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FOREWORD

This report was prepared by the Applied Technology Division of
the TRW Systems Group, One Space Park, Redondo Beach, California, under
Contract NAS 3-14347. The contract was administered by the Lewis
Research Center of the National Aeronautics and Space Administration,
Cleveland, Ohio. The NASA Project Manager for the contract was Mr.
P. N. Herr of the Liquid Rocket Technology Branch. This is the final
report on the subject contract and summarizes the technical effort
conducted during the period from June 1970 to December 1971. Volume
I describes the catalytic ignition and low chamber pressure thruster
evaluations, and Volume II presents the results of the high pressure
thruster evaluations begun during March 1971.
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ABSTRACT

An experimental and analytical program was conducted to evaluate
catalytic igniter operational limits, igniter scaling criteria, and de-
livered performance of cooled, flightweight gaseous hydrogen-oxygen
reaction control thrusters. Specific goals were to establish operating
1ife and environmental effects for both Shell 405-ABSG and Engelhard
MFSA catalysts, provide generalized igniter design guidelines for high
response without flashback, and to determine overall performance of 2
thrusters at chamber pressures of 15 and 300 psia (103 and 2068 kN/m“)
and thrust levels of 30 and 1500 1bf (133 and 6672 N), respectively.
The experimental results have demonstrated the feasibility of reliable,
high response (less than 25 msec) catalytic ignition and the effective-
ness of ducted chamber cooling (1800 second single firing) for a high
performance flightweight thruster. This volume presents the results
of the catalytic igniter and Tow pressure thruster evaluations. Ana-
lytical and experimental evaluations of the high pressure thruster are
reported in Volume II, NASA CR-120870.

xvii
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1. SUMMARY

The experimental results of Contract NAS 3-14347 have demonstrated
the feasibility of reliable, high response catalytic ignition of gaseous
hydrogen-oxygen thrusters and have proven the effectiveness of ducted
chamber cooling for a high perforamnce, flightweight reaction control
thruster. Catalytic igniter operational Timits, igniter scaling criteria,
and delivered performance of cooled, flightweight thrusters were evaluated
over a wide range of environmental and propellant inlet conditions.

Laboratory experiments and igniter test firings performed with
Shell 405-ABSG and Engelhard MFSA catalysts led to the following con-
clusions:

e Either catalyst will effectively promote the reaction of GHZ/GO2
for steady-state durations of at least 4,000 seconds without
degrading thermal response or physical characteristics of the
catalyst. Test results indicate that single firings of even
longer durations are attainable without Toss of reactor per-
formance at ambient bed and propellant temperatures.

e At least 5,000 pulses can be performed with both the Shell and
Engelhard catalyst with ambient temperature propellants. High
response reaction can be achieved with the Shell 405-ABSG catalyst
at propellant and initial bed temperatures of -250°F (117°K)
after the completion of at least 1000 pulse cycles.

o Igniter flashback can be prevented by maintaining minimum mixing
~ section velocities of 50 ft/sec (15 m/sec) and avoiding mixture
ratios above 1.5 0/F upstream of the catalyst bed during tran-
sients. Flashback could not be completely arrested by diffusion

ball beds. The type of catalyst, Shell or Engelhard, did not
affect flashback limits.

e Overall igniter response times of less than 25 msec (to effluent
temperature sufficient for thruster ignition) can be attained by
injection of oxygen downstream of the catalyst bed. This rep-
resents a 100:1 reduction in the catalytic igniter response as
previously demonstrated in NAS 3-11227. Preheating and insulating
the catalyst bed resulted in minor reduction in overall response,
compared to downstream injection.

e Both Shell 405-ABSG and Engelhard MFSA catalysts exposed to
simulated shuttle vehicle environmental exposures of earth
stay (30 days polluted, humid air) and reentry (1 hour at
1500°F [1089°K5, 3.5 psia [24 kN/m2] air) were reduced in low
temperature activity for the initial firing; however, original
response was achieved after a single ambient bed firing.
Hydrogen purging and/or heating of the catalyst bed was recom-
mended to reverse environmental effects of strongly adsorbed
oxygen.



Analysis and correlation of the igniter test data from this program
and NAS 3-11227 provided generalized design guidelines for catalytic
igniters, which were incorporated into specific igniter designs for 1500
1bf (6672 N) thrusters operating at chamber pressures of 15 psia (103 kN/
me) and 300 psia (2068 kN/m2).

Design and cooling analyses were performed for a 30 1bf (133 N)
thrust, 15 psia (103 kN/m2) chamber pressure flightweight thruster. Test
firings were conducted to determine delivered altitude performance and
durab%}ity. The low pressure thruster investigations are summarized
as follows:

o The triplet injector designed during this program was found
to be superior to the impinging sheet injector (NAS 3-11227)
in both cold flow mixing results and test firing performance,
and was selected by the NASA/LeRC Project Manager for cooled
thruster evaluations.

e Measured altitude performance of 375 1bf-sec/1bm (3677 Nsec/kg)
Isp at € = 5 was achieved with a flightweight duct cooled thrust
chamber.

e Steady-state and pulse-mode cooled thruster firings were per-
formed with propellant temperatures from ambient to -250°F
(117°K). Repeatable pulses were attained for thruster on times
from 500 to 80 msec.

e An 1800-second duration steady-state firing was successfully
completed with injector and thrust chamber hardware in ex-
cellent condition except for surface pits and hairline fatigue
cracks in the OFHC copper duct exit. Berylco BE-10 copper
alloy was recommended as a superior duct material. Maximum
chamber temperature measured during the durability test was
1258°F (953°K) at e = 3.5.

Generalized design guidelines and scaling criteria for catalytic
igniters were developed through analysis of the experimental results
of this program. Basic thermal and performance data were also acquired
for duct cooled hydrogen-oxygen thrusters.
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2. INTRODUCTION

The "Hydrogen-Oxygen Catalytic Ignition and Thruster Investigation”
program, NASA/LeRC Contract NAS 3-14347, was comprised of an experimental
and supporting analytical evaluation of catalyst bed operational 1imi-
tations, igniter scaling criteria, and delivered performance for gaseous
hydrogen-oxygen reaction control thrusters. The basic igniter and
thruster design criteria previously developed during the performance
of NAS 3-11227 were extended to flightweight cooled thrusters, and
catalytic igniter operating characteristics were further defined. The
specific objectives of this program were:

Establish catalyst operatfona] life, flashback criteria, and
methods of enhancing response time for catalytic pilot bed
igniters

Provide a set of generalized design guidelines for hydrogen-
oxygen thruster igniters, based upon a scaling analysis of
catalytic igniter designs and experimental results (including
NAS 3-11227 data)

Investigate the effects of environmental conditions on per-
formance of catalytic igniters

Evaluate the overall performance, operating characteristics,
and durability of cooled, flightweight gaseous hydrogen-
oxygen thrusters

To accomplish these goals, the following experimental and analy-
tical tasks were conducted:

Steady-state and pulse mode igniter tests with both Shell
405-ABSG and Engelhard MFSA catalysts

Analysis of the scaling of catalytic igniter designs for
wide ranges of operating conditions

Laboratory and igniter test firing evaluations of environ-
mental effects on catalyst activity

Thruster/system interaction analyses

Cooling analysis, design, and fabrication of flightweight
reaction control-type thrusters

‘Altitude test firings of flightweight thruster assemblies

for both pulse-mode and extended duration (up to 1800
seconds) steady state operation



Flightweight cooled thrusters were developed for both high and
low chamber pressure levels. A 15 psia (103 kN/m2) chamber pressure
triplet injector, designed for a vacuum thrust of 30 1bf (133 N) at
e = 5, was test evaluated along with the residual low Pc impinging
sheet injector from NAS 3-11227. The high Pc thruster, 300 psia
(2068 kN/m2) chamber pressure, was designed for 1500 1bf (6672 N) al-
titude thrust at e = 40.

Numerous igniter configurations and operational techniques were
evaluated to enhance the overall response and reliability of the cata-
lytic igniter. These igniter evaluations and the low pressure thruster
investigations are described in the subsequent report sections. The
high pressure thruster evaluation results are presented in Volume II
of this contract report.
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3. CATALYTIC IGNITER INVESTIGATIONS

A series of experimental tests and supporting analyses were performed
to determine the operational limitations and design criteria for catalytic
igniters. These investigations were conducted for catalytic reactors
capable of igniting gaseous hydrogen-oxygen thrusters over a wide range
of thrust and chamber pressure levels. The objectives of this task effort
were:

e Establish catalyst operational 1ife, flashback criteria,
and methods of enhancing response time for a catalytic
pilot bed igniter

® Provide a set of generalized design guidelines for
hydrogen-oxygen thruster igniters, based upon a scaling
analysis of catalytic igniter designs and experimental
results

e Investigate the effects of environmental conditions
on performance of a catalytic igniter.

Both steady-state and pulse-mode igniter firings were performed to
determine catalyst 1life, flashback Timits, and response characteristics.
An igniter scaling analysis was next conducted, based upon results of
these tests and NAS 3-11227 (Reference 1). Finally, as a supplementary
task, the effects of typical shuttle vehicle operational environments on
catalyst activity were also investigated.

3.1 CATALYST LIFE EVALUATION

The purpose of this task was to determine the operational 1ife of
the Shell 405-ABSG and Engelhard MFSA catalysts for both steady-state and
cyclic (pulse-mode) firing conditions with gaseous hydrogen-oxygen propel-
lants. The specific objectives of the test series were:

e Conduct long-duration continuous igniter firings to
establish the steady-state life of each catalyst type
with ambient temperature propellants

e Determine the cyclic operational life of each catalyst
by performing a series of pulse-mode test firings

e Perform visual and laboratory chemisorption evaluations
of each catalyst load from the life tests to determine
the extent of physical degradation or loss of activity
of the catalyst.



3.1.1 Steady-State Life Tests

Reactor firings of 4000 seconds continuous operation were conducted
to determine the steady-state durability of the Shell 405-ABSG and Engelhard
MFSA catalysts with gaseous hydrogen-oxygen propellants. The following
paragraphs describe the reactor hardware and test stand installation, and
discuss the experimental results obtained.

3.1.1.1 Reactor Hardware and Stand Installation

The basic reactor hardware used for the steady-state catalyst life
tests is shown in Figures 1 and 2. This reactor assembly (Part No.
X-404318) was fabricated and tested during the performance of NASA/LeRC
Contract NAS3-11227 (Reference 1). As shown in Figure 1, reactor instru-
mentation ports were provided to obtain both pressure and temperature
measurements at various locations within the mixing zone, catalyst bed,
and downstream chamber volume. The disassembled view of the reactor in
Figure 2 shows the internal details of the reactor assembly.

The overall test stand installation for the steady-state life tests
is shown in Figure 3. Only one of the two reactor mounting positions was
utilized for the steady-state tests. Both positions were later used for
simultaneous pulse-mode tests with each catalyst type. Figure 4 is a
closeup view of the reactor test installation.

Each catalyst bed was carefully loaded in a "clean room" environment
and the pre- and post-test catalyst weights measured with a precision
electronic scale, as shown in Figure 5. Catalyst load weights were recorded
to the nearest one-tenth milligram (0.0001 gram) before and after the long
duration firings.

3.1.1.2 Steady-State Firing Test Results

Continuous firings of 4000 seconds duration were successfully completed
with each catalyst type. Target test conditions of 100 psia (690 kN/ng
chamber pressure and reactor effluent temperatures of 1800°F (1256°K) were
attained with both the Shell and Engelhard catalysts. Tables 1 and 2
present data obtained during the 4000 second test firings. Measured C*
performance of nearly 97% of theoretical equilibrium C* for these propellants
and mixture ratios was attained for both long duration tests, after equili-
brium operating temperature of the reactor hardware was reached. Chamber
pressures, mixture ratios, and reactor effluent and catalyst bed temperatures
remained essentially constant during the 4000 second firings, as shown in
Tables 1 and 2.

Immediately following each long-duration firing (after cooldown of the
catalyst bed to ambient temperature) a 20-second firing was conducted to
determine if the thermal response of the catalyst bed had been affected by
the extended duration operation. Figures 6 through 9 compare the catalyst
bed and reactor effluent thermal response before and after 4000 seconds of
operation with each catalyst type. It should be noted that the 1life test
reactor hardware and catalyst bed configurations were not designed for



£2211-SYN Wou) [enplsay) aanssadd Jaquey) ybiy
- ALquessy 4931ub] 4030edy oLiA|e3e) [ejusuwiaadx3y °| aunbi4

IONVYId
-ONINNOW

AQOg ¥OLOVH: X3

131N Co-

YOLDIMNY

LIING SH-

RNLVIIIWAL/ TINSSTY
= SIHOd NOILYINIWNYISNI



adnssadd Jaquey) ;3: - u231ub] 03RSy d13A|e3e) pajquasseslq g aunhbly

ATIWISSY
YOID3rNI




UOLIR[[RISUT 3S3] J03ORBY 3e}S-ApeslS 3sA(eie) g aunblg

S
B

-
e

SERRELE
3YNSSY

NOILISOd
YOLOVIY Y

(YOLIYIY 48,




10

Closeup View of Steady-State Reactor Installation

Figure 4.
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optimum bed response, and that these test results are not indicative of
the minimum attainable catalyst bed thermal response times. Data from
the Shell catalyst steady-state life tests in Figures 6 and 7 indicate
that the long duration firing had no detrimental effect on the reactor
thermal response with ambient temperature propellants. Temperatures and
response rates were even slightly higher for the post-firing test 019,

- which was approximately 2% higher in mixture ratio than test 018.

The data plotted in Figures 8 and 9 for the Engelhard catalyst life
tests also indicate that 4000 seconds of steady-state operation had no
effect on the capability of the catalyst to initiate reaction with gaseous
hydrogen-oxygen propellants.

Visual examination of each catalyst load after the long duration
firing revealed no crumbling or erosion of the catalyst pellets. Figures
10 and 11 compare the appearance of "as received" Shell and Engelhard
catalysts with typical catalyst pellets that had been fired in the 4000
second tests. No apparent differences can be seen between the fired and
unfired catalyst samples of each type.

The weights of the catalyst beds before and after the 4000 second
steady-state tests are listed in Table 3.

Table 3. Catalyst Bed Weights - Steady State Life Tests

Shell 405-ABSG Englehard MFSA
?g;glﬁst weight 3.6681 grams 1.7398 grams
Post-firing
weight 3.5714 grams 1.6539 grams
Weight loss 0.0967 grams 0.0859 grams

The weight loss of less than 0.1 grams for each catalyst bed can
partly be accounted for by loss of particles in loading and unloading the
reactor, although care was employed to retain all fines. The catalyst
bed dimensions were the same for both steady-state 1ife tests, 0.430 inch
(1.09 cm) diameter by 1.0 inch (2.54 cm) long, but the higher meta] content
and packing density of the Shell catalyst resulted in bed weights of about
twice that of the Engelhard catalyst beds.

3.1.1.3 Laboratory Ana]ysis of Fired Catalyst

After completion of the 4000-second steady-state life tests with the
Shell 405-ABSG and Engelhard MFSA catalysts, each catalyst bed was subjected
to a series of laboratory tests to determine the total and active surface
area degradation. The total and active surface areas of both catalysts in
their as received conditions were also determined to serve as a baseline to
which the fired catalysts could be compared.

16
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A constant volume gas adsorption apparatus was used to measure total
surface areas by the physical adsorption technique of Brunauer, Emmett,
and Teller (BET theory) (Reference 2). Figure 12 is a schematic diagram
of the system. The system was constructed of glass and consisted of a
manifold, gas bulbs, sample bulb, pressure measuring devices, and a high
vacuum pumping system. A one liter bulb of high purity krypton gas at 1
atmosphere pressure was sealed onto the manifold. This bulb served as the
krypton supply for all of the surface area determinations. By opening or
closing the stopcocks connecting the gas bulbs to the manifold, the total
dead space of the system could be varied by as much as a factor of 5. 1In
this way, the total number of molecules adsorbed on a sample per unit drop
in the pressure could be varied by as much as a factor of 5.

A typical surface area measurement on a catalyst sample was conducted
in the following fashion: The sample tube containing a catalyst sample
which had been pretreated [16 hours at 300°C (575°K) under high vacuum]
was immersed in a Dewar flask filled with liquid nitrogen. To insure the
achievement of steady-state temperature, about one hour was allowed to
elapse before proceeding with the surface area determination. To start
the adsorption measurements, the system was isolated from the main vacuum
Tine by closing the stopcock connecting the vacuum 1line to the manifold and
sample bulb. The stopcock connecting the manifold and sample tube was also
closed. The amount of dead space of the system was adjusted by opening or
closing the stopcocks connecting the gas bulbs to the manifold. Krypton
gas was then bled into the manifold and connected gas bulbs from the krypton
storage bulb. The pressure for the first adsorption point was allowed to
build up to about 0.1 mm and then the krypton storage bulb was sealed from
the system by closing the connecting stopcock. From the known volume of
the manifold and connecting gas bulbs and the pressure indicated on the
Pirani gauge, the number of moles of krypton initially in the gas phase
could be calculated. The stopcock connecting the sample tube and the mani-
fold was then opened and the krypton gas introduced into the sample tube.

As the krypton adsorbed on the sample, the pressure decreased. The initial
rate of adsorption is usually very fast, but the last 5% of the gas adsorp-
tion requires between 15 and 30 minutes. When there was no further change
in pressure, the system was at equilibrium and the final pressure was
recorded. From the known dead space of the manifold, sample tube,and gas
bulbs, the number of moles of krypton remaining in the gas phase could be
calculated. The difference between the original and final number of moles
of krypton in the gas phase was the number of moles of krypton adsorbed

on the sample at 1iquid nitrogen temperature (-195°C or 78°K) and the final
equilibrium pressure. The amount of gas adsorbed at the final equilibrium
pressure, thus, represented one point on the adsorption isotherm. The stop-
cock connecting the sample tube to the manifold was then closed, fresh
krypton was admitted to the manifold and the process repeated. A new, higher,
equilibrium pressure was then obtained with a corresponding larger quantity
of gas adsorbed. This process was repeated up to an equilibrium pressure of
about 0.3 torr (mm Hg). With the experimental determination of the krypton
adsorption isotherm, it was then possible to calculate the surface area of
the catalyst sample utilizing the BET method. '
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Table 4 shows the results of the total surface area measurements on
both the Shell 405 and Engelhard MFSA catalysts. The results show that
the Shell 405 catalyst lost a greater portion of its total surface area
(64.4%) than the Engelhard MFSA catalyst (48.5%).

Table 4. Total Surface Areas of Shell 405
and Engelhard MFSA Catalysts

Total Surface Area (Sq meters/gram)
~ Post 4000 Second

Catalyst As Received Ignition
Shell 405 112 (Run SA-1) 40 (Run SA-2)
Englehard MFSA 180 (Run SA-3) 93 (Run SA-4)

Note: Replicate experiments were run with the as-received Englehard
MFSA catalyst and reproducibility was found to be + 2 sq.
meters/gram.

It has been found (NASA Contract NAS 7-520, Reference 3) that the
determination of adsorption isotherms of hydrogen on catalysts provide
a very sensitive measure of the amount of active surface metal available
to catalyze chemical reactions. Hence, chemisorption measurements pro-
vided a simple and rapid method of determining what effect a 4000-second
steady-state firing in a hydrogen-oxygen igniter had on the active
catalyst surface.

The chemisorption apparatus is an all-glass, constant volume,
adsorption system. It consists of a manifold and gas sample bulb, catalyst
sample tube thermally isolated from the manifold, gas analysis sampling
outlet, high vacuum pumping system, sample furnace, temperature measurement
and control systems, and a very precise pressure measuring system. Figure
13 shows a schematic diagram of the apparatus. The amount of gas adsorbed
on a sample of catalyst is determined by measuring the pressure drop in the
calibrated constant volume system.

To make an equilibrium adsorption isotherm measurement a known weight
of catalyst was pretreated and then was allowed to thermally equilibrate at
the predetermined isotherm temperature of 200°C (473°K). A quantity of gas
was initially bled into the evacuated manifold from the gas storage bulb.
The number of molecules initially in the gas phase was calculated from the
known volume of the manifold and the measured manifold pressure. A stop-
cock connecting the evactuated sample tube to the gas manifold was then
opened and the gas introduced into the sample tube. As the gas species
(e.g., hydrogen) adsorbed on the catalyst sample, the pressure decreased.
When there was no appreciable further change in pressure, the system was
assumed to be at equilibrium and the final gas phase pressure was recorded.
The number of molecules of gas remaining in the gas phase was calculated
from the known dead space of the manifold and sample tube. The difference

20
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between the original and the final number of molecules in the gas phase
was the number of molecules adsorbed on the sample at the isotherm
temperature and the final equilibrium pressure. The amount of gas
adsorbed at the final equilibrium pressure thus represents one point on
the adsorption isotherm. The stopcock connecting the sample tube to the
gas manifold was then closed, fresh gas admitted to the manifold, and the
process repeated. A new higher equilibrium pressure was obtained with a
corresponding larger quantity of gas adsorbed. This process was repeated
up to an equilibrium pressure of 220 torr (mm Hg).

Table 5 is a summary of the hydrogen chemisorption data for both
the Shell 405 and Engelhard MFSA catalysts. The data indicated a reduction
in hydrogen adsorption at an equilibrium pressure of 200 torr (mm Hg) and
a temperature of 200°C (473°K) of 69.1% for the Shell 405 and 34.5% for the
Engelhard MFSA catalysts. Since the amount of hydrogen chemisorption was
proportional to the amount of active surface area (active surface metal)
available to promote the reaction, a like amount of reduction in active
surface metal occurred. The results are plotted in Figures 14 and 15.

Table 5. Summary of Hydrogen Chemisorption
Isotherm Experiments

Equilibrium Hydrogen

Sample History Adsorption at 473°K
(A11 samples were and 200 Torr (mm Hg)
Catalyst pretreated)* Hydrogen Atoms x 10-18
Shell 405 As received 415 + Gr*
(Runs HA-1, HA-2)
Shell 405 Post 4000 128 + 8
sec run (Runs HA-5, HA-6)
Englehard MFSA As received 22.3 + 3.0
(Runs HA-3, HA-4)
Englehard MFSA Post 4000 14.6 + 1.5
sec run (Runs HA-7, HA-8)

*
The standard pretreatment to remove very strongly adsorbed oxygen
(from air exposure of the catalyst) consists of 16 hours evacua-
tion at 473°K followed by exposure to 200 torr hydrogen at 773°K
for 7 hours followed by 16 hours evacuation at 873°K in 10-6 torr
vacuum,

*%k '
Duplicate experiments were run for each of these cases and the
listed uncertainty represents the span between the experiments.
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3.1.1.4 Conclusions From Experimental Results

Based on the test firing performance of the catalyst beds and the
post-firing laboratory analysis of the catalysts, the conclusions resulting
from the steady-state life tests were:

e Both the Shell 405-ABSG and the Engelhard MFSA catalysts ef-
fectively promote the reaction of gaseous hydrogen and oxygen
for steady-state run durations of at least 4000 seconds. Test
results indicate that single test firings of even longer dur-
ations are attainable without loss of reactor performance at
ambient bed and propellant temperatures, even though laboratory
tests indicated some loss of catalyst activity occurred.

e Thermal response of the Shell and Engelhard catalyst beds
with ambient temperature propellants was not affected by
the 4000-second duration firings.

e Physical appearance of either catalyst was not notably
affected by the 4000-second firing. No shattering or
erosion of the catalyst pellets were observed, and
measured weight loss of each catalyst bed was less than
five percent.

3.1.2 Cyclic Life Tests

A series of igniter pulse mode tests was performed to determine the
cyclic operational 1ife of the Shell 405-ABSG and Engelhard MFSA catalysts.
Cyclic life tests of 5000 pulses were completed with each catalyst at
ambient temperature propellant conditions. Low temperature cyclic tests
of 150, 700, and 1000 pulses each were conducted with the Shell 405-ABSG
catalyst at propellant temperatures of -250°F (117°K). The following
paragraphs describe the cyclic reactor hardware and test conditions, and
discuss the experimental results.

3.1.2.1 Ambient Temperature Propellant Cyclic Tests

Modifications to ‘the basic reactor hardware were performed to incor-
porate a cooling manifold around the catalyst bed for the pulse-mode tests.
The reactor assembly is shown in Figure 16. Details of the modified reac-
tor are presented in Figure 17. This hardware differs from the reactor
used for the steady-state life tests only in the added cooling jacket and
the method of retaining the catalyst. For the cyclic tests, the catalyst
bed cartridge was eliminated and a spring added to maintain an axial com-
pressive load on the catalyst bed to preclude channeling in the bed due to
possible migration of pellets during pulse operation. A second, identical
reactor assembly was also fabricated to allow simultaneous cyclic testing
of the Shell and Englehard catalysts. A schematic of the igniter stand
installation for the catalyst life tests is presented in Figure 18. Dual
igniter mounting ports were provided to enable pulse-mode tests to be con-
ducted simultaneously with two different catalyst formulations. Stand
installation of the cooled reactor for pulse-mode catalyst life tests is
shown in Figure 19.
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Electronic control equipment for conducting the cyclic tests was
designed and fabricated. The reactor firing test console and pulse
sequence timer are shown in Figure 20. The digital dials on the timer
could be set to vary any valve start or shutdown by 1 millisecond incre-
ments. The timer started each pulse when the catalyst bed had cooled to
the preselected temperature, fired the reactors for the required duration,
and also controlled startup and shutdown of the oscillograph and tape data
acquisition systems.

The ambient temperature propellant cyclic life eva%uations were per-
formed ak nominaa test conditions of 100 psia (690 kN/m“) chamber pressure
and 1800°F (12560K) catg]yst bed temperatures, with cooldown of the cata-
lyst bed to 1000°F (810°K) or below between pulses. Data from these tests
are listed in Tables 6 and 7 for the Shell and Engelhard catalysts, respec-
tively,

Results of the cyclic life tests are presented in Figures 21 through
24, which compare the catalyst bed and reactor effluent temperature response
before and after 5000 pulses (15,000 seconds total firing time) with each
catalyst type. It should again be noted that the 1ife test reactor hardware
and catalyst bed configurations were not designed for optimum bed response,
and that these test results are not indicative of the minimum attainable
catalyst bed thermal response times. :

Data from the Shell catalyst cyclic 1ife tests in Figures 21 and 22
and from the Engelhard catalyst tests in Figures 23 and 24 indicate that
some degradation of catalyst bed response and reduction in reactor effluent
temperatures occurred after 5000 cycles of operation. However, in each case,
the catalysts were still able to support the reaction of ambient temperature
hydrogen-oxygen.

Visual examination of each catalyst load after the cyclic life tests
revealed some erosion of the catalyst pellets. Figures 25 and 26 compare
"as received" Shell and Engelhard catalysts with typical pellets from the
5000 pulse cycle tests. Some sintering together of the Shell catalyst is
indicated in Figure 25, although most of the catalyst bed remained as
individual pellets. Figure 26 reveals that slight erosion and cracking
of the Engelhard catalyst pellets occurred during the 5000 pulse firings.
Weight Toss of each catalyst bed was about seven percent, as indicated in
Table 8.

After completion of the cyclic life tests, each catalyst bed was
subjected to a series of laboratory tests to determine both the total
and active surface area degradation. The laboratory apparatus and experi-
mental procedures employed in the surface area measurements were previously
described in detail in Section 3.1.1.3 of this report. The results of the
total surface area measurements utilizing the BET method (Reference 2) are
listed in Table 9. A loss of nearly 90% of the surface area of the Shell
catalyst occurred, while the Engelhard catalyst retained about 50% of its
original surface areas, as shown in Table 9.
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Table 8. Catalyst Bed Weights-Cyclic Life Tests
(5000 Pulses-15,000 Seconds Total Firing Time)

Shell 405-ABSG Engelhard MFSA

Catalyst weight loaded 4.9943 grams 2.3397 grams
Post-firing weight 4.6565 grams 2.1805 grams
Weight loss v 0.3478 grams 0.1592 grams

Table 9. Total Surface Areas of Shell 405
and Engelhard MFSA Catalysts

Total Surface Area - Square Meters/Gram

Catalyst As Received Post 5000 Pulses
Shell 405 112 15 + 1.5
(Run SA-1) (Runs SA-5, SA-6)
EngeThard MFSA 180 8 + 7.0
(Run SA-3) (Runs SA-7, SA-8)

The loss of active surface area (active surface metal) of each
catalyst as determined by hydrogen chemisorption is shown in Table 10.
This table also includes the results of the 4000 second steady-state tests
for comparison . ,

The data indicates that severe loss of active surface area of the
Shell catalyst occurred during the cyclic life tests. The hydrogen
chemisorption data for each catalyst are also shown graphically in
Figure 27.

The results of the cyclic life tests with ambient temperature
hydrogen-oxygen verified that at least 5000 pulses could be achieved with
both the Shell 405-ABSG and Engelhard MFSA catalysts, even though major
loss of active surface occurred.

3.1.2.2 Low Temperature Propellant Cyclic Tests

Cyclic tests were conducted with the Shell 405-ABSG catalyst at pro-
pellant and initial bed temperatures of -250°F (117°K). The objective of
this test series was to complete 5000 pulses of the reactor, during which
the catalyst would be heated to 1800°F (1256°K) and then cooled by external
means to -250°F (117°K) prior to the next pulse. A Tliquid nitrogen cooling
jacket was utilized to externally cool the catalyst bed between pulses.

The reactor hardware for the Tow temperature propellant cyclic tests
was previously operated for 5000 cycles with ambient temperature propellants
and water as a coolant. During performance of the first cyclic test series
with -250°F (117°K) propellant and bed temperatures, a crack developed in
the reactor wall between the catalyst bed and the 1iquid nitrogen cooling
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Table 10. Summary of Hydrogen Chemisorption
Isotherm Experiments

Equilibrium Hydrogen

Sample History Adsorption at 473°K
(A11 Samples Were and 200 Torr (mm Hg)
Catalyst Pretreated)* Hydrogen Atoms X 10-18
Shell 405-ABSG As received 415 + 5**
(Runs HA-1, HA-2)
Shell 405-ABSG After 4000 sec 128 + 8
steady-state run (Runs HA-5, HA-6)
Shell 405-ABSG After 5000 pulses 9.7 + 1.0
(15,000 sec on time) (Runs HA-11, HA-12)
Engelhard MFSA As received 22.3 + 3.0
(Runs HA-3, HA-4)
Engelhard MFSA After 4000 sec 14.6 + 1.5
run (Runs HA-7, HA-8)
EngeThard MFSA After 5000 pulses 11.3 + .4

(15,000 sec on time) (Runs HA-9, HA-10)

*

The standard pretreatment to remove very strongly adsorbed oxygen
(from air exposure of the catalyst) consists of 16 hours evacuation
at 473°K followed by exposure to 200 torr hydrogen at 773°K for 7
hours followed by 16 hours evacuation at 873°K in 10-6 torr vacuum.

*%
Duplicate experiments were run for each of these cases and the listed
uncertainty represents the span between the experiments.

manifold. An abnormal increase in the catalyst bed cooldown rate indicated
that 1liquid nitrogen from the cooling manifold was leaking into the catalyst

bed between pulses. This leak occurred after approximately 150 pulses had
been completed.

After a pressure test had verified that a leak did exist, the reactor
was cut open, as shown in Figure 28. Analysis of the failure indicated
that thermal expansion and contraction of the reactor wall was sufficient
to have caused the fatigue crack, as identified in Figure 28.

Data from the Tow temperature cyclic tests obtained before the reactor
wall leak occurred are presented in Figures 29 and 30. Figure 29 indicates
that the catalyst bed temperature was reduced after 150 pulses, but this was
a result of a decrease in propellant mixture ratio, as noted in the figure
legend.

Reactor effluent temperatures were nearly identical for the 1st and
150th pulses, as shown in Figure 30. The initial delay in the effluent
temperature thermocouple response was caused by ice built up on the thermo-
couple during chilldown between pulses. The point where the temperature
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rapidly rises corresponds to the 1iquid saturation temperature for water
at the reactor chamber pressure. At mixture ratioc 1.0, the 02/H2 reaction
products are one-half HZO by weight.

The cooled reactor hardware was then redesigned to incorporate a
thermal expansion joint, as shown in Figure 31. Fabrication of this new
reactor was completed, and the Tow temperature cyclic tests were resumed.
However, fatigue cracking also occurred in this hardware, as shown in
Figure 32. Although the expansion joint allowed for axial extension and
retraction of the reactor sleeve during thermal cycling, it was apparent
that the joint was too stiff to allow radial expansion, resulting in the
fatigue crack due to bending (No. 1, Figure 32). A second crack was
observed between the two thermocouple port bosses (No. 2, Figure 32).

A re-evaluation of the cyclic test reactor design was made, and the
hardware shown in Figures 33 and 34 was designed and fabricated. A stain-
less steel bellows was utilized to seal the cooling jacket while allowing
unrestrained axial and radial expansion of the reactor sleeve. In addition,
the sleeve was fabricated from Invar (36% nickel/iron alloy), which has a
coefficient of thermal expansion approximately 70% of the coefficient for
the stainless steel previously used, significantly reducing the stress due
to thermal cycling. '

As shown in Figure 33, the catalyst bed thermocouple was inserted
through the downstream bed retaining screen, rather than through the
reactor sleeve wall, to avoid any discontinuities in the sleeve which
could result in recurrence of cracks. Using the reactor assembly shown
in Figure 34, the low temperature cyclic tests were resumed. This design
did show a marked improvement over the previous cooled reactors. However,
after 700 cycles of operation, a crack also occurred in the reactor wall
between the catalyst bed and the liquid nitrogen coolant, as shown in
Figure 35.

Completion of 700 successive Tow-temperature pulses verified that
satisfactory reaction of hydrogen-oxygen could be attained with the Shell
405-ABSG catalyst at -250°F (117°K) temperatures when the catalyst surface
was pretreated by adsorption of hydrogen, as previously determined during
the investigations of NAS 3-11227 (Reference 1). No degradation of the
catalyst activity or physical appearance was observed after 700 pulses
when the reactor crack occurred.

The rapid cooldown of the reactor wall from 1800°F (1256°K) to Tiquid
nitrogen temperatures during cyclic testing imposed thermal gradients and
stresses which would not have been present during reactor pulsing without
the external LN, cooling jacket. However, no practical method of completing
5000 cycles was evident without some technique of rapid cooldown between
pulses being employed. Completion of this task was rescheduled to utilize
a new igniter design incorporating downstream injection of oxygen, as
described in the following paragraphs.
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3.1.2.3 Downstream Injection Igniter Cyclic Tests

The high pressure, downstream oxygen injection igniter hardware,
shown in Figures 36 and 37, was designed and fabricated as part of the
high pressure, high thrust task effort added to the original program.
Downstream injection of oxygen was selected as a means of significantly
enhancing the overall response of the catalytic igniter, as described
in detail in Section 3.2.2 of this report.

Cyclic Tife tests with this igniter were conducted by firing 1000
consecutive 250-millisecond duration pulses with ambient temperature
propellants, followed by pulse tests of the same catalyst load with
low temperature propellants to verify ignition capability. Oscillograph
traces of these tests are presented in Figures 38 and 39. Figure 38 shows
the final pulses of a 1000 cycle firing series performed with the Shell
405-ABSG catalyst in the high pressure downstream injection igniter 2
(Figures 36 and 37). Nominal measured results were: 135 psia (931 kN/m")
chamber pressure, 1.0 overall mixture ratio, and 0.215 1b/sec (0.0975 kg/sec)
total propellant flow rate. Although an occasional valve misfire occurred
during the pulse series, as indicated in Figure 38, no discernible change
in igniter response or pulse chamber pressure was observed between the first
and 1000th pulse.

Immediately following the last of the 1000 ambient pulses, a pulse
series was initiated with Tow temperature propellants conditioned in a
liquid nitrogen heat exchanger. As shown in Figure 39, repeatable, high
response pulse ignitions were attained with propellants initially at -250°F
(117°K). However, as pulsing continued and propellant temperatures approached
liquid nitrogen temperature of less than -300°F (89°K), the gaseous oxygen
began to liquify, progressively quenching the catalyst bed reaction as shown
in Figure 39. Eventually the chamber pressure Tine became frozen, as shown
at the left in Figure 39. It is evident from the repeatability of the initial
pulses that the catalyst was capable of high response low temperature ignition
after performance over 1000 pulse firings. The catalyst did not exhibit any
erosion or cracking, and appeared visually in "as received" condition.

After completion of the cyclic life tests with the downstream oxygen
injection igniter, laboratory tests (as described in Section 3.1.1.3) were
performed to determine any degradation in either total or active surface
area of the Shell 405-ABSG catalyst. The catalyst fired for 1000 pulses
followed by low temperature ignitions was analyzed and compared with catalyst
fired for only five pulses and "as received" catalyst, as shown in Table 11.

Comparing both the total surface area loss and active surface degrada-
tion (proportional to equilibrium hydrogen absorption) of Table 11 with the
previous life test results in Table 10, it is evident that catalyst degrada-
tion is greatly reduced with the downstream injection igniter. With this
igniter, effluent temperatures sufficient for main thruster ignition were
attained by oxygen injection downstream of the catalyst bed, allowing the
catalyst itself to operate at temperatures as low as 400°F (478°K), compared
with bed temperatures of 1800°F (1255°K) with the initial igniter design
where all of the oxygen was passed through the catalyst bed. Operation at
the Tower bed temperature reduced catalyst sintering and significantly
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Figure 37. Disassembled Catalytic Igniter - High PC Thruster

Design Detail Summary -
Mixing Section 1. 36 0, tubes, .007" (.018 cm) I.D. by

.720" (1.84 cm) length.

2. H, radial metering ports, 8 places,
.021" (.054) I.D.

3. 90% of H2 is by passed for c-oling of
the CU combustion tube.

4. Overall MR 1:]

5. Mixing length set by axial diffusion
for single 02 jet in a flowing H2
field.
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RUN HA5-3700 HIGH Pc IGNITER LIFE TESTS, DOWNSTREAM O,
FINAL PULSES OF 1000 TOTAL, 250 MSEC DURATION EACH
SHELL 405-ABSG CATALYST, AMBIEWT TEMP. PROPELLANTS

Hp FLOW ONLY, 02

VALVE MISFIRED

Figure 38. High P. Igniter Life Tests, Downstream 02 Injection
Final Pulses of 1000 Total, Shell Catalyst

Hy VALVE SIGNAL

0, VALVE SIGNAL

RUN HAS. P, IGNITER ;
LOW TEMPERATURE PROBELLANT PULSES FOLLOWING 1000 AMBLENT
TEMP. PULSES, 250 MSEC DURATION EACH,SHELL 405-ABSG CATALYS

| pc LIE
| rRozen |

Figure 39, Low Temperature Ignitions Following 1000 Pulses
High Pc Igniter, Downstream Injection
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Table 11. Summary of Laboratory Analyses of Shell 405-ABSG
Catalyst After Cyclic Life Tests With Downstream
Injection Igniter

Equilibrium Hydrogen

Sample History Absorption at 473°K
(A11 samples Total Surface Area and 200 Torr (mm Hg)
pretreated)* (square meters/gram) Hydrogen Atoms X 10-18
As received 112 485

After 5 pulses 111 . 468

After 1000 pulses 76 430

*Pretreatment consisted of vacuum soak for 16 hours at 473°K,
followed by 200 torr hydrogen exposure at 773°K for 7 hours,
followed by 16 hours at 873°K and 10-6 torr vacuum.

improved durability of the catalyst. The difference in active surface
area between catalyst samples subjected to 5 and 1000 pulses (Table 11)
was only 7%, which indicates excellent stability in catalyst activity
up to at Teast 1000 pulses.

3.1.2.4 Conclusions from Experimental Results

Based on the pulse firing performance of the catalyst beds and the
post-firing Taboratory analyses, the conclusions resulting from the cyclic
tests were:

e At Teast 5000 pulses can be performed with both the
Shell 405-ABSG and Engelhard MFSA catalysts with
ambient temperature propellants even though major
reduction in active catalyst surface occurred.

e Satisfactory reaction can be achieved with the Shell
405-ABSG cata]ystoat pr08e11ant and initial bed tem-
peratures of -250"F (117°K).

o The downstream oxygen injection igniter concept not
only greatly enhances overall response, but signifi-
cantly improves catalyst life by allowing lower bed
operating temperatures.
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3.2 IGNITER DESIGN OPTIMIZATION

An experimental and analytical evaluation of catalytic igniter
operational characteristics and Timitations was conducted to establish
generalized igniter design guidelines. The objectives of this design
optimization were:

e Investigate the variables influencing/controlling
flashback of flame front from the catalyst bed to
the mixing injector.

e Determine baseline catalyst bed response and evaluate
methods of improving overall igniter response.

e Develop generalized design guidelines for catalytic
igniters, including scaling criteria.

3.2.1 Flashback Limit Determination

A series of test firings was conducted to determine the effects of
variations in igniter internal geometry, flow velocity, and mixture ratio
on igniter flashback characteristics. The following paragraphs describe
the test installation and procedures, and present the experimental results.

3.2.1.1 Test Hardware and Stand Installation

The catalytic reactor hardware utilized for the flashback investiga-
tions was previously fabricated during the performance of NASA/LeRC
Contract NAS 3-11227. Figure 40 is a section view of the low Pc reactor,
and shows the relative locations of the injector, mixing section, diffusion
and catalyst beds, and the temperature and pressure instrumentation ports.
The high Pc reactor is identical in concept but reduced in size. The mixing
section between the injector and catalyst bed contained interchangeable
sleeve and orifice plate inserts, which provided the capability of varying
the gas velocity through the mix section. Further variation of velocity
was accomplished by using a motorized throat plug (Figure 40, 41) to increase
pressures, which resulted in decreased flow velocity at constant propellant
mass flow rates (controlled by sonic orifices). For each igniter configura-
tion, mixing zone velocity was progressively reduced in attempting to induce
flashback. Occurrence of flashback was detected by the mix section thermo-
couple, as shown in Figure 40, and the test was automatically terminated.
The overall test stand installation is presented in Figure 42.

3.2.1.2 Input Flow Velocity Effects

Investigations of the effects of varying the propellant flow rate
into the catalyst bed on the initiation of flashback were conducted for
each pressure level igniter. Mixing section flow velocities were system-
atically reduced by changing the mixing diameter and/or increasing igniter
pressures using the adjustable throat plug (Figure 41). For these tests,
a minimal hydrogen lead on start-up and an overall mixture ratio of 1.0
were Taintained. Data from these tests are listed in Table 12 and described
as follows.
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Figure 42.
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Tests 129A-C: Low pressure reactor tests with the Engelhard catalyst
and a mixing section diameter of 0.40 inch (1.02 cm) did not result in
flashback at flow rates from 2 to 5% of nominal thruster flows and mix
section velocities as low as 188 ft/sec (57.4 m/sec). More than one data
point was frequently obtained during a test as the motorized throat plug
was moved during the firing. Calculated Reynolds number values indicated
turbulent flow for all tests.

Tests 129D-F: Increasing the mixing section diameter equal to the
catalyst bed diameter of 0.875 inch (2.22 cm) still did not induce flash-
back with the low Pc reactor at mix velocities as low as 40 ft/sec (12.2 m/sec).

Tests 141D-F, 143A: These low pressure tests were performed with the
Shell catalyst to determine if catalyst type had any influence on flashback
velocity limits. Flashback was attained when mix velocity was reduced to
23.7 ft/sec (7.22 m/sec) at an igniter flow rate equal to 2% of nominal
thruster flow. Even with the maximum mixing section diameter (equal to
catalyst bed diameter), flashback velocities occurred only when chamber

pressure wai increased from the nominal 15 psia (103.4 kN/mé ) to 40.8 psia
(281.3 kN/m¢)

Tests 180A-181B: Verifying the limiting flashback velocity for the
low Pc reactor with the Engelhard catalyst resulted in flashback at mix
velocities of 21.9 ft/sec (6.68 m/sec) at 2% thruster flows and 35.5 ft/sec
(10.82 m/sec) at flow rates equal to 5% of nominal thruster flows. Again,
flashback occurred only at chamber pressures approximately three times the
nominal 15 psia (103.4 kN/m2) design operating pressure.

Results of the high pressure reactor flashback tests Tisted in the
lower half of Table 12 were as follows:

Tests 231B-233E: No flashbacks resulted from high Pc reactor tests
with EngeThard catalyst at mix velocities as low as 72.7 ft/sec (22.16 m/sec)
with a 0.20 inch (0.51 cm) mixing diameter over a flow range from 2 to 5%
of thruster flow.

Tests 234A-235G: Increasing mixing diameter equal to catalyst bed
diameter of 0.43 inch (1.19 cm) did not induce flashback with Engelhard
catalyst at mix velocities as low as ]4.9 ft/sec (4.54 m/sec) and chamber
pressures up to 496.5 psia (3423 kN/m¢), five times the nominal design
operating pressure.

Tests 246C-247F: Repeating the above tests with the Shell catalyst
did not induce flashback at mix velocities as low as 16.7 ft/sec (5.09 m/sec).

Although flashback had not been attained with the high pressure
reactor, further reduction of mix section velocities would have required
increasing mix diameters to impractical limits (greater than catalyst bed
diameter) and/or a substantial increase in operating pressures, requiring
feed system modification.
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Results of the flashback velocity 1imit tests with both the low
and high chamber pressure igniters are summarized in Figure 43. Average
flow velocity through the mixing section during each test is plotted
versus mix section pressure in atmospheres. Each line decreasing in
velocity and increasing in pressure from left to right represents a
series of tests from Table 12 in which the igniter throat plug was
inserted to increase pressure and thus reduce velocities at a constant
flow rate. Each data line is identified to indicate mix section diameter
and igniter flow rate as a percentage of nominal thruster flow. Flash-
back data points are noted for the low chamber pressure igniter, and
Timiting velocities appear to be the same for either Shell or Engelhard
catalysts tested.

With a minimal igniter hydrogen lead on start-up, flashback did not
occur with the Tow Pc igniter at pressures less than three times nominal
operating pressure. No flashbacks were experienced with the high Pc
igniter even at chamber pressures five times nominal design pressure and
catalyst bed input velocities as low as 14.9 ft/sec (4.54 m/sec). Re-
sults of this flashback velocity 1imit investigation were further
analyzed and incorporated into generalized design criteria during
the igniter scaling analysis effort described later in Section 3.2.3.

3.2.1.3 Increased Initial Mixture Ratio Effects

The second flashback test series was performed to investigate the
effects of high initial oxidizer/fuel mixture ratio on flashback initi-
ation. Previous occurrences of flashback had been initiated by 0
surges during the start-up transient, and these tests were attemp%ed
to duplicate these transient conditions.

Figure 44 shows the technique used to attain a high O/F mixture
ratio during the start transient. The variable volume plenum between
the igniter oxygen fire valve and the oxidizer sonic flow control
orifice provided a controlled surge of oxygen during the start transient,
while the fuel flow rate remained constant. Valve timing was set to
provide a fuel lead on start-up, followed by an oxygen surge of less
than 100 milliseconds, and then an overall mixture ratio of 1:1, unless
the test was terminated by flashback.

Data from the high initial mixture ratio tests are presented in
Table 13 and the results were as follows:

Tests 190J-K: The initial low pressure reactor tests without a
diffusion bed upstream of the catalyst resulted in flashback when the
igniter flow rate was increased from 2 tg 5 percent of nominal thruster
flows with the surge volume at 0.1104 in3 (1.809 cm3). The ratio of
oxidizer supply pressure to fuel supply pressure (proportional to
propellant mixture ratio), Pos/Pfs was held constant for these two
tests.

Tests 192I-J: Flashback occurred on test 1921 with reduced surge
volume but increased Pos/Pfs. A very minimal reduction in mixture
ratio {note Pos/Pfs) for test 192J resulted in no flashback. Later
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'SYMBOL Pe CATALYST  FLASHBACK
o LOW  ENGELHARD NO
» LOW = ENGELHARD - YES
A LOW  SHELL 405 NO
| A LOW  SHELL 405 YES
400 o HI ENGELHARD NO
(122)
5% FLOW
200 , 0.40" (1.0 CM)
61) MIX DIA 4% FLOW
0.2" (0.5 CM)
2% FLOW 2% FLOW \ MIX DIA
0.40" (1.0 CM) 0.2" (0.5 CM)
MIX DIA MIX DlA‘t\ \
100
(30) 5% FLOW AN
AVERAGE 0.875" (2.2 CM)
FLOW MIX DIA :
VELOCITY ~
FT/SEC N\
(M/SEC) ‘
40 4% FLOW |
(12) %43"(1.1 CM)
MIX DIA
20 \ \
(6) ‘%\
2% FLOW\
0.875" (2.2 CM) 2% FLOW
MIX DIA 0.43" (1.1 CM)
10 MIX DIA |
3) 1.0 2.0 4.0 10.0 20.0 40.0
MIX SECTION PRESSURE ~ ATMOSPHERES
Figure 43. Igniter Flashback Test Data
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Figure 44. High Initial Mixture Ratio Test Feed System Schematic

tests also verified that a very slight increase in Pos/Pfs resulted in
flashback, when the limiting mixture ratio was attained.

Tests 193C-195C: For these tests, diffusion beds of copper or
steel shot were installed upstream of the catalyst bed (see Figure 40)
to attempt arrest of flashback. The low Pc diffusion bed holders of
different lengths are shown at the top of Figure 45. These test re-
sults indicate that although flashback 1imits could be extended some-
what by the use of diffusion beds of steel or copper shot upstream
of the catalyst bed, these beds were not capable of completely arresting
flashback under all igniter transient flow conditions.

Tests 239F-Q: Initial tests of the high pressure reactor without
diffusion beds resulted in flashback at lower mixture ratios (lower.
Pos/Pfs and lower surge volumes) compared to the Tow Pc reactor tests.
A very slight (4 percent) increase in surge volume between tests 239F
and 239Q reduced the Pos/Pfs at which flashback occurred.

Tests 240A-245N: These tests constituted a systematic evaluation
of the effects of various diffusion bed configurations and materials
on influencing flashback 1imits. The high Pc diffusion bed holders
and the copper and steel shot used are shown in Figure 45. The steel
shot at the right was mechanically "roughened" to irregular shapes.
The copper shot was no more effective than the steel ball beds in
modi fying flashback limits, and no significant difference was observed
in the effects of the "smooth" and "roughened" steel balls on flashback
limits. Increasing the copper diffusion bed length to 1.1 inches (2.79
cm) for tests 245 M, N increased considerably the initial mixture ratio
(indicated by increased surge volume and Pos/Pfs) required before flash-
back occurred; however, even this relatively large mass of copper shot
could not completely quench flashback.
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Results of the high transient mixture ratio tests were later corre-
lated through computer analysis during the igniter design scaling task
(section 3.2. 3). A high initial mixture ratio was also under evaluation
as a means of improving igniter bed response; however, these tests re-
sults indicated that flashback could readily occur unless initial mixture
ratios were carefully controlled.

3.2.1.4 Induced Injection Streaking Effects

The final flashback tests were conducted to investigate the effects
on flashback of variations in mixture ratio distribution through the
mixing section and catalyst bed. High mixture ratio "streaks" were
induced by injecting pure oxygen through a tube installed in each re-
actor injector. Figure 46 shows the "streak" tube installation for
the high Pc reactor. Up to 20 percent of the total oxygen flow was
diverted through the "streak" tube at varied distances from the up-
stream surface of the catalyst be. Overall propellant mixture ratio was
held at 1:1 and a minimal hydrogen lead on start-up was maintained.

Results of the induced streaking effects tests are listed in Table
14 and described as follows.

Tests 197E-I: Low pressure reactor tests with 13.5 percent of the
oxygen injected at a point 1.62 inches (4.11 cm) upstream of the catalyst
bed were completed with no flashbacks. These tests were performed with-
out a diffusion bed and at igniter flow rates of 2 and 5 percent of
nominal thruster flows.

Tests 198A-199B: Moving the oxygen streak injection point to 0.25
inch (0.64 cm) from the catalyst bed resulted in flashback at all flow
rates, even after a steel ball diffusion bed (Figure 45) had been in-
stalled. Inspection of the hardware after tests 198B and 199B revealed
that a hole was burned in the upstream catalyst retaining screen.

Tests 237D-E: High pressure reactor tests performed with 20 percent
oxygen injected as a streak 1.0 inch (2.54 cm) from the catalyst bed
did not exhibit flashback; however, a hole was found in the upstream
catalyst retaining screen after test 237E, as shown at the right in
Figure 46, resulting from the high local mixture ratio combustion
temperature.

Tests 238A-C: No flashbacks occurred when 237D was repeated with
a copper diffusion bed (Figure 45) as expected. No catalyst screen
erosion was noted after three firings, indicating that the copper bed
did help to further mix the propellants before they entered the catalyst
bed.

The results of the induced streaking tests indicate that flashback
is not initiated unless a very severe oxidizer streak is injected at a
point close enough to the catalyst bed that essentially no mixing can
take place. Diffusion ball beds may be of value to insure minimal
propellant mixing, although an injector designed for reasonable propellant
mixing should preclude this type of flashback initiation.
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3.2.1.5 Conclusions From Experimental Results

The results of the igniter flashback 1imit determination tests led
to the following conclusions:

e Flashback could not be induced with the high Pc igniter at
pressures up to five times nominal chamber pressure with a
hydrogen lead on start-up.

e Flashback was induced with the Tow Pc igniter only at pressures
approximately three times nominal design pressure and with a
mix diameter as large as the catalyst bed diameter.

o The type of catalyst, Shell 405 ABSG or Engelhard MFSA, did
not affect the flashback limits.

® Flashback could be induced with either pressure level igniter
by high initial mixture ratios resulting from surges in oxygen
flow during the start transient.

e Although flashback limits could be modified by the use of
diffusion beds of steel or copper shot upstream of the
catalyst bed, diffusion beds were not capable of completely
arresting flashback under all igniter transient flow
conditions.

e Flashback could be induced by severe oxidizer-rich streaks,
which could be dissipated by diffusion beds, but should not
occur with a reasonable amount of injector propellant mixing.

Detailed analysis and correlation of the flashback test data were
performed as part of the igniter scaling analysis, described in Section
3.2.3 of this report.

3.2.2 Response Enhancement Investigation

The objectives of these tests were to determine the baseline thermal
response for the catalytic igniter and to evaluate methods of improving
this response. Response effects were experimentally evaluated for variables
such as catalyst bed configuration, initial bed and propellant temperature,
thermal insulation of the catalyst bed, and propellant mixture ratio.

The same catalytic igniter assemblies and test installation used for
the flashback tests were employed, with modifications to the catalyst bed
configurations and/or operating conditions selected to enhance the response.
The following paragraphs describe the performance of the response enhancement
tests and present the experimental results and conclusions.



3.2.2.1 Baseline Response Tests

A series of igniter tests was conducted to establish baseline response
at each chamber pressure level with both the Shell 405-ABSG and Engelhard
MFSA catalysts. Three different catalyst bed configurations were evaluated
to determine effects on overall response. The first bed configuration tested
was the plain cylindrical bed utilized during the catalyst Tife tests and
flashback 1imit investigations. The two additional igniter configurations,
shown in Figure 47, were the bed injection and downstream oxygen injection
designs.

ORIFICES SCREEN

N/

'

REACTOR WALL  INJECTION

(AR I 3% 2F ]

[

H CATALYST
H, /0, !
I

MIXTURE

REACTOR
EFFLUENT

BED

Lenth

A e
-

(a) Pre-mixed Hy/0, injection into catalyst bed

Y 4 _p
Ha/Op T CATALYST [ 7
PURE MIXTURE BED REACTOR

0, —™ E 1 ™ EFFLUENT

(b) Pure 0, injection downstream of catalyst bed

Figure 47. Catalyst Bed/Reactor Configurations

The bed injection configuration attempted to enhance response by
injecting the hydrogen-oxygen mixture into the bed along the sides as
well as from the upstream end, significantly increasing the surface area
of the bed initially exposed to incoming propellants, compared to the
plain cylindrical bed (Figure 40). Catalyst bed holders were constructed
from wire screen material with spacers to center the bed holder in the
reactor body. Bed holders of two different lengths for the high pressure
igniter are shown in Figure 48.
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Figure 48. Bed Injection Catalyst Bed Holders

The downstream oxygen injection technique, illustrated schematically
in Figure 49, was evaluated as a means of improving response by raising the
mixture ratio at the downstream surface of the catalyst bed during the start
transient only. Increasing mixture ratio upstream of the bed was previously
found to initiate flashback (Section 3.2.1.3). It was also considered that
since most of the response time of the igniter consisted of thermal delay of
the catalyst bed, overall igniter response would be improved if ignition
could be initiated downstream of the catalyst bed. Secondary oxygen flow
was injected downstream by inserting a tube through the catalyst bed, as
shown in Figure 50.

Data from the baseline response tests are listed in Tables 15 and 16
for the high and low pressure reactors, respectively. The only realistic
definition of overall igniter response is the time required for the effluent
gases to reach a temperature sufficient for ignition of the main thruster,
approximately 1200°F (920°K). The results of these tests are described as
follows.
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Figure 49. Downstream Oxygen Injection Technique
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Figure 50. Experimental Downstream Oxygen Injection Test
Configuration -~ High Pressure Igniter
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Tests 265A - 266B: High Pc reactor cylindrical bed tests with the
Shell catalyst showed some improvement in response as flow rates were
increased. Minimum response time with ambient temperature propellants
was 0.57 second. Low temperature propellants (test 266B) resulted in
increased response time at flow rates comparable to test 265G.

Tests 278F -~ 281T: Cylindrical bed tests with Engelhard catalyst
yielded a minimum response time of 0.43 second with ambient propellants
and 0.72 second with reduced temperature propellants. Response was some-
what improved compared to Shell catalyst tests (265-6), which was expected
because of the Tower mass of the Engelhard catalyst load, thus less energy
was required to heat the catalyst bed. Low temperature propellants tests
also resulted in increased response times.

Tests 275B - 276Y: Bed injection tests (Figures 47a, 48) with the
Shell catalyst indicated an increase in response time compared to the
cylindrical bed tests 265-6. Apparently a sufficient amount of hydrogen
and/or oxygen entered the sides of the catalyst bed too far downstream
for complete reaction, and cooled the effluent gases through dilution of
the reacted propellants.

Tests 265E - 266E: Downstream oxygen injection tests (Figures 47b,
49 and 50) yielded a major improvement in igniter overall response time.
Response times as low as 23 milliseconds (0.023 second) were attained in
test 265-U. Oscillograph traces from tests 265-0 and 266-E are reproduced
in Figure 51, indicating a response time of 25 msec with ambient propellants
and 40 msec with temperatures as low as -200°F (145°K).

Tests 279E - 279Z5: Downstream injection tests with the Engelhard
catalyst also resulted in greatly improved response times compared to tests
with other igniter configurations. Minimum response time was 19 msec with
ambient temperature propellants, slightly less than the response with the
Shell catalyst.

Results of the low chamber pressure reactor tests are presented in
Table 16 and described as follows:

Tests 289K-P: Low pressure tests with a cylindrical bed of Shell
catalyst showed an appreciable increase in response time compared to the
high Pc tests, most of this delay due to the increased thermal mass of the
larger catalyst bed.

Tests 298D-J: Engelhard catalyst low pressure tests showed a response
improvement over the Shell catalyst tests due to the reduced mass of this
catalyst in the bed load. Response also improved as flow rates were
increased.

Tests 291M - 739: Downstream oxygen injection tests with the Shell
catalyst improved response by nearly two orders of magnitude compared to
the cylindircal bed tests - from over two seconds to 25 milliseconds.
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Tests 298M-Z: Engelhard catalyst tests with downstream injection
yielded response times as low as 29 milliseconds with ambient temperature
propellants.

Results of the baseline response tests indicated that overall response
of the catalytic igniter could be reduced to one-hundredth of previous
response times by injection of oxygen downstream of the catalyst bed on
ignition. This accomplishment represented a major breakthrough in the
development of a practical catalytic igniter for hydrogen-oxygen thrusters.

3.2.2.2 Heat Transfer Effects

The next series of response enhancement tests was performed to
determine the effects of both heating and thermally insulating the catalyst
bed on overall response. Heat loss from the bed to the reactor walls was
minimized by containing the catalyst in dimpled 0.002 inch (0.005 cm)
stainless steel holders to reduce thermal contact. The insulating foil
catalyst holders for each pressure level igniter are shown in Figure 52.

The low chamber pressure igniter heat transfer tests were performed
first and are described as follows. Data from these tests are listed in
Table 17. '

Figure 52. Catalyst Bed Insulators-
Minimum Thermal Contact

73



152 £8°0 G661 £b00° €62 89 L02 18- 2L 01 S-90¢

1972 1870 661 £400° 00¢ 08 102 8- st L9t 4-90¢
19°1L 870 56°1 £400° G2¢ 9zl 992 81+ £°0eL 6°81L d-90¢
991 £8°0 661 £900° 00g 1:3] €92 l+ £621 8'8l 0-90¢
9Lt 80 G6°!L £v00° 629 - £6% [§:74 6+ 8 erl £°02 1-90¢
gLl 870 G671 £000° 625 €6 862 i+ 8 evl £°02 *-90¢
S0°L 80 G6°1 £¥00° 625 £6% 862 [Pt 0°eprl 6°0¢ r-90€
L £8°0 G6°L £500° £98 9801 612 99~ 6451 622 H-90¢
62° 870 66°1 £¢00° 168 0L ehe A L1t 0°22 9-90¢
9y 180 G6°1 £400° 9LL 6€6 £52 G- €L 5§02 3-90¢
25K1222) papy(a5u3 6% 80 G6°1 £¥00° el 0g6 192 6+ S¥EL §°61 a-90¢
UOL2BANBLUOY PRF 1B5LApULLA) 151 s2°1 9°1 9€00°  00€ 08 992 8l+ bzl g9l g-90¢
6L°0 90"t 05°L £€00° 006 29LL Quy. quy 8 LEL 0°02 N-y0€
120 90°1L 0§°L €£00° 968 el ; ‘ vPEL 6L W-t0g
92°0 90°1 05°L £€00° 988 LELL 0 LEL 0°61 1-v0E
05°0 901 0571 £€00° 88¢ 096 9°0plL yalird £-$0¢
G50 901 087 L €600° 884 096 6°LEL 0702 I-40€
[§:MY] 80" L 0571 €€00° 084 Ly6 g8eel v6l H-y0g
8L°L 90° L 08"t ££00° 56 L6b L 62l 8°81 1-40¢
20°L 90" 1L 04" 1L ££00° 266 €6t L°921 €8l 3-v0E
oLt 90°1 0§°L £600° 256 £6¢ | Y 9o sl a-40g
£0°2 9071 058"t £€00° 80¢ S6 Quy quy Lottl 2'9L a-v0c
§°y< 0! 28°1 00" 68 0§11 102 86~ §°9LL 691 b-tog
85t 0"t 28°1 00" 168 961t Sle €L~ SyLL 9°91 d-10¢
0672 0l 28 ¥00° 606 0811 2€2 £~ £2tl €91 0-10¢
- 01 8L 00" ¥2s 8y 02 €6~ 6 611 L AFAY H=10¢
8l°¢ [} 28°1 00° 156 161 202 L6= 6°GLL 8°9l 9-t0g
LLe 0t 2871 v00° 90¢ L6+ ez ()0 AV 6°22 J-10¢
2'6< 0L 2871 00" GeL L2~ 121 ‘ 2ge- 9708 Lot ¥-10€
86°0 0°L 28°L v00° 8L6 96LL Quy quy 6°SLL 891 1-662
9670 01 287 00" ole 8Ll : : 28 431 9°91 A-662
3sfhieze) [[ays . . . . . .
U0 13RANGLIUO) Pag [BILAPUL LAY 26°0 0L 281 $00 606 - 6LLL ?elt £°9( X-662
8l 1 0L 28°L 00" G6L €16 861 8°9l A-662
JARE 0"l 28" 00" G6L £L6 : 2°elLL 9L n-662
12t 0L b4 00° £64 696 Lot 291 1-662
- [} 28°1 00" 629 1434 9°60L 6°GL Y-662
€971 0l 2871 00" 12§ 06% 6°801 876l b-662
oLt 01 281 00" 82§ £6f 2°80L £°S1 d-662
1192 0L 28" £00° GLE 801 8101 2 Sl 1-662
66°L [ 28t 00" LlE ZLL ‘ : 8°¥0L rA A-662
86°L 0"l 281 00" 9te oLl quiy quiy 020t 8°pl r-662
e (15026) ol sh Aumm\@v_upMHwM\Enpv BT oy Gl D)y B0 ey uitan S
03 SUNIX LY M pag douag a3y 31524
WLl [eLituy : {eL3iug

WL:mwuLm LwnEm:u MO €s1s8] pag waeM/Jajsued] 1eay - juawddURYUI Isuodsay 493 Luby ‘Ll ®iqel

74



890" 59°s 569 €510°  £€2 o- sz s6-  §°86 e'el WeL0e
0t0° 59°8 $6°9 £610°  00F | 852 #+ €01 05t 120€
- 89°6 56°9 £910°  bES 08 92 £ e6L s'i r-L0g
s50° 59°g $6°9 510" 8ES ols 82 W eu £t 1-20¢
Leo* 59°5 6'9 €510° 06/ 196 €62 s~ 8L oLt 9-L0¢
0so0 s 059 £910° 899 e s b+ 5786 £l 3-20¢
1sALee) paeyjabug s20° 95°8 56°9 £510° IS8 woL g ey 129 0'6 n-soe
uo{303[ul 2g Weas3sumog s20° 95’8 969 £510° 598 6601 6L g1l n-soe
0g0° 95°8 569 £810°  eLL £46 689 0°01 s-60¢
ogo’ 95°8 56°9 510" 89L 926 €68 98 0-50¢
ov0* 95°8 56°9 £€510° 625 g6y $'96 0¥t 008
50° 95°8 68 €510° 62§ ) °201 BHL N-S0E
640" 95°8 56°9 £510°  S¢E 19t 5201 9'61 1508
50" 95°8 56°9 gs10° oz ar e ay  ggoL 8°sl 1-50¢
e’ 59 289 0510° 962 €6 52 z- 982 8ty x-g0E
580" 0t @t ost0° 008 86 092 s s 9t A-€0E
ovo° 0L 't 090" ¥82 s 192 02+ 822 6°6¢ $-80¢
ost* o't e 09t0° 82 vs w2 91- 291 §'€2  ¥-g0E
690° 0t @t w9l0° 82 8Lz o+ 22 80 W-tOf
650" 59 89 050" o2 L€ 252 9- 9z 0'or H-£0€
wopa00ur Te e s 050’ s @9 oslor e o1z &2 - 8w e8¢ g-20¢
060" 02 L 090" 282 - 652 9+ 52 679 v-20¢
Lo 0L 12t 0910° 806 e ey quy Le sy ¥-00¢
€0 0L @t 010" 6L 96 952 1'e 4008
6€0° 0L 2t 0910° 92§ g8y 6tz Lot N-00€
850° 0L 12t w10°  LIE 1t 22z 89k 1-00¢
s20° 0t @ 9l 1z sil iy oy s8ic 19y K-00E
SIUDNRUOY C.aawmv .._MMMWW M.._&.Mww {o9s/85) —mu%wwm\.__c: (e) duay [€73) o) duay [€9) ANE\zv: ® nmu_.\wn: ~Mo~<.=“
03 34RIX LK ] pag douad ¢ 3894
il lRRN] : [eraug

(PeNULIUOY)) DuNSSAUd J3quey) MOT €S3S9] pag wJeM/uajsued] JesH - juswaoueyul mmcoammm Luuwcmw .NF uxammm

75



Tests 299J - 301Q: Insulated bed tests with Shell catalyst resulted
in response times approximately 20% less than with uninsulated beds (Table
16, tests 289N-P), at comparable flow rates and initial bed temperatures.
Increasing initial catalyst bed temperatures as high as 1196°F (918°K)
further reduced response to slightly under one second. Low temperature
propellants significantly increased response times, probably due in part
to some leakage of cold gases around the catalyst bed between the foil
liner and the reactor wall.

Tests 304B ~ 306S: Engelhard catalyst tests also indicated some
improvement in igniter response compared to unheated, uninsulated bed tests,
but no response reductions comparable to those achieved with downstream
bed injection were achieved.

Tests 300H - 303X: Response tests of combined effects of downstream
oxygen injection, bed heating, and bed thermal insulation indicated no
significant improvement over downstream injection tests with ambient tem-
perature, uninsulated catalyst beds.

Tests 3051 - 307M: Engelhard catalyst tests verified the above Shell
catalyst test results - that heated, insulated catalyst beds had no major
effect on response when applied to the downstream injection igniter con-
figuration.

Table 18 presents the high chamber pressure heat transfer effects
tests. Results of these tests with Shell catalyst were:

Tests 308H - 309Y: Tests of the insulated cylindrical bed config-

uration (Figure 52) indicated no noticeable response improvement compared
to uninsulated bed tests 265G and 266B (Table 15).

Tests 309K - Z3: Downstream oxygen injection tests with heated,
insulated catalyst beds did not achieve the response of uninsulated bed
tests 265E - 266E (Table 15), the apparent difference being the increased
initial mixture ratio of tests 309K - Z3.

The results of the heat transfer effects tests revealed that response
time may be reduced to approximately one-half by heating an insulated bed
to nearly 1200°F (920°K). This improvement is relatively minor compared
to the one-hundredth fold response enhancement of downstream cxygen injec-
tion and would require an external energy source to maintain the catalyst
bed at an elevated temperature.

3.2.2.3 Mixture Ratio Effects

The effects of a momentary high mixture ratio pulse during the start
transient on overall igniter response was next investigated. Oxidizer
surges had previously been found to initiate flashback, as described in
Section 3.2.1.3. For these tests, high initial mixture ratios were attained
by initiating a hydrogen lead at a low flow rate ("trickle" flow) followed
by an oxygen flow sufficient to provide an initial mixture ratio from 10 to
50 O/F. After a selected pulse time (up to ten milliseconds) at this mixture
ratio, a second fuel valve was opened to decrease the overall propellant
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mixture ratio to 1:1. The data from these tests with each pressure level
igniter are presented in Table 19 and the results are described as follows.

Tests 292C - 293J: Low pressure reactor tests with Shell catalyst
at mixture ratios of 23.4 and below did not cause flashback but showed no
response improvement over baseline tests (Table 16).

Tests 294A - 296D: Increasing initial mixture ratio of the low Pc
reactor to 30.8 and 44.4 resulted in flashback with ambient temperature
propellants. Flashback was initiated with low temperature propeilants at
initial mixture ratios as low as 11.4 O/F.

Tests 283A-K: High pressure tests with Engelhard catalyst were con-
ducted with flashback at mixture ratio 19.8 but no flashback at 22.9 0O/F,
indicating some inconsistency in results. Again, no response improvement
over baseline tests (Table 15) was observed.

Tests 285Z - 288K: Engelhard catalyst tests of the high Pc reactor
did not result 1n flashback at mixture ratio 29 with Tow total flowrate,
but flashback occurred at mixture ratio 20.6 with increased flows. Initial
mixture ratios of 40 and 50 O/F caused flashback even at reduced total flow.

The results of the mixture ratio effects tests indicated that high
initial mixture ratios up to 50:1 during the igniter start transient
resulted in flashback before any significant improvement in response
occurred. Detonations in the oxygen feed systems also occurred on two
occasions during these tests, cne in the 02 injection pressure line and
another in the tubing of the 0, propellant thermal conditioning system.

The first detonation resulted in the burn-through of the 02 injection
pressure line, as shown in Figure 53, and the rupture of the 0, injection
pressure transducer, shown in Figure 54. The detonation may have been
caused by contamination in the 1line and/or transducer; however, it occurred
after numerous tests had been conducted with the same setup. Since these
tests were conducted with an Hy lead in a vacuum system, it is very likely
that Hp was present within the 02 injection pressure line and transducer
when the 0o valve was first opened. It is possible that an explosive H/07
mixture may have been ignited by adiabatic compression when the 02 valve
opened. No damage to the igniter or catalyst bed occurred.

The second detonation occurred within the 0o thermal conditioning
system which consisted of coiled copper tubing within a liquid nitrogen
container. Figure 55 shows the rupture in the copper tubing. The test
was conducted with ambient propellants; therefore, the hand valve at the
inlet to the heat exchanger was closed, no propellants were flowing through
the heat exchanger, and the by-pass hand valve was open. Apparently, the
detonation in the oxidizer feed system "dead headed" (stagnated) at this
location.
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Figure 55. Heat Exchanger Rupture
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3.2.2.4 Conclusions From Experimental Results

A significant achievement of the response enhancement task effort
was the 100:1 reduction of the catalytic igniter overall response time,
defined as the time required for the effluent gases to reach a temperature
sufficient for ignition of the main thruster, approximately 1200°F (920°K).
The major conclusions resulting from these tests were:

o Response times of less than 25 milliseconds can be
attained with either the high or low pressure igniter
by injecting oxygen downstream of the catalyst bed.

o Overall response times may be reduced by up to 20%
by thermally insulating the catalyst bed to minimize
heat loss to the reactor wall.

e Preheating the catalyst bed to temperatures as high
as 1200°F (920°K) can reduce response times by one-half
compared to ambient bed tests without downstream oxygen
injection, but does not significantly improve response
with the downstream injection igniter configuration.

e High initial mixture ratio propellants injected up-
stream of the catalyst bed during the ignition v
transient resulted in flashback before any noticeable
reduction in response time was achieved.

3.2.3 Igniter Scaling Analysis

During this task all igniter data obtained from the catalyst 1life,
flashback, and response tests, as well as related data from NAS 3-11227
(Reference 1), were correlated for use in establishing generalized design
criteria for catalytic pilot bed igniters. Geometrical requirements were
determined for pilot bed igniters for hydrogen-oxygen thrusters operating
over a wide range of thrust levels, chamber pressures, and temperatures.
Particular emphasis was given to mapping the design requirements for pro-
pellant mixture ratio and flashback control, response, bed 1oading and
propellant flowrate limitations, and overall operational requirements for
optimum 1ife and reliability.

Correlation of the flashback data utilized computer modeling techniques
for mapping flashback limits over extended operating conditions. Overall
igniter thermal response data was correlated and compared with previous
results of NAS 3-11227. Generalized igniter design guidelines were estab-
lished and applied in specific designs of both high and low chamber pressure
igniters for high thrust gaseous hydrogen-oxygen thrusters.

3.2.3.1 Flashback Data Correlation

Results of the flashback test series (Section 3.2.1) were evaluated
to determine igniter design guidelines that would insure against flashback
occurring under all anticipated operating conditions. Tests of both high
and low pressure igniters indicated that flashback could be controlled by
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providing a hydrogen lead on startup to insure against high initial mixture
ratios. To determine the limiting transient mixture ratio resulting in
flashback, analysis of the test firing data (Table 13) was conducted,
utilizing an analog computer dynamic model for mapping of flashback limits
over a wide range of operating conditions. This computer model, shown
schematically in Figure 56, was designed to simulate the dynamic flow
characteristics of the feed system used for high initial mixture ratio
tests (Figure 44).

Figure 56. Computer Model Flow Schematic - Lumped
Parameter Simulation of Test Correlation

Typical dynamic model simulations of actual test firing conditions
are presented in Figures 57 through 59 (data from these tests were pre-
viously listed in Table 13). Comparison of the peak transient mixture
ratio (upper left corner of each figure) between flashback/no flashback
tests indicated that approximately 1.5 O/F was the lTimiting transient
mixture ratio before flashback was initiated on start-up (computer runs
were not automatically terminated when flashback occurred, as actual test
firings were).

Correlation of both actual test firing and computer predicted flash-
back data is shown at the left in Figure 60. This plot indicates that the
ratio of oxygen and fuel supply pressurés has a secondary effect on the
limiting flashback transient mixture ratio. The experimental apparatus
design made it possible to very accurately determine the effects of upstream
0, surge volume effects as shown in the right hand part of Figure 60. The
overall assessment of the results indicates that the major design guideline

to prevent flashback is to simply prevent mixture ratio excursions upstream
of the catalyst fed from exceeding a 1.5 0/F.

Other design guidelines to prevent flashback occurrence were estab-

Tished after analysis of the effects of flow velocity (Section 3.2.1.2)
and injector streaking (Section 3.2.1.4) on flashback. The results of the
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flow velocity effects tests (Table 12) are summarized in Figure 61. Based
on this data, a minimum catalyst bed inlet velocity of 50 ft/sec (15 msec)
was selected for both low and high pressure igniter operation. Flashbacks
did occur at mix section velocities of 40 ft/sec (12 msec) with the low Pc
igniter; however, this was only at chamber pressures over four times nominal
Pc. Flashbacks were not induced with the high Pc igniter at velocities as
Tow as 15 ft/sec (4.6 msec) and pressures up to 500 psia (3450 kN/m<);

however, 50 ft/sec (15 msec) was selected as a conservative minimum bed
input velocity.

SYMBOL P c CATALYST FLASHBACK

a] LOW  ENGELHARD NO
L LOW ENGELHARD YES
[ LOW SHELL 405 NO
- LOW SHELL 405 YES
400 o] Hl ENGELHARD NO

122)
5% FLOW ~
200 0.40" (1.0 CM) ‘
1) \ MIX DIA 7% FLOW
\ 22" (0.5 CM)
2% FLOW 2% FLOW MIX DIA
0.40"(1.0C 0.2" (0.5 CM)
MIX DIA MIX DIAVD\ \
100
(30) 5% FLOW - \\ \ N
AVERAGE 0.875" (2.2 CM)
FLOW MIX DIA
VELOCITY ~
FT/SEC N
(M/SEC) \A \Lﬂ . \
40 4% FLOW
0.

43 (1.1 CM)
1 Y / \ \ MIX DIA
4 AN \
20
6) 7 \%\
2% FLOW\
0.875" (2.2 CM) 2% FLOW

j=]

ES

MIX DIA I 0.43" (1.1 CM)
10 | MIX DIA |
3} 1.0 2.0 4.0 10.0 20.0 40.0

MIX SECTION PRESSURE ~ ATMOSPHERES

Figure 61. Igniter Flashback Test Data -
Flow Velocity Effects

The induced streaking flashback tests (Table 14) indicated that only
extremely non-uniform mixture ratio conditions would initiate flashback.
Even a relatively inefficient mixing injector design should preclude this
flashback mode. Diffusion ball beds may be utilized to further insure
propellant mixing if their addition does not otherwise compromise the
igniter design reliability. Diffusion beds of high conductivity, high
heat capacity materials such as copper shot were not able to completely
arrest flashback from the catalyst bed to the mixing injector. The type

of catalyst, Shell 405-ABSG or Engelhard MFSA, did not affect igniter
flashback characteristics.
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3.2.3.2 Response Data Correlation

Test firing data from the response enhancement investigation ,

(Section 3.2.2.1, Tables 15 and 16) are correlated in Figure 62. Thermal
response time to effluent temperatures of 1200°F (920°K) is plotted as a
function of igniter flow rate for plain cylindrical catalyst beds (without
downstream oxygen injection) at each pressure level. Response time of the
Engelhard catalyst beds is less than for the Shell catalyst at each pressure
level because of the lower thermal mass of the Engelhard catalyst bed. This
response time reduction with the Engelhard catalyst is of considerable mag-
nitude for the Tow Pc tests, where the bed loads are over four times the
mass of the high Pc beds.

Thermal response data from NAS 3-11227 (Reference 1) is presented in

Figure 63. The response time for this correlation is defined as time to

95% of steady-state effluent temperature, and the times are correspondingly
Tonger compared to the response times to 1200°F (920°K) in Figure 62. Also,
the slopes of the lines in Figure 62 are steeper, indicating nearly a linear
inverse relationship between response time and flow rate, compared to Figure
63 data, where response time decreased as the square root of the igniter
flow rate for each bed configuration.

Results of the heat transfer effects (Section 3.2.2.2) and the mixture
ratio effects (Section 3.2.2.3) response tests indicated no major improvement
in overall igniter response time could be achieved by these methods. However,
a 100:1 reduction in response was attained with each pressure level igniter
by injecting oxygen downstream of the catalyst bed, as described in detail
in Section 3.2.2.1. Overall response times of 25 milliseconds were measured
at each chamber pressure level with downstream oxygen injection (Tables 15
and 16). These response data supersede all previous igniter response criteria
established during this program and NAS 3-11227 (Reference 1). Based on these
test results, the downstream injection igniter design was selected for all
further igniter testing and evaluations.

3.2.3.3 Generalized Igniter Design Guidelines

Analysis and correlation of all igniter test data generated during
this program and NAS 3-11227 has resulted in the following generalized
design guidelines for catalytic igniters:

e Catalyst Tife can be maximized by operating the bed at as
low a temperature as possible and still provide an effluent
temperature above 1200°F (920°K) to insure main thruster
ignition. Downstream oxygen injection provides a high
temperature effluent with Tow catalyst bed operating
temperatures,
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Figure 62. Correlation of Ign1ter Bed Response Data - Therma] Response

to 1200°F (920°K) Versus Flow Rate
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e Flashback from the catalyst bed to the mixing injector
can be precluded by insuring hydrogen leads on startup,
keeping mixture ratios upstream of the catalyst bed
below 1.5 0/F during transients as well as steady-state
operation, maintaining mixing section velocities above
50 ft/sec (15 msec), and avoiding oxidizer-rich streaks
by adequate injector mixing and/or diffusion ball beds
upstream of the catalyst bed.

e The downstream oxidizer injection igniter configuration
was selected after exhibiting a 100:1 improvement over
previous catalytic reactor thermal response. Overall
response times of 25 milliseconds were attained over a
wide range of igniter pressure levels and flow rates.

o Igniter flow rates of 2 percent of nominal thruster
flows were selected as baseline design conditions.
High response thruster ignitions have been attained
with igniter flows as low as one-half of one percent
of thruster flows, and no minimum flow requirement has
been experimentally determined. The conclusion from
NAS 3-11227 (Reference 1) that the primary requirement
for thruster ignition was a minimum igniter effluent
temperature rather than an energy limit appears to be
substantiated by the results of this experimental
program as well.

These basic design guidelines were incorporated in the design of
two specific igniters for high thrust hydrogen-oxygen thrusters at widely
varied operating pressures. Selection of these example cases was approved
by the NASA/LeRC Project Manager. Figure 64 shows the basic cata]yt1c
igniter designed for a 1500 1bf (6672 N) thrust, 300 psia (2068 kN/m2)
thruster. Overall propellant mixture ratio is 1 1, with 90% of the total
igniter hydrogen flow used for cooling the reactor combustion chamber-.
Ten percent of the igniter hydrogen and oxygen pass through the catalyst
bed at a mixture ratio of 1:1 or lower. The remaining 90% of the oxygen
is injected downstream of the catalyst bed to provide high response down-
stream bed ignition and to raise the local mixture ratio to 10 O/F to
provide a high temperature effluent for reliable thruster ignition. The
high pressure catalytic reactor in Figure 64 was fabricated and tested,
with a high thrust, high chamber pressure hydrogen-oxygen thruster, as
described in Volume II of this contract report.

A second design case was for an igniter for a low pressure thruster
igniter, 15 psia (103.4 kN/mZ) chamber pressure, also at the 1500 1bf
(6672 N) thrust level. The basic design of this reactor is shown in
Figure 65. This all-welded design represents a flight-type igniter
configuration, compared to the threaded assembly test igniter design
in Figure 64. Downstream oxygen injection and an overall mixture ratio
of 1:1 with 10:1 O/F downstream of the catalyst bed were also selected
for the low pressure high thrust igniter design.
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Figure 64. Catalytic Reactor — Downstream 02 Injection, High Chamber
Pressure

Design Features - 1. Combustion Chamber ID = .470" (1.19 cm)
Copper Combustion Chamber, Cooled by 90% of H2.
0, Downstream Injection Tube, .090" (.229 cm), I.D.
90% of 02 through Injection Tube.
4. Axial Diffusion Pre-Mix Section
o 36 02 tubes, .007" (.018 cm), I.D. by .720"
(1.84 cm) long.
o Diffusion Distance = 3.4" (8.6 cm).
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Figure 65. Catalytic Reactor-Downstream 0.,
Injection - Low Chamber Pressufre

3.3 ENVIRONMENTAL EFFECTS DETERMINATION

Both Taboratory evaluations and igniter firing tests were conducted
to determine the effects of various potentially degrading environmental
conditions on the performance of catalytic hydrogen-oxygen igniters. The
objectives of this experimental task were:

e Perform laboratory evaluations to identify the environmental
conditions which most severely affect catalyst activity, as
determined by chemisorption tests measuring the active sur-
face areas of catalyst samples before and after exposure.

e Simulate typical space shuttie flight profiles, including
exposure to potentially degrading environments such as
salt spray, humidified and polluted air, and reentry
heating.

o Determine the effects of these simulated flight profiles
on hydrogen-oxygen ignition characteristics by conducting
igniter test firings after each change of environmental
exposure conditions.

These investigations were performed to determine catalyst environ-
mental effects during shuttle vehicle earth residence (earth stay
simulation) and reentry (reentry simulation), and to indicate effective
catalyst protection methods, if necessary.

3.3.1 Earth Stay Effects

The effects on catalyst activity of the following simulated earth

stay environmental exposures were investigated for both the Shell 405-ABSG
and Engelhard MFSA catalysts.

. Oxygen during earth stay (thirty day clean, dry air soak
under ambient conditions)

e Polluted humid air during earth stay (30 minutes, 24 hours,
30- and 50-day soaks at ambient conditions)
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e Salt spray at ambient conditions (24-hour earth stay)

Laboratory screening tests were first performed to identify the soak
conditions having the most effect on catalyst activity. Catalyst loads were
then exposed to these selected environmental conditions and evaluated during
full scale igniter firing tests at both high and low chamber pressure levels.

3.3.1.1 Laboratory Evaluations

A11 catalyst samples tested were pretreated in accordance with the
standard procedure (Section 3.1.1.3) established during previous programs.
The catalytic activity of each sample was measured immediately after each
exposure (soak) and compared to that obtained from samples not exposed to
any environment (no soak tests). Sample size varied from 0.5 to 2 grams.

Catalytic activity was determined by Tow temperature, low pressure
hydrogen adsorption rate measurements [-78°C (195°K), 1 torr hydrogen
pressure] and by maximum adsorption capacity at 200°C (473°K) (equilibrium
hydrogen adsorption as a function of pressure). A BET (Reference 2) type
apparatus was used for controlled exposures and activity determinations,
and was previously described in Section 3.1.1.3 of this report.

The polluted-humid air was synthetically prepared at TRW Systems
from VW engine exhaust and sulfur dioxide-nitrogen cylinder gas mixture.
The stock gas mixture was diluted with clean air and analyzed chromato-
graphically as well as by Beckman NDIR and flame ionization analyzers.
The final composition was as fellows (dry): oxygen = 20.5%, CO, = 1500 ppm,
CO = 20 ppm, SO» = 20 ppm, hydrocarbons 19 ppm (as propane), NO7 = 17 ppm,
balance nitrogen. The water vapor was estimated at 1.5% + 0.5 by volume
(approximately 50% saturated).

1

The above composition simulates severely polluted atmosphere. For
comparison purposes, one sample of each catalyst was exposed to Redondo
Beach, California air for 30 days. Two samples (one Shell and one
Engelhard) were exposed for 24 hours to 5% sodium chloride spray in a
salt spray chamber (salt spray soak).

The data presented in Figures 66 and 67 indicate the effects of oxygen,
water vapor and pollutants, salt spray, and exposure time during earth
residence of the spacecraft on the catalytic activity of the thruster
igniters, A1l soaks were performed at ambient temperature and pressure.

The pretreated catalyst samples were soaked in the environments and for
the duration indicated, evacuated for 4 hours (ascent simulation), and
cooled to -78°C (195°K) for hydrogen adsorption measurements. Subsequent
to rate measurements the samples were heated to 200°C (473°K) for the
equilibrium hydrogen adsorption determinations.

The three 30-day soaks were performed in order to furnish information
on the effects of oxygen, water vapor and pollutants, and pollutant concen-
trations on catalytic activity (Redondo Beach air pollutant concentrations
are on the average lower than those of the synthetic polluted air used by
at least a factor of two). The 30 minutes, 24 hour, 30 and 50 day soaks
were employed to study the effect of exposure duration on catalytic acti-
vity; highly polluted air was utilized to furnish the most severe test.
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These tests were also designed to furnish data on the need for protective
measures against catalyst poisoning during prolonged earth residence of
the space shuttle vehicle. The salt spray soak exaggerates spacecraft
residence near sea coasts.

Shell 405-ABSG Catalyst. Figure 66a illustrates the effects of the
various environmental soaks on low temperature hydrogen adsorption rates
on Shell 405 catalyst:

e A1l seven soaks had a pronounced effect on the catalytic
activity at lTow temperatures.

e The rate of adsorption dropped by a factor of approximately
20 when soaks in polluted air were restricted to 30 minutes
and 24 hours and by at least an additional order of magnitude
for all other soaks. Increase in exposure duration appeared
to increase catalytic activity deterioration; this increase
leveled off sometime prior to 30 days.

e Pollutants and normal humidity did not affect catalytic
activity when present in air {(compare 30-day soaks in dry,
clean air and humidified, polluted air).

e Salt spray affected catalytic activity approximately as much
as a 30-day exposure to air. Prior to salt spray soak, the
same sample was soaked in polluted air for 24 hours. Compari-
son of the two sets of data (24 hours in polluted air versus
24 hours in salt spray chamber) indicated that salt spray
treatment reduced the adsorption rate by a factor of 100.
Whether sodium chloride was responsible for the excessive
deterioration or not is not clear. During this soak the
catalyst samples were flooded with the solution; therefore,
water, frozen at -78°C (195°K) could be principally responsible
for the observed low hydrogen adsorption rates. The sample
was partially dried and evacuated for four hours prior to the
rate measurements, but water in the pores cannot be driven off
by evacuation at room temperature. If NaCl caused the activity
deterioration, the poisoning of the catalyst would have been
permanent. The equilibrium adsorption measurements on the
same sample (Figure 66b) indicate that this is not the case.
The principal culprit appears to be the water. Normal water
vapor in the air does not affect catalytic activity (beyond
the oxygen effect), but if water is allowed to condense in
the pores of the catalyst its effect in Tow temperature
reaction rates is severe.

Figure 66b presents the equilibrium hydrogen adsorption data on Shell

405 catalyst samples soaked in the environments described above. The
following observations were made:
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e All seven soaks affected the maximum hydrogen adsorption
capacity of the catalyst, but in all cases the effect
was positive.

e The volume of hydrogen adsorbed decreased with increase
in exposure time, but in all cases it was greater than
that absorbed by the unexposed (not soaked) samples.

e Pollutants or water vapor or both appear to have had
some effect on the quantity of hydrogen adsorbed, but
it was minor. The same was true of salt spray.

e Extension of exposure time from 24 hours to 30 days
reduced the catalyst's hydrogen capacity by 30%.

Engelhard MFSA Catalyst. Figure 67a presents the data on the effects
of ambient air (clean and polluted) and salt spray for hydrogen adsorption
rates on Engelhard MFSA catalyst. The following observations were made:

e Soaks of 24 hours or less in humid polluted air had no
appreciable effect on hydrogen adsorption rates at -78°C

195°K) .

e Thirty day clean, dry air soaks caused an average 30%
reduction on hydrogen adsorption rates.

e Soaks of 30 or more days in polluted air and 24 hours
in salt spray reduced low temperature hydrogen adsorption
rates by 90%. Thus, humidity and/or pollutants have an
effect on this catalyst at low temperatures.

Figure 67b summarizes the equi]%brium hydrogen adsorption data on
EngeThard MFSA catalyst samples soaked with air and salt spray under
ambient conditions. The data indicated the following:

o Ambient polluted air soaks of 24 hours or less had a small
positive effect on the hydrogen adsorption capacity of the
catalyst.

e Thirty day dry, clean air soaks affected only slightly the
capacity of the catalyst for hydrogen at pressures below
50 torr. At higher pressures (up to 200 torr) limited
desorption was observed. However, in the entire pressure
range investigated hydrogen adsorption remained positive.

e Lengthy ambient soaks in humid polluted air and the 24
hour salt spray soak caused the catalyst to exhibit nega-
tive adsorgtion (net desorption) when treated with hydro-
gen at 3°K). e number of molecules desorbed from
the catalyst surface exceeded the number of hydrogen molecules
adsorbed on it. Comparison of the thirty day dry and humid
air curves and the salt spray curve with the 24-hour polluted

air curve indicated that water vapor desorbs from the catalyst
at this temperature.
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Data Reproducibility. A number of experimental tests were performed
twice 1n order to verify the validity of the observed effects; in almost
all cases reproducibility of results was better than +2%. Figure 68 illu-
strates the reproducibility obtained with both catalysts at the start and
end of the program. Low temperature rate data was chosen for these tests
because it is the most sensitive to contamination, cata]yst composition
changes, or experimental procedure variations.

DATA REPRODUCIBILITY (NO SCAK TESTS)
HYDROGEN ADSORPTION RATES AT -78°C (193°K) AND 1 TORR H,

600
!

© ENGELHARD MFSA (TWO RUNS) AT
START OF TEST PROGRAM

A SHELL 405 (TWO RUNS) AT START
500 R ( OF TEST PROGRAM

X BOTH CATALYSTS (SINGLE RUNS)
AT END OF TEST PROGRAM

7y LAy

400A ‘1/'/_ . #_

300

100

SOF—- - o b R e s e TR SN

40

HY DROGEN ATOMS X 10'8 ADSORBED PER GRAM OF CATALY ST
S
(=]

30

i

ZOF—

0 10 20 30 40 50 60
ADSORPTION TIME IN -MINUTES

Figure 68. Reproducibility of Catalyst
Activity Experimental Data

Data Interpretation. The Shell 405-ABSG catalyst is heavily loaded
with iridium (approximately 30% by weight) which totally covers the alumina
surface. Therefore, the various soaks performed on the catalyst should only
affect the noble metal. The hydroscopic properties of alumina should only
play a minor role in the behavior of this catalyst subsequent to humid air
soaks. The data verified this conclusion, the only exception being the 24-hour
salt spray soak during which the catalyst was literally soaked in liquid water.
The data also indicated that air pollutants had no apprec1ab1e effects on the
ability of this catalyst to catalyze the Hy-0, reaction in the temperature
and pressure ranges investigated. It is oxygen that principally affects the
catalytic activity.
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During ambient soaks with the Shell catalyst, oxygen adsorbs on the
noble metal, blocking the sites to hydrogen adsorption at Tow temperatures.
The amount of adsorbed oxygen increases with time until all easily accessible
sites are saturated with oxygen (this occurs sometime between 24 hours and
30 days and involves over 90% of the active sites). Further reduction in the
number of sites available to hydrogen become immeasurably slow. The chemi-
sorbed oxygen cannot be removed by room temperature evacuation (ascent
simulation); on the other hand, most adsorbed water vapor is removed from
the noble metal during the four-hour evacuation. The water adsorbed during
the salt spray soak is only partially removed (it either penetrates into the
alumina, or four hours evacuation is not quite enough). When the sample is
heated to 200°C (473°K) and hydrogen is added to it, the latter reacts with
the adsorbed oxygen to form water, which remains attached to the site by its
oxygen. If single site attachment for oxygen is assumed (one oxygen atom
per iridium active site), the atoms of hydrogen adsorbed can be as high as
twice the number of active sites. Indeed the data of Figure 66b indicates
higher hydrogen adsorption for samples presoaked with ambient air; the
increase approaches the 100% Tlevel for the short soaks (30 minutes and 24
hours). The fact that the 30-day soaks do not exhibit 100% increase in
hydrogen adsorption must be due to excessive oxygen presence. It is possible
that hydrogen cannot react with the adsorbed oxygen unless itself adsorbs
next to it. This would necessitate the partial desorption of oxygen, or
formed water, giving rise to a lower "apparent" hydrogen adsorption (the
pressure above the sample will not drop as much, which would indicate lower
hydrogen adsorption capacity). Another explanation can be that some associa-
tion occurs between oxygen atoms on the catalyst surface during the long
soaks which makes them less reactive with hydrogen and also easier to desorb.

The above interpretation of the Shell catalyst data is consistent with
the results from the various soaks. To further confirm the conclusions con-
cerning the behavior of the catalyst during the described soaks, the additional
data presented in Figure 69 was obtained. A sample soaked in polluted air for
50 days was evacuated for four hours at room temperature and, as previously,
its hydrogen adsorption and equilibrium rates were measured. Subsequently,
the sample was evacuated for 4 hours at room temperature and its hydrogen
~adsorption rate and equilibrium capacity were measured again. The data
indicates that the second measurements approached those obtained from samples
that were never soaked in air (no soak tests). This confirms that whatever
adsorbed on the catalyst surface during the air soak (believed to be oxygen),
and could not be removed by ambient temperature evacuation, reacted with
hydrogen during the equilibrium adsorption measurements and converted in a
species (water? that could be removed by ambient temperature evacuation.

This data allows the conclusion that normal humidity does not appreciably
affect the intended function of the catalyst igniter.

The environmental soaks affect the active metal of the Engelhard MFSA
catalyst in the same manner as described for Shell 405-ABSG. The macroscopic
differences observed in the data obtained from the two catalysts are princi-
pally due to the gross difference in noble metal loading. The Engelhard
catalyst is loaded with approximately 1% noble metal versus 30% for the
Shell catalyst. The difference in active metals appears only to have an
effect on the rate of oxygen adsorption and/or the strength of the bond
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between the noble metal and oxygen. Platinum and rhodium appear to adsorb
Tess oxygen and less strongly than does iridium. Thus, oxygen has a less
pronounced effect on the Engelhard catalyst in general ana water a greater
effect than on the Shell catalyst. The following paragraphs present the
interpretation of the data obtained with the Engelhard catalyst:

The assumption that oxygen is not held as strongly on platinum as on
iridium is consistent with the data in Figure 67a. Short duration exposures
to air (30 minutes and 24 hours) had no effect on hydrogen adsorption rates
and very 1ittle effect on the hydrogen adsorption capacity of the catalyst.
Obviously, the 4 hour ambient temperature evacuation (ascent simu]ationg
was sufficient to desorb most adsorbent from the active sites.

Long duration polluted, humid air exposures (30 days or more) have
a pronounced effect on hydrogen adsorption rates with the Engelhard catalyst.
This is not true for the exposure to dry air. Again there is verification
that oxygen is not strongly held by platinum and rhodium. Water vapor must
be the culprit. This catalyst, being Tightly loaded with noble metal, has
an extensive alumina surface in contact with the humid air. Since alumina
is a dehydrating agent, it adsorbs all the water vapor from the air during
long exposures. At -78°C (195°K) the water freezes, expands and blocks
the active sites. At 200°C (473°K) this water desorbs from the alumina,
raising the pressure above the sample. Since alumina does not adsorb hydrogen,
any pressure drop due to hydrogen adsorption on the active metal is masked by
the increase in pressure due to desorbed water vapor. The net effect is
negative adsorption (Figure 67b). The salt spray soak data verifies further
this mechanism. The small "dip" in the dry air exposure curve of Figure 67b
can be attributed to oxygen desorption.

In order to verify the contention that it is water (or some other
desorbable species) which causes the temporary reduction in catalytic
activity at low temperatures, and not permanent poisoning of the catalyst
by pollutants or non-desorbable oxygen, the data shown in Figure 70 was
obtained. This data is identical to that on Shell 405-ABSG presented in
Figure 69 and it was obtained as described there. It is seen that four
hours ambient temperature evacuation is sufficient to remove a substantial
portion of the activity-inhibiting species (water according to our theory).
Higher temperature evacuation or a single catalyst firing should restore
the catalytic activity completely.

The results of the earth stay simulation laboratory tests indicated
that exposure to air pollutants,normal humidity, and salt spray had no
major effect on the activity of the Shell 405-ABSG catalyst. However,
extended exposure to ambient air severely reduced the Tow temperature
ignition capability of this catalyst, due to strongly adsorbed oxygen.

Full scale igniter firing evaluation of the Shell catalyst subsequent
to 30-day air exposure was recommended to determine low temperature ignition
capability.

The Engelhard catalyst activity was not seriously affected by dry air

soaks, but lTow temperature activity was substantially reduced by humidity
during long exposures. Igniter firing tests after 30-day air exposures
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were also recommended, in this case to investigate humidity effects, rather
than oxygen adsorption, as with the Shell catalyst.

3.3.1.2 Igniter Firing Tests

A series of igniter test firings were conducted to determine the
effects of simulated earth stay environments on the ignition characteristics
of the Shell and Engelhard catalysts. The procedures followed for the
environmental effects tests were:

(1) Each catalyst load was exposed to humid, polluted air (at
Redondo Beach, Ca1ifornia§ for thirty continuous days.

(2) Each catalyst bed was loaded into the igniter and held
overnight at vacuum prior to testing.

(3) The catalyst beds were externally conditioned to 250°R :
(139°K) and firings were attempted with 250°R hydrogen and
375°R (208°K) oxygen.

(4) 1If ignition did not occur, catalyst bed and/or propellant
temperatures were increased until ignition was attained,
and low temperature ignition attempts were then repeated.

The igniter hardware utilized for these tests was previously described
in Sections 3.2.1 and 3.2.2. The downstream oxidizer injection configuration
was selected for this test series. Data from the environmental effects test
are listed in Table 20 for both the earth stay and reentry simulations. The
results of the earth stay environment (30 days exposure to humid, polluted
air) effects tests are described as follows:

Tests 344A, L: The initial high pressure reactor test with Shell
catalyst after 30-day exposure resulted in no ignition with cold propellants
and catalyst bed. Ignition was achieved after the bed was allowed to reach
near ambient temperatures. Results of the reentry effects tests will be
discussed later; however, it should be noted that the catalyst did ignite at
reduced bed temperatures after a single ambient firing, indicating that no
irreversible loss of activity resulted from the earth stay environment expsure.

Test 345A: Ignition was achieved on the first attempt with the
Engelhard catalyst after earth stay exposure; however, initial response
was increased compared to the baseline response tests for this catalyst
(Table 15). It may be noted, however, that response decreased as additional
tests were performed, even after the exposure to simulated reentry environ-
ments was added (Tests 345 C-G).

Tests 351A-E: Low pressure tests of Shell catalyst after earth
stay exposure resulted in no ignition on the first two attempts. After one
ignition was achieved on test 351D after allowing the catalyst bed to warm
to ambient temperature, further ignitions were then attained at Tow bed
temperatures, indicating a recovery of catalyst activity.
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Tests 352A-D: Low pressure Engelhard catalyst tests after earth
stay exposure resulted in a partial ignition on the first attempt. Full

high response ignition was attained on the next two firings at Tow bed
temperatures.

The results of the igniter firing tests with catalyst exposed to
simulated earth stay environmental exposures indicated that low temperature
ignitions could not be attained with the Shell catalyst until the bed was
allowed to reach near ambient temperatures for the first firing, after which
initial catalyst activity was recovered and low temperature ignitions could
be achieved. '

Although at least a partial ignition resulted on the first firing of
the Engelhard catalyst at each pressure level after earth stay exposure,
ignition was more consistent and response improved for subsequent firings.
The full-scale test data was entirely consistent with the subscale labora-
tory tests.

3.3.1.3 Conclusions From Experimental Results

The results of the laboratory investigations of earth stay environ-
mental effects on catalyst activity led to the following conclusions:

e Pollutants and normal humidity have no appreciable effect on
Shell 405-ABSG catalyst. Humidity during long exposures (more
than 24 hours) at ambient conditions reduces substantially the
low temperature catalytic activity of the Engelhard catalyst.
Both catalysts, if soaked in liquid water and not thoroughly
?rieg,)lose their ability to ignite the H2-02 reaction at -78°C

195°K

¢ Normal salt spray concentration of coastal areas should not
have any effect on Shell catalyst and only a possible minor
effect on Engelhard catalyst.

e Long exposures to ambient air appears to hinder severely the
Tow temperature Hp-0, ignition capability of Shell 405. Full
scale testing of this catalyst subsequent to 30 day air soaks
is recommended. It is possible that catalyst reactivation
would be required during long term earth residence of the
shuttle vehicle.

Full-scale igniter test firings with catalysts exposed to simulated
earth stay environments (30 days in polluted, humid air) tended to substan-
tiate the results and conclusions of the laboratory activity evaluations.
The following conclusions were suggested by the test firing results:

o Low temperature ignition capability of both the Shell and
Engelhard catalysts was initially reduced by simulated earth
stay environments for 30 day periods. However, in each case,
the original catalyst activity level was recovered after a hot
firing. These results verify the laboratory test data indicat+
ing that polluted air effects are reversible (Figures 69 and 70).
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e High response on the first ignition with either catalyst
after extended earth stay can be assured by heating and/or
hydrogen purging of the catalyst bed.

3.3.2 Reentry Effects

Both laboratory investigations and full-scale igniter test firings
were conducted to determine the effects of reentry on catalyst activity,
including the following environmental conditions:

e Heat during reentry (vacuum soak)
e Oxygen during reentry (clean, dry air soak)
e Polluted humid air during reentry (polluted air soak)

e Exposure time during reentry (1- and 60-minute reentry
simulations)

As previously described for the earth stay effects determination,
laboratory experiments were performed to identify significant reentry
effects on catalyst activity to be investigated by igniter tests with
both the Shell and Engelhard catalysts at each pressure level.

3.3.2.1 Laboratory Evaluations

The laboratory reentry simulations were divided into two groups:
e One-minute soaks at 1500°F (1089°K)
e Sixty-minute soaks at 1500°F (1089°K)

The pretreated catalyst samples were heated under vacuum to 1500°F
(1089°K), soaked for the duration and in the environment indicated [vacuum
or 3.5 (24 kN/m<) psia air], cooled to ambient temperature under vacuum or
by the addition of the appropriate type of air, kept at ambient conditions
for 30 minutes (earth stay simulation), evacuated for four hours at ambient
temperature (ascent simulation), and cooled to -78°C (195°K) for hydrogen
adsorption measurements. Subsequent to rate measurements the sample was
heated to 200°C (473°K) for the equilibrium adsorption determinations.

Figures 71 through 74 present all the data on the combined reentry
and 30 minutes earth stay effects on catalytic activity.

Shell 405-ABSG Catalyst. Figures 71 and 72 show data obtained during
short and normal reentry exposures of Shell catalyst samples. The data
indicates that:
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e Reentry heat only (vacuum soaks) has no effect on the activity

of this catalyst; if anything, the 60 minutes vacuum soak at
1500°F (1089°K) tends to increase the maximum hydrogen adsorp-
tion on the catalyst. In all probability, prolonged high
temperature evacuation removes strongly adsorbed species from
the catalyst surface which were not removed during pretreatment.

The presence of oxygen during reentry has a pronounced effect
on Tow temperature hydrogen adsorption rates on this catalyst;
in addition, the effect increases with increase in exposure
time (Figures 71a and 72a). Adsorption rates decrease by an
order of magnitude after one minute soaks and by two orders of
magnitude after 60 minute soaks. The effect on equilibrium
hydrogen adsorption is mild by comparison; the maximum hydrogen
adsorption is reduced by less than a factor of two (Figures
71b and 72b). Since heat alone (vacuum soaks) had no effect
on catalytic activity, the deterioration in adsorption rates
observed in this data must be due to catalyst-active-site
"poisoning"by oxygen; some sintering, however, cannot be

ruled out.

The presence of polluted air during reentry has no significant
effect on catalytic activity beyond that observed for oxygen.
Thus, water vapor and pollutants in air do not affect catalytic
activity appreciably. Oxygen appears to be the primary culprit.

Repeated reentry simulations in polluted air on the same catalyst
sampie did not affect catalytic activity beyond the effects of
the first reentry. Since the sample was hydrogen treated between

reentries (rate and equilibrium measurements were made on it) it
would appear that the oxygen effect is reversible, otherwise,
further activity deterioration would have been observed with
each successive reentry.

Engelhard MFSA Catalyst. Figures 73 and 74 represent the simulated

reentry effects on the activity of Engelhard MFSA catalyst. The effects of
temperature, oxygen, water vapor and air pollutants, exposure duration, and
repeated reentries are discussed below:
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e Reentry temperatures up to 1500°F (1089°K) appear to have a

positive effect on catalytic activity. This increase in activity
1s significant only for low temperature adsorption rates. This
effect was not observed with the Shell catalyst (it was not as
pronounced)

The presence of oxygen during reentry influences the catalytic
activity of Engelhard catalyst in similar fashion but smaller in
extent than that of Shell 405-ABSG. This discrepancy in extent
of deterioration must be due to the Tower per unit weight activity
of Engelhard catalyst (less active sites per gram). Increase in
exposure time increases the deterioration of adsorption rates
(Figures 73 and 74).




e MWater vapor, pollutants, and multiple reentries do not affect
‘catalytic activity appreciably. The catalyst exhibits approxi-
mately the same adsorption rate deterioration with clean, dry
air as with humid, polluted air.

Data Interpretation. The data obtained for the Shell catalyst
indicates that oxygen at 1500°F (1089°K) reacts with iridium and in the
process releases heat which "spot sinters" the active metal of the catalyst.
One hour soak at 1500°F and 3.5 psia (24.1 kN/m?) air can reduce the active
sites of the catalyst to one third the original number. Upon prolonged
treatment with hydrogen at 200°C (473°K), the formed oxide reduces to the
metal, but the sintering effect is permanent. A second treatment with oxygen
at 1500°F does not sinter the catalyst further; at least not appreciably.
The above statements are supported by the data on Figures 66 and 72. The
data shows that 1 hour vacuum soaks at 1500°F has no effect on either the
rate or equilibrium adsorption of the catalyst. Soaks of the same duration
with air have a pronounced negative effect on both rate and equilibrium
adsorption which is much greater than that observed with 30 minute ambient
air soaks. As expected, the sintering effect increases with exposure time,
but not severely (compare Figure 71 with Figure 72).

During reentry, the active metal of the Engelhard MFSA catalyst reacts
with oxygen, if present, but the heat generated is small (the noble metal
loading of the support is low) and no appreciable sintering takes place.

The reacted oxygen does not, of course, desorb during ambient temperature
evacuation and by remaining on the surface it causes severe reduction in Tow
temperature adsorption rates. At 200°C (473°K), the "oxide" reduces to the
metal by hydrogen, and the catalyst behaves as if it had never been soaked
in air. Just as with the Shell catalyst, the assumption is made that oxygen
atoms adsorb on single sites, but the product of the reaction with hydrogen
(water) desorbs at 200°C. Thus, the net effect on pressure above the sample
from the reaction of hydrogen with oxygen is zero (one mole of hydrogen is
used up but one mole of Hy0 is desorbed); any change in pressure reflects
the adsorpt1on of hydrogen on the freed sites. As expected, hydrogen
adsorption is equal to that of "no soak" samples (Figure 74b)

The results of the reentry environment simulation laboratory tests
indicated that heating alone (in vacuum) tends to increase the catalyst
activity by further pretreating of the catalyst surface. Heating of the
Shell 405-ABSG to 1500°F (1089°K) in an air environment (oxygen exposure)
decreased catalyst activity; however, the effects appear to be reversible.

The Engelhard MFSA catalyst was affected to a lesser extent by oxygen
during reentry than the Shell catalyst. No additional activity losses
resulted from polluted air reentry simulations with either catalyst.
Repeated aerated reentries with both the Shell and Engelhard catalysts did
not further reduce activity, again indicating that the oxygen effect is
reversible.

Based on the results of the laboratory reentry effects experiments,
full-scale igniter firing tests of each catalyst after reentry heating in
air were recommended. These tests were to be conducted with catalyst loads
previously exposed to 30-day earth stay environments (polluted, humid air)
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to determine the combined environmental effects on low temperature catalytic
ignition of hydrogen-oxygen.

3.3.2.2 Igniter Firing Tests

Full-scale igniter test firings were performed to investigate the
effects of simulated reentry environmental exposure on the ignition capa-
bility of the Shell 405-ABSG and Engelhard MFSA catalysts. These firings
were conducted after aerated reentry heating of the same catalyst Toads
exposed to 30-day earth stay environments (polluted, humid air) as described
in Section 3.3.1. The proecedures followed for these tests were:

(1) Each catalyst bed was externally heated ang held at 1500°F
(1089°K) for 1 hour in a 3.5 psia (24 kN/m¢) air environment,
then gradually cooled as pressure was increased to 1 atmosphere,
simulating anticipated shuttle vehicle reentry.

(2) The catalyst beds were then returned to a vacuum environment
and cooled to 250°R (139°K) and firings attempted with 250°R
hydrogen and 375°R (208°K) oxygen.

(3) If ignition did not occur, catalyst bed and/or propellant
temperatures were increased until ignjtion was attained, and
low temperature ignition attempts were then repeated.

The igniter stand installation for the reentry effects tests is
shown in Figure 75. An electrical heater was utilized to heat gaseous

Figure 75. Reentry Effects Test Stand Installation
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nitrogen, which was ducted around the igniter body to maintain a catalyst
bed temperature of 1500°F (1089°K) foE 1 hour. Simulated reentry atmos-
pheric pressures of 3.5 psia (24 kN/m¢) were maintained by controlled
bleeding of air into the vacuum chamber while a small mechanical pump was
operating. Catalyst bed temperatures and pressures were held within 5
percent of nominal values during the T-hour reentry simulations.

The data from the combined earth stay and reentry (ES+R) tests are listed
in Table 20 (along with the earth stay only tests described in Section 3.3.1.2).
Results of thest tests are described as follows:

Tests 344 N-S: The first test, 344N, after combined earth stay and
reentry (ES+R) exposure resulted in no ignition with the Shell catalyst
and the high Pc igniter. Ignition was achieved on test 344 "0" after catalyst
bed temperature was allowed to increase. Subsequent ignitions were then
attained with reduced catalyst bed temperatures.

Tests 345 C-@: High Pc igniter tests of the Engelhard catalyst
following combined environmental exposure resulted in ignition on the first
attempt (Test 345C); however, response times were reduced on following tests,
even at lower initial catalyst bed temperatures. :

Tests 351 I-Z10: The initial low Pc Shell catalyst test resulted in
a very long ignition delay after reentry exposure, but repeatable high
response ignitions were attained after a single firing was performed at
ambient catalyst bed temperatures.

Tests 352 M-0: Low Pc Engelhard catalyst tests also indicated that
erratic Tow temperature first ignitions may occur after aerated reentry
heating of the catalyst. Subsequent ignitions were attained with repeatable
response times.

Typical oscillograph traces from the environmental effects tests
(Table 20) are presented in Figures 76 through 79. High pressure igniter
response with the Shell and Engelhard catalysts is shown in Figures 76 and
77, respectively. Figure 76 indicates that the overall igniter response
[time for the effluent to reach a temperature of 1200°F (1089°K), sufficient
for main thruster ignition] for the Shell catalyst was 40 milliseconds after
oxygen valve opening. This response is identical to results of the baseline
response tests (Section 3.2.2.1) with "new" catalyst at reduced bed and
propellant temperatures (Figure 51).

Figure 77 is a similar oscillograph record for a high pressure
igniter firing with Engelhard catalyst, also exposed to simulated earth
stay and reentry environments. Low temperature ignitions were attained
with this catalyst immediately following the environmental exposures,
but were erratic in response. After an ambient propellant temperature
firing, low temperature response times of 45 milliseconds were attained,
as shown in Figure 77.
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Figure 76. Shell Catalyst High P. Response After
Earth Stay and Reentry Simulation
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Figure 77. Engelhard Catalyst High P. Response After
Earth Stay and Reentry Simulation
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Figure 78. Shell Catalyst Low P; Response After Earth
Stay and Reentry Simulation
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Earth Stay and Reentry Simulation
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Typical oscillograph traces of low pressure igniter environmental
test firings with the Shell and Engelhard catalysts are presented in
Figures 78 and 79, respectively. Each of these catalyst loads had been
subjected to both the 30-day polluted air soak and reentry simulation
prior to these ignitions. Figure 78 indicates that the overall igniter
response for Shell catalyst was 60 milliseconds after oxygen valve opening.

Figure 79 is a similar oscillograph record for a low pressure igniter
firing with Engelhard catalyst, also exposed to simulated earth stay and
reentry environments. After an ambient propellant temperature firing, low
temperature response times of 65 milliseconds were attained, as shown in
Figure 79.

The igniter firing tests of reentry exposed Shell and Engelhard
catalysts strongly substantiated the laboratory investigation conclusion
that oxygen effects on catalyst activity are reversible. At each igniter
pressure level, ignitions were not achieved (or response times were
erratic) on the first attempt with low catalyst bed and propellant tempera-
tures; however, once a single ignition had been attained by allowing the
catalyst bed temperature to increase, subsequent Tow bed temperature
ignitions were repeatable and consistent in response times.

3.3.2.3 Conclusions From Experimental Results

The conclusions resulting from the laboratory investigations of
reentry environmental effects on catalyst activity were:

e Reentry heat alone (at vacuum) has no adverse effect on
the catalytic activity of either catalyst at temperatures
up to 1500°F (1089°K).

¢ Prolonged reentry heat on air exposed Shell 405-ABSG
catalyst [one hour at 1500°F (1089°K) reduces its activity
by as much as 70 percent. Repeated reentries do not further
affect the catalytic activity. This activity deterioration
is equivalent to that observed after several hundred firings
of catalysts not exposed to reentry heat and is not sufficient
to cause great concern, because the catalyst appears to
stabilize after the first reentry and additional reentries
and/or multiple firings should not alter its activity further.

o Engelhard MFSA was not as strongly affected by aerated
reentries as the Shell catalyst; however, full-scale testing
of both catalysts subsequent to reentry exposures is recommended
to verify low temperature ignition capability.

The results of the igniter test firings at each pressure level of
catalysts exposed to both simulated earth stay (30 days in po]]uteg, humid
air) and reentry [one hour at 1500°F (1089°K) in 3.5 psia (24 kN/m¢) air]
environments led to the following conclusions:
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e Low temperature ignition capability of the Shell and
Engelhard catalysts was severely reduced on the initial
firing after combined earth stay and reentry environmental
exposures. However, "new" catalyst response times were
achieved after a single hot firing at increased catalyst
bed temperatures, again indicating that oxygen effects
are reversible,

e Hydrogen purging and/or heating of the catalyst bed will
restore high response, Tow temperature ignition capability
of either catalyst after exposure to combined earth stay
and reentry environments. :

e The full scale igniter test results were entirely consistent
with the corresponding laboratory experimental results. This
allows extrapolation of laboratory obtained data with substan-
tial confidence. ‘
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4. LOW PRESSURE THRUSTER INVESTIGATIONS

This analysis, design, and experimental task was conducted to
evaluate the overall performance, operating characteristics, and durability
of a cooled, flightweight gaseous hydrogen-oxygen thruster. The specific
objectives of these investigations were:

e Perform design and coo]ing analyses for a 30 1bf (133N)
thrust, 15 psia (103 kN/m¢) chamber pressure flightweight
reaction control type thruster. ‘

e Conduct a series of injector screening tests (including
cold flows) with the thruster injector designed above
and the residual injector from NAS 3-11227 (Reference 1).

o Determine delivered altitude performance and operational
characteristics of the cooled thruster assembly, and
demonstrate durability by performing an 1800 second con-
tinuous firing.

The Tow chamber pressure thruster assembly was designed, fabricated,
and test evaluated as described in the following report sections.

4.1 THRUSTER ANALYSIS AND DESIGN

The nominal désign conditions for the low pressure flightweight
cooled thruster were:

e Vacuum thrust 30 1bf (133N)

¢ Chamber pressure 15 psia (103 kN/mz)

e Overall mixture ratio 2.5 (1.5-3.0 test range)
e Nozzle expansion ratio 5:1

e Propellant inlet temperatures Ambient and -250°F (117°K)
e Duty cycle Steady state/pulse mode
The thruster was designed to operate with gaseous hydrogen-oxygen
and to employ a pilot bed catalytic igniter utilizing the reactor design
criteria previously described in Section 3.2.3.3.

4.1.1 Injector/Igniter Design

The injector design selected for this program was based largely upon
a triplet impingement gaseous hydrogen-oxygen injector concept which had
been recently developed by TRW Systems and had delivered high combustion
efficiencies with a cooled thrust chamber. The pilot bed catalytic
reactor design was a modification of the NAS 3-11227 low pressure igniter
to include downstream oxygen injection to enhance overall thermal response.
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4.1.1.1 Triplet Injector

The low pressure injector, shown in Figure 80, is a raised post
triplet design with 96 triplet elements (2 oxidizer on 1 fuel) located
symmetrically about a central igniter port, plus 48 non-impinging hydrogen
orifices to provide a lower mixture ratio environment at the thrust chamber
wall. Nominal injection pressure drops were 3 psia (21 kN/m2) for both propellants.

A simple but highly effective engineering design model has been
formulated and proven for basic injector patterns of interest in GHp/GOp
injector design. This analysis is summarized below.

e Basic model employed assdmes combustion efficiency governed
by turbulent mixing of propellant streams

o Model applicable to all basic injection elements - empirically
accounts for degree of initial mixing and overall element
(pattern) fineness

e Stream reaction/combustion has minor effect on resulting
axial mixing profiles

e Injection geometry selected to minimize recirculation
induced injector face heat transfer

¢ Model applies to symmetrical injection elements

A completely generalized mixing model is used for the design as
shown in Figure 81. It has been found from a large number of cold flow
tests that the model empirical coefficients are given as shown in Figure
81 for all of the configurations evaluated. The required number of
elements for a given normalized combustor length of x (X ~x/ri, r; =
‘reference dimension in injector element) and contraction ratid ec» is then
readily determined from the np4 relation. The performance of the 96 triplet
element low pressure injector (Figure 80) was predicted to be over 99% of
theoretical combustion efficiency using this generalized mixing model.
Cold flow measurements performed with the Tow pressure triplet injector
also indicated excellent mixing characteristics resulting in predicted
combustion efficiency of over 99% (Section 4.2.1.1).

Injector design analyses also included computer optimization of
oxidizer and fuel manifold sizing. Manifold sizing was not significant
in affecting pulse response, as indicated in Figure 82. Instead, pulse
pressure rise rate was found to be essentially a function of valve response
capability. The ratios of the manifold volumes are important, however.
Figure 83 indicates the wide variations in mixture ratio on startup and
shutdown when volume ratios are not optimized (hydrogen to oxygen manifold
volume ratio 6.4 for mixture ratio 2.5), resulting in reduced pulse
performance.
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After final design approval by the NASA/LeRC Project Manager, the
triplet injector shown in Figure 84 was fabricated. The injector body was
machined from 347 stainless steel, and the injection rings were made of
OFHC copper. A1l of the injection orifices were formed by electrical dis-
charge machining as the final operation of the injector fabrication.

4,1,1.2 Catalytic Igniter

The catalytic igniter used for the low pressure thruster investiga-
tions was previously fabricated during the performance of NAS 3-11227, and
is shown in Figure 85. A disassembled view of the same hardware is pre-
sented in Figure 86. A section view of this igniter was shown in Figure
40 (Section 3.2.1.1).

Modifications were performed to match this igniter to the low pressure
triplet injector and to incorporate downstream oxygen injection, as shown
in Figure 87, to achieve high overall igniter response (Section 3.2.2.1).

4.1.2 Thrust Chamber Design

Design and cooling analyses were performed to evaluate both ducted
and film/conduction cooled thrust chambers. Based on these analytical
results, duct cooling was selected for the flightweight thruster design.
A heat sink copper chamber was also designed and fabricated for the
injector screening tests.

4.1.2.1 Thrust Chamber Cooling Analysis

Detailed thermal analyses were performed to evaluate both ducted
and film/conduction cooling concepts for a thruster capable of both steady-
state and pulse mode operation. Existing TRW Systems thermal model and
computer programs were utilized in performing these cooling analyses.
Figure 88 presents a generalized flow chart of the program employed,
which computes temperature distributions for either duct cooled or film
cooled thrust chambers. The model is presented in detail in Vol. II,

The results of these computations are shown in Figures 89 through
95. The duct wall, coolant/film, and chamber wall temperatures for duct
cooled thin wall chambