum of 1076
torr for 8 hours at room tempera=
fure
6. TZM nongrit-blasted, HAC 21 23 | 24 26 .84
coated with disilicide ond smoke
t checked (1) | GAEC . - 4 | 16 .85
7. TZM grit-blasted, coated with HAC .23 24 | 26 27 .84
disilicide ond smoke checked(1) : GAEC 16 RTRERT .87
8. TZM nongrit-blasted, coated | 1
with disilicide, smoke checked . GAEC N A2 | 13 .86
(1) ond yocwm treated |
9. Moly mil-blmfed, coated NR ‘;.2'5 g
{ with disilicide, and smoke GAEC 07 07 | /.09 A 785
: | checked (1) i e
NR .43(3) .90
10. Moly grit-blosted, coated with
“"'k‘*'“ m. c."ct’dl) GAEC .37 .40 .43 045 . “
11, L-605 polished GAEC 11 N .QI

(1) Two'eycles of heating to 2000°F and holding for 5 minutes In alr
(2) GAEC € is normal; HAC € s total bmlcph«lcol
(3) Not smoke checked

\

¥
{
’
1
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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

length of the bolts was not possible due to the injector configuration,
good thermal isolation and stress relief for thermal expansion was
provided by using long titanium bolts with titanium standoffs under the
bolt heads between the valve cap. The primary difficulty was encoun-

tered in provin that an overall resistance of 44,000 85 E was
obtained. ’ Btu

Several attempts were made to measure the thermal resistance by
conductive ccoling of the head and measuri g a known heat input.
These attempts were unsuccessful due to excessive uncontrollable
heat leaks in the setup. 1hese heat leaks were nct repeatable and
led to several erroneous conclusions about possible problems of
unrepeatable valve seat joint thermal resistance.

A radiation space cold sosgk test vacuum chamber was assembled to

verify the actual overall valve head thermal resistance. This test
o

facility proved tne oveg;ll resistance to be 47,000-222—£ for the

Btu
ox valv2 and 55,000-235—2 for the fuel valve. These resistances were

very close to the ana?§gical evaluation and were proven to be
repeatable.

D. High Resistance Chamber Head Seal (Reference 9)

The high resistance'seal program objective was to design, fabricate,
and functionally testca chamber head seal which had a thermal
resistance 5.0'2%%32. The seal was to be interchangeable with the
standar< Apollo seal. A seal design was built and tested which would
furnish 2 thermal resistance of 5~E§§;£ but woura'require slight
modificatéon to the head-seal cavity. A seal with a thermal resistance
=~ 3.0 hr: 4
Btu
has almost as effective as a 5.0

was designed for the existing cavity. The latter seal
hr-°F
Btu
the heat loss and would have considerably smaller impact upon the
Apollo program.

resistance seal in reducing
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To provide thermal data for structural analysis, a thermal model
of the K-4D engine under soakback from firing and cold soak conditions
of the engine was made. Good agreement with temperature results from
firing tests were obtained. The model gav.: temperature profiles which
were within 15° of the actual test data. Accurate soakback tempera-
ture predictions enabled a good structural evaluation to be made.

Detailed thermal evaluation of candidate seal dcsigns was made
by comparative calculation of thermal resistance from maximum and
minimum dimensions. Practical seal design configurations were se-
lected, fabricated, and tested for verification of the analysis.

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
:3) hardware. The power input to head was measured and used with the
measured temperature difference across the seal to calculate the ther-
mal resistance of the seal. Figure 19 is a schematic of the experi-
mental test setup. Figure 20 shows the actual test harcdware. The
heat inpuf. was calculated from current and volcage measurements. All
heat generated was assumed to go across the seal. Convective losses ;
were negligible at low pressure p <10'5 mmHg. Radiative losses were '

made approximately zero by controlling the boundary temperature to *
the same temperature as the simulated head. '

The temperature difference resulting between simulated head and
the chamber flange was measured and used to calculate the seal thermal
resistance,

{ -
' . R =Th~T¢f He-°F
Qin Btu

The excellent agreement with calculated value and high degree of
repeatability indicate all assumptions were justified. Figure 21
compares the test results and calculated thermal resistance.

S | E

2-44




Sh-2

61 2an3T13

it

’

— T o

4 .
—-;ow‘. awvesid o0 o nﬂwowe- T e .
D T e, B S s — — ——. & Aesws
- . -~ 3 PARBEE mmm— -~
- <
i
.t

NOLLR SO

VINEOHITVD SANN NVA IID_IQIII)JL)

dNIAS ISAL AONVISISTE TVIRIEHL

- i 1
‘ !
q ‘ ' l
.
b — -
svssmer ~ X 1 »
Pnamnsoe sy waw & i "
x - ‘ -
. v -~ o L0 o~
. ed oocr o
- i L
Foamass —— G jamcsce pocr o
e el lwser  mr -
e 3 [ovaron7 | soww o
anmmim o .- r P pe—
TN . ' -
pe
A B e e L -
= Bl KRR R =
- - —~—— P LT 1L -
= e P o5 R
- rocaron | ww meor © o— e
N Ay F AR | mur ok -
, - - awm | a—r o
Fraeon T
- ~oame = lomerw rece
- e e ;
LAY . - . - ™A | www ‘-
' * / e F -
' ' Y / - Nosncss ommve — vl Ng
Kéi’hf' “h U - l~4~ ]u-r,.»q-‘-]
nrLt
g oy
- .'u L) 1,
' T .J \ 2t [¢] [aam-w | owa, soer | T TT-
- ae aanes - Pl Gl itnad® | | ' IO'
! PSR e T il (ot R
e # m— =_werel
- - [P . H 3
- aemr i i
- [ T o
St T
2 e e IR o L= s
PR E T RIS YRS =Y s
L 4 § — -t = AT WL >
—— e e —
By v s wm— r— —— ; P P v agorat 7r v 5 =
By v o — —— ———— P T ‘_‘___{-‘"_— T | TeETreL SevL aTOE
S —t — g e |
i T ——— - — .- T
P A T — — - >:_:._----] ' "l' L-205%
‘ D TED | AN WA AT DI AL S s, g’g I
o — -k g o A Ae=C R "

0801-V




p—

OO L S S A 1 e

NEG. 7008~2

™ v
ma Uaﬂ / VAN NUTYS. CALIFORNIA

. Combustor-Injector Seat Thermal Test Hardware

E 248 :  pigure 20



or

arquardt .. ... coromn

A-1080

CORIIRATION

SEAL THERMAL RESISTANCE TEST RESULTS

Seal
Configuration P/N Material Thermal Resistance
Predicted
, (Neglects Contact Resistance) Demonstrated
Minimum Maximum Seal Joint#*
‘' Hr-°F Hr-OF Hr-OF Hr-°F
BIU BIU “ITU FIU
Conical 7-13622  Titanium 5.3 . 6.2 6.6 5.7
Thimmil T-13621  Rene' k1 3.7 4.3 5.2 L.6
Straight T-13611 Titanium 1.8 . 2.2 2.1 2.0
Thinwall 7-13612  Rene' k1 1.2 1:5 1.3 1.2
Composite T-13618  Titanium 4.7 5.3 3.0 2.8
!'13619 km' hl 308 uo3 208 206
Zirconia T-13617 2irconia 8.1 8.3. 3.5 3.2
Cylinder

* Overall thermal resistance of head/seal chamber
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Firing Tests

The candidate seals were fired in two engines which were modified
to accept a composite seal and conical titanium seal. The predicted
results were very close to the actual.

The firing tests did demonstrate a potential problem which should
be considered for any engine design using a high resistance seal and

film cooling. The highest resistance seal «'7 Bt — was pulsed at

a rate of 50 ms on and 50 ms off to build up pulsing operation time on
the engine.

After 980 cycles the run was stopped because the molybdenum
flange temperature had reached 1100 F. This is above the steady state
operation temperature of 300-400°F and way above the maximum soakback
temperature of 650- 700°F. This condition did not occur with the lower
thermal resistance composite seal, nor has it occurred with the very
low thermal resistance L-605 standard Apollo seal.

The apparent cause was the flange temperature increase in
temperature during the soakback because heat was unable to dissipate
into the head due fto the higher seal thermal resistance. As the
flange increased in temperature it became impossible for nucleate
boiling to occur at the flange and the cooling effect of the fuel
cooling flow was considerably reduced.

It has not been demonstrated that this phenomena is in any way
detrimental to the operation of the engine but it would result in
vastly different performance and thermal behavior if operated in this
manner. A very significant input is the large number of cycles which
wer¢ required for the condition to manifest itself. This type of

~duty cycle is highly unlikely for any anticipated mission.

\ /
\ /

{4 i

~—

———
-
- i - —
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D. Lunar Orbiter (Reference 10)

The Lunar Orbiter engine was a modified Apollo engine which
provided the Avelocity for the photographic lunar satellite. The modi~
fications were the addition of a heater, qualification of the engine to
a higher vibration spectrum, and extended burn time of up to 700 seconds.

The heater selected was a modificetion of a Minco button heater.
It was incorporated into an assembly which protected the leads and pro-
vided a heat path into the injector. The assembly was screwed into an
existing 10/32 screw hole in the head.

Design criteria which was used for sizing of the heater was
obtained from thermal tests made on the PIC verification testing.
Figure 11 shows the engine heat loss vs. chamber throat temperature for
two conditions of firing. The worst case was obtained using a chamber
operated over 3,000 seconds at 2700+°F and was used to size the heater.
The Lunar Orbiter engine was oriented away from the sun at all times and
a thermostat was not used. The heater was turned on at launch and
operated continuously throughout the mission.

<::a The engine performed very well on ite mission in space. The

engine temperature was maintained at ~15°F throughout moet of the missions
and no problems were encountered.

2-49
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INTRODUCTION

One of the more interesting parts of the program to develop attitude contrel
engines for the Apollo Service Module and Lunar Module was the identification

and solution of problems associated with altitude ignition. During scme of the
ignition tests conducted early in the development program, the engine combustion
chambers ‘were failed by what appeared to be large ignition overpressures. As a
result of these early failures, changes were made to the design of the engine to
provide more satisfactory ignition characterietice. Extensive tests were conducted
to document the conditions under which ignition overpressures occurred and, finally,
to demonstrate satisfactory ignition characteristics over the range of operating
conditions expected during the Apollo missione.

The effort associated with eliminating the ignition problems extended from early
1963 through 1967. A4s a result of this effort two d. fferent types of ignition
overpressures were identifieds One type of ignition cverpressure proved to be
associated with the detonation of materials introduced into the combustion chamber
during the preignition peried. A vecond type of ignition overpreessure was found
to be associated with the accumulation and explosion of energy rich materiale from
previous firings of the rocket engine.

The engine design was modi.ﬂed to include a preignition chamber designed to reduce
the frequency and severity of the first type of ignition overpressure. Destructive
overpressures of the second kind were eliminated by increasing the power used to
heat the engine so that it operated at temperatures where accumulations of energy
rich materials were limiteds The fuel for the Service Module Reaction Control
‘Engine was changed from Aerozine-50 to the more volatile fuel MMH and the Lunar
Module reaction control enginc temperature controls were set at a higher tempera-
ture to meet the requirements .of the Aerozine-50 fuel. As a result of chese changes
and the knovledgo generated during study of the altitude ignition process, confidence
was generated that the reaction control enginee will perform their intended mission
reliably. This report describes the process through which damaging ignition over-
preseures, once apparently random end poorly understood, were eliminated over the
operating ranso of the Apollo R“,ctton Control Engines.

SPACE IGNI'I'ION ASPECTS OF THE DEVELOPHEM nocm

The multiple doublet injector duigno evaluated in early 1963 provtdod performance
approaching the duig{\ goal of 300 seconds. However, engines using these injectors
were subject to excessive heating of the injector and valves during prolonged
firings. To reduce the injector end valve temperatures produced during eteady
state firing end soakback, a fuel cooling ennulus was added to a prototype injector
head so that the fleowing fu.l vould cool the injector.
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After some initial testing to evaluate i{ts thermal characteristics, the engine
was installed in the newly completed Cell 6 altitude test facility to document
pulse performance. Three, five second steady state firings were successfully
completed. On the start of the fourth steady state firing, the molybdenum
combustion chamber broke into a number of piecea. The engine was removed from
the frest cell and sxamined, the only ancmalous observation being that the oxidizer

valve was leaking excessively. No connection could be established between thie
leakage and the failure.

The valve was reworked to an acceptable condition and reinstalled. The engine

was rebuilt to the same configuration with a new molybdenum combustion chamber

and installed in Cell 6 to duplicate, if possible, the conditions leading to

the failure. Twenty, three second stesdy state firings were conducted successfully.
Ten pulees of 10 milliseconds on and 200 milliseconde off were then progremmed.
During the third pulse of this progrem the combustion chamber broke again. A post

run examination of the injector head and solenoid valves showed that the injector
and valves were in good condition. |

An investigation was initiated to determine the causes of the explosions. One of
the first theories t¢ be explored was that the large fuel dribble volume associated
with the fuel cooling loop might empty substantial quantities of fuel into the
combustion chamber and into the fecility after firing. It was felt that the fuel
would vaporize at the low test cell prossures being used and it was knowr that
hydrazine in the vapor state can act as a monopropellant. It was theorized that
wvhen the engine was fired, hot cambustion products might ignite hydrazine vapors
resulting in a detonation in the combustion chamber or test cell. To investigate
this poseibility, the engine was again rebuilt to the same fuel cooled head
configuration except that a stainless stesl combustion chamber with a flush mounted
chamber pressure transducer was substituted for the molybdenum combustion chember.
Seventy six steady state and pulee firings were made with this engine. "he frequency
response of the chamber pressure transducer did not allow the accurate determination
of the peak value of the ignition pressure transient. However, the data definitely
showed significent ignition overpressures at start up. Figure 1 shows a sample

of thrust and chamber presssure tresces for one of the pulses. Although the pressure
appears to peak at gbout 300 peis, subsequent investigations eshowad that the actual
pressures were significantly higher.

Because of the high ignition overpressures cbeerved, it was decided to stop all
developnent work on the fuasl cooled injector and to begin investigation of a twelve
on twelve doublet injector that had previcusly echown scome promise for reducing
maximuu injector temperatures. A number of tests wore conducted with variations
of this design during July end August of 1963. ~

3-2
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During one of these tests in the ATL facility, three firings of 11, 10 and 5
seconds duration were made. The combustion chmmber failed at the start of a
planned 5 second run and subsequent examination of the engine showed that about
two-thirds of the combustion chamber was missing.

A series of tests was begun in an attempt to determine the conditions causing the
molybdenum chembers to shatter. The tests used a segmented combustion chamber with
removable molybdenum and plastic combusticn chamber sleeves, The transparent
plastic chamber sleeves were used with high speed motion pictures to view ignition

and combustion phenomena end htgh resronee pressure transducers were used to measure
ignition pressurecse.

During the tests, the injector volumes, propellant valve timing and propellant
temperatures were varied. An injector design with a 13th doublet located at the
geometric center of the injector face was aleo tested. (This 13th doublet was
introduced in an effort to reduce the time between opening the eolenocid valves on
the engines and subsequent ignition.) A number of plastic and molybdenum chamber
sleeves were purposely shattered during these studies of the conditicns that
contributed to ignition overpressures- (Concurrent dynsmic burst tests of the
molybdenun sea level chambere being used with the twelve doublet injector showed
that two out of three chambers failed between 1500 and 2000 psi. A third chamber
successfully withstood a 2000 psi dynamic burst test and then failed at 2700 psi
during a static burst test. The large pressures required to burst the chambers

supported the observation that large ignition overpressures were occurring during
the engine tests.) \

By October of 1963, the available test data suggested that two conditions scemed

to contribute the most towards causing large ignition overpressures. These conditions
were: 1. An oxidizer lead into the combustion chamber caused by timing of the
electrical signals to the propellant valves and by differences between the oxidizer
and fue! injectordribble volumee and 2. Propellant temperatures being either

ambient or colder. (This effect was later shown to be mostly a function of injector
and combustion chamber tcnponturu rather than propellmt temperatures.)

During October of 1963 the abiutf to accurately muuro peak ignition pressures
was significantly improved by supplementing the previously used Photocon pressure
transducers (with a frequency reeponse of 10 KHz) with newly obtained Kiestler
pressure transducers whose natural frequency was about 140 KHz, (The Kistler
transducer had previously been evaluated by Princeton University under a NASA
contract for improving rocket thrust chamber pressure measurements.) Data from
the Kistler transducers showed significantly higher peak pressures then data taken
simultaneously with the Photocon transducer. A water cooled Kistler unit showed
approximately double the peek pressure shown by the Photocon transducer end a flush
mounted Kistler traneducer showed pressures as much as four times higher.
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An investigation of the pressure measurement system characterietics was begun to
explain the differences in indicated pressure. This investigation subsequently

resulted in improved techniques for measuring ignition severity that were very
helpful later in the program.

( Anglysis of high speed movies made using the transparent combustion chamber sleeves
suggested that large ignition overpressures were caused by the explosion of propel-
lants accumulated in the combustion chamber during the ignition delay period. It
was therefore felt that the best way to reduce the magnitude of ignition over-
pressures was to reduce the accumulaticn of propellant by shortening the ignition
delay time. Several wmethods for initiating early combustion were investigated
including a "preigniter" for piloting early combustion near the injector face.

The preigniter was a small combustion chamber attached to the injector face and
exhausting into the main combustion chember. It wae felt that a properly designed
injector hydraulic circuit could supply the preigniter with fuel and oxidizer
directly from the propellant valve outlets, allowing ignition without the long
delay times required to fill the passages in the rest of the injector. The burning

! @ preigniter would then pressurize the main combustion chsmber with hot exhaust
products eo the mixture in the main combustion chimbe: would ignite at the earliest
possible time. In December of 1963, design of engine hardware incorporating a
preigniter chamber was begun.

While the preigniter engine wae being designed, testing was continued to determine
the ignition characteristics of various engine designs. Tests were made using
strain gager to determine the dynamic response of the combustion chamber to ignition

, pressure transients. Tests were aleo made using five Kistler pressure transducers

5 at different locatione in the cambustion chamber wall to detemine the temporal

! and spatial characteristics of the ignition pressure transient. The results of

{ these tests showed that the pesk ignition pressure was sensitive to the injector

: , configuration being tested and to the relative timing between the opening of the

( } oxidizer and fuel valves. (The largest ignition overpressures occurred when the
' oxidizer valve was opened & few milliseconds before the fuel valve.)

Tests using the strain gaged molybdenum sleeves showed that the peak strain was
reiatively insensitive te the chamber wall thickness. This meant that adequate
design margin could not be provided simply by thickening the chamber wall. The
test results did suggest that the dynmmic bending stresses could be reduced to

the eame magnitude as the dynamic hoop stresses by providing circumferential "ribs"
on the combustion chamber wall. Tuo ribs ware eventually incorporated in the
production engine ccmbustor. '

3-5
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During June of 1964 the first preigniter engine wae tested. It had an extra
set of propellant valves so that the flow to the preigniter could be controlled
independently from the main combustion chember flow. The tests were aimed at
demonstrating the ability of the preigniter to reduce ignition overpressures and at
providing design criteria for a flight-type preigniter engine using a single
set of valves. A flight-type engine design was fabricated and tested starting
the week of 22 June 1964, It used a throatless preigniter with the exit cut at
45°. Preigniter cooling was provided by fuel film cooling holes aimed at the
base of the preigniter. Tests of this configuration and of a number of other
preigniter ergine configurations were conducted through the end of 1%964. This
testing resulted in selection of the preigniter engine design later to be used
for qualification testing.

Testing done in 1965 included a three engine Preliminary Flight Rating Test to
qualify the preigniter engine design for use on ths firet Apollo flights. The
test results showed that the preigniter had significantly reduced ignition delay
times and overpressures. The test results also showed some evidence of ignition
overpressures during pulse trains with short (0.3 to 5 second) intervals between
pulses. The overpressures did not occur on the first pulse of a train and their

GE’ full significsnce was not immediately grasped. (It was later determined that this
type of ignitlon overpressure was caused by collection and subsequent explosion
of residual materials from nrevious firinge and could be prevented by heating the
engine above a critical temperature that depends on the propellaent used and the
duty cycle being fired.)

The test results also showed sharp trensient rises in the output of the transducers
used to measure the pressure of the propellants supplied to the engine. The prensure
rises occurred immediately after the propellent valves were opened and were later
shown to be caused by explosion of minute quantities of fuel that entered the
oxidizer passages of the engine between firinge. A similar type of process was
observed on the fuel side of the engine. These "injector manifold explosions"

were later studied .xtensively end were shown to occur only when the test cell
pressure was ilove a critical value that depends on the engine temperature.

The ignition charscteristics of the three Pre Flight Reting Test engines were felt .
to be adequate for meeting program requirements and in August of 1965, Marquardt
and North American (the prims contractor for the Apollo Service Module) agreed to
proceed with a five engine qualification test program. The qualification tests
were to be run with gas-free propellants beceuse previoue testing hed shown that
che presence of dissolved or entreined pressurant gas caused erratic ignition
behavior.

3-6
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(Ignition tests of emgines with helium saturated propellants had shown ignition
pressures as high as 1550 pesia with normal fuel leads. It was felt that the
overpressures were caused by gas bubbles in the propellent. Data taken under
comparable conditions with gas-free propellant showed no overpressures.)

Since the Apollo miseion required that the engine operate with propellants saturated
with helium pressurant, it was agreed that Marquardt would also conduct some tests
to develop techniques for measuring the amount of gas dissolved in propellants end
its effect on ignitiom characteristics. |

The first of five engines began qualification testing on August 16, 1965. On

17 September 1965 qualification engine B experienced a chamber failure during a
cold mission simulation firing sequence. Marquardt stopped all quslification tests
and production test firings and established a Failure Malfunction Committee.

Formal investigation of the failure began immediately. The general sequence of
events regarding the failure wae estagblished as follows:

"Excess fuel wss depcaited in the oxidizer passages of the injector
during the cold mission duty cycle. This fuel then reacted with
oxidizer when the valve was opened causing an explosion which damaged
the oxidizer valve seat. The damaged valve seat created a large
oxidizer leak after pulse 6 which permitted an sbnormally oxidizer
rich mixture in the combustion chamber. Continued pulsing caused an
ignition overpressure that failed the chamber on or about the twentieth
pulse. The run #as temminated after 25 pulses, the cell opened and it
was then observed that the combustion chamber had failed.

Thie failure during qualification testing showed that injector manifold
explosions had to be preventéd if the engine was tg meet its requirements.
Five analytical solutions and recovering plans were put forth.

b
\

l. The injector explosion was a fecility i.ndu/ced phenomenon which
mld not occur in the epace cuvitouunt.

2. Dnlgn sn explosion proof valve that mld contain injector head
uplooiono.

\
\

3. Deotgn an injector baf.fh to sbeorb or reflcct injector head
explosions.

4, Devise local heating or thermal contrclﬂ. for the injector standoff to
- raise local temperatures above the condensastion temperature of
the fuel wvapors.

5. Consider en alternate fuel guch as UDMH or MMH of different phase
characteristics such that injector head explosions could not occur.

3-7
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All five plans were aggressively placed in work with a progress report and
milestone evaluation presentation of 18 October 1965 to NAA/S&ID and a follow

up presentation to NASA, Houcton on 21 October 1965 which resulted in a mutual
agreement that the failure was a facility induced phencmenon and would not occur
in the space environment. Marquardt's Cell No. 9 with its lower pressure capa-
bility had proven entirely satisfactory as a ground facility and its use was
planned for eny further cold mission simulation tests. It was further sgreed that
quelification testing would be resumed and that Marquardt would continue to
produce and ship production engines on °'.e approved echedules The formal failure
malfunction report was published on 5 N.vember 1965. During December of 1965,
replacement engine B successfully completed the cold miseion simulation test that
had resulted in the feilure of engine B.

Testing and analyeis conducted during 1966 resulted in considerable progress
toward understanding both injector manifold explosions and the ignition over-
pressures observed when engines were restarted after previous firings. A compre-
hensive program of analysis and engine tests established that injector manifold
explosions could not cecur if the test cell pressure was low enough to allow free
@ evaporation of residusl propellants from the engine. It followed that injector
manifold explosions would not occur in space and this was supported by successful
engine test programs conducted at lower cell pressures than those used before 1966.

Ignition test data had begun to suggest that the temperature of the engine hardware
was importaut in determining ignition pressure magnitude during multiple pulse
firings. Testing during the helium effects program suggested that there was a
safe operating region because the combustion chamber flange temperature at the

time of an oxidizer lead pulse was observed to correlate with the magnitude of

the resulting ignition overpressure. The overpressure magnitude decreased et
higher flange temperatures, At the time, the cause of ignition overpressures

was thought to be explosion of frozen residual fuel vithin the engine.

;i 4

The identification of engine temperature as an important determinant of ignition
pressure magnitude resulted in extensive engine test progrems being conducted at
Marquardt and at the NASA Manned Spacecr. ' . Center to establish ithe temperature
limits for spece operation. The Marquardt Pad G facility had been modified to
permit engine firing at very low & 50 u) pressures, in any attitude with respect
to the gravitational field and with a thermal envircnment representative of space
operaticn.

Ignition testing at Marquardt consisted of Low Temperature Mapping tests and
Ignition Proof teste. During the Low Temperature Mapping tests, engines with
instrumented aluminum and steel combustion chambers were used to establish the

low temperature limits for satisfactory ignition. Verification of the temperature
. limite establiched was to be demonstrated by a series of proof tests with production
0 rolybdenum combustors.
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Formal proof test firings began in August of 1966, firing up with Aerozine-50
fuel at a 50°F chamber exit nut temperature. Testing was stopped when the molyb-
denum chamber fractured on the 57th run of 88 runs scheduled for this first
temperature condition. A second engine failed on the 63rd run of the same
sequence. As a result of the two failures, tastirg with Aerozine-50 fuel was
stopped and proof testing with MMH fuel was begun. The MMH tests showed that

the engine couléd be safely operated at lower temperstures with MMH fuel than with
Aerozine-50 fuel. The ccmbustion chamber had to be cooled below a nut temperature
of 30°F before the molybdenum combustor would fail in any attitude.

The good results obtained during the proof tests with MMH suggested that the
Aerozine-50 fuel planned for the Apollo fervice Module should be changed to MMH
and an MMH Design Substantiation Test Frogram was conducted by Marquardt to
demonstrate that no performance or structural problems would i1esult from this
change of fuels. A supplemental qualification program was then run using MMH
fuel and then the fuel change for Apollo Service Module was made.

The prime contractor for the Lunar Module Reaction Control Engines, Grumman
Alrcraft Engineering Corp., did not feel that a switch to MMH was practical for
their vehicles This decieion was based on their plans to supply the reaction
control engines with residual Aerozine-50 fuel from the ascent engine tanks during
parts of some missions. Additicnal proof testing was performed for Grumman to
establish safe temperature limite with Aerozine~50 fuel. As a result of these
tests, the Lumar Module heaters were provided with additional capacity to meaintain
the engine combustion chamber €langes above 120°F, a temperature proven satisfactory

by the engine testa. -

The combinarion of preignition chamber, fuel lead valves, and control of éngine
temperature resulted in elimination of damaging ignition overpressures over the
range of operating conditions typical for the Apollo mission. Injector manifold
explosions were eliminated by test cell modifications that provided a low pressure
judged more representative of space operating conditions. The elimination of
igrition overpressures and injector explosions as a source of conern was one of
the major mileposts of the Apollo Reaction Control Engine program,

IGNITION INSTRUMENTSTION

During the program to improve the ignition characteristics of tue Apollo Reaction
Control Engine, information was needed about the magnitude of ignition severity
and about the nature of the processes oscurring within the combustion chamber
during pulsing operation of the engine. High response dynomic pressure, accel-
eration and etrain measurement systems were developed to meet the need for
quantitative data sbout ignition severity. High speed motion pictures provided
the major source of information on the detailed processes that occur within the

engine during pulsing operation.
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DYNAMIC PRESSURE MEASUREMENTS

The earliest measurements of ignition pressure made during the program used
Photocon transducers with a frequency response of approximately 10 Kiz. Data
obtained from the Photocon transducers showed excessive rinsing at the transducer
natural frequency and were therefore not suitable for determining t™e pesk magnitude
of the ignition pressure transient. An effort was made to obtaim . .proved measure-
ments by using a Kistler transducer of improved frequency response characteristics.
At the time the only Kistler traneducer that was available at Marguardt included

a wa.er cooling adapter which acted as an acoustic resonator with a natural
frequency of about 10 KHz. In an effort to obtain some useful information about
the ignition transient, the output of this pressure transducer was recorded on
magnetic tape and processed through a dynamic compensator (Transductron). The
compensator was adjusted to the inverse transfer function of a second order system
at the natural frequency of the water cooling adapter cavity resonance and oscil-
loscope photographs were made of the transducer output after processing by the
Traneductron. These oscilloscope photographe provided the first information about
the fine structure of the ignition pressure transient. They showed that the
transient consisted of a number of sharp pressure peaks with extremely short rise
and fall times. One of these early oscilloscope photographs is shown in Figure 2.

The fine structure suggested multiple reflections of a denotation wave from the
walls of the combustion chamber.

This hypothesis was later bormne out by measurements made with flush mounted

Kistler Type 601 pressure transducers similar to Figure 3. These transducers
with their associated electronics provided pressure information with a bandwidth
of about 140 KHz. The ability of the Kistler instrumentation syzcem to respond

rapidly to pressure transiente resulted in its use as a primary wneasurement technique

for the study of ignition transients. '

i 1
Tektronix ryp.lsoz oocnloocopu and Polaroid ooculolcope cameras were used to
provide an output device with frequency response capabilities suitable for use
with the high response Kistler instrumentation. This combination provided both
a record of the peak ignition pressure and information on the variation of
transient ignition pressure with time. During the later parts of the ignition
study program when the emphasis shifted from applied reseasrch to documentation,
the oscilloscopes were replaced by newly developed Kistler peak reading voltmeters
which provided an indication of the peak pressure since the instrument was last
reset, Figure 4 shows a photograph of the Kistler pesk reading voltmeter. This
instrument proved very useful in measuring the moximum ignition pressure both on
ungh pulses and on trains of pnluo.

3-10
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FAST RESPONSE TRANSDUCER MEASURES HIGH LEVEL DYNAMIC PRESSURES
Mpdel 801H boavy diaphragm, fast response, miniature quartz transducer measures dynamic pres-
sure up 1o 15800 psi, with limited application to 20.000 psl, in blast, explosion, combustion, hydr=u-
lic sad pnewmatic applications. Mounting adaptors facilitate installation and protect transducer
ageinst exireme environmenls. Elccirostatic systems, utilizing quartz transducers, charge amplifiers
and low-noise cable, feature short-term static response and static calibration.
SPECIFICATIONS MODEL 601H
PReasuss PRBPE .. .o:icicosviniiniieacisecninsens s b b 1.000 to 15,000 psi
Resolution . ........ooiiiiiiiiiiiiiiiiaiii e, 0.5 psi '
Maximum pPressure ..........c.cieiiiiiiiieciiiiinniirenans 20,000 psi
Senativity DROmRIRRN] ...conuain e s s e v easoEess R 1 picocoulomb/psi
Resonant frequency (mounted) (nominal) .................... 130,000 cps
RIOB BB, ooivsosnmsinneanamiosioomss s s s s 5.64 8 saulawrnpsmesns 3 microseconds
LIROERY . :cccinininminesivivansesavi oo s iessaaeinsseese s 1 parcent
Capositonce IRBMMRGI). «ccviiiiassissivssansisssassoninsns § picoferads
Insulation resiéstance (minimum) . ..............c00iiiiinnnn, 103 ohms
Acceleration sensitivity ..................0iiiiiiiinnnenan. 0.01 psi/g
Temperatute SeRBlHVIlY .iviviirroiicrianicinossennseonsass 0.0) percent/“F
TOMPEIINIR BORBE «.ccinisic v m00i0 9165 65 ¢ 36595 S AT BEREHIE - 450 to + 500°F
Intermittent gas temperature on diaphragm . ................. >3000°F
Bhoek ond VIBEBHOR .. .co.osiiocisisinssnismsesisees aeleiaiEal 15000 g's
Coble ODRNBERRL . icicanininiiiiiiioiiiiinsectsinosinssnetanss Kistler 4emm*
Mounting thread with connector adaptor .................... ? x 0.7Smm
Seasing element .. ... ... ... it crystalline quariz
Case material: body: diaphregm ..................cvvvnnen. 430F §5: 316 S8
R S e O T A s 0.25 x 0.6 inch
Weight (approximate) ... .. ... .0 i iiiriinriirrnannnensoes 0.08 0z.,2.25 gm.
*Converts 10 1832 enaxinl with 105A and 1051 conneclor adaptors
KISTLER INSTRUMENTY CORP : 8820 SHERIDAN DR : CLARENCE, N. Y. 14031
' A
ISYVLER
i ;) @dvenced dynamic Instrumentutian
3-12 Figure 3
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MEASURES AND DISPLAYS PEAK AMPLITUDE OF TRANSIENY SIGNALS

All-solid-state Model 5368A Poak Meter detects maximum amplitude of & single pulse or
highest pulse of a serios, displays the maximum signal on a precision meter, and provides
= D auxillary output signal corresponding to peak indication for digital display or other
deta acquisition. With quartz transducers and electrostatic charge amplifiers,
It measures poak shock, force, impact. and pressure levi's. It detects and Indicates
oither slow or very faxt rise timo signals -—- even signals of very short duration.

SPECIFICATIONS

Full scale input .......... S L
Full scale ontput . ........ frreeensenaasnaanen.
Pahel meter scales .. ... e nanns
Input impodance. DC made . EEEEE PR PE TR
Storage time constunt . . ... . ... i i
Frequoncy rosponse. DG muln ...................
Lincarity doviation. panel me BOF e eeeiee enns
Linsarity doviation. auxilinry output .. .., ... ... ..
Auxiliary outpul current (max.) .. ...oovv i,
Auxiliary output lond rosistance (min) .. ..o
Risn time, poak dotoction clecuit ... ... o0
ACUUPOEY .. ccosvcsnvanonosfioasosssnessnsenss
Tempuraturo environment, upunllnu ..............
Input power . ............ o 5N 8505 6w o o e
Stzn, with cant. fnchos. ... ... 8 cciieeeeeeenns
WML o000 vesisssansiiises i R @) s 1 e o

3-13

MODEL S38A

]
=z 10 vulh"
+ 10 volty
O-1. 02, 05
34 K ohims
SO0 sm;umlu
I 1o 100 KNz
1=. F.S,
0.5% F.S.
4 ma
2500 ohms
10 microsoconds
2% FS.
+ 40 FI150 F
ISV, 601z, SVA
5':x 6% x %%
4.2 ths

Figure 4
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Ignition severity measurements were sometimes required on production engines that
were not equipped with taps for chamber pressure measurement. In these cases,
plezoelectric accelerometers were mounted on the outside of the engine injector and
their output signals, processed by the same electronic system used for pressure
measurements, were used to indicate ignition severity. Figure 5 . shows a diagram
of the signal conditioning circuitry uscd with piezoelectric transducers to measure
ignition severity. The Kistler peak reading voltmeter proved most valuable for
gathering large smounts of data on ignition severity. Its output, showing the
highest peak value of acceleration or pressure for a selected set of firings, could
be read directly from its meter face or could be recorded on a chart recorder or
oscilloscope for later data reduction. .

DYNAMIC STRAIR MEASUREMENT

Duiing the engine development program, information was needed on the stress distri-
bution in the combustion chamber and expansion bell. This information was to serve
as a guide for design efforts to improve the resistance of the chamber and bell to
loads caused by transient ignition overpressures. The measurcment method adopted
used a eimple single active arm oridge circuit, an oscilloscope and a camera. Tests
were conducted with as many as 48 strain gages cemented to selected locations on

the engine combustion chamber and expansion bell. Figure6 shows en instrumented
combustion chamber installed in the test cell. Calibration was accomplished with a
60 Hz chopper whicii intermittently keyed a calibration resistor across the measuring
strain gage to produce on the face of the oscilloscope a square wave representing

a known gage resistance change.

Strain recordinge were made by arming the sweep circuits of the oscilloscopes,
opening the camera shutters, firing the engine and then closing the oscilloscope
camera shuttere. A comr n trigger signal was used to initiate the sweep on all the
oscillor~cpes simultaneously. //]

HICH SPEED MOVIES

Color motion pictures made at speeds from 2,000 to 16,000 frames per second were
used to study ignition and related processes in engines equipped with transparent
plastic combustion chambers. The high speed movies were first used to compare
ignition transients with and without ignition overpressures. When an ignition
overpressure occurred, the mixture in the combustion chamber would transform from
a nonluninous dark brown preignition appearance to an intense blue-white luninous
mixture. '

3-14
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The transformation occurred during the short interval between frames. This was
the first concrete evidence that a detonation wave had propagated through the
material in the chamber. The presence of detonation waves during ignition over-
pressures was also detected by high response pressure measurements. High speed
movies were used later in the program to study the timing of the events in the
combustion chamber during pulsing operation and to study injector emptying as a
function of attitude end temperature. Figure7 = /shows an engine with a trans-
parent combustion chamber installed in the test cell for a movie run.

OTHER MEASUREMENTS

Information from the high speed movies was compare’ with data from both high and
low range Kistler tranecucers. The high range transducer was used to measure
pressures after ignition and the low range Kistler transducer was used to measure
the pressure in the combustion chamber before ignition occurred. A combination of
a low range transducer and a solenoid valve was used to study the chamber pressure
after combustion ceased. The solenoid valve was held shut during the preignition
and combustion periods to protect the transducer (which was more sensitive then the
Kistle: transducers) and then opened after the propellant valves were closed. This
provided a measurement of the chamber pressure decay after firing ceased. This
information was used, in conjunction with the movies, to help understand the
processes that occurred after engine firing.

Later in the program, when extensive tests were being conducted to document the
ignition characteristics of production engines without chamber pressure taps, a
technique was developed for determining relative ignition severity by monitoring
the cutput signal from the piezoelectric accelerometer mounted on the rocket
injector. The signal from the accelerometer was processed through the same Kistler
ins.ruentation used with the Kistler prescure transducers. Large bodies of accel-
ercmeter data wer: gathered over a range of engine firing conditions end the data
were reducsd using a statistical analyeis of variance technique to detemmine which
test parameters significantly affected ignition hehavior. These tests showed that
the combuetion chamber temperature had a strong effect on ignition severity. This
discovery provided the basis for use of hardware temperature control to alleviate
the problems assocfated with accumulation of residues from previous pulses.

IGNITIOX TESTING TECH.IQUES

The development of effective ignition testing procedures and facilities wae one of
the key elements in the effort to understand the factors affecting altitude ignition

and ia the docmwentstion of the Apollo reaction centrol engine ignition charscter-
istics.

3-17
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Experience geined during the Apollo program showed that ignition pressure data
included a large random component and that both the mean and variance of the

data were significantly effected by a number of variables including engine
orientation in the gravitational field, the duty cycle being fired, the temper-
ature of the engine and propellants, the type of fuel being used, the number of
pulses per run and the pressure within the test cell. During the program,techniques
were developed for identifying the significant variables affecting ignition pressure,
for controlling them during engine ignition tests and for, data reduction end presen-
tation in meaningful and useful forms. Control of the variables affecting ignition
pressure was made possible by construction of a multi-attitude space simulation
facility, This facility provided the capability for firing the rocket engine in
any desired attitude with respect to the gravitational field. The facility pressure
prior to ignition was held &t less than 25 microns of mercury by the combination of
a cold trap and a 9,000 cfm roots blower backed by a three stage steam injector.
During ignition tests the engine was exposed to a simulated black space thermal
environment in the form of a liquid nitrogen cooled shroud which surrounded but

did not f.ouch the eanbuation chamber and expansion bell. Engine temperature control
was acccaplished in a manner similar to that used on actual space vehicles by
electrically heating the rocket engines injector head while allowing the engine to
radiate heat to its cold surroundings. Operation of the engine propellant valves
was controlled by a Marquardt designed "pulser" with provisions for independent
control of the firing pulse width, time between pulses, number of pulses and rela-
tive timing of the oxidizer and fuel valves. Figure 8 ~ ghows the multi-

attitude space simulation facility and Figure 9 is a photograph showing the
control panel of the pulser. . e

|
\

Special instrumentation required for ignition tests included high response piezo-
electric transducers to measure chamber pressure (or injector ecceleration when
the engine had no tap) and thé high response electronics for conditioning the
resulting signals and for electronically identifying and recording the peak value
measured during a run. Oscilloscopes and Polaroid oscilloscope cameras were used
to study the fine structure of transients. The special ignition instrumentation
and equipment required to control the facility were located in the facility control
room shown in Figures 10 and 11. '

-
L 4

During the course of the progrn these facilities were used to accumulate data on
over 610,000 altitude ignitions of the final version of the Apollo reaction control
engine so that a thorough statistical study of the engine ignition characteristics
cou’d be made over the range of conditicns typical of the Lunar mission. The large
amount of ignition data required to adequately define space ignition characteristics
and the complex relation between the test data and the engine test conditions
required the development of a technique for handling and interpreting large masses
of data. The technique that was finally developed consisted of punching IBM cards
with information on the test condiuonl and the peak ignition pressure or acceler-
ation observed during each 'un. i

\ 3-19
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The ignition test data cards were used as input to an analyeis of variance computer
program which determined those veriables and combinations of varisbles that signif-
icently affected ignition severity during each test. (For exemple, if the tempera-
ture of the combustion chamber had a statistically significant influence on ignition
severity and if the engine off times between firings did not, but certain combina-
tions of off time and chamber temperature produced ignition severities significantly
different from what would be predicted from the chamber temperature effect alone,

the computer program would identify chamber temperature and the combination of chamber
temperature and off time as significant variables).

A typical computer program printout of a sample of ignition test data is shown in
Figure 12. © It shows that during this test, chamber temperature, number of pulses
and off time were the variables that significantly affected ignition severity. After
firing the engine through a set of runs selected by statistical experiment design
techaiques and identification of the significent variasbles using the enalysie of
variance computer program, a computer plotting routine was used to prepare plots

of the ignition pressure against the significant variebles. Figure 13 is a

typical plot of ignition data showing the effect of combustion chsmber tempera-

ture on ignition severity. Figure 14 schematically ehows the system used for
hendling the large anounts of ignition test data.

IYPES OF INGITION OVERPRESSURES

. Two types of ignition overpressure were identified during *he development of the

A.

Apollo Reaction Control Engines. The first type(later named "heterogeneous
detonation")was a detonation wave that propagated through the material that
collected in the combustion chember during the preignition period. (Later in
the program, a second type of ignition overpressure was identified, a detonation
inwlving residual materials left on the combustion chamber internal surfaces
from prior emgine firings.) The preigniter was added to the engine to reduce
heterogeneous detonation pressures by shortening the time between entry of propel-
lants into tht combustion pressure and their subsequent ignition.

g etonations
Movies made u help explain early engine failures provlded the first evidence that
a detonation wave could form in the combustion chamber. These high speed movies :
showed a rapid transition from a slowly moving flame front to a rapidly travelling -
wave that swept through the material in the combuetion chamber in less time than
the fraction of a millisecond between movie framees. These rapidly moving waves
during ignition overpressures were also detected by comparison of transient
pressure measurements made simultaneously at a number of locations within the
combustion chamber using five high response Kistler pressure transducers. A set
of simultaneous pressure recorde is shown in Figuce 15. The progress of the
detonation wave past each of the transducer stations can be seen.

3-24
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Pressure measurements made with low-range Kistler transducers during the preignition
period showed that a preignition reaction raised the temperature and pressure of the
mixture within the combustion chamber until the initiation of the travelling deto-
nation wave occurred. Analytical estimates based on detonation theory and the
amount of material injected before ignition predicted that ignition pressure around
2,000 psi might be produced during a heterogeneous detonation. Extensive engine
test programs were conducted to determine the engine test conditions that produced
ignition overpressures and the effect of the overpressures on the molybdenun com-
bustion chamber and hell. These early test results showed that the timing of the
propel lant valve opening influenced the peak ignition pressure. The highest
pressures occurred when the oxidizer valve was opened before the fuel valve. Figure
16 shows a sample of peak ignition pressure data plotted as a function of valve
timing. (Another factor that seemed to affect ignition pressure magnitude was
prepellant temperature. The largest ignition pressures were obtained during tests
rus with cold propellants. It was only later in the program that condensed phase
explosions associated with cold engine hardware were found to be responsible for
this apparent propellant temperature effect.)

The observed relation between ignition overpressures and engine operating variables
did not explain all the data characteristics because of the influence of uncontrolled
but significant variables such as hardware temperature and time between pulses.
However, it was felt that satisfactory ignition characteristics could be obtained

by eliminating the heterogeneous detonations and early tests of the preigniter

engine design seemed to indicate that the preigniter could eliminate large ignition
overpressures,

Tests were conducted to determine the configuration of a preigniter injector that
would provide satisfactory ignition characteristics over a wide range of propellant
valve timing. It was found, Figure 17., that the ignition limits for preigniter
operation were a function of O/F ratio, preigniter characteristic length, and

the propellant weight flow divided by preigniter throat area. These data were used
to design the preigniter injector eventually incorporated in the production engine.
This injector incorporated a combination of hydraulic restrictions and volumes
arranged to provide propellants to the preigniter before allowing propellant flow

into the combustion chamber. A computer program was used in conjunction with engine
tests to design the hydraulic circuitry for positive preigniter operation.

The preigniter engine design seemed to substantially reduce the magnitude of ignit: o
pressures. However, a growing body of data suggested that ignition overpressures
might still occur when the engine hardware was cold or when the engine had been
previously operated a short time before attempting to reignite it. This clouded
pleture was brought into focus by the failure of & preigniter engine during quali-
fkatlon testing.
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The cause of the failure was identified as a large oxidizer leak caused by an
injector manifold explosion. While the causes and cures of injector manifold
explosions were being determined, engine testing at the NASA Manned Spacecraft
Center resulted in the failure of a heavy boilerplate steel chamber. The energy
required to produce the cbserved deformation of the steel chamber was estimated
to be greater than the energy that could be extracted from propellants entering
the chamber prior to ignftion. This observation pointed the way to the discove~:
of detonations of condeised residual materials as a second cause of ignition
overpressures. This second type of ignition overpresesure was later controlled
by establishing operating temperature limits for the engine.

B. Condensed Phase Explosions

The heterogeneous detonation theory had explained some but not all of the ignition
overpressuree observed during engine testinge The temperature and duty cycle
dependence of ignition pressure and the large energy yields required to produce
some of the observed engine hardware damage strongly suggested the presence of a
second type of ignition overpreesure associated with the detonation of residual

@ materials from prior pulses. Leter support of this hypothesis came from visual
observation of liquid deposits in rocket engines being tested at Margquardt and at
NASA's Manned Spacecraft Center. In Msy of 1966, Marquzrdt, North American Aviation
and the NASA Manned Spacecraft Center began a cooperative progrem to investigate
condensed phase explosions.

The .program consisted of engine tests to determine the conditions causing condensed
phase explosions and analytical and experimental studies aimed at providing a model
for the physical processes that tranefer materials into and out of rocket combustion
chambers. It was felt that such a model would help interpret engine test dats end
would help identify techniques for ensuring low ignition preesurecs.

The model developed provided analytical estimates of the amount of residual fuel
remaining in the rocket combuotion chamber as a function of time, temperature and
firing duty cycle. The estimates considered heat transfer, evaporation and gravity
flow of residual fuel. The model predicted the same functional dependence of
ignition pressure o: operating parameters that was observed during engine tests.

Residues collected from rocket combuostion chambers after firing were chemically ,
analyzed and found to contain water, nitrates derived froa the fuel (particularly
hydrazine nitrate) and unreacted fuel. Work is still conrinuing at a number of ,
institutions to provide a more complete understanding of the formation of residual 1
materials and their role in producing condensed phase explosions. However, the |
success of the residual fuel model in predicting ignition pressures as a function {
of fuel being used, engine temperature end pulsing duty cycle does suggest that the !
residual fuel is important either as an energy source, or indirectly as a contributor
Q to residue formation.

ot
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The mathematical model developed for condensed phase explosions was a computer

Program that periodically calculated the smount of residual fuel in the combustion

chamber. This amount was based on the smount of residual fuel calculated one

compurting interval previously and adjusted for alditions and losses associated

with injector emptying, evaporation and gravity drainage. At the time corresponding
{ to ignition for a pulse firing, the progrem computed the ignition pressure associ-
Neur ated with instantaneous stoichiometric combustion of the residual fuel present at

the moment of ignition. Figure 18 4is a sample of the information generated by
the computer program. /

When the engine is fired in pulsing duty cycles, a number of processes sequentially
take place. The relative timing of these processes was determined by analysis of
high speed movies and high response chamber pressure measurements. The engine
solenoid valves open shortly after being electrically energized and the propellants
begin to fill the injector passages. Because the injector is evacuated by the space
environment between engine firings, some of the incoming propellant vaporizes.
This vaporization allows formation of a two-phase mixture in the injector. Flow
from the injector into the combustion chamber begin as a tenuous mist whose liquid
' content increaces as the injector begins to £fill with liquid. Preignition reactions
begin to take place 'in the combustion chamber, raising both the temperature and
pressure of the two propellant mixture. Approximately five milliseconde after the
propeliant valves open, the preignition reaction rate becomes fast enough for
ignition to take place.

Ignition may take the form of a deflagration that spreads through the chamber at
subsonic speeds or a supersonic detonation wave may sweep through the chamber and
rapidly raise the chamber pressure. (This latter was named "heterogeneous detonation.’
The heterogeneous detonation seemed to occur more frequently when the engine valves
were timed so that the oxidizer valve opens first. If residual energy rich material
is present on the combustion chamber it may explode and contribute mass and energy
in the form of a "condensed phase explosion.” Test data suggested that the condensed
phase explosions were more likely on pulges with oxidizer leads than on pulses with
fuel leads. This suggested that the conditions produced by a "heterogeneous
detonation" may induce explosion of energy rich materials in the combustion chamber
walls. A coupling of this type has been observed in detonation tube experiments’

ty Dabora and his co-workers at the University of Michigan.

After the ignition transient dissipates, the propellant flow rates and chamber
presrure tend toward their eteady otate values., When the propellant valves are
closed, a new set of transient processes begins. The flow rates into the injector
stop and the flow rates from the injector into the combustion chamber begin to.
diminish. The fuel flow from the injector decreases more rapidly because the vapor
pressure of the fuel {s lower than the vapor pressure of the oxidizer. During the
period while the jropellant flow rates ere decreasing, a sporadic combustion takes
- place in the chamber with a periodic characteristic cauced by coupling between the
combustion chamber pressure and the flow rate from the injector.
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PULSE OPERATION MODEL
COMPUTER PRINTOUT

MARQUARDT PULSE OPERATION MODEL
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[ |
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Thie sporadic cambustion ceases when the oridizer is exhausted (typically about
100 milliseconds after the valves are closed). The fuel still remaining in the
injector then empties for approximately 200 milliseconds more.

Fuel is deposited on the combustion chamber walls by the film cooling flow used to
lower steady state operating temperatures and by the emptying of the injector after
the valves are closed. If the combusticn chamber walls are relatively cool, this
fuel can accumulate from pulee to pulse. The accumulated fuel represents a reservoir
of energy as do combustion intermediate compounds such as nitrates formed by reaction
of this fuel with oxidizer during the preignition and post combustion transient
processes. Identification of the sequence of transient processes during pulsing

of the rocket engine is the first step toward understanding the ignition process.

Figure 19 shows a typical chamber pressure record with some of the transient
processes identified.

Data for modelling the injector emptying transient were based on analyeis and
laboratory experiments. During the laboratory experj.aents, glass vials of
propellant were opened in an evacuated bell jar while high speed movies were used
to determine the effect of propellant temperature and gravitational orientation
on the emptyiny process. The movies showed that emptying took place by two-phase
liquid-vapor flow except when the vials were filled with chilled propellant end
oriented to empty by flow upward against gravity. In this latter case, emptying
tock much longer and took place by eolid-vapor flow with pericdic stoppages caused
by frozen pluge in the vial neck. Injector emptying curves similar to those in
Figure 20 were calculated for two-phase flow and used as part of the computerized
Pulse Operation Model. .

Fuel added to the combustion chamber walls is affected by gravity and by vaporization.
The vaporization rate i{s heavily influenced by heat transfer consideraticns and is,
therefore, quite dependent on the thickness of the layer of fuel. During ground
testing, gravity flow has an important effect on the thickness: of fuel films as shown
by Figure 21, constructed by equating gravity forces and viscous forces in a layer
of liquid on a vertical wall. This curve shows that 50% of a 0.01 inch thick layer
of monomethylhydrazine will draim from a 2 inch vertical wall in 0.63 seconds. 95%
drainage requires 43 seconds. - ’

Because of the low pressure outside the engine, deposits within the combustion

chamber tend to be vaporized by boiling or by evaporation (or sublimation) from

the free surface of the deposit. For conditions under which evaporation from the

free surface occurs, the time to evaporate an 0.001 inch thick layer of monomethyl-
hydrazine covering a portion of combustion chamber surface with four times the area

of the combustion chamber throat is 0.06 seconds for a chamber temperature of 70°F., .

b

\.

3-35



o P 5L

iy

s

X; e

0 o BT S T SR

O et

(&

\.

M

quara'f

TYPICAL CHAMBER PRESSURE TRACE

- v‘—Y—V‘—T'—‘;;rD.'Z-E-R* —r—r—v - - ———r—r—
fe—— 4 FUEL
EMPTYING
CHAMBER FUEL EMPTYING
PRESSURE T
TIME
FIGURE 19
INJECTOR EMPTYING TIMES
10001
MMH
1001 / 50 N2Hq/50 UDMH
TIME TO
EMPTY - 10k
SECONDS
o1t
N204
0.01 1 1 1 1 1 1
) 20 0 60 80 100

PROPELLANT TEMPERATURE - °F

FIGURE 20

'3-36

Figures 19 & 20



arquard/ VAN NUYS. CALIFORNIA A- 1080
@ = CURPORATION -
LIQUID REMAINING ON WALL AFTER snurbpwn

Figure 21

O | | .
i 3-37



O

ma r qu a,d f VAM WUYE, CALITORNIA A-1080

Computer runs made with the Fulse Operation Model ueing the analytical expressions
for injector emptying time, wall drainage time and fuel evaporation times (and
including the effect of evaporation and combustion heat fluxes on the combustion
chamber temperature) showed two different types of behavior. Large accumulations
of fuel were predicted for cases wvhere the heat added by combustion was less than
the heat required to evaporate the fuel deposited on the combustion chamber walls

- during a firinge A high initial wall temperature delayed this accumulation until

the heat deficit from & number of pulses reduced the combustion chamber temperature
so that the residual “uel could not evaporate between firings.

Firing the engine for longer periodes provided enough heat to remove all the material
deposited on the wall by a firing. This produced a rise in chamber temperature

and no fuel accumulation when the initial temperature was warm enough to evaporate
all the residual fuel between firings. Starting a pulse train at lower tempera-
tures produced accunulations only until the excess heat warmed the chamber to a
temperature high enough for complete vaporization. Figure .22 ghows the behavior

of chamber temperature and potential ignition pressures (baséd on instant combustion
of the residual fuel) for the two situaticns discussed.

After recognition of condensed phase explosions as a source of ignition overpressures,
the significant variables affecting c.ndensed phase explosions were identified by
studying Pulse Operation Model resulis. Engine tests were conducted to explore

the effects of engine temperature, attitude, duty cycle, and propellant selection

on the ignition pressure magnitude. The tests established engine temperatures

required for avoiding condensation phase explosions and showed the following trends
in the data.

l. Ignition severity decreased as engine temperature increased, suggesting
that evaporation is an important factor in emptying residues from the
combustion chamber.

/7

2. Ignition severity wes lowest for very short and very long times between

f‘.tiﬂgo ;

3. Ignition severity generally increcased as the engine firing direction was
rotated from downward to horizontal to upward showing the influence of
gravity in spreading and draining residual material deposits.

4., Ignition overpressures were more frequent with oxidizeryload-.

Se ﬂoncmcthylhydrazinﬁifucl produced lower ignition pressuree then Aerozine-30
fuel under the same conditions. :

Typical data plots from the isnltaod tests are shown in Figures 23 'through 26.

The scattered nature of the data shows the value of using statistical methods to

identify trends and patterns in ignition test data.
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Recognition of condensed phase explosions as an important type of ignition over-
pressure and the subsequent esteblishment of low temperature limits (and the
Service Module change from Aerozine-50 to MMH fuel) resulted in elimination of
this phencmenon as a cause of mystarious damaging overpressures and provided
confidence in satisfactory ignition performance during the Apollo missicns.

/I. INJECTOR MANIFOLD EXPLOSICNS

During much of the program to develop the Apollo reaction control engines, engine
test firings were made at test cell pressures which were high compared to those
used during the later parts of the program. One of the factors leading to the use
of lower test cell pressures (below 100 microns) wae the occurrence of injector
manifold exploeions when engines were fired repeatedly at much higher cell pressures.
These injector manifold explosions caused a characteristic pressure rise in the
output of pressure transducers located upstream of the engine valves in the propel=-
lant feed lines. In scme cases the injector manifold explosions caused dasmage to
the test engine injector or to a propellant valve. The first clearly recognized

- case of engine demage due to an injector manifold explosion was Qualification

# Engine B whose valve seat was damaged by an injector menifold explosion so that
it subscquently was unable to properly seal. (The resulting leek cooled the
combustion chamber of the engine and resulted in an ignition overpressure which
demaged the combustion chamber). Subsequent study of the injector manifold
explosion phenomenon showed that the injector manifold explosions were caused by
accumulations of one propellant in the injector passages intended for the other
propellant. These accumulaticne occurred when the test cell pressure was high
enough to prevent normal boiling and evaporation of propellants during the shut-down
transients at the end of an engine firing. When the engine was subsequently
reignited with an accumulation of one propellant in the passages for the other
propellant, the confined reaction produced undesirably high pressures.

When the first injector manifold explosions were cbserved, a task force was set up

( to determine the causes of injector manifold explosicns, their frequency of
occurrence, the nature of the associated physical and chemical procesees and,
finally, whether they would be expected to occur during miesione in space. The
investigation consisted of laboratory experiments, engine teste and supporting
analysis and showed that injector manifold explosions could not occur at the low
ambient pressures typical of space operation.

The first portion of the investigation of injector manifold explosions was a
review of available test data to determine if injector manifold explosions could
be detected in cases vhere no damoge to the engine hardware occurred. A review
of engine test data showed that the pressure transducers located in the propel-
lant supply lines did indeed scmetimes show a peculiar preesure transient that
o might be attributed to explesions within the rocket engine injectore.
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The pressure transducers normally used at the time for measuring propellant supply
pressures were Taber transducers located in the propellant by-pass lines used for
recirculation of propellant during temperature conditioning., This arrangement is
shown in Figure 27. In an effort to improve the frequency response of the transient
pressure measurcment and to gain more information about the nature of the injector
manifold explosions, a propellant supply system was instrumented with high response
Kistler piezoelectric pressure transducers (Model 601H) located within a few inches
of the engine inlet. A test program was conducted to determine if injector manifold
explosion would occur and what their characteristics were. The test program consisted
of a nunber of engine firings at engine injector temperatures ranging from 25°F to
110°F with test cell pressures ranging from 0.03 to 10 psia. Figure 28 provides a
comparison between the normal pressure transients in the prupellant aﬁp{;ly lines

and the pressur: transients associated with explosicns within the injector passages.

A study of the data from these engine tests suggested to members of the task force
that explosions were occurring in the injector passages. An analysis was performed
to determine the magnitude of internal injector pressures required to produce the
observed propellant feed system transients. The analysis was based on the assumption
that the pressure transients prcpagated through the injector and valve within these
internal passsges. /pplication of water hammer ansalysis showed that the observed

200 to 300 psis feed system pressure rises must be associated with pressure transients
of the order of 10,000 psi at the propellant valve seat and perhaps even higher values
if the source of the pressure transient were further downstream in the injector.

Such high pressures could only be caused by explosions confined within the injector
passages and the task force effort was therefore focused on explaining how such
explosions occurred.

Since most of the injector manifold exvlosions occurred in the oxidizer side of the
engine and since the oxidizer (N, 0 i) is not known to decompose explosively, it seemed
apparent that semehow fuel was me; transported into the oxidizer passages between
firings of the engine. In order to verify the hypothesis that the observed phenomena
could be caused by the transport of one propellant into the passages of the other
propellant, fuel was purposely placed within the o:idjzer passages of an injector
prior to opening the oxidizer valve. The fuel samples (liydrazine, Aerozine-50 and
UDMH) were placed at various locations within the injector using a hypodermic needle.
The test persemnel then retreated behind a barricade and electrically actuated the
oxidizer valve while recording the output of a Kistler pressure transducer located
just upstream of the valve. The pressure transients measured by the transducer were
identical to those previously observed during engine testing and suggested that the
"injector manifold explosions" were indeed caused by transport of one propellant
into the passages normally used by the other. An intensive analytical study was
then undertcken to determine the conditions under which such transport might occur.
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The analyses studied the dynamics of the injector emptying process after a pulse
firing, the poseible phase transformations with the propellant system being used,
the processes of condensation and evaporation of propellants with the engine, and
the possibility of propellant valve leakage causing deposits of propellants at
various locations within the engine. The analyses showed that although propellants
might take several hundred milliseconds to empty from the engine injector they can
never accumulste in the wreng side of the injector unlese the pressure within the
engire test cell is high enough to inhibit this free evaporation at normal rates
for space operation. The analytical studies also showed that the internal engine
pressures associzted with propellant valve leaks (less than 1,000 cc's of projellant
per hour) were such that propellants would not be depoeited i.n the wrong parts of
the injector.

Based on the amalytical studies a plot was prepared giving, as a function of injector
temperature, the cell pressure level required to allow accumulation of one propellant
in the other propellant's passages. This plot, shown in Figure 29_.,was based on

the propellant's vapor pressure properties. Analysis of available engine test data
showed that all the injector manifold explosions that had been observed occurred at
test cell pressures sbove the lowest line on Figure 29 and that injector manifold
explosions had not beén observed with test cell pressures below the lowest line in
Figura 29. )

The agreement between the analytical predictions and the observed pressure regions
where injector manifold explosions occurred was encouraging because it ehowed that
this phenomenon would not be encountered during operation of the engine in space.

CONCLUSION

One of the important featurés of the Apollo Reaction Control Engines is their ability
to provide reliable ignition over a wide range of puleing duty cycles. This capa-
bility was developed as Lae result of extensive testing and analysis to document
engine behavior and to understand the factors affecting space ignition. In addition
to the engine configuratics: and temperature control techniques that provide control
of ignition pressure magnitude, the engine development program provided techniques |
for measuring ignition trensi. ite, for simulating epace operation during engine

- ground %esis and for handling and futerpreting large amounts of ignition test data.

Progres: was made toward understanding the basic processes involved In space ignition
and the injector manifold explosions that can occur during ground testing at
elevated cell pressures. The knowledge gained during the Apollo Reaction Control
Engine development program should provide s valuable contribution to rocket teche
nology and te the develepment of future resction control cn;lnu. s .,

P
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I. INTRODUCTION

The R-4L engine is a pressure fed bipropellant rocket engine used for
ettit.de control or AV applications. Mast space missions require that the engine
cperate after many months in space. For example, on Lunar Orbiter II the propell-
ants had been pressured for 338 days before the last engine firing that transferred
the vehicle to a moon crashing orbit to end the flight. During ground tests with
bladderless tanks, the effects of dissolved or entrained gas on engine operation were

( discovered. First the oxidizer flow did not repeat fram test to test after the oxid-
' izer had been pressurized for several hours. Second, thrust)oscillations occurred
if the propellants contained entrained or dissolved gas. Both of these problems do
not occur in flight because the bladders protect the propellants. The chapter dis-
cusses Marquardt's test experience with propellants containing the pressurant gas.
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1I. HISTORICAL REVIEW

At the start c the development program the test facilities did not have
the capability of running with either hot or cold propellants. Around August of
1963 Cell 6 was modificed so that the propellant temperatures could be controlled
between 30° and 120°F. With hot propellants the oxidizer flow rate would vary from
run to run even though the test canditions remained the same. In general, the flow
would decrease from run to run and it seemed to be connected with how long the pro-

( pellants had been in the run tanks. Also, when the propellant tanks were refilled

the flow rate would return to the expected value.

The problem was solved by installing a float in the cylindrical run tanks
(6 in. dia. x 18 in. long). Apparently nitrogen gas dissolved in the propellants
would 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 area between the propellant and the pressurant gas and consequently the gas
could not dissolve in the propellants as easily. The float was a flat cylinder
whose diameter was a little smaller than the diameter of the tank. It was made
from stainless steel with a honeycomb center so it would be light enough to float.

e Sometimes a float would sink after it had been in the oxidizer tank for a
while. When this happened, the oxidizer flow would vary from run to run in unpredic-

table manner. Figures 1 and 2 show the injector pressure drop vs. flow correlation

.} for a test where the float was working and where the float had sunk. There is very

: good agreement between pressure drop and flow with the float and poor correlation

without the float. In fact, the poor flow repeatability was used as an indication

that the float had sunk. Whenever it was noticed that the oxidizer flow rate was

not repeatable a check would be made on the float. In almost all cases the float

would be sunk. '

LA e

W 4

Dissolved or entrained gas in the propellant also caused thrust oscillation
to occur. This first occurred on the PFRT (October 1964) program with nitrogen.
During acceptance testing of the first two engines, nitrogen gas ,was introduced into
(' the propellant by a new and improper operational procedure. The thrust load cell is
' calibrated in the test facility by applying a calibrated force of 100 1lb, on the
thrust cell with the nominal propellant pressures at the engine. Previously the
propellant tanks are pressurized to the nominal value to duplicate the pressure at
the engine. For the first acceptance tests of engines 1 and 2, however, the lines
were pressurized by applying the run pressure in the purge lines. A bubble of nit-
rogen gas was trapped in the purge line (30" of 1/4" line) which then could enter
the engine along with the propellant. The procedure was changed so that the propell-
ant tanks were pressurized during the thrust calibration. This eliminated the os-
cillation until they returned when tests were made with wamer propellant later in

the program.

Lt it O R e atibA

¥
&
£
&
:




A-1080

FLOAT WORKIRG

ar(/uard/ v ot courom
CURIRATION

£

THi

0.30

T :
e e R e

]
B
-

1™ 0 O™ S AMPRE Lt m M T e SRR A e B W e g p--

BT M R e

“, “r\.#.o S - . . - . o
. ST T e 8
il s g Pi*{.ﬁﬁi_ﬁiiﬁ ALl
. SRARAN .3?. Tf..s t.».f ’ 1.*..;1:..1 ﬂh._L.J...f.-. *.i.‘_..q. g w 43
' ‘.HAY .,;. +Tr- 4;# ..1.*_ =1+ +. + o
I ' \ N t+++ T iﬁt+ r*H 171 ﬁ MJT ¥ o g
it i HHHTH S BT
1 1 > Ilf 1 AL 4 X_T e . *
1 ;4 # . m.:o.%l 5
141 41 e 1 A i #\ -1 -+ m -
m ; a ol B
ij x £ <] .
ot 4 m “+ #J f . - mjr&
44 + 4
] =
&
8O 4
+ 2 A 9
gell N ©
s
i ~
| I N
a,. " i ! | !
siethbd e 4 4 n
ISR XEEES &) REERE H P H
th.”._tn_.rltr _i%..m.,..._ 4 i »m | [ i ur.“m NM
o
g g 8 8 8 2 3

o ety

ST TR o T o P aren e T SR IR

Figure 1

4-3

~ OXIDIZER FLOW (wox) - pps




Figure 2

ORPRATION
120
110
100

90

80

T0

60

o s g ew s rmgm e - L R ke I BT » [ opee ..n." Ll A Ll B I il i Lo b D B L R L] . ”
(= J'.?%Jtc‘ .on#c.f[c..w\oﬁl.‘.rto? A T 0‘..rVw4.|04 ..M‘o i g o».l‘.‘v.'no|. - e o.
¢ e bttt dibiel L o Sl hfvfr1&..w..»t&,?.,r“
A PR g bl b 4 Htr i ettt 44 pt ol
11 KR R AR ! L_.. ) G 1 £ t ! v
B e U RS etR
FJ,%A T +Hily e . f
by Mt 44 ALJ. hex 141t i T,_LIIT TR E '
» *ATI ,—w 4 3 3 .4 RS A S AT
. : . H | N A Q
d .1 r = L
i 4 B g !
;1741 4 - m
PIv n » ’ '
TA 3 TJ m e .::.., AIL..LY:XJXI =
! 4 ﬂj lr.. o
1" _ mw §3 8
: £ -
0 m.n m
B4 4
m | um & .
o m e 1
]
e :
-
3 i .
-
: ﬁ
- p.
g -
2 .
H | (1
> :L« 4 } } o
>~ | [ HEHI N . 5
= PTG L SRR E1HRR A ANRER Ly
o
S
.IU
e

d = d)dV ENIONT

v

THF

)
C
®

M

i . —. " s WA g eyl
o o K B NI 3 o 10 , E Dy e, o




™ v’
%rquam’/ oo ors oo A-1080

ORI RITION

The engine (PRFT #1) afain oscillated when the propellant temperatures were
above 90°F. Because thc one cause was gas in the propellant, the test facility was
checked for nitrogen gas leaks. No leaks were found. However, we also knew from
past experience that nitrogen gas coull dissolve in the propellants. One way to
eliminate the dissolved gas is to heat the propellant while venting the tanks. At
the higher temperature (100°) the gas is d@riven out of solution. The propellants
were degassed this way and the thrurt oscillations were eliminated. The rest of
the PFRT test with warm propellant were conducted with degassed propellants.

Figure 3 is a typical example of the thrust oscillations. The megnitude
is 40% of 21 thrust at a frequency of 350 cps. The chamber pressure instrumenta-
tin is designed for steady state operation and can not follow the oscillations.
The engine has never been damaged by the oscillations. Performance sometimes de-
creases but with the thrust osciliating it is difficvl’ to measure perfomance.

The engine does not run hotter.

PRI B i v

After the PRFT experience, additional tests were run with purposely satura-
ted propellant in an effort to understand the problem. Also, oscillations occurred
with sabient propellants where the float had sunk and where the float was working
but the tanks were pressurized for a long period of time. Table I tabulates the
engines and general conditions where oscillations occurred with nitrogen gas as the

Q pressurant gas.

The thrust oscillations were not considered a serious problem because the engine
was not damaged by the oscillations, the flight tanks would have bladders that

would prctect propellant from the pressurant gas, and the pressurant for the flight
would be helium which is not as soluble as nitrogen. .

However, about two months before the start of the qualificction program
Marquarit was directed to use helium as the pressurant gas and to rw. ith helium
saturated propellants during the Qualification Program. Because the engines charac-
teristics with helium saturated propellants were unknown, & small program was con-
8 ducted to investigate engine operation with helium saturated propellants, to develcp
‘ (’ 2\ saturation techniques, ard ways of determining the saturation level. The first 3
eugines in TableII are the three engines tested with helium saturated propellants
during this program prior to qualification.

Partly tecause of the results of this program, oscillations did not occur
at nominal O/F or thrust, but primarily because the nverall program schedule was
not long eaocugh to permit the development of saturation techniques and compiete
the qualification program on schedule, the gualification program was conducted with
unsaturated propellants. Helium was used as the pressurant gas but a limit was put
on how long the propellant could be pressurized and on-the tank level since it had
been learned that both had an effect on the occurrence of thrust oscillatioms.

The engire successfully completed the qualification wvithout any
! e oscillations. '

.




INTRODUCED INTO THE ENGINE

THRUST OSCILLATION DUE TO NITROGEN GAS ACCIDENTLY

Figure 3
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TABLE |
NITROGEN TESTS - PFRT
ENGINE AND TEST DATE CELL RUNS PROPELLANTS REMARKS
; X21424, S/N 0002 10/26/64 &710-11 N,0,-A 50 Due to N, in bypass line.
% PFRT Acceptance Test j '
b -
; X21424, S/N 0001 10/31/64 8712-8722  N,0,-A 50 Due to N, in bypass line.
PFRT Acceptance Test
& X21424, S/N 0001 11-1 to 8723-8743 uzo,.-n 50 Due to N, in bypass line. Induced
? Instability Invest. Test 11/2/64 by introducing GNZ into propellants.
¢ X21424, S/N 0001 11/21 to 8822-8870 NZOI.-A 50 Oscillated with propellants 90°
- Appendix A - Calib. Tests 11/23/64 or above. Degassed for first time.
X21424, S/N 0001 11/23 to 8871-8958 Nzol.-A 50 Oscillated on one pulse run (8881)
Appendix B - Pulse 11/25/64
Operation Survey
X21424, S/N 0001 12/2/64 9004-9015 nzo,‘-A 50 T = 95° . Degassed 2.0 to 2.5
Appeadix A - Calib. Test hours before oscillating runs.
X21424, S/8 0003 46/20/65 1 11159-11191 lzoa-A 50 (11188) Float sunk
Appendix A - Calib, Test
X21424, S/N 0003 4/21 to 1 11192-11275 le‘.-A 50 Float sunk
Appendix B - Pulse 4;22/65 \
Operation Survey ‘ '
]
X21424, S/N 0003 4/22 tr r | 11276-11289 Nzo‘-k 50 ll?lt sunk
Appendix N - Direct coil 4/24/65 ' i
. | '
X21424, S/K 0003 4/24/65 1 11290-11291 N,0,-A 50 Float sunk
Appendix W - Mission ! %
Duty Cycle :
X21424, S/N 0003 4/25 to ! * 11292-11322 le‘-A 50 lecat sunk
Appendix A - Calib. Test 4/27/65 \
\
\‘ )
) ) /
i 1 /
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TABLE 1 (continued)
NITROGEN TESTS = PFRT
ENJINE AND TEST DATE CELL RUNS PROPELLANTS EMARKS
X21424, X/N 0003 4/27 to 1 11323-11325 N204-A 50 Float sunk
Appendix-W - Mission 4/28/65
Duty Cycle
X21424, S/N 0003 5/5 to 1 11938-11975 NZOG-A 50 Hot Propellants. Degassed
Appendix A - Calib. Test 5/7/65 and did not oscillate.
NITROGEN TESTS - ACCEPTANCE
227486, S/N 0007 2/26/65 1 10308-10317 llzo‘,.-A 50 No degassing
Acceptance Test
227486, S/N 0012 2/26/65 6 7378-7386 N,0, -A 50 N, leak
2°4 2

Acceptance Test
227486, S/N 0020 3/25/65 1 10459-10467 “zol."A 50 Degassed two hours, 35 min.

e A-ceptance Test before run.
227486, S/N 0024 4/10/65 3 7454-7505 N,0,-A 50 Degassed two hours before run.
227486, S/N 0022 4/12/65 6 7506-7515 NZO“-A 50 Degassed three hours before run.
228687-517, S/N 0560 10/25 and 6 N206-A 50 Float sunk

. 10/27/67
220687-517, S/N 0560 11/10/67 6 NZOA-A 50 Float sunk
228687-517, S/N 0551 11/15 to 6 "z°1.“ 50 Float sunk
11/16/67 r /A
705762 11/20 to 6 N,0,-A 50 Test to study time under
MR 5022-002 11/27/67 . pressure required to make
. an engine dscillate.
£ 3 il
¢ 5)

/
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TABLE | (cont.)
NITROGEN TESTS = PFRT
ENGINE AND TEST DATE CELL __ RUNS ___ PROPELIANTS REMARKS
T-11042, S/NK 0001-4 12/18/64 6 6555-6586 uzo‘-A-so Bubble Nz through propellants.
T-11043, S/N 0001-1 12/31/64 6 5649-6663 nzo,.-A-so Bubbled N, through propellants.
No olclllguons.
T-11400, S/N 0001-11 1/7/65 1 9943-9963  N,0,-A=50 100° not degassed.
T-116065, S/N 0001-5 5/26 to )} - IIOA-A-SO
DST Test 6/2/65
228390-501, S/X 0001 3/29 to Pad D - lzol.-A-m Propellant purposely saturated
. Lunar Orbiter Qualifi- 11/8/65 at two levels by bubbling.

cation Test
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PABLE I

HELIUM TESTS

ENGINE AND TEST

X228439

T-12285, S/N 0001-1
Pre Qual.

T-12340, S/N 0001-T
Helium Effects

T-12321, S/N 0001-5
Contoured Valve Seat.

T-11606, S/N 0001-15

T-14200, S/N 0001-7
MMH - DST Test

228686-501, S/N 0049
Hot Calibration

228686-501, S/N 0234
Hot Calibration

228686-501, S/N 0049
Ambient calibration.

228686-501, S/N 0234
Ambient calibration

228686-501, S/N 0234
Orbit retrograde

228686-501
Mission a:b.ent.

228686-501, S/N 0234
Mission hot. ’

DATE CELL RUNS PROPELLANTS REMARKS
7/8/65 1 N,0, -A-50 First test with He saturated
propellants. No oscillations
7/12 to 1 1-301 NZOQ-A-SO
7/30/65 _ )
\
1 N,0, -A-50 |
274 "
| !
5/15/66 6 10484-10487 N,0, -A-50 Bubbled, no oscillation
7/13/66 1 3453-3471 IZOI.-A-SO Bubbled He at 400 psia. No
oscillation. Engine orificed
for an O/F = 1.6.
8/24 to| 1 3608-3700  N,0,-MMH
8/26/66
\
‘ APOLLO SUPPLEMENTAL QUAL
10/10/66 1 3967-3987 N, 0, -MMH Unsaturated propellants.
10/15/66 1 4073-4092 N, 0, -MMH Unsuturated propellants.
\
10/12/66 ' 1 4015-4032 N0, -MMH Saturated Ly bubbling.
- | i
'
10/16/66 1 4094-4110 lzo,.-mn; Saturated by bubbling.
10/20/66 ‘1 4316 nzo‘-nmf Propellant stored at 180 psig
) helium pressure for 84 hrs.
‘ n‘z Did not oscillate
\
T 4 0234 10/18/66 ‘\l 4111-4203 Izoa- Bubbled - did not oscillate
!
\ /
10/19 to 1 4204-4299 lzo‘-)ﬂ‘l Bubbled - did not oscillate
10/20/ 66 /

4-10
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TABLE II
(Continued)

HELIUM TESTS

ENGINE AND TEST DATE CELL RUNS PROPELLANTS REMARKS
LM SUPPLEMENTAL QUAL
228686-501, S/N 0331 12/29/66 | 4773-4733 N,0, /A-50 Saturated by stirring. No
2°4

Cold calibration oscillation.

228686-_501. S/N 0261 1/17/67 1 4949-4969 Nzol./A-SO Saturated by stirring. No
Cold calibration oscillation.

228686-501, S/N 0261 1/14/67 1 4926-4928 UzoblA-SO Saturated by stirring. No
Mission abort oscillations.

228686-501, S/N 0331 11/29/66 1 4597-4613 llzol.-A-SO Saturated by stirring. No
Ambient calibration oscillations.

228686-501, S/N 0261 12/1/66 1 4641-4658 NZO,.-A-SO Saturated by stirring. No
Ambient Calibration oscillations.

228686-501, S/N 0261 1/3/67 1 4817-4827 uzo,.-A-so Saturated by stirring. No
Ambient calibration oscillations.

228686~501, S/N 0331 12/30/66 1 4794-4810 Nzoa-A-SO Saturated by stirring. No
Ambient -alibration oscillations.

228686-501, S/N 0261 1/18/67 1 4910-4986 llzol.-A-SO Saturated by stirring. No
Ambient calibration oscillations.

228686-501, S/N 0331 12/26/66 1 4755-47171 uzo,.-A-so Saturated by stirring. No
Hot calibration oscillations.

228686-501, S/N 0261 1/16/67 1 4950-4946 l!zol.-A--SO Saturated by stirring. No
Hot calibration. oscillations.
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- After the Qualification program a saturation technique was developed. To
saturatc. the propellants the tanks are pressurized to the decired pressure and

slovly stirred for a given amount of time. The amount of gas dissolved in the pro-
pellant is determined by freczing a sample of propellant, exposing the frozen sample
to an evacuated volume, recording the pressure increase in the volume and identifying
the gas constituents. JPL conducts the analysis in their laboratory. By running a
few controlled tests, it is possible to determine the stirring time required at a
given pressure to reach the desired saturation level.

Another method used to saturate the propellant was to bubble the gas through
the tank from the bottom. The disadvantage of this technique is taat it may super-
saturate by leaving entrained bubbles in the propellants. is technique was used
during the test just prior to the Qualification tests and during the Lunar Orbiter
program, IU was also used after the Qualification program before the stirring tech-
nique was developed.

Two formal programs were run after Qualification with saturated propellan.s.
The Service Module MMH Supplemented Qualification test with bubbled propellants and
the Lunar Module A-50 Supplemented Quulification tests with stirred propellants.
In the Service Module test oscillations occurred. But it is felt that the oscilla-
tions were due to entrained bubbles in the propellant rather than just saturated
propellants. No oscillations occurred during the Lunar Module tests.

Today all Apollo testing is done with helium pressurization except for
the acceptance tests which still use nitrogen; since the engine performance is the
same with both and the tests have always been run with unsaturated propellants.

The only steady state testing done with a known level of helium saturated

propellants has been on another program. The results of these +tests have lead to
a conclusion that the engine will oscillate if the amount of gas that comes out of

solution exceeds a certain value.

II1I. THRUST OSCILLATIONS

Dissolved or entrained gas in the propellants may cause thrust oscillationms.
This was first discovered during the PFRT program when a test facility operational
error introduced nitrogen into the propellants. Since that time many tests have
been run to understand under what conditions, with either nitrogen or helium as the -
pressurants, oscillations occur.

A. Nitrogen

Tabulated in Table 1 are those cngines that have oscillated witn nitrogen
as the pressurant. The resultc from these tests are reviewed below in some detail.

4-12
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PFRI Tests

During the acceptance test of PFRT engines 1 and 2, thrust oscillations
occurred (Run 8711 for engine 1 and 8713 for engine 2). The cause of the oscilla-
tions was that nitrogen gas was mistakenly being introduced into the propellants
(MR's 279-056 and 0S4). The oscillations were duplicated on Runs 8723-8T43 by
purposely injecting nitrogen into the propellants. A copy of the oscillograph for
the two cases is shown in Figures 3 and 4,

During calibration tests with warm propellants (90° or greater) the engine
oscillated again. Tabulated in TableIII are the runs from 8826 to 8867 showing the
test conditions. Several conclusions were reached from this test. One, if the
propellants were hotter than 90° the engine would oscillate, but if the propellants
were degassed by venting the tanks when the propellants were hot, the engine would
not oscillate., Also, the oscillations were somewhat random in that the engine did
not always oscillate with hot propellants.

During this time period the main propellant storage tanks were kept at a
pressure of around 100 psig so that the propellants were already saturated to this
pressure when they were loaded|into the run tank. Furthermore these specific tests
were run during the winter when the propellants were cold (40°-60°) and they could
absorb more gas. Consequently it was postulated that it was necessary to degas
hot oxidizer to drive out the gas absorbed during storage and also any gas that was
absorbed while the propellants were in the run tanks. .

Engine No. 3 oscilldted with hot propellants (Runs 9007 and 9008) even
though these propellants had been degassed. However, the time between degassing
and the runs was 2.5 hours. It was felt that 2.5 hours under pressure was enough
time for the propellants to become saturated enough to cause thrust oscillations.

o b |

Engine 3 oscillated during the period from April 21 to April 28, 1965.
After the testing on the 28th, the float was found to be "sunk and it is thought
that the oscillations that occurred on these runs were bgcause the propellant be-
came saturated very quickly without the float to act as & barrier between the pro-
pellant and the pressurant. ¢ ‘

\
Engine Wo. 3 oscillated with hot degassed propellants during the calibra-
tion tests; Runs 11955, 11956, 11959 and 11960. This test showed that with hot
propellants (100°F) and the float installed, the propellants became saturated erough
in about an hour to cause oscillations. Two sets-of runs were made after degassing.
They are tabulatéd below.

—.-...-“’/
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TABLE III
WARM PROPELLANT TEST RESULTS

UNDEGASSED DEGASSED (oxidizer)
Refill Refill
Stable U=zs<abdle ™90 T>00 Bypassed Tanks Stable Unstable T<90 T>90 Bypassed Tanks
: £B26 X No 8857 X No
’ 3827 X No —_] 8838 X
§ 8828 x ' No 8859 X
t 8829 X No 8860 x
: 8830 X No
% 8331 X No
! 8832 X No
8833 X No DEGASSED - Tank heated to 100°F with no tank
3334 x No e pressurization and let set. Pressurizel
8835 X No and cool off to run.
8836 X No
8837 X Fuel XOx Ko
4 8338 X Fuel X Ox No
$ 8839 X Ox X Fuel No
! 8840 X O0x X Fuel No
: e 3841 X No
88k2 X NO o
i 38k3 X Ko
§ S8uL X Yes-
3 23Ls5 , X Yes
: 8846 X No
£ 8847 X No
¢ 8848 x No
| 8849 X Yes
2 8850 X Yes
: 8851 X Nc e
‘; 8852 x No
8853 X No
- 8854 X No
i | 8355 X No
<4 (.A \ 3356 X No
Y () \
i \D *8861 % No === *Probably degassed propellants as tanks
#8852 X No vere reloaded arter onsy thresz 5 second runs.
*8863 X No It's normally done after T or 8.
2364 X No
8865 X No
8366 X No i
$367 x No
brarsmre Jl* e i

{
t -8
£
‘8
S
g
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Run Sequence 1
Degas complete at 18:25
Run Time Comnentsg
f (- 11952 (5 sec. 18:32 Normal Thrust
? 11953 (5 sec. 18:42 Normal Thrust
§ 11954 (5 sec. - 18:55 Normal Thrust
§ 11955 (5 sec. 19:05 Slightly unstable
£ 11956 (5 sec. ; 19:2k Highly unstable
(“ Run Sequence 2 ! i
£ Degas complete at 20:17
3 . Run Time Comments
i 11957 ~ 20:28 Normal Thrust
11958 . ‘ 21:17 Normal Thrust
11959 \ 21:32 Slightly unstable
11960 - 21:k0 Highly unstable

Development Tests

t A .

Special tests were made during the development program with purposely
saturated propellants. Also some engines oscillated because the propellants became
saturated during the nomal testing. ’

&) T-11042, S/N 0001-k | 12/18/64 Cell I - ;’Runs 6555-6586

The priAry obJjective o} this test was to detgim;lne the thermal character-

tics of the PFRT engine with a pyrolytic grvaphite chamber seal. At a part of thils
test three 80 second runs were mdde with propellant that had nitrogen gas bubbled

o

through it for 10 minutes. For dne run the oxidizer \(as bubbled, for another run
the fuel was bubbled; the third both propellants were bubbled. The results are
tabuliated below.. ! /

Run Propellants Bubbled/ Comments

\ ; :

6584 | Fuel / Normal

6585 | oOxidizer Gseillated

6586 !  Both / Oscillated

’muummnummmhwmmmpmm.

Before the engine was fired, the propellants were held at the run set pressure for
5 minutes., : - ,

\
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When the oxidizer was saturated or both propellants were saturated, the
engine oscillated at 350 cps with a peak to peak amplitude of 25 lbs. When the
fuel was saturated the engine did not oscillate.

T-110%3, S/K 0001-1 12/31/64 Cell 6 - Runs 6649-6663
The primary objective of this test was to determine at what saturation
pressures the engine did and did not oscillate. The ts were saturating

by bubbling nitrogen through them at pressures of 100, 140, 170 and 200 psia for
10 minutes. Each propellant was saturated separately and then both together for
a total of 12 runs. The runs were made at the normal. tank pressures (190 psia).

The engine did not oscillate on any of these runs.

Bm_ Bubbling Pressure Propellant Besults
6652 1%0 Oxidizer Normal
6653 170 Oxidizer Normal
6654 200 Oxidizer Normal
6655 100 Oxidizer ; Normal
6656 140 Fuel Normal
6657 170 Fuel Normal
e 6658 200 Fuel Normal
6659 100 Fuel Normal
6660 1%0 Both Normal
6661 170 Both Normal
6662 200 Both Normal
! 6663 200 Both Normal

This engine was a little different than the normal PFRT engine. Instead
of 8 coolant holes for the preigniter and main chamber it had four fuel coolant
holes for the preigniter and four for the chamber. Also the pressure drop across
the final fuel orifices had been increased by 10 psi by decreu:lng the fuel
doublet Jiameter.

( ) In the previous test with engine T-11042-001-% there mi a five (5) minute
wait after bubbling bofore the run was made. In this test the 'run was made within
& few minutes of the ¢adl of bubbling.

T-11400, &! C001-11 1/7/65 - Cell 1 Runs 9943-9663

The objective of this test was to determine engine performance. Three
runs oscillated with hot undegassed propellant. The oscillating runs occurred be-
tween 1-2 hours afte: the tanks had been pressurized which was u-imtoweﬁws
experience during PFRT.

)

‘.
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o T-11606, S/N 0001-5 - DST Test 5/26/65 to 6/3/65 Cell 1
Runs 12,016 to 12,097

As part of the DST test, prior to qual, a series of runs were made to
investigate the effect of time from degassing to run, oropellant temperature and
tank level on the occurrence of thrust oscillations.

Tabulated on Table IV are the special tests made to investigate the time,
level, and temperature effect.

With propellant temperatures of 100° the engine oscillated if the run was
mde more than 3/ hour after degassing. The propellants were pressurized to the
normal tank pressure right after degassing. Note from the table that usually four
or five runs were made from one degassed load of propellants and that the engine
usually oscillated on the fourth or fifth run which was 3/4 to 2 hours or more after
degassing. The tank level at this time was also generally about 1/4 full.

There is a general belief that tank level also has an effect; that the
engine will oscillate with saturated propellant if the tank level is low. This is
indicated by the fact that most of the time when the engine oscillated, the tanks
vere only about 1/4 full. However, several runs indicate that this is not always
true. Runs 12031, 12071 and 1207k oscillated with the tank more than 1/2 full.

Most of the runs during this test were with 100° propellant. A series of
four runs were made with 80° propellaat. The last run of the series made 1.5 hours
after degassing, did not oscillate. This seems to indicate that 80° propellant
does not become saturated as quickly as 100° propellant or does not become saturated
enough to cause oscillations as rapidly as the 100° propellant.

Acceptance Tesgts

All engine acceptance testing is done with nitrogen as the pressurant.
Several engines have oscillated during acceptance test. These engines are tabulated
in Table 1. Each engine passed a later acceptance test after the propellants were
degassed.

Serial number T oscillated when the propellants were pressurized 4,75 hours
before the run and the propellants had not been degassed.

Serial number 12 oscillated because there was a nitrogen gas leak into fuel
during the engine run. :

Serial numbers 20, 22, end 24 oscillated after the propellant tanks had
been pressurized for 2-3 hours before the run.

Serial numbers 560 and 551 oscillated because the float had sunk. A failure
investigation (FMR 5022-002) that used engine TO5762 showed that if the tanks were
pressurized for 1 hour without the float, the engiie would oscillate.

.
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. TABLEV

EFFECT OF TIME, PROPELLANT TEMPERATURE
AND TANK LEVEL ON OSCILLATIONS T-11606, S/N 0001-5

i . Time From Level
Run Length Operation Tp Degas cm
12018 5 Unstable 100 3.5 ' 28.5
12019 5 Stable 100 Did not degas 48,6
12020 5 Stable 100 Did not degas 56.8
' 12021 5 Stable 100 25 min. 32.1
. 12022 5 Stable 100 1.25 30.6
12023 5 Unstable 100 1.6 27.6
1702k 5 Unstable 100 1.8 25.6
12025 5 Unstable 100 2.1 23.6
12026 - 5 Unstable 100 2.5 21.3
‘ 12027 5 Stable 100 .15 k7.5
12028 5 | Stable 100 1.0 .
12029 5 Unstable 100 2.1 k1.7
9 12031 5 Unstable 100 1.0 43.5
12032 5 Unstable 100 1.5 28.0
12033 5 Stable 100 10 m.' §7.3
12034 5 Stable 100 1.0 3h.1
12035 5 . Stable 100 1.3 28.2
¢ 12036 5 Unstable 100 1.6 21.9
12037 5  Stable 100 'S k5,2
12038 5 Stable 100 ' T5 32.0
12039 5 Stable 100 1.0 26.
12040 5 Unstable 100 1.k 20.5
12041 5 Stable 100 | «6 k5.5
12042 5 ble 100 1.0 33.5
12043 5 table 100 1.5 2T1.
120k4 5 Unstable 100 2.0 21.9
( 12045 5 Stable 100 / 5 39.4
12046 5 Stable 100 s » | 26.3
12047 5 Unstable 100 // 1.1 20.8
12048 5 Stable 100 L .6 40,8
12049 5 Stable 100 b 38 28.3
A2050 5 Unstable 100 1.9 22.0
\ p
‘ "/
!
! /
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TABLE IV (continued)

EFFECT OF TIME, PROPELLANT TEMPERATURE
AND TANK LEVEL ON OSCILLATIONS T-11606, S/N 0001-5

[ Time From Level
Run Length Operation Tp Degas cm
12051 5 Stable 100 o3 2.7
12052 5 Stable 100 .9 30.2
12053 5 Unstable 100 1.0 2h.3
12054 5 Stable 100 .25 42,8
12055 5 Steble 100 o5 30.4
12056 5 Stable 100 .75 24,2
12057 5 Unstable 100 .8 18.0
12058 5 Stable 100 .2 43.8
12059 5 Stable 100 .5 30.8
12060 5 Stable 100 .15 24,6
12061 5 Unstable 100 1.0 18.3
12062 5 Stable 8o 1.75 - From Pulse
Tubes, Tanks
vented,
12063 5 Stable 80 2.0 - From Pulse
Tubes
12064 5 Stable 85 ? = Pulse Tube Run
12065 5 Stable 85 ? -
12066 5 Stable 85 ? -
12067 5 Stable 85 ? - ‘
12068 5 Stable 85 ? -
12069 b3 Stable 8s 0 40.5 /7
;
| 12070 L6 Stable 100 0 k1.7
12071 50 Unstable 100 | 38.'5
/
( 12072 50 Stable 100 1.2 }5’.’7
12073 50 Stable 100 1.0 ‘46.6
1207h 60 Unstable 100 TS5 ko,1
12075 5 Btable 0 5 7.1
12076 5 Stable T0 1.0 38.1 -
12077 5 Stable 70 1.1 -
5 Stable 70 1.5 30.8
4-20
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TABLE 1V (continued)

EFFECT OF TIME, PROPELLANT TEMPERATURE
AND TANK LEVEL ON OSCILLATIONS T-11606, S/N 0001-5

Time From Level
Run Length Operation Tp Degas cm

12079 10/490 Stable 100 5.T5 -
12080 10/190 Slble 100 T:5 -
12081 10/490 Stable 100 9.3 -
12082 13/487 Stable 100 10.3 -
12083 15/485 Stable 100 10.8 -
12084 15/485 Stable 100 11.25 -
12085 20/20 Stable 100 11.8 -
~ 12086 20/480 Stable 100 12.25 -
12087 40/10 Unstable 100 12,50 -
12088 40/10 Stable 100 - -
12089 30/470 Stable 100 5 -
12090 Lo/k10 Stable 100 oT5 -
12091 60/100 Gtable 100 1.0 -
12092 100/100 Stable 100 1.25 -

12093 200/300 Unstable 100 1.8 17.0

500/100 Unstable 100 2.5 16.0

4-21
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Lunar Orbiter

The R-4D enginec used on the Lunar Orbiter Vehicle is pressurized by aitrogen
gas. As part of its Qualification Program, it was operated with propellants saturated
with nitrogen gas by a bubbling process. The engine oscillated with what was called
90% saturation and did not oscillate with a 60% saturation level.

Nitrogen was bubbled through the propellants by a perforated circular tube
located at the bottom of the tank. For the 90% level the ullage pressure was raised
from 176 to 186 psia and then vented back to 176 psia. Each cycle took 15 minutes

{ and it was performed 8 times in about two hours. Following, the bubble cycles, the
ullage pressure was maintained at the saturation pressure for at least 30 minutes
prior to the pressure required for the run. The saturation procedure for 90% level
is shown graphically in Figure 5. For the 60% saturation lével, the ullzge pressure
was raised from 134 to 144 psia in 15 minutes and then vented back to 134 psia. The
float was installed for these tests. '

The Lunar Orbiter has flown four (4) flights without thrust oscillations
occurring. Thrust and Igp of the engine have agreed within 1% of the ground test
data. :

|

Conclusion - Nitrogen

e ‘Summarizing what we know about the effect of nitrogen as a pressurant on
thrust oscillations: ’

1. Nitrogen entrained (bubbles) or nitrogen saturated (to an unknown
level) propellant will cause thrust oscillations.

2. With hot propellants and the float installed oscillations will
occur if the propellants are not degassed. 1If they are degassed,
oscillations may occur if the propellants are pressurized for 3/4
of hour before 1.:.he run.

]
o 3. If the float sinks oscillations will occur with ambient propellants
( after 1 hour at préssure.

\
Lk, With the float working, oscillations will occur with ambient
propellants after 2-3 hours at pressure.

5. Pased on the Lunar Orbiter tests, the,/propellants must be

‘saturated to a pressure greater than 134=1kk psia before oscillations
will occur. ) /

Al
| /
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Tabulated in Table IT are those engines that have oscillated or been tested
with helium saturated propellants. The results from these tests are reviewed below.

X-228439, S/N 0001-2 7/8 to T/9/65 Cell 1
Runs 12327 - 12340

This test was the first made with helium as the pressurant. Ten runs were
, made with helium dissolved in the propellants. Thrust oscillations did not occur.
( Under similar test conditions the engine oscillated with nitrogen dissolved in the
propellants. With both gases the propellants were saturated by bubbling for 20
minutes prior to a run. Teble V shows the test conditions.

T-12285, S/N 0001-1 - Pre-Qualification Test  T/12 to T/30/65 Cell 1
Runs 1 - 301

: This test was the Pre-qualification test, run to confirm that the engine
2 and test facility (including procedures) were ready for the Qualification test.
Helium was the pressurant gas. The engine oscillated four times during the test.
Table VIishows the conditions for these runs and three other runs that did not os-
cillate.

The first time on Run 169 the propellant was purposely saturated by bubbling
helium through the propellant for four hours at 250 psia with the propellants at
100°F. Just before the run, the tanks pressure was reduced to 170 psia and the pro-
pellant cooled to 40°F., It was thought that the propellant would hold more helium
hot than cold, so saturating hot and running cold would be the most severe test.

The engine oscillated for the last 10 seconds of the 20 second run.

The rest of the runs were made with propellant that had been pressurized
for different lengths of time. Oscillations occurred when the tanks had bezn press-
urized for 4, 7 and 8 hours aml they did not occur when pressurized for 2.2, 2.0
and 3.0 hours. The tank level of those runs that oscillated was also less than 1/2
("., full. Consequently, for the Qualification tests, the propellant tanks were reloaded
: when they became less than 1/2 full and if they had been pressurized for 4 hours.
The engine did not oscillate during the Qualification test.

s T At & e

m-12340, S/N 0001-1 - Helium Effects Test 8/1 to 8/5/65 Cell 1
Run 302 - 411

The objective of this test was to document engine performance, both steady
state and pulsing, at design and off design mixture ratios and thrust levels using
propellants containing helium gas.

T S e - -
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" Bubbling Tank Set Bubbling Pun .
. Pressure Pressure Temperature Temperature Norma
Dissolved Ox/Puel™ =  Ox/Fuel 0x/fuel 0x/Fuel Engine
Run____Length can {pain) (psia) °F °F Operation _ Remarks
12327 5.0 sec. Nothing - 181.6/176.1 - 68/6T Yes  Trim run with
éas.
12328 5.0 sec. Nothing - 182.5/17T7.3 - 69/68 Yes ;31-: run with
12 55.0 sec. He 182,4/176.9 182.3/176.8 Lo/ko ' _38/k0 Yes Yo s
112330 50.0 see. He 182.9/17T.4 182.6/1_77._3 - '90/90 85/88 Yes
- 12331 . _28.0 gec.— He- —’151.57175..3 180.3/176.3 100/100 48/50 Yes  Facility problenm
shutdown run - no
performance data.
12332 40,0 sec. He 181.8/177.3 181.8/17T7.3 Lo/ko 79/108 Yes
12333  35.0 sec. He 181.3/176.3 181.3/176.3 100/100 36/38 Yes
12334  55.0 sec, He 250/250 181.3/176.3 36/36 Lo/u1 Yes
12335 . 55.0 sec.  He 250/250  181.3/176.3  100/100 96/99 Yes
12336 T2.0 sec.. _ He 250/250 182.3/177.3 Lo/ko 101/108 Yes
12337 L7.0 sec. n;\\aso/?_sp__ 181.8/177.3 100/100 L3/u7 No*  Engine not primed.
12338 54.0 sec. He 250/250 18£8/1fr.3 " 100/100 Lo/ Yes  Repeat of Run 12337.
12339 63.0 sec. Ny 182.3/177.3  182.3/177.3 204/210 . 96/108 No** _.N, -test.
12340 Th.0 sec. Nothing - 182.3/177.3 - 104/99 Yes Ny gas as pressurant.

*Pan out of oxidizer on previous run. Did not prime engine. Thrust
oscillations noted during first 2 seconds of run, due to gas in line.

**Thrust oscillations of + 15 pounds experienced throughout run.
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TABLE VI

PRE-QUALIFICATION TEST WITH HELIUM

T-12285, S/N 0001-1

Time Under Tank
Run Length Operation Tp Pressure Level Rerarks
169 (8288) Unstable Lo° - - Bubble for 4 hours

at 100° and 250 psia
255 10 Unstable 100° 8 hrs. 20 cm |
262 5 Unstable T0° T hrs. -  Pulse Tube Run
268 17 Unstable 100° h.2 3/8
Full
299 5 Stable 100° 2.2 50 cm
300 5 Stable 100° 2.0 44 cm
301 5 Stable 100° 3.0 -
'y 4 '
/
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The propellants had been stored in the main storage tanks under helium

_gas at a total pressure of 180 psia. The main storage tanks were at this pressure

from one day before the test to the end of the test. In addition, each run tank

load of propellants was treated in the following manner to attempt to saturate them
with helium.

l. Helium was bubbled through the propellants from a ring in the
bottom of the pulse tank for 5 minutes at 180 psia and the

run temperature.

2. The tank was held at 180 psia and the run temperature for 15
minutes with no helium bubbling.

3. Steps 1 and 2 were repeated three more times.

At no time during the test was the pressure reduced below 180 psia except
during off-design runs (O/F = 2.2, F = 90 pounds, etc.). The helium was always
bubbled through the propellant at a pressure of 180 psia even when the run pressures
were lower or higher than 180 psia. When the propellants were transferred from the
storage tanks to the pulse tanks, the pressure was held above 180 psia to avoid out-
gassing of the propellants.

Run Conditions Where Thrust Oscillations Occurred

The engine was tested at nominal 0/F's of 1.8, 2.0, and 2.2 at 100 pounds
thrust, and thrusts of 90 and 120 pounds at an 0/F of 2.0. Nominal propellant
temperatures were 40°, 75°, and 100°F. Both pulse and steady state runs were made
at each candition. The steady state runs were made in duty cycle groups of three
to determine the effect of hot injector head on both performance and the occurrence
of thrust oscillations. Injector head temperature at the start of the third run
of a sequence was greater than 200°F due to soakback from the first two rums.

Table VII lists the runs made at each condition and indicates whether os-
cillations did or did not occur. As shown, oscillations occurred 12 times. These
oscillations can be divided into two types; those cansed by dissolved helium in
the propellants, and those probably caused by bubbles of helium entrained in the
propellants.

A bubble in the propellant usually resulted in short duration oscillations,
while the dissolved gas resulted in long duration oscillations. An example of short
duration oscillations is shown in Figure 6. Seven of the thrust oscillations were
apparently due to dissolved helium and five to entrained bubbles. Three thrust os-
cillation periods occurred at nominal conditions of 100 pourds thrust and 0/F of
2.0, but in each case the oscillations appeared to be due to entrained gas and not
dissolved gas. Two of these (Runs 309-3 and 325-1) lasted for cnly 200 milliseconds
and were probably the result of entrained helium bubbles. The third (Run 382) was
the result of poor priming prior to the test that left helium gas ir the propellant
lines upstream of the engine.
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Helium Test Run Summary Engine T12340-001-1 Ceil 1 August 1-5 1965. Propellonts Stored under 180 PSIA Helium
Pressure and Conditioned by Bubbling Heélium thry Propellants ot 180 PSIA for 5 Minutes, Waiting 15 Minutes ond

Repeating 3 More Times.
Nominal O/F | Thrust (Ibs.) Nominn! Propellont Temperoture
40° 75° 100°
Normal Oscillations Normal Oscillations Normol Oscillations
367-1_._ . __.-| None 350 357-1 None 362-2 362-1**
1.8 _. 100~ “367-2 351 357-2 362-3
367-3 352 357-3
325-2 326-2| 325-1* N2 309-1 309-3* 315 None
2.0 100 325-3 326-3 $03 309-2 382%* 316
326~} 308 383 317
347-1 347-2 328 336-2 327* 341-1 None
2.2 100 347-2 329 336-3 3364 341-2
5 B N 330 335 341-3
. 391 336-1
Nong - | 411-1 391 401-1 | None 406-1 406-3
2.0 90 411-2 © 392 401-2 406-2
. 411-3 393 401-3
4114 . . I
390-1 None 368 376-1 | None 381-1 None
2.0 120 390-2 369 376-2 381-2
' 390-3 370 376-3 381-3
7
* Oscillation coused by entrained bubbles
**Oscillation cuased by poor priming that left bubbles
in the propellont lines.
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The steady state run data are plotted on Figures T and 8 as a function of
_~thrust level and O/F ratio. The shaded symbols in Figure 7 are runs where oscilla-
tions occurred, and the open symbols denote normal operation. Only those runs where
oscillations occurred are plotted on Figure 8, but the oscillations are separated
into two types; those of long duration (probably due to dissolved gas) s and those
due to gas bubbles in the propellants which were indicated by the shori duration of
the oscillations. No oscillations due to dissolved gas occurred at the design point
0/F of 2.0 and thrust of 100 pounds.

One purpose of running the steady state runs in a group of three was to
evaluate the effect of high injector head temperatures on the occurrence of thrust
oscillations. Tabulated below are the seven runs where oscillations occurred due
to dissolved gas, along with the correponding head temperature.

Run Head Temperature
336-4 209° .
347-3 275°
L406-3 264°
hi11-1 113°
h11-2 154°
k11-3 24h6°
Q 411k 220°

These data indicate that thrust oscillations occur more frequently with
elevated head temperatures (200° or greater) since the first three runs tabulated
were the third run of sequences of three where the first two runs of the group were
at lower temperatures and oscillations did not occur. This implies that oscillations

. are more likely to occur with a hot injector head, but that a hot head is not the
only requirement for oscillations to occur as indicated for Runs 411-1 and -2 where
head temperatures were significantly lower.

T-12321, S/N 0001-5 - Contoured Valve Seat | 5/15/66 Cell 6
,  Runs 10484-10487

( One model to explain why the engine oscillates with saturated propellants
is that the static pressure in the oxidizer valve seat is low enough (85 psia) to
cause gas cavitation. If this model is correct, a fix would be to redesign the
oxidizer valve seat to eliminate the cavitation. The oxidizer valve for this test
was contoured to eliminate this effect. Two runs were made with saturated helium
at conditions where thrust oscillations had occurred with other engines. The con-
toured valve seat engine did not oscillate.

Testing was conducted with Np0)/A-50 propellants saturated with helium.

The saturation procedure consisted of bubbling helium gas from the bottom to the top
of the propellant pulse tank at an initial tank pressure of 178 psig and allowing
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THRUST OSCILIATION SUMM\RY

ENGINE T-17340-001-1, CELL 1, 8-1 to 8-5-65

OPEN SYMBOLS - SHORT DURATION OSCILLATIONS
SHADED SYMBOLS - LONG DURATION OSCILLATIONS
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the préssure to increase to 190 psig over a 15 minute period. At the end of this

_period, the tank wes vented and pressure reduced to 178 psig. This cycle was re-

peated 3 times. Pressure was tnen held at 178 psig for 30 minutes, reset to

run pressures and firing within one minute. All test firings were conducted with
propellants at ambient temperature. The quantitative degree of gas saturation
using this procedure with helium has not yet been specifically determined. However,
previous tests have resulted in thrust oscillations under less stringent saturating
conditions.

The runs which were conducted are as follows:

F I

Duration N sp
Run No. (sec.) o/F LBF (sec.) Remarks
10484 5 2.19 100 267 Unsaturated
10485 50 2.17 100 267 Unsaturated
10486 50 2,18 100 267 Saturated
10487 50 2.17 100 267 Saturated

The 0/F and thrust level conditions for the runs were selected on the
basis of conditions at which previous engines had demonstrated thrust oscillations
with the standard valve configuration.

A copy of a section of the oscillograph record for Runs 10485 and 10487
is shown in Figures 9 and 10, respectively. The dynamic characteristics of the
thrust and pressure traces are identical; thus indicating stability for the gas
saturated candition. '

T-11606, S/N 001-15 T/13/66 Cell 1
Runs 3453-34T1

The ubjective of this test was to determine engine performance at an O/F
= 1.6 with helium saturated propellant at tank pressures from 150 to 400 psia. The
engine was orificed for an O/F of 1.6 and 100 1lb,. thrust at a tank pressure
of 182 psia. To provide a comparison, runs were also made with unsaturated propellant
and nitrogen saturated propellants at tank pressures from 150 to 400 psia.

The propellants were saturated by bubbling gas from the bottom to the top
of the propellant pulse tank at an initial tank pressure of 430 psia over a 15 min-
ute period. At the end of this period, the tank was vented and the pressure reduced
to 410 psia. This cycle was repeated seven times (total 8 times), in two hours.
Twelve second runs were then made at tank pressures of 150, 185, 300 and 400 psia.
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ENGINE No. T-12321,
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) Engine operation was normal with helium saturated and unsaturated pro-
-~ pellant. The engine oscillated with nitrogen saturated propellant. The test re-
sults are summarized below.

Run Saturated P ank T Results
3455 No 185 80 Stable
3456 No Loo 80 Stable
3457 No 400 75 Stable
3458 No 300 5 Stable
3459 No 150 80 Stable
3460 He Loo 80 Stable
3461 He 300 80 Stable
3462 He 180 80 Stable
3463 He 150 80 Stable
3464 N2 400 80 Stable
3465 N2 300 80 Unstable
3466 N2 180 80 Unstable
3467 N2 150 80 Unstable
T-14200, S/N 0001-7 MMH DST Test 8/2k to 8/26/66 Cell 1
@ Runs 3608-3700

The objective of this test was to demonstrate MM steady state and pulse
performance, to eveluate long duration firing with MMH, and to determine the effects
of helium saturated propellants on engine performance prior to the formal supple-
mental Qualification test with MMH.

Testing with helium saturated A-50 and NTO on engine T-12340, S/N 0001-1
showed a tendency for thrust oscillations to occur at high O/F ratios and low thrust
levels. This pehnomenon was investigated with propellants saturated by bubbling
helium through the propellant tanks from bottom to top. During this bubbling, the
tank pressures were cycled from 196 psia to 206 psia, eight equal times over a two

(" hour period. Five second and 60 second runs were made at ambient conditions. Hot
hardware tests with ambient propellants were aiso made by conducting firing sequences
similar to the Apollo Mission Maneuver No. 1 {10 seconds ON - 30 seconds OFF - 3 sec-
onds ON - 360 seconds OFF - 20 seconds ON) where the heat soakback from the engine
firing heats the engine. Table VIII lists the thrust level, O/F ratio combinations
tested and the results for the runs conducted. In general, the engine oscillated
less with MMH than Aerozine-50.

A long run (500 seconds) was also made with dissolved heljum in the pro-

pellants and the engine did not oscillate. The main propellent storage tanks were
pressurized to 180 psia with helium for about 40 hours prior to the run.
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The objectives of the R-4D Supplemental Qualification Test for the Apollo

’ Service Module Reaction Control System Engine were: (1) to demonstrate that the

&M RCS engine will operate safely utilizing helium saturated monomethylhydrazine

as the fuel and helium saturated nitrogen tetroxide, which has nitric oxide content

of between 0.4 and 0.8% by weight, as the oxidizer; (2) to demonstrate that the

S RCS engine will operate safely when arc suppression circuitry is incorporated

into the electrical engine valve cammnd system; (3) to acquire and document engine

performance data with both unsaturated and helium saturated propellants.

The engine oscillated during the hot calibration test with unsaturated
propellants and during the ambient calibrat_on test with prdpellants saturated by
bubbling. A study of the test dat- indicates that most likely cause of the oscilla-
tions was the presence of entrained gas in the propellants. The presence of the en-
trained gas can sometimes be identified by its effect upon the response of the pro-
pellant manifold pressures on start-up and shut-down. Two oscillograph records
showing i dications of helium entraimment in the oxidizer are shown in Figures 11
and 12, from the ambient and hot calibration test. The oxidizer manifold precsure
(Pmo) exhibited sluggish response which can be attributed to the damping effect of
the helium entrained in the propell-ant. Further indications of gas entraimment was
evident in the chamber pressure trace of both runs. At approximately 80% pressure
rise, a marked change in the chamber pressure and thrust transient occur as a result
of gas ejection. These transient irregulations were followed almost immediately by
the onset of thrust oscillations. :

The engine did not oscillate during three other tests made with purposely satura-
ted propellant. The propellants for the orbit retrograde test were saturated by
storing the propellants with helium at 180 psia for 84 hours before the test. The
engine did not oscillate. The propellant for the hot and ambient mission simulation
tests were saturated by buhbling helium through the propellant tanks from bottom to
top. During this bubbling the tank pressures were cycled from 196 psia to 206 psia,
eight equal times over a period of two hours. Following the bubbling, the propellants
were maintained uhder 186 psia pressure for at least 30 minutes prior to reduction to
run pressures. The engine did not oscillate for these two tests.

B T St | TP L LG o O

- i
(. IM Surplemental Qualification /
" j
The primary objective of the IM RCS Supplemental Qualification Test was to .
demonstrate that the IM RCS engine will operate safely utilizing helium saturated
Aerozine-50 as the fuel and helium saturated nitrogen tetroxide, which has a nitric
oxide content Between C.4 and 0.8% by weight, as the oxidizer.

\ .
The propellants were saturated- for all tests by stirring the propellants
for four hours while the tanks were pressurized to 180 psig with helium. The engines
did not oscillate for any of the tests. ;
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Iv. THRUST OSCILLATION MODELS

To better understand why the engine oscillates with gas in the propellants,
various analytical models were developed.

A stability analysis of the bipropellant rocket with free gas (bubble) in
the injector was made. The analysis showed that free gas in the injector might
cause thrust oscillations. Based on recent testing with the R-UD engine on a differ-
ent program, a gas flow limit was determined above which oscillation seemed to occur.
An analysis was also made of the injector pressure drop to see where the dissolved
gas might come cut of solution. It was determined that at the valve seat the static
pressure might be as low as 85 psia. A special engine tesb with a contoured valve
seat to eliminate the large pressure drop, resulted in the engine operating without
oscillations under conditions where oscillations had occurred with the normal valve
seat, :

A. Stability Analysis of a Rocket Engine with Free Gas in the Injector
Passages

A general stebility, analysis of a bipropellant rocket with free gas in the
injector passages was made, The analysis shows how much gas must collect in the
injector before thrust oscillations would be expected. The analysis uses linear

@ control system theory and does not include any effect of gas on the shape and mixing
of the streams leaving.the injector. (This least effect may be another mechanism
for producing oscillations)

¢ An analytical model was developed relating the amount of free gas required
for oscillations and the amount of gas dissolved in the oxldizer to cause low fre-
quency instability of a rocket engine. |
e\

. J
Figure 13 shows the simplified rocket engine model that was analyzed. The
propellant supply pressures are PA and Pge Py and Pp are the pressur.s in the in-
jector dribble vblumes. Pe.is the combustion chamber pressure. Wq and Wp are the
weights of propefllant displaced by the free gas bubbles. Wj and Wp are the flow
() rates of the two propellants into the combustion cha.mber. WA and Wp are the flow
\ rates of the two propellants 1nto their respective 1n.jector volumes.
/
The model in Figure 13 1s described by the following set of equations.
These dquations 4dnclude pressures and flow rates in the model as variables, some
constants of proportionately (denoted by k with an appropriate subseript), constants
representing the supply pressures and propellant weight displaced by free gas and a
constant (v) for the ratio of specific heats of the gas. A dynamic transfer function
G, appears in one of the equations. G is the transfer function that converts a change
in propellant flow rate into the chamber to a change in ~hamber pressure.

f
!
'
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ROCKET ENGINE MODEL
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Total Propellant Flow

w3= H1+UZ

Oxidizer Flow Into Combustor

1/2
wi=ky(Py -Pc) /

Oxidizer Flow Into Injector
1/2
wA = kA(PA - Pl)

Fuel Flow Into Combustor

1/2
wz=k2 (Pz -PC) /
Fuel Flow Into Injector
/2

1
VB = kp (Pp - F))

Chamber Pressure Generation

P.=k3v3G
Oxidizer Pressure In Injector . _
¥ ot
py = Plo(We) Wy = d
1 (Wor + Wy = wA)r {1 = w qdt etc.
o

Fuel Pressure in Injector

P, =, 2o (g )
Wg +W, - Wi

By taking the logarithm of each of these equations and then differentiating, the
equations can be transformed into dimensionless linear equations. This process
is illustrated below for the equation giving the oxidizer flow into the combustion
chamber,

4-45
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In w; =1ln ky + 1/2 1n (P = P)

dvi -dkg + 4/, Py - Pg)
vy ky (Py - P.)

dw _dky » Py d Py . %P d Pc
= +l———y—p-—
L | ky (Py=-P¢ 1 Py-Pg Ft:

Recognizing ky as a constant and using letter symbols for the coefficients in the

equation above gives {

|

dwi =AdPJ _ dec
LR Py P

C

For small perturbations, the variables ax give the change in X as a fraction of
its nominal value. Adopting the change in notation that X ® —, the equation for
fuel flow into the combustion chamber becomes

Wi = APy -BP_

Applying the above linearization process to the set of equations describing the
model gives the following set of dimensionlegs linear equations.

Chamber “ ;
. |
!

Wy = Yw1+ sz

P, la ¥3 | /

.
t f
Oxidizer ‘\\' /
\

" -CPy \ /
Py =(Dwy~-E vy 1/s /

]

446




%rquam’/ R To— A-1080

CORPORATION

Fuel

Where:
O/F . dk dk3
Y= +
lroret ] 2ot o] 0
A Py B = P, & Py
2(Py - P) 2(P; - P 2(Pp - Py)
D= b’ 2 E = f\l 1
Wex W e
-
_ 2 N P2
a= b= c=
2(P, - P,) Z(Pz - P¢) 2(Pg - Pz)
d= f -—‘LB- e = ._w.é.

W Y- "/"
The preceding set of equations can now be represented in block diagram form and
the techniques of block diagram reduction used to combine them into a single
transfer function for the dynamic interaction between the pressures and flow rates
in the system., Figures 1%, 15 and 16 show the reduction of the ‘system to a com-
bustion chamber transfer function and two injector transfer functmns for the fuel
and oxidizer, .

By substituting for A, B, C, D and E, their definitions, recognizing that the
initial flow rates in and out of the oxidizer side of the injector are equal (ie.
Wy = wa) and by making the following new definitions

R.s 8. E_A_-El.zm :_!__gwb ggl(_“l)_
Pe Pe L i 2m

¥ The coefficients Y and Z have been modified to include the effect of O/F ratio on
Isp.
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P — esa FUEL
8 + cd
- "2
| p— ’ p A - —
' L .[ .
b
G b e 1
v3 ¥
. B
71 —
Y —< e
L A
|
L
s + CD 2
\ Figure 15
' J
! i
| {
il ! s + cd il /
‘ I
\ /%
- \ /
~<gcg o G P
v3 Pc'
- /
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\
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. . S + CD . cer .
The expression BY S+ CD + EA @0 be written in the form:

Y s+ Sw,
Zn S"’(l +%) S“’b

Similarly, the expression on the fuel side can be written in the form:

? S+ ¥
2n. S+ (4 +.f§,')‘$' Wy

The open loop transfer function around the interaction 100p can now be written by

forming the product of G and the sum of the two injector terms. This transfer
function takes the form

Y 5436, . s+Y@y
Z2n S+(1 +HISW, 2o 5+(1+*R“'$"‘b"|

The stability of this expression can be easily determined if the simplif ying

assumption of no free gas on the fuel side of the engine is made. The fuel term
then reduces to

Z
2 (n' + m')

J
If it is further assumed that the fuel and oxidizer supply pressures are equal

( m' +n' =m +n), the transfer function can be .written :
‘2
/¢

B S +1“Jb " /'
2n S +(1 +PJwyp 2 (m +n)]

G

Combining terms, this becomes

Y Z
5 (8 +Swy) + Tty [S+(1 +39% UlJ
S+(1+3)J Wy

4-50
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Algebraic manipulation yields

(m +n) (Y +7)
G rY(m+n)+tg] S+3% (m+n)+nz Sﬂb
ol +n)) | s+ (1 +3) Fwp

Substituting for G, § and &, gives

5 k(nz) lmunnmn)i“
e'Tds Y(m +n) +n2 : (T:n)n;(nz]l) - 2m Wot,
1+7i;5 2n(m+ 1 #n) (m -n) ¥4

+Tq (m +n) s+n{-’: - "“

Figurel7 shows the frequency response of the open loop transfer function without
the combustor contribution

S
.
1 +74S

-

Figurel8 shows the contribution of the combustor transfer function

~Tas
e

l+’rls

A sufficient criterion for stability is that the presnure drop across the oxidizer
injector holes be large enough so that the open loop gain never exceeds unity.,

This sufticient criterion for stability is .
& +__L__ <i
2n 2 (m + n)
If 2% o >1, stability is still achieved provided that the attenuating effect

of the (1 + Ts) lag term in the combustor transfer function prevents the system
gain from exceeding unity. This stabilizing effect is shown in Figure 19.

The effect of the combustorlag will prevent the loop gain from exce=ding unity
provided the ratio of the combustor lag frequency to the lead frequency associa-
ted with the gas bubble is less than the reciprocal of the injector gain term eval-
uated at zero frequency. This criterion is written as follows:
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FREQUENCY RESPONSE-OF THE OPEN LOOP TRANSFER FUNCTLON
WITHOUT THE COMBUSTOR CONTRIBUTION

O

T
2n * 2(mn)
‘ |
7 |
— 1 [ ¥(14n)(men) wy
s T Ve
T 4 -
¥ (14n)(men)(¥42) wy FREQUEKCY
| hﬁmﬂ))-&nﬂ W oo
) -
180 +
wq-
I
)
¢

4-52 Figure 17
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FREQUENCY RESPONSE CONTRIBUTION OF THE COMBUSTOR

AMPLITUDE |
RATTO

1

L S

/T, =_EL FREQUENCY
Tece
PHASE

ANG
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ATTENUATING EFFECT OF COMBUSTOR CONTRIBUTION UNDER
e : CERTAIN CONDITIONS

AMPLITUDE )
RATIO
OPEN LOOP GAIN WITHOUT
ATTENUATION OF COMBUSTOR TERM
- A T e I .
2n = 2(m+n) /
/
/
A OPEN LOOP GAIN WITH
N\ COMBUSTOR CONTRIBUTION
NEVER EXCEEDS UNITY
Y+Z = \
2(n+m)  \et—— COMBUSTOR TERM
\ 1 :
\ e
\
\
\
A 2 \ -
FREQUENCY
4-54 Figure 19
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1 2m [Y(m +n)+n2z] W
71 ¥ +n)(m +n)(Y +2) vy

A-1080

(' 2 (n +m)

Y +2

Which may be written

1 1 VW m[Y(m+n)+nZJ<1
TL ¥ vy (1 +n) (m + n)&

Another condition that insures that the gain never exceeds unity corresponds to

the case when the comhustor lag begins attenuating at a frequency below the fre-
quency of the injector lead term. This case is shown in Figure 20.

This condition, sufficient for stability may be written

T < ¥ (4 4n)im +m)(¥ +2)

-
2m |[Y(m +n) +n 2 | W

Another sufficient criterion for stability is that the phase angle of the open loop
transfer function be less than 180° when the loop gain is above unity, For the

case sketched in Figure 21 this sufficient stability criterion is obtained when

[Y{m+n)+n2 J__Td.| + tan"1 LY(m +n)+n2 ]
YR T 2n (m + 1) .

'
'

| | |

4-55




arquald/ VAN NUYS, CALIFORNIA A-1080

CURPORATHWN

ATTENUATING EFFECT OF COMBUSTOR CONTRIBUTION UNDER
CERTAIN CONDITIONS

AVPLITUDE
RATIO

Y+Z
2(m+n)

e e e e e s Ee e
-~

——¥—
2 X(1e0)(men) (Y42)wy h—
1 mn )+ ot

4-56 ‘ Figure 20
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STABILITY DEPENDENCE ON OPEN LOOP TRANSFER FUNCTION

PHASE ANGLE
/TWJECTOR TER
AMPLITUDE /|
RATIO * /|
7
/
y, |
i W 1 L ]
Wy e (14n)(m+n) r\\\
; B :
|
' .
{
|
|
Y(m+n)+
| ¢2n(m+n)71
% =
1 ¥(14n)(men) o)
n 2m Wet
PHASE |
ANGLE

4-57 Figure 21
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Which takes into account the phase contributions of the lagging terms and conser=
vatively leaves out the contribution of the leading term.

For the case sketched in Figure 22, the phase criterion becomes

Y(m+n +nz +tan! Y (mtn)+nz _ -
2n(m +n) Ty 2n (m + n)

’ '
Which is the same as derived for the case where the combustor lag occurred at a
frequency between the injector lead frequency and the injector lag frequency.

The phase criterion for stability is to be applied when

i F(1 +n)(m +n)(Y +2) V¥
T1> 2m Y(m+n)+inz q;if

The stability criteria denved any one of which provides stability are listed

below:

Y (m +n) +nz 1
2n (m + n) \

¢

¥(1 + n)(m + n)(Y + > "
2m l'Y(m +n)+nZ w.. Tl ]

m E(m'ﬁ‘.l)inﬂ _(y" < /

(l+n)(m;<l-n)‘c v Ti:wl

[(Y(m +n) + n7l d+tan"[YJm+n)+nj /
2n (m + n) \ 2n (m + n) /,
The values for{Y and Z can now be substituted into' the term [Y(m +n) + nZ]

that appears in the stability criteria. If this is done and
dk3 _ _dkj3 \ /
a "1 e w 2 ‘! ,,"

|

Then
dk3

Y(m+n)+nZ=O/F(m+n) +n +m(1 +o/r) 5,

) (l +(\/ “)

. 4-58
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9 STABILITY DEPENDENCE ON OPEN LOOP TRANSFER FUNCTION
PHASE ANGLE
AMPLITUDE
RATIO
/nl.!mma TERM
Y Z - W W R TR R SE—— — — — —
2n ¥ 2(m+n)
1 e
b2 ]2
2(m+n) )T,
. i
O /T FREQUERCY
PHASE

® e ,J
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"The stability criteria then take the form

O/F (m +n) +n +m (1 +0/F) 1.3

Wl <‘
(1+O/E)Zn(m+n)
d kj
2m |O/F (m+n) +n+m (1+0/F) T ;| We < 4
¥ (1 +n) (m + n)(1 + O/F) "1?;
d k3
mLO/F(m+n)+n+m(1+0/F)r\7- Ve {
¥ (1 +n) (m + )2 (1 + O/F) 7L
d k3
O/F (m+n)+n+m(l +O/F)aw vy Td +tan" Q/p (m+n) +n +m(1+o/p)dk
(1 +O/F) (2 n) (m +n) T4
. : (1 + O/F) (2n) (m + n)
< yr

For most systems, B + n>0,5 and the third criterion will be satisified if the

second one is, It is therefore not necessary to further coneider the second
criterion, :

The three remaining criteria are then

Q < 1

Wex

2 7:1 + tan"1Q < i
T1
Where

dk
Q=0/F(m +n) +n+m (1 +o/£')a

2n (m +n) (1 + O/F)

2nm

" (1 # n)(m +n)

4-60
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The following example shows the results of applying these three criteria
to the Apollo R-4D engine.

O/F =2.0 n =0.205 m=0.515 & k3 = =0.290 = 1.67 (Helium)

d Vl
‘ri = 0.k2 x 10-3sec. ':1 = 1.9 X 10-3sec.
( Q = 2.0 (0.72) + 0.205 + 0.515 (2.0)(-0.2

2(0.205)(0. 72

pum—— 2

Q =1.35

R =2x0. X 0,515 = 0,146
1.67 (1.205)(0.72)

The first criterion is not meﬂ. The second criterion is met when

\

<146 X 1. Vet
&) : 2 -- <
0.k2 x 10 1
or when "

Vet -3 \‘ :
— < 2.15 X 10 © seconds !
'1 ) * |
i

The third criterion is

!
1. -1 : !
(". 1035 X 0_0%2 + tan 103‘5 < ® /

\
It is not met but would be if -_ /

‘ it
¥g < 0.69 x 10~3 seconds /
K \ :
\ .
If the ignition delay time 'is greater than 0.69 milliseconds and there is
a bubble in the head that displaces 2.15 ms of stea.dy state flow (about 20% of the
D.V.) then the engine will oscillate.
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Gas Flow Limit Model

Based on recent test data from another program, an upper gas flow limit
has been determined above which oscillations will probably take place.

The propellants for the tests were saturated toc a known amount by the
stirring method. This is the only test with the R-UD engine where the propellants
were scturated to a known level.

Tabulated in Table X are test conditions and results of the runs made with
helium saturated propellant. In the last two colums are the gas volume flow and
weight ratio (Wie/Wi,0),), that would come out of solution in the injector dribble
volume upstream of tgo

The amount of gas was determined by assumming that in dropping fram the
tank pressure or saturated pressure to the doublet pressure, the helium in the pro-
pellant reached equilibrium condition. The difference in weight ratio between the
two pressures was calculated fram Figure 23, the saturation curve for helium in
R,0,. Knowing the weight ratio and consequently the weight of gas, the volume flow
rate wvas calculated from the perfect gas law.

It can be seen from this tgkle that the engine starts to oscillate when
the t ratio exceeds 0.300 x 10~* 1b. He/lb. oxidizer or gas flow rate exceeds
2.950 cc/sec,

Cavitation in the Valve

A possible source of bubble formation in the engine is cavitation in the
oxidizer seat area.

The geametry of the oxidizer valve seat and flow pattern is shown in
Figure 24, The sudden enlargement in flow area at the end of the tapered portion
of the valve seat will lead to flow separation. The sepurated flow will continue
to converge to a minimum area at the vena contracta, and will then xe—expand toward
the walls of the flow passage. //

The geometry of the flow passage at the end of thc valve seat is
D = 0.125"
n=0.01‘l"
A = 0.0055
At a flow rate and density given by

= 0.2k #/ ec
fsm#n

4-62

final injector pressure drop and the oxidizer doublet orifice.
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TABLE IX

S PO L iy B s

Y AT

L N

L,

GAS FIOW LIMIT

ENGINE 229202-503, S/K 0001

-5
Ppo  cc/sec. "‘/"201 .

Run Oscillated Psat Tsat  Set/Rm Set/am O/F °F

Skkg Yes 20% T 198182 17/159 191 9N 0.6 2.50 299

5450 Yes 20% T0° 196/18% 167/159 1.93 9 1066 2.50 «299

Shék Yes 22k 7" 228/210 191182 1.9 9.6 11T7.8 2.5 303

SAET Yes 224 ™  229/21% 192/182  1.9% 100.1 117.8 2.50 .308

S5h68 Yes 22k TO° 229/21% 192/182 1.% 100.0 1N7.8 2.5 .303

5489-

5493 Bo 213 80  213/200 213/202  1.63 102 15.7 2.29 230

549k

5498 ) 213 80* 194/15% 198186 162 95 108.8 2.55 .320

5516~

5520 Bo 213 90° 19:/183 198/185 .60 o 8.8 2.67 -300

5521~

59525 No 213 100° 198/183 198/185 160 o 108.8 2.8 .32

5526~ r

5531 Yes 213 10° 198183 198/185 160 R 108.8 3.2 .385

5532~ .

5536 Yes 213 10° 213/200 213/208 1.59 9 15.7 2.8 -3AC

- .

5550 Yes 253 T 258/239 203/191 2.0T 105 127.4 2.98 S

S617- '

sée1 Yes 213 07" 195182  195/185 160 108.8 2.38 345

S622-

S&e6 Yes 223 wrr 213/200 213/203 1.63 102 105.T 2.7 325
4-63
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The volume flow rate is
"// Q = l’l’o62,’~in3/se00
vhick yields a flow velocity at the valve seat exit of

v, =T0 ft/sec.

The contraction area ratio for a 40° conical nozzle is

Ac
T = 0075

Then

Vv, = 93.h ft/sec.

The total to static pressure differential at the vena contracta is
AP, = 1/2 owz
= 83.5 psi.
The pressure upstream of the valve in the engine is nominally 170 psia. Allowing

for a small drop to the valve seat, the pressure at the vena contracta will be
about .

P, = 85 psia.

Consequently if the propellant is saturated with helium at a pressure
greater than 85 psia, some of the helium will come out of solution in the valve
seat. The bubbles may remain in the valve area or they may be swept into other
parts of the injector head or into the chamber tn cause thrust oscillations.

4-66
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v. CONCLUSION

While the bladders in the flight vehicle propellant tanks protect the pro-
pellants from the pressurant gas, ground tests are usually made with propellants
containing either entrained or dissolved pressurant gas. This gas can cause un-
repeatable oxidizer flow from test to test and also engine thrust oscillations.

The engine is more susceptable to oscillations with nitrogen gas than helium. Three
possible causes of the oscillations are a trapped gas bubble in the injector, a gas
flow rate limit, and cavitation in the oxidizer valve. Oscillations during ground
tests can be avoided by limiting the time the propellants are exposed to the gas.

In space there is no problem because the bladders protect the propel].a.nts from the
gas as 1ndiea.ted by the Lunar Orbiter flights.

e —
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INTRODUCTION

The development of contamination control at Marquardt has been an in-
tegral part of the Apollo SM-LM RCS engine development program. It
was learned early in the program that proper performance and reliable
operation of the engines were affected by contamination., The most
sensitive areas affected by contamination were found to be the propel-
lant passages of the injector head and valves and the propellant valve

seat.

The propellant passages are affected by both film residues and particu-

late contamination. Plugged or restricted propellant passages may cause
decrease in thrust and specific impulse. Also, abnormal flow distribu-

tion, inadequate preignitor chamber cooling, or improper combustor cool-
ing may result in a combustor burn-through.

The sealing capability of the propellant valves may be degraded by
trapped particles between the poppet and the seat or by resulting damage
to the Teflon seal from temporarily trapped particles. Valve leakage may
be a serious failure resulting in loss of propellant and possible engine
explosion.

Contamination control for the RCS engine has resulted through the de-
velopment and implementation of a philosophy of building the components
and engine assembly clean and maintaining them clean during subsequent
testing and handling. Clean room facilities and special Fthaning process
were developed to provide the necessary fabrication control, Special
handling procedures and protection against contaminated test fluids were

implemented to maintain the required cleanliness of the engines.
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II.  HISTORICAL DEVELOPMENT SUMMARY

- A.

General

Contamination control by design and training have received
primary effort during the Apollo SM-LM RCS engine development
program. It is believed that by adequate design of require-
ment and procedures, and proper training and motivation of the
technicians and operators who work with the hardware, contam-
ination control will be achieved with a minimum of problems.
However, failure analysis of engine hardware contamination pro-
blems and functional failures resulting from contamination have
played a significant roll in the development of contamination
control techniques. An evaluation of all hardware failure/mal-
function investigations on qualification/production type hardware
during the period July 1965 to June 1968, showed that contam-
ination was the most frequent problem (being 397% or 99 of the 252
failure/malfunction investigations which occurred).

A summary of the 99 contamination problems mentioned above are
summarized in Figure 1. As can be seen, 58 of the 99 problems
were either propellant valve leakage or low flow characteristics
of the injector head fuel passages which resulted from contamination. -
Thirty-five of the problems were found as contamination prior to any
functional failure. Figure 2 shows a chronological frequency sum-
mary of these contamination problems. It is estimated that the pro-
duction rates and test programs and hence, the opportunities for

problems, was fairly constant from 1965 through 1967.
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SUMMARY OF APOLLO SM-IM

RCS ENGINE CONTAMINATION PROBLEMS
(JULY 1965 TO JUNE 1'968)

PART DESCRIPTION

RCS Engine

Injector Head & Valve

Propellant Y@lves

NUMBER OF
PROBLEM EXPERIENCED OCCURRENCES
Contamination - 25
)

Valve leakage ! 18
Low £low of oxidizer system 4
Failure of filter rinse test 1
| Low preignitor cooling flow 28

]
Low chamber cooling flow 6
Low fuel preignitor flow 4
-Qontamination 4
Valve leakage 1
" Failure to pass orifice rinse test 1

‘ §
Contamination / 6
Valve leakage / 1
\
: \ /  TOTAL 99
‘ ; /
: ‘ /
\
\ /
5-3 Figure 1
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@ CHRONOLOGICAL FREQUENCY SUMMARY
OF APOLLO SM-IM RCS ENGINE
CONTAMINATION PROELEMS
(JULY 1965 TO JUNE 1968)

-

g 20
O g

:

JULLDEC JARCIUN  JUL-DEC  JAN-GUN JUL-0EC JEN-JUR

1965 1966 1966 1967 1967 1968

5=4 Figure 2
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Q II. HISTORICAL DEVELOPMENT SUMMARY (CONTINUED)

e

i B. Propellant Valve Contamination Problems

Valve leakage is one of the most serious failures resulting from
eagine contamination. Valve leakage may be a minor or a catastro-
phic failure mode depending on the magnitude. Excessive propellant
leakage may result in depletiom of thc propellant supply or cause an
explosion. Gas leakage as used for acceptance criteria is of minor
concern except as an indication of possible propellant leakage. Gas
leakage above the allowable specification limit of 15 cc/hr does not
necessaxil; mean propellant leakage. The relationship between Glz,
leakage and liquid leakage has been checked muweromws times at THC,
however, with very inconsistent results. This is believed to be due
to the many different flon relationships which govern the many dif-
ferent types of leakage paths. The experience does indicate that
° the GN_, leal.age which indicates zero propellant leakage may be sig-

Z
nificantly higher thar 15 cc/hr.

Particulate contamination can cause valve leakage by two separate
actions. Particles entrapped between the armature pintle and the
Teflon seal or metal stop of the seat assembly can result in a gap
and consequently leakage. Also, particles may cause damage to the
Teflon sealing surface with resultant leakage.

¢ The size of contamination which will cause valve leakage has not
been established and may be very difficult to establish., However,
analysis and experience indicates that filtration to approximately
30 microns is necessary to protect the valve.

Since July 1965, when the qualification valve configuration was es-
tablished, there have been 29 occurrences of valve leakage. All but
three of these problems were excessive Glz leakage. During the IM
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. system testing at Magic Mountain, one oxidizer and one fuel leakage
occurred due to contamination, and one cxidizer leakage occurred
due to an injector explosion., Of the total 29 occurrences of valve
leakage, 19 were concluded to have been caused by some form of

contamination,

Nine of the 29 valve leakage problems occurred during accep*ance
testing. Only 4 of these were due to contamination and these all
(4 occurred betwe. - July and December 1965. Since then, the contamina-

tion control procedures used during assembly and acceptance testing

g
-

have prevented any additional acceptance test valve 1l .akage problems
due to contamination., The contreol of engine contamination during
test programs and customer handling was less effective during this
same period.

Only 1nfrequently'have the actual particles of contamination which
caused the valve ieakage been recovered and identified during the

0 ' investigations, Usually, only the Teflon surface damage in the form
of depressions or scratches is evidence of contaiinacion which pre-

¢ viously passed through the valve. Almost half of the valve leakage

problems resulting from contamination were GNz leakages below 60 cc/hr,
In all of these cases, only scratches or Teflon surface depressions
vere found tc evidence the effects of contaéination. Figure 3 is an
example of gro~s Teflon surface damage due to contamination passing
through the valve. This valve was tested without adequate facility

(’3 filters. t /
' ‘\‘ /

Parttélca smaller thaﬁ about 100 microns, trapped between the armature
poypct and seal of thn valve generaliy do not cause leakage. The high
unit force on the particlc ~com the poppet load eithe: smashes the
particle against the seat stop or causes it to be lmbedded into the
soft feflon seal. With additional cycles the particle is either
smashed, flushed through the valve, or imbedded deep enough to allow

the valve to saalt Partially imbedoed particles which are subsequently

A R——————— . i b M
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dislodged result in Teflon seal surface defects discussed in the
preceeding paragraph. Experience with large particle contamination
is discussed in Section A-3.

Development of contamination control procedures for the propellant
valves has been quite effective for fabrication and acceptance test
operations as mentioned above. Care has been taken to eliminate any
internal or external contamination considered to be injurious to the

valve or downstream hardware (injector assembly).

Sources of internal contamination include burrs, Teflon particles
from the valve seat, and foreign particles trapped inside the valve,
Manufacturing procedures of detail parts include special care to pre-
vent burrs. The possibility of Teflon particles from the valve seat
is reduced to a minimum by assembly of the valve and conducting 2,000
break-in actuations with water flow. Subsequent to this break-in
procedure, the valve is disassembled, the seat inspected to a visual
inspection standard, and recleaned before final assembly.

Protection of the valve from external contamination sources is
accomplished by keeping the valve inlet covered at all times, except
during testing. Durihg ail testing where fluids are introduced into
the valve, a 15-30 micron filter is attached at the valve inlet in
piggyback style.

=8
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II. HISTORICAL DEVELOPMENT SUMMARY (Continued)

C.

S

Propellant Injeciui Contamination Problems

The propellant injector of the Apollo SM-LM RCS Engine has experienced
many rejections during acceptance testing due to contamination pro-
blems. However, since the producticiu of the qualification design
configuration began in 1965, no engine functional frilure has re-
sulted from idjector contamination during any of'the test programs,

/ )
|

The injector design contains many propellant paséages which include
fuel cooling for the preignitor and the combustor.

Figure & is a layout of the engine which shows most of the propel-
lant passages., Acceptance tests for the engine include monitoring
the flow from eacﬁ port to verify proper levels. Two types of flow
problems caused bf contamination have been experienced. Individual
ports have been found blocked due to large particle contamination and
and the total preignitor cooling flow has been found to be too low due
to particulate and film type contamination.

\

Prior to developmentkof adequate cleaning procedures for the in-
jector head assembly and adding a screen at'khe valve inlets, several
engines were rejected due to clogging of the fuel preignitor passage
at thé 10 dagree inclhded angle in the 1nsqét assembly. This conical
shaped passage acted ;s a tran for fibers ind subsequently other par-
ticulate contaminacio&, /h‘

’ .l‘ /

[

nggé particle contamiyation of the tnjeétor assembly has been a
problem in a few 1nsta§cea. One such problem was exp:arienced when
a chamber cooling hole baa found partially blocked by a piece of
Teflon. Figure 5 shows the blocked hole and the particle. Other
large pariicle contamination ptoblenb are discussed in Section D,
Engine confaninnciqn problems. :
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avtomatic =114 : —FUEL PREIGNITER TUBE
COIL —t ® K
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_ , / EIGHT INNER RING OXIDIZER HOLES
- ‘ EIGHT MIDDLE RING FUEL HOLES
EIGHT OUTER RING FUEL HOLES

SPRING
DIRECT colL—/ ARMATURE RN N\ &
SEAT ASSEMBLY ‘ /7
. iSULATOR SPLIT RING
INSERT ASSEMBLY ‘
OXIDIZER PREIGNITER TUBE INJECTOR HEAD ASSEMBLY
ANNULUS
FIGURE 4, HEAD AND VALVE ASSEMBLY - MUDEL R-4D ROCKET ENGINE
5-10 Figure 4.
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The most frequeﬁ£i§ experienced contamination problem with the in-
jector assembly has been iow total preignitor cooling flow, This
flow impinges on the outside of the preignitor chamber for cooling
purposes. There are 7 holes which are .0098/.0102 inche~ (these

are the smallest propellait ports in the engine) and one hole .0199/
.0203 inches. Total flow requirements for these 8 holes is 12.5 to
15 percent of the total flow. Failure to meet the required flow was,
in nearly every case, due to a general flow restriction rather

than a blockage of any individual hole. It is believed that film
type contamination and surface held particulate Jps responsible for

the flow restriction. \

Altﬁough experience of this problem indicated a very close line be-
tween comtamination and basic material surfaces, it was found that
additional cleaning of the injector assemblies brought the flows to
within the requireﬁ limits,

\

' Development of the cleaning procedures for propellant passages

eventually resulted in flushing the passages with clean water at

a flow rate of 400 to 1,000 ml per minute while the part is submerged
in an ultrasonic bath for a 5-minute period. This operation is
folliwed by purging.with alcohol and then with Freon under a minimum

pressure of 50 psig. : ;
L i

The abdve flushing opeLations are done in a Litection opposite to the
normal flow direction &nd prior to 1nsta11afion of the preignitor
tubes and the ptopellant valves. When the 1njector is clean, the
preign}tor tubes and previously cleaned and acceptance tested propel-
lant valves are instailed., The complete éosc.bly is then forward
flushed with at least onc quart of Freon through each vaive with
several walve actuationd during flow. This procedure has proved
quite successful as shown by the low rejection rate since requiring
this method of cleaning the injector assembly.

i$= 12
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HISTORICAL DEVELOPMENT SUMMARY (Continued)

D.

Engine Contamination Problems

The following discussion is presented to review engine contamination
problems which have occurred during handling and usage outside of TMC
acceptance test and controlled test programs. Based on the evidence
of the occurrences of gross contamination problems (see examples

below), it became evident that careful control of contamination dur-

. ing assembly and acceptance test at Marquardt was not enough to assure

reliable engine operation free from contamination failures.

An example of gross contamination occurred at TMC during a test of a
monopropellant engine using an Apollo type valve. Failure was ex-
perienced when the engine could not be shut off indicating failure

of the valve to close due to gross contamination or other possible
causes. Investigation revealed a 600 micron (.024 inches) glass
particle imbedded in the Teflon seal of the valve (see Figure 6 photo-
graph). This particle was sufficiently large to prevent the poppet
from closing properly to shut off the propellant flow.

The first significant engine contamination problem which occurred

to an engine delivered to the customer was during check-out of Quad
"A" Engines on Apolle S/C 009 at John F. Kennedy Space Cénter. In-
vestigation of leakage from two of the engines resul;sd in finding
exessive contamination in all four of the engines. The contaminants
were varied in identity including sand, metal, human hair, Teflon,
wood, rutile, RTV rubber, corrosion products, and other unidentified
contaminants, It was concluded that the source of the contaminants
was both internal and external to the quad engine system. Recommended
action of the NASA investigation team included; 1) provisions for pro-
tecting the engines from contamination through the combustor exit bell
during test and check-out; 2) checking engines at all levels of man-
ufacture and test to determine and eliminate the sources of contamina-
tion; and 3) provide filters immediately upstream of each valve to

entrap any internal foreign particles,

5-13
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FIGURE 6. 600 MICRON (0,024 IN.) GLASS PARTICLE INBEDDED

IN VALVE TEFLON SEAL (18X) (IR&D ENGINE TEST)

5«14 , " - Figure 6

1%




RPN v VTN LN TR s

%rquam’f ookt Hatsiidars T~ A-1080

LRI ATION
‘E' Another significaﬁg'contamination problem to a delivered engine
occurred during check-out of Quad "C" engines on Apollo S/C 012

at John F, Kennedy Space Center. An indicated flow restriction in
the #4 engine resulted in returning the engine to Marquardt for
failure analysis. Investigation disclosed that a piece of nylon
plastic (.22 x .23 inches and .0017 inches thick) was lodged at the
cross holes of the fuel preignitor tube and was causing a 22.5%
decrease in the fuel flow (see Figure 7). The plastic material was

'
)

During check-out of a Quad "B" engine on Apollo S/C 020 also at
John F, Kennedy Space Center, the fuel valve of the #2 engine was

( probably from a widely used nylon bag.

found to have excessive leakage. Investigation after return to
Marquardt disclosed that leakage was caused by pieces of white
paint of the type used for striping fittings after proper torquing.
Figure 8 shows phoéos of the paint on the valve Teflon seal and also
e ~on the outside of éhe valve inlet near the area where the paint is

normally used.

Based on the above experiences and other similar occurrences, three
specific actions were taken to protect the engines from contamination
during handling and.uéage operation. First, brotective covers are used
on the exit bell of the engine which provide #onsiderable protection
for inadvertent externil contamination. Second, 25-30 micron filters
, are prévided in the RCS propellant systems uéstream of the engines.

( 3 Third, all engines are being retrofitted wiﬁh a 160 micron strainer
element which is 1nstalled into the valve Lnlet and is an integral
part of'the engine. It is believed that this strainer will prevent
nost,of the injurious lﬂrge particle contamination of the type des-
cribed above from entering the valve or ;he injector.

‘ /

!
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i
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/
o III. EVOLUTION OF CONTAMINATION CONTROL FACILITTES AND PROCEDURES
. “\\

~ .

A. General

With the advent of development of reaction control engines for man-
rated systems at Marquardt, the need for clean rooms and contam=-
iration control procedures became apparent. Three special clean room
facilities have been built and put into use to provide the proper
facili;iea for contamination control. Cleaning procedures, test pro-
( cedures, and handling procedures have been develcped to provide the
required operational con%rol during fabrication a&d acceptance test,
A contamination control committee was established to monitor con-
tamination contrzl activities and provide technical guidance for the

solution of problems as they arise.

B. Clean Rooms at Marquardt-Van Nuys

\

@ . 1. White Room _
A 1,500 square foot, Class 100,000 clean room facility, in con-
formance with Federal Standard 209, is in daily use. This facil-
¢ ity consists of three pressurized and controlled rooms. It in-
cludes an entry air lock; a clothing change area; cleaning, sub-
assembly, anc téstiareas; and a final inséection and packaging
area. Figures 9 thru 12 show one of two Air showers, the cleaning
areﬁ the subassembly and valve test are l and the final inspection
(" and packaging ageag respectively. 7
\\
The ,cleaning area péovides cleaning processes including chemical
cldhning, detergent:waahes, Freon rinséa, and ultrasonic cleaning,
and it has provisions for vacuum, nitrggen, and oven drying.
Illumination at an 1ntensity of 175 foot-candles at the working
level is provided. The air conditioning is controlled to 72°F
with a minimum of 12vchanges of air per hour at a relative humidity
of 45 to 50 percent, and 0.3 micron filters are utilized for maxi-
‘:) mum control of dust particles.

; 9=18
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a 2. Laminar Flow Room

A laminar flow clean room is also available in the assembly
area for such activities as press and shrink fit operations,
engine final assembly and shake down, and engine disassembly
for rework activities. The cleanest part of the room, adjacent
to the filtered air flow source, is used to evaluate samples
for particulate contamination. /a automatic particle counter
is presently being implemented ior counting facility samples.
It is planned that in the future it will probably be wused

for hardware rinse samples as well (present method is in ac~-
cordance to SAE-ARP-598),

This facility includes an entry air lock, a clothing change area,
and a 900 square foot assembly and test area. The assembly

area is equipped with 14 work stations, each with power outlets
and a piping bulkhead., The illumination is 175 foot-candles at
‘E’ working level. The air conditioning provides a minimum room air
velocity of 90 fpm, temperature control at 72°F, relative humidity
at a maximum of 45 percent, and 0.3 micron air filtration through-
out for optimum control of dust particles. Figures 13 thru 15

show the Laminar flow room and some work activities.

3. Acceptance Test Controlled Areas

= Two contgolled areas in the test facility have been developed to
( provide contamination control during acceptance testing. Control-
' led Area No. 1 is used for the assembly of engines to the test
stand, including attachment of filters to protect the engine, and
processing of the engine after the burn test in preparation of
postburn acceptance testing. Controlled Area No. 2 is used for
preburn and postburn acceptance testing of the reaction control

engines and has also been used for valve acceptance testing.

5-23
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Figure 16 shows an engine assembled on a thrust stand waiting
just outside the contfolled area No. 1 before going to the

test cell for burn acceptance testing. In addition to facility
filters, 15-30 micron filters are installed directly to each valve
inlet. These "hot fire" filters are removed during the postburn
test and replaced. The"hot fire'' filters are rinse-tested to
verify that adequate protection existed during the burn test.

‘i'ﬁen engines come back to controlled area #1 after the "hot
fire" test in the cells, they have considerable contamination

- on the external surfaces which at times was carried into the
_.controlled area #2 where postfire tests are conducted. To resolve

this problem, a Lady Kemmore dishwasher was modified and put into
controlled area #1. When the engines are removed from the thrust
stand, they are placed in the washer and the external surfaces
cleaned with d}:stilled water., The engines are subsequently dried
in a vacuum oven before entering controlled area #2 for postburn
testing. |

Controlled area #2 is a 1,200 square foot; Class 100,000 clean

voom facility in conformance with Federal Standard 209. This room
consists of an air lock entry which also serves for changing clothes,
a large test room, and a room for oven drying and packaging. Figures
17 /thru 19 show the test area of the room including the instrumenta-
tion, Laminar flow benches, ai. the flow bench. The air conditioning
is controlled 72‘? with a minimum of 17/ changes of air per hour at

a relative hm:l.diq"‘r of 70 percent maximum, and 0.3 micron filters
are utilized for maximum control of d/us:; particles.

Several original iq‘:rovements to these controlled areas have been
implemented as indicated below:

a. During preburn of head and valves in controlled area #2, there
was a need for a quick, easy way to remove orifices from the
valves witu.out contaminating or damaging the unit. To accomplish

5-27
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this task, a vacuum line was plumbed to the bench with

a small nylon nozzle attached to a stainless flex hose.
When the vacuum was turned on, the orifice was very easily
plucked from the solenoid valve. This method not only
removed the orifice, but removed any possible contamination

at the same time.

b. A vacuum hose was installed on each bench to allow the
operator to vacuum his person as well as clean any con-
tamination from the work station before installing any

hardware on the benches.

c¢. Wheels were installed on the chairs in the controlled areas
to allow the operators more freedom of movement while
operating the test benches. Also, this helps to eliminate
extra maintenance on the floor that occurred from sliding

the chairs on it,

Cont: zinaction Control Procedures

The primary document which controls the cleanliness of RCS hardware
at Marquardt is a Materials & Process Specification (MPS-210),
“Cleanliness Requirements for Reaction Control System Engines'. This
specification defines the requirements for the clean rooms, influent
system filtration, particulate contamination limits for influents and
hardware, nonvolatile residue (NVR), packaging, and contamination
monitoring methods. In addition, this specification contains ap-
pendices which define specific requirements for filters, clean room

operation and control, and cleaning procedures for RCS hardware,

Other related documents have been prepared which also assist in the
control of contamination. Procedures exist for the operation and
control of the controlled areas in the test facility. Packaging
specifications exist for RCS engines. Also, other detailed pro-

cedures exist for some of the cleaning and assembly operation.

5-32
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@ D. Contamination ébntrol Committee
A contamina*tion control committee was established as an integral
part of the contamination control program at Marquardt. This
committee is considered an essential part of the Marquardt aerospace
production operation. The committee consists of representatives from
Manufacturing, Engineering, Materials & Processes, Test, Quality
Assurance, and Reliability with the reliability member acting as

chairman,
]

General responsibilities of this committee include:

1. The committee is to review the program requirements for con-
tamination control facilities with recommendations being sub-
mitted to Plant Operations and Program Management,

i
2, Coordination between all departments, with respect to equipment
. contamination control, is a responsibility of the committee
with the members of the committee being responsible for con-
tamination control in their respective departments.

3. The committee is to secure and exchange information between
members t) minimize duplication of woric and facilities. This
information is to be consistent with the state-of-the-art as
favailable throu!gh recognized technica’f society activities, govern-

s ment technical orders and MIL standards.

4, The duties of the conmittee include the following additional

‘actions to assure the control of contamination:
u/ .\ I/
Review customer requirements related to contamination.

Review of product design d:#winga.

Review manufacturing processes related to contamination

O control .

5-33
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Review manufacturing facilities design as related to
contamination control,

Review test facilities design as related to contamination

control.

Review (est department procedures as related to con-

taminstion control.

Review process specifications as related to contamination

control.

Provide educational program to maintain and improve
workmanship in the contamination control areas.

5-34
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I. INTRODUCTION

In the design of a spacecraft reactiou control system (RCS) utilizing
liquid propellant engines, the coupling of the engine to the propellant feed
system is of paramount importance. When the engine "on" times are imn the
order of milliseconds and/or multiple engine firings are required, the feed

( system pressure may never reach a quiescent value and the system must respond
to the engine's demand instantaneously and predictably.

This chapter discusses the system dynamic characteristics that should be
considered in the design of the RCS. A review of the salient dynamic charac-
teristics of the feed system - engine interaction is given in Part 1,

Part 2 describes the results of the Apollo Lunar Module (LM) Reaction
Control system tests, whercin the system dynamic effects discussed in Part 1
are exemplified by test results.

!
@ _ II. PART 1 - ENGINE - SYSTEM INTERACTION
A. Propellant Feed System Dynamics

When an engine valve is suddenly closed or opened, the flow rate of the
propellant in the line is decelerated or accelerated and acoustic waves are
created in the propellant line. The magnitude of the compression wave caused
by the at: ..t closing of a valve, or the rarefaction ciured by abrupt opening,
is influeaced by the properties of the propellant and physical characteristics
of the propellant lines. This phenomena is commonly referred to as "water
hammer". ; :

i ! I
The sudden éloaure of an engine valve increases the pressure just up-
stream of the valve and this pressure propagates upstream through the lime at
{ the local speed of sound. The increase in pressure is proportional to the
arrested velocity of flow and to.the speed of propagation of the pressure
wave. The maximum pressure increase m2y be expressed as follows:
5 V¢ /
& = f '; / (1)

[

‘

4

Where . \
&P = pressure increase (1b/ft?)
= arrested flow velocity (ft/sec)

o

= speed of sound in propellant (ft/sec)
= propellant density (lbm/ft )
= gravitational constunt (32.2 ft/sec2)

Q

6-1
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The increase in pressure expressed in Equation (1) will be attained only
in the case where the valve closure time is less than one cycle of the pres-
sure wave, where the cycle time is a function of the plumbing geometry and
speed of sound.

The speed of sound in the propellant can be expressed as follows:

.

1
¢ 8 (.l; 4 l_)c._l. @
g K BbE
Where

C = speed of sound (ft/sec)
K = propellant bulk modulus (1b/ft?)
D = inside diameter of line (ft)
E = elasticity of line (1b/ft?)
b = wall thickness of line (ft)

C; = dimensionless constant determined by the type of support
provided to the line. For lines anchored against longi-
tudinal movement ihroughout its length C; = 1 - W2, where
b is the Poisson's ratio of the line material.

Table I presents typical numerical exampies of Equations (1) and (2).
For the bipropellant example shown, it will e noted that owing to its higher
flow rate, the oxidizer will experience higher pressure fluctuations than
the fuel.

TABLE I v

TYPICAL MAXIMUM WATER HAMMER PRESSURE

Stainless Tubing: OD = ,375" b = .020" /7
Flow, w (at 77°F): W, = .222 lb/sec, Wy = .111 1b/sec

Oxidizer Fuel

% N204 50% UDMH-507% NaHy
Speed of Sound (ft/sec)| 2,460 3,460
Maximum Increase in 196 134

Pressure (AP) psia

Under comparable conditions the rarefaction wave caused by the sudden
opening of a valve are smaller in magnitude than that expressed by Equation
(1). Figure 1 represents a typical time history of the feed cystem pressure
of a bipropellant engine during a 50 millisecond pulse. The behavior of the
‘uel and oxidizer pressures during engine valve opening and closing are clear-
iy indicated in this figure. The damping of the cyclic behavior of the feed

6-2 -
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system pressure is caused by friction and fluid damping. In a typical RCS in-
stallation the propellant lines feeding the engine take a number of turns
(bends) and changes in cross sectional area, these impedance changes all af-

fect the wave propagation of the distributed flow. A detailed treatment of

the pressurc-time transient associated with both the valve closing and opening
are presented in References 1 and 2.

The pressure oscillations of the water hammer phenomenz affect the per-
formance of the system in @ number of ways. Among them are:

® The time nqulred to reach full flow after engine vnlvel are opened

is increased. :

@ The time required to reach system steady state pressure is delayed
when engine valves are closed.

® The performance of other enginél utilizing the same propellant feed
avstem is affected.

@ Components within the feed system are etressed.
© Creation of gas bubbluland vaporization of propellants are possible.

b System Natural Frequency

In addition to the water hammer disturbance created by the opening and
closing of the exgine valve there is an inherent natural fréquency of the
propellant feed system. This low frequency phenomenon is associated with the
elasticity of the propellant line and compressibility of the propellant.
Essentially the system reacts to an applied disturbance as a simple spring-
mass syetem., In this analogy the spring constant is an inverse function of
the propellant coq»rentbtlity.. The natural f{requency can be expressed as
followe:

!

i
'
‘

I .’ I%TV'_LW-T / 3)

IM(‘+-—A g

. : bE
Where \ '

fn, = natwral frequency (cps) /
2 = oquivnleut lcngth of line (ft), for varying cross section

A
1 -
Ll.*l.zA2+L A2+°"LuA
A = nominal cross sectional area of line (ft )
. ¥ = equivaleat mass of propellant in line (1b leczlft)
The mass of a given system remains essentially constant. However, the

compressibility may very with the amount of pressurant (gas) ingested in the
propellant or present in the form of bubbles. Data relating to the change in

6-4
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system natura! frequency by pressurant ingestion are discussed in Part 2 of
this chapter. .

C. Duty Cycie Influence on Feed System Dynamics

A pressurized propellant feed system for typical spacecraft reaction
control system application usually provides propeliants for a muitiple of
engines. The pressure oscillations in the feed system created by a single
engine firing will affect the performance of other engines which are subse-

~quently fired if they are in close proximity to each other and fired at rapid

repetition rates.

As an example of the number of engine firing combinatione that might oc-
cur in a given mission duty cycle, a simple system with two engines firing
from the same propellant source was examined. Assuming that the firing of
the individual engines may occur in either a fixed pulse mode (fixed fre-
quency) or steady state (firing time of greater than onc seccnd) and with
the possibility of eitlier engine being (i) not fired, (2) fired in phase,

(3) leading, or (&) ligging, thirty-two (32) different start and shut down
transients can be attained as lllustrated in Figure 2.

When the number of engines fired from a common feed system increases
and the frequency cof pulse operation of the individual engines are varied an
infinite combination of feed system pressure changes are possible. For bi-
propellant feed system extreme care must be taken so that the engine mixture
ratio is not adversely affected during these pressure fluctuations.

Further, impulse variations and the poesibility of attaining no response
or zero impulse should be examined when severe duty cycles are imposed on the
system. The sensitivity of the engine to lead and lag by either the oxidizer
or fuel should also be examined. .

Sizing of the propellant lires to minimize these transients is extremely
important. The use of cavitating venturis and accumulators have been sug-
gested when system designs have precluded line size changes and precisely
controlled impulses are required.

D. Pressurant Saturation of Propellant

The saturation of the propellant by the pressurant plays a dominant role
in the stability of a liquid propellant feed system. In feed systems that
utilize permeable bladders, the solubility of the pressurant with the propel-
lant must be considered. It has been chown that during long storage periods
complete saturation of the propellant is possible. 7T.e dominant factors ai-
fecting saturation are pressure and temperature (Refercnce 3). Since the
solubility of the pressurant gas increases with pressure, the subsequent drop
in pressure that accompanies propellant flow into the engine could release
the pressurant from soluticn forming a two-phase compressible mixture. As a
result of this out-gassing the bulk modulve of the feed system is decreased

6-5
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and the natural frequency of the feed system will change from a '"hard'" system
to a "soft" system.

For bipropellant systems utilizing nitrogen tetroxide (N204) as the oxi-
dizer and a 50-50 blend of unsymmetrical dimethyl hydrazine (UDMH) and hydra-
zine (N2H4) as the fuel, the solubility of the pressurant in the fuel is
considerably less than in the oxidizer.

II1. PART 2 - LUNAR MODULE REACTION CONTROL SYSTEM TEST

A. Introduction

The Marquardt Corporation under subcontract to the Grumman Aircraft Engi-
neering Corporation of Bethpage, Long Island, New York conducted system tests
of the Apollo Lunar Module (LM) Reaction Control System (RCS). These tests
were conducted during the period of August 1964 to December 1966. The de-
velopment and design verification test of the system were conducted in three
phases, namely; (1) preproduction, (2) production, and (3) design verification
tests., During each progressive stage of development the system was upgraded
with design changes and refinements in both hardware and operational pro-
cedures. The final design verification tests utilized components that were
completely qualified for the lunar mission.

All modes of operation which will be used in the spacecraft mission were
simulated repetitively to determine performance criteria and margins. Coupled
with the testing of the system was the evaluation and development of support
procedures such as propellant filling, priming, purging and decontamination
of the system. ’\

The LM system tests were conducted at Marquardt's 'Magic Mountain test
facilities at local baromutric pressure. The system test configuration was
spatially identical to that of the ultimate flight vehicle (viz. system
propellant lines were identical in size and routed in the same manner as on

the vehicle). j . 1 ,
5 } '
B. System Description and Function /

The Lunar Module reaction control system shown in Figure 3 is composed
of two identical’ independent systems (Systems A and B). Each system contains
identical helium pressurization and propellant feed compcnents, together with
associated valves and lines necessary to deliver propellants to the bipropel-

lant engine assemblies. The propellants utilized in the system are nitrogen
tetroxide (Ny0;) as the oxidizer and 50% UDMH - 50% N2H4 as the fuel with a

nominal operating mixture ratio (0/F) of 2,0. A schematic of the system is
shown in Figure 4. i ’
Sixteen identical Marquardt 100 1b thrust R-4D engine assemblies are ar-
ranged in clusters of four and mounted on four outriggers at the corners of
the LM vehicle, Spatially, the clusters are located at the corners of an ap-
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proximately 11 foot square around the LM ascent stage. In each cluster two
engines are mounted parallel to the vehicle '"X" axis, but facing in opposite
directions (one emgine faces up, the other down). The other two engines are
mounted in a plane normal to the '"X" axis and spaced 90° apart. The center-
line of one engine parallels the vehicle "Y'" axis; the centerline of the
other parallels the "Z" axis (Figure 3). Two of the engines in the cluster
are supplied propellants by System "A'"; the other two by System "B". Norm-
ally, both systems are operated together, but the arrangement of the engines
is such that complete control is all axes is possible despite a failure in
either system.. The system also has the capability of crossfeeding between
System A and B. Im the event of upstream failure or propellant depletion in
either system, the normally closed crossfeed valves may be:opened to connect
the propellant manifolds of Systems A and B. Further, an ascent interconnect
valve, which connects the RCS propellant manifold to the Ascent Propulsion
System (APS) propellant supply is provided to utilize APS propellants for RCS
operation.

The RCS performs the following function on the LM vehicle:

1. Provides thrust impulse to stabilize the LM during descent and
ascent. \

2. Provides thrust impulse to control the vehicle attitude and trans-
lation during hover, landing, rendezvous, and docking maneuvers.

3. Provides neceisary thrust impulse to accomplish the LM/Service-
Command Module separation maneuver.

4. Provides mecessary thrust impulse to-accompliéh acceleration for
ullage settling for the descent or ascent propellant storage tanks,
when required.

C. System Operation

!
\ j
: !

Gaseous helium is stored at a nominal pressure of 3050 psia at 70°F in
two spherical tanks. Each independent system (Systems A and B) contains one
helium tank and 2 set cf pressurization components. Upon activation of para-
llel squib valves the precsurant flows thiough a filter to the system's
series redundant pressure regulator. The regulator maintains a nominal sys-
tem pressure of 182 psia. The regulated pressure is branched to the gas side
of the oxidizer and fuel tanks through quad redundant check valves, which pre-
vent mixing of propellants or propellant fumes in the upstream helium pressur-
ization manifold. A burst disc and relief valve assembly is provided at each
tank to prevent system overpressurization. Teflon bladdered propellant tanks
feed pressurized fuel and oxidizer through main line latching solenoid valves.
The main line valves are normally open, but can be closed in pairs (fuel and

oxidizer) to isclate theugropellant tanks of one system (A or B) in case of
upstream malfunction or when the RCS is operating from the Ascent Propulsion

System. All of the aforementioned tanks and components are modularly mounted
as an assembly with two modules requirad per vehicle.

6-10
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Each tankage module supplies propellants for two engines on each of the
four engine clusters. Propellant flow from the main line valves are branched
to the four corners of the LM vehicle where the engine clusters are located.
Each propellant line (total of four) to the engine cluster assembly has a
latching °olenoid valve and filter before the flow from these lines are
branched to two of the engines. The latching solenoid valve, which is norm-
ally open, permits isolation of engine pairs should 2 malfunction occur down-
stream of the valve. As shown in Figure &, pressure and temperature trans-
ducers are strategically located throughout the RCS to monitor its performance.
ruotographs of the Design Verification Test (DVT) setup are shown in Figures
5, 6, and 7.

D. Engine Data Correlation

Prior to installation of the enginre in the system, each engine was fired
in a thrust stand in both the pulse and steady state mode to obtain necessary
correlation between measured thrust and chamber pressure. These correlations
were required to determine thrust and/or impulse during the system tests since
the system installation would yield no thrust measurements. The single engine
thrust stand firing was conducted at both altitude and sea level conditions
since the system testings were conducted at local ambient. Table II presents

<:’ a summary of the equations used to correlate this data.

During steady state firing in the single engine test stand the engine's
thrust coefficient anc specific impulse were computed from measured thrust,
chamber pressure and propellant flow. For pulse operation the integrated
values of thrust and chamber pressure together with flow rate dats were used
to compute a correlation factor (Cyac) to determine specific impulse and im-
pulse at specific pulse widths. Once the engines were installed in the sys-
tem, performance of the engine was monitored by measuring chamber pressure.

A photograph of one of the engire cluster assemblies installed in the
system is shown in Figure 8. The expansion bells of the engines were removed
since they were not functionally required for sea level tests and to facili-

tate cluster handling. - . //’

~—

E. Summary of Tests

Table III presents a summary of the total system propellant exposure time
and engine firing summary for the LM reaction control system tests described
herein.

A summary description of the type of tests and their principle objectives
are shown in Table IV. Item 3 through 8 of Table IV entailed engine firing
either in the steady state and/or pulse mode. The pulse width in the pulse
mode varied from 10 to 200 milliseconds with varying off times. The maximum
number of engines fired at any one time in a given system (A or B) was six.

6-11
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TABLE II

CORRELATION OF CHAMBER PRESSURE
WITH THRUST & SPECIFIC IMPULSE

SINGLE ENGINE ALTITUDE TESTING SEA LEVEL SYSTEM TESTING
 THRUST _Fuac - Fm+PeerL Ae Fyac = CFyae Poss + Pey) Ay
s STEADY | “Fyac ™ PoAr  WPcy * PeeLl AT vAc = CFyac Pom + Ps) Ay
{. STATE .
: _[rae M, 4+ p Ar At &
PULSE cVAc-f ='M * PcerL A vac = Svac chM‘HPSL At
chdl fPCMdt -+ PCELLAt !
® SPECIFIC c +
IMPULSE IsPyac =T VAC = Fm * PceLL Ag I5pyac =—FYAC (Pey + Psy) Ar
STEADY Wp Wy . Wp
- STATE
O v - Jra [[re, et Ai
PULSE IsPyac = =" / ' ISPyac = Cvac L Ci SL
o fipa Vo
SYMBOL SCRIPT
Ap = EXIT AREA (INCHES?) M. = MEASURED
Ay = THROAT AREA (INCHES2) VAC = VACUUM OR SPACE CONDITION
. Cr = THRUST COEFFICIENT
( c - PULSE CORRELATION FACTOR(INCHESZ)
F = THRUST (POUNDS)
I, = IMPULSE (POURD-SECOND)
Igp = SPECIFIC IMPULSE (SECONDS)
Wp = PROPELLANT MASS (POUNDS)
Wp = TOTAL PROPELLANT FLOW (POUNDS)
At - MEASURED PULSE WIDTH (SECONDS)
Pc = CHAMBER PRESSURE (PSIA)
PcpLy = MEASURED CELL PRESSURE (PSIA)
Pg;, = MEASURED SEA LEVEL PRESSURE (PSIA)
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TABLE III
LUNAR MCDULE RCS SYSTEM TEST SUMMARY

I. PROPELLANT EXPOSURE TIME

ﬂ
— SYSTEM EXPOSED SYSTEM PRESSURIZED
i TO PROPELLANTS (182 PSIA)
PRODUCTION SYSTEM 78 DAYS 35 DAYS
DVT SYSTEM 33 DAYS 24 DAYS

II., ENGINE FIRINGS

VINBOUIIYD ‘SANN NYA /ﬁmlguﬁnbj-gW
» FL7

TOTAL NUMBER |TOTAL ENGINE §MAXIMUM SINGLE ENGINE FIRING
TEST OF STARTS FIRING TIME |NUMBER OF  FIRING TIME
(SEC.) STARTS (SEC.)
PRE-PRODUCTION| 18,618 8,903.21 4,353 1,407.92
PRODUCTION '+ 564667 8,255.68 11,860 1,591.73
DVT 23,176 b 3,764.15 5,324 607.37

0801~V




TABLE IV

SUMMARY OF APOLLO LUNAR MODULE REACTION CONTROL SYSTEM TESTS

TEST TITLE

TEST OBJECTIVE/TASKS

REMARKS

1.

System Checkout

Verify system cleanliness and leakage
check functional check of valves and
transducers calibration

Cleanliness evaluation entailed flushing
complete system with Freon until particu-
late count was within specified limits.

2.

System Operating Procedures

Helium fill and vent, propellant fill
and vent, system securing between
tests

System Actuation

System prime - baseline engine
performance firing

Measured pressure transients during
system prime. Each engine fired in both
steady state and pulse mode to establish
individual baseline performance

Control Events

Firing of engine couples, translation
maneuvers and engine pair firings

Evaluation of multiple engine firing
performance

5.

Duty Cycle Tests

Complete mission duty cycle firing
including pressurized 48 hour hold
period (simulating lunar stay). Am-
bilent test provided basis of com-
parison for subsequent high and low
temperature test

Propellant consumption and expulsion
efficiencies were measured and computed

Off Design Operation

" Verify system performance at high and

low mixture ratio and high and low
regulated pressure

Effect of valve response, ignition delay
and chamber pressure levels were examined!|

7.

Crossfeed and Ascent Interconnect

Verify system performance by opening
crossfeed valve,ascent interconnect-
ed valve and utilizing propellant from
either sll A or B system

8. Failure Mode Operation

Nondestructive test simulating engine
valve fallures. Operation of system by
manual control

Cluster isolation valve of simulated failed
engine were closed, thereby closing off

propellant supply to engine.

Decontanminat ion and gxamination

Decontaminate systsem and remove system
apsemblies/components for evaluation of
contamination,wear or deteiioration

Freon TF and Isopropyl alcohol were used
as decontaminates of oxidizer and fuel
system, respectively. After flushing less
than ten parts per million of propellant
concentration was found in flushing fluids

it L ot s LS e i e
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Figure 9 presents typical chamber pressure transients for one of the en-
gines during pulse firing. Figure 10 presents the integrated chamber pressure -
and total impulse for ti.e same engine plotted versus pulse width. During all
pulse runs the first and third pulse was analvzed since the first pulse of a
given pulse train is less efficient. This inetficiency is primarily due to
the fact thet the first pulse of a pulse train wust fill the cavity of the
injector between the engine valve and point of injection (this cavity is
usually referred to as dribble volume) and energy transfer in the combustion
chamber. It is evident that the third pulse is considerably sharper than the
first and the rise time to nominal chamber pressure is approximately five
milliseconds faster for the third pulse than the first. |

|}

Figures 11 through 14 present typical time histories of measured
propellant manifold pressure during engine start up and shut down for single
engines fired in the A system. Referring to the schematic of Figure 4, the
transducers that measure these manifold pressu._es .re approximately 30 inches
upstream from the engine valve. As expected, the manifold pressure closest
to the engine being fired experiences the largest transients and the oxidizer,
owing to its higher density and weight flow, experiences larger pressure fluc-
tuations. From a nominal pressure of about 175 psia the start transient, as
measured at the manifold ¢’ the engine being fired, is characterized by a fall
in pressure down to approximately 100 psia in 5 milliseconds followed by a

<:} rise tc 200 to 250 psia, 10 milliseconds later. The engine shut ofi is
characterized by a water hammer pressur: maximum of about 300 psia which
occurs within 5 milliseconds after engine shut down.

¢ It can be noted in Figures 11 through 14 that after the initial opening/
closing transient has subsided a fundamental frequency is imposed on the sys-
tem, which is the system natural frequency discussed in Part 1-B. The fre-
quency of this oscillatinn is highly dependent on the degree of pressurant
saturation in the propellant and temperature of the propellant. The lower the
frequency the "softer the system. For the system tested the calculated
frequency for a "hard" or degassed system was 23.5 cps for the fuel and 17.1
cps for the oxfdizer. Measured values of frequency were in excellent agree-
(‘ ment vith those calculated and it was observed that as the system remained
pressurized the system tended to become softer and reached frequency values
of approximately 21 cps and 10 cps for the fuel and oxidizer respectively.
The change in frequency was gradual and System A's change did not necessarily
follow System B's. No attempt was made to measure ‘the amount of saturation,
but monitoring of the manifold pressure olcillogreph traces indicated a
gradual change in frequency.

\ /
/
\ /
F. Control Events Tests \ /

Control events tests werc conducted to determine system performance dur-
ing normal mode of engine operation that simulate firing conditions antici-
pated in vehicle control maneuvers. Engines were fired in couples in both the

<:> steady state and pulse mode. Engine pairs (engines located in the same clus-
ter, fed by a common propellunt source) were also fired during this test
sequence.
! 6-19
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The firing of engine couples indicated that the initial transient of
chamber pressure is affected by the location of the-supply tankage. If the
tankage to a parcicular engine is located far from the engine the initial
chambe. pressure rise is followed by a lower drop in pressure before recovery
to its steady state value. Tablz V presents typical integrated chamber pres-
sure data for engines of System A when fired as a couple at different pulse
width. Also shown on the table, for comparison purposes, is the integrated
chamber pressure of the engine when fired as a single engine in the system.
The loss of impulse for engines located furthest from the supply tankage

{ (Engines 3S and 4D) may be noted in Table V. The decrease in impulse is
L primarily attributed to the behavior of the initial transients; as the engine

couples are fired for longer periods of time (2s in the case of vehicle trans-
lation maneuvers) the percentage change in impulse is less.

Figure 15 presents the chamber pressure time history of an engine pair
firing. Both engines are fired simultaneously with one engine shutting down
after a one second on time while the other engine continues to fire. The
start transient of both engines are identical; upon shut down of one of the
engines a slight rise in the second engine's impulse is noted. Figure 16
illustrates two engines firing steady state, one engine starting and stopping
during the operation of the second. The drop off and rises in chamber pres-
sure as the second engine is fired and shut down is clearly indicated in this

° figure, both transients are damped out within 10 milliseconds. Figure 17
illustrates the behavior of the same set of engines when the second engine is
pulsed for 20 milliseconds, rather than fired at steady state.

Figure 18A illustrates the behavior of an engine pair when a pulsing en-
gine leads an engine firing steady state. Figure 18B illustrates a case
where the same two engines are fired simultaneously with one engine pulsing
and the second engine firing steady state. For the same pulse width the
affect of imposing a transient during the pulse on time is clearly evident in
the chamber pressure trace of Figures 18A and 18B.

Figure 19 illustrates the affect of pulsing a second engine for 50 milli-
('. seconds, 25 milliseconds after the first engine has fired. The expected de-
' cay and rise in the first engine's chamber pressure can be noted in the

figure. Of particular interest is the fact that the impulse (chamber pressure)
of the first engine is increas.d during the entire period that the second en-
gine is fired. Phenomena of this type are extremely difficult to predict
analytically and often difficult o repeat experimentally. The time phasing
of the seccnd engine's "on" comménd cupled with oscillations that are present
ir the prop=2llant feed system will provide a different value of impulse re-
spouse for the same pulse width., 1In some instances both engines will reach
the same pressure level; in other cases one engine may partially starve the
other. Through experimental verification these phenomena should be categorized
to establish a tolerance band on pulse repetition rate and mode of operation.
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TABLE V
COMPARISON OF INTEGRATED CHAMBER PRESSURE
WHERE ENGINES ARE FIRED SINGLY AND IN COUPLES
ENGINE IF 2D 3s 4D
PULSE | ENGINES | (p 40 |COUPL porat.| [pcae | |roraT. | fp_ac | COUPL+| gorar.| [Peae [COUPE- [rorat.
WIDTH | pIRED ¢ WITH | ooyt + |WITH | ooyt c WITH ABOUT WITH | oouT
m-sec., psi-sec.| ENG.. psi-sec. |ENG. psi-sec. | ENG. psi-sec. |ENG.
SINGLE 0.65 0.54 i 0.65 0.54
13 COUPLE 1] 0.458 | 2D -Y 0.340 | 1F -Y 0.300 4D +Y 0.314 | 38 +Y
COUPLE 2| 0.617 | 4D -2 0.567 | 38 +2Z 0.470 2D +2Z 0.486 | 1F -Z
SINGLE 1.068 1.61 1.66 4
25 COUPLE 1 1.597 2D -Y 1.456 1F -Y 1.372 4D +Y 1.356 38 +Y
COUPLE 2] 1.614 | 4D -Z 1,521 | 38 +7Z 1.459 2D +Z 1.394 | 1F -Z
SINCGLE 4.14 4.07 4.01 : 3.98
53 COUPLE 1 3.909 | 2p -Y 3.804 | 1F -Y 3.567 4D +Y 3.603 38 +Y
COUPLE 2 4.070 | 4D -Z 3.919-1 38 +Z 3.772 2D +2Z 3.692 1F -2
SINGLE 7.66 7.63 7.37 7.48
93 COUPLE 1] 7.617 ] 2D -Y 7.466 | 1F -Y 7.297 4D +Y 7.245 | 38 +Y
COUPLE 2| .7.783 | 4D -Z 7.575 | 38 +2 7.464 2D +2Z 7.39F | IF -Z
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CHAMBER PRESSURE TIME HISTORY

( SIMULTANEOUS START OF TWO ENGINES AND SHUTDOWN OF ONE ENGINE)
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G. Duty Cycle Tests

‘ -~ A duty cycle test was conducted to verify proper operation of the reac-
tion control system during a complete mission simulation. The duty cycle
tests were conducted at ambient hardware and propellant temperatures. These
tests also provided & basis of comparison for subsequent high and low tempera-
ture tests in the measurement of propellant consumption. The duty cycle test
was conducted in two phases: the initial portion consumed approximately one-
fourth of the system's propellant and the second portion, which was preceded
by a 48 hour hold period (simulating lunar stay), consumed approximately one-

( half of the system's propellant.

: The Design Verification Test (DVT) duty cycle test consisted of 13,299

; firings and an accumulated firing time of 1,289.522 seconds. The duty cycle
consisted of engine firings of 59 different pulse widths ranging from 0.013
to 4.980 seconds duration.

Propellant consumption for the duty cycle tests were computed by three
different methods. They were:

¢
i
"
A

|
'
§
.?\4
,‘.
€
:
1
g.
:

1. The propellants were loaded into the system by filling tanks of
known volume, temperature and ullage. After the completion of the

‘5’ test, the remaining propellants were drained from the tanks and
weighed and substracted from the loaded amount to yield a "measured"
consumption,

2. The propellant consumption was computed from the known duty cycle.
By utilizing the average specific impulse and total impulse of the
R-4D engine, as shown in Figures 20 and 21, the pulse width and
number of firings were summed to yield the propellant consumed.

3. By monitoring and measuring the initial and final helium supply
pressure and temperature and relating the change to an equivalent
volumetric change in the propellant tanks, the propellant consump-
tion can be computed (PVT method).

Ideally, the use of any of the above methods should yield propellant con-
(" sumpt ion with reasonable accuracy. Figure 22 represents a plot of method (1)
and (2) for various duty cycle tests conducted during the DVT test. The data
show reasonable agreement, with a maximum data point discrepancy of 4.0 1lbm
of fuel. Figure 23 shows the comparison between method (1) and (3). Data
scatter of a maximum of 15.9 lbm of oxidizer less than the '"measured" is evi-
dent in this plot. The PVT method is subject to a number of built-in errers.
These consist of measurement accuracy of pressures at 3000 psia, helium leak-
age from the system, behavior of the gas as "non-ideal" and variable pressurant
tank volume as a function of pressure decay. The data presented in Figure 23
assumed that the propellants were saturated with helium prior to the start of
the test (if helium saturation did not occur, an error of 2% would be intro-
duced in the final computation). The data was also corrected for l.akage
(when known), temperature, compressibility and volume distribution into the
propellant tanks (based on O/F determined from "measured" data).
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Throughout the entire test program the RCS propellant tank module,
valves and lines were enclosed in a plastic tent to maintain a clean environ-
ment for all components. For the high and low temperature system tests the
entire tent temperature was maintained at an equilibrium temperature of 100°F
and 40°F respectively. Propellant consumption data obtained from the high
and low temperature are inciuded in the plot of Figures 22 and 23 and show
excellent agreement with theoretical density change.

H. Off Design Operation

The objective of this series of tests was to investigate th~ perform-
ance of the LM RCS whe. off denign conditions were imrosed. The tests in-
cluded overation at:

1. High (32 V d-c) end low (20 V d-c) engine solenoid valve voltage

2. High ar? low mixture ratio. The propellant tank pressures were
purposeiy changed to yield an O/F ratio of 1.8 and 2.2,

3. High and low regulated inlet pressures. Fuel and oxidizer tanks
were pressurized at 150, 180, and 240 psia.

Engine valve resporse and ignition delays were thoroughly documented
during the high and low voltage tests. At low voltage the engine valves
characteristically opened slower and cloced faster and at high voltage the
reverse was true. At a voltage level of 20 V d-c and a 10 millisecond pulse
essentially no impulse was derived.

Results of the high and low mixture ratio tests corresponded to the
theoretical performance of 50-50 UDMH-NH4/N2C,. An approximately 5.5% de-
crease in integrated chamber pressure was noted over the 1.8 to 2. 2 0/F mix-
ture ratio range for a 100 millisecond pulse.

Figure 24 represents typical third pulse results of the hl;h and low re-
@:lated pressure tests. A decrease in impulse is evident by lowering the
system pressure. Figurs 25 {llustrates the magnitude of thc steady state
chamber pressure at the three supply pressure levels.

1. (Crossfeed and Ascent Interconnect Tests

System crossfeed tests were conducted by operating all of the system en-
gines from a single propellant source (A or B). The crossfeed was accom-
plished by closing the main line shutoff valv. [just downstream of the pro-
pellant tank) of the system (A or B) which is deactivated and opening the
crossfeed salves. Ascent interconnect tests were similarly ccaducted by
opening the &scent interconnect valve.
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Throughout the crossfeed and interconnect tests various combinations of
engine couples, translation maneuvers and engine pairs were fired to simulate
worst case propellants manifold pressure dynamics., Multiple combination of
leads and lags were also imposed on the engine by varying pulse frequency and
pulse width., The documented data exhibited no adverse results.

Je Failure Mode Operation

These tests were designed to investigate the system performance during
failure mode events. The areas invustigated were:

1. The engine fails to shut off and the oxidizer and fuel cluster
isolatiom valve are closed to the malfunctioning engine pair.

2. The engime oxidizer valve fails to shut off when an engine run is
terminated and the oxidizer cluster isolation valve is closed to
the malfunctioning engine.

3. Manual switching of the engine to obtain "short-as-possible-on~time".

All of the above tests were succeeefully accomplished. When tle engines
are shut off by the cluster isolation valve, the chamber pressure reiachzs ame
bient in approximately one second. Because little fuel is availlable for re-
action, the closing of the oxidizer isolation valve (Item 2 above) produces a
chamber prcssure which decays within 0.06 seconds.

The manual operation of the engines was accomplished by two different
circuitry. One method required a single depression of a switch using the .
engines automatic coil. The "on-off" time of the pulse in this instance was
a function of the (lectronic switchirg circuit. On times of .064 to ,102
seconds were obtained by tuis method. Another method by which the engines
were operated manually was through the engine's secondary (or manual) coil.
The operation in this mode requires the operator to depress the switch twice,
once for "on" and another for “off". The response of this method is a
function of the operator's .eaction time and switching circuitry., On-times
of 0.197 to 0.350 seccads were obtained by this method. /7

{
I
/

K. Decontamination and Examinat ion

Upon complet fon of the firing tests the RCS was flushed with decontamina-
tion fluid to make the system safe for subsequent disagsembly and examination.
The decontamination fluids used were Freon TF for the oxidizer and isopropyl
xlcohol for the fuel systea. Briefly, the decontanination procedure consisted
of:

1. Purging the propellant tank and system lines of residual propellants
by purging them through the engines with helium gas. Propellants
were purged individually. :

2. Lloading the profoltlnt tanks and lines with decontamination fluid end
allowing the fluid to remain in the system for at least 30 minutes.
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3. The decontamination fluid in -he tank was drained and the tanks were -
purged with helium, The fluid in the lines was purged through the
engine.

4. The propellant lines downstream of the tank were vacuum dried.

The above procedure was repeated three times. On the second and third
cycles the helium side of the tank bladder was pressure purged after loading
the decontamination fluid in the propellant side of the bladder by alternate-
ly pressurizing and venting the helium side of the bladders.

The final step in the decontamination procedure was a hot (200°F) purge
cf the propellant lines, followed by a vacuum dry.

During the third and final cycle of the decontamination procedure, sam~
ples of the fluid were taken and analyzed. By titration (Freon TF) and spec-
trophotometric (isopropyl alcohol) process, the concentration of propellant
in the flushing fluid was found to be less than 10 ppm.

Aside from slight discoloration in certain parts and faint odors of the
propellant, the disassembly of the system indicated no wear or deterioration
from the system tests. Fost calibration and performance checks of the valves
::’ &and engine indicated no performance change.

IV. CONCLUSION

.The testing of the LM Reaction Control System has indicated the impor-
tance of the coupling of the engiie to the feed system. The dynsmiz Lenavior
of the feed system pressure as affected by the engine's duty cycle demand, the
degree of pressurant ingested in the propellant and location of the propellant
source (tanks) with respect to the engine, all play a dominant role in the
performance of the system,

As a result of good design, the actual testing of the LM RCS uncovered
no significant problem areas. However, the variables of system pressure,
ot temperature and voltage that were tested provides the confidence and realiz-
able performance mi.~' ‘ns that can be achieved from the system.

The successful flight on January 23, 1968 of the first Lunar Module in
earth orbit attest, in part, to the successf{ul ground test of the reaction
control system discussed herein. During this flight the RCS consumed all of
its propellants (610 1bs) and an additional 230 pounds of propellant from the
ascent propulsion system (through the interconnect valve) vas consumed. The
RCS engines were fired for a total of 2,719 seconds consisting of 16,277
pulses.
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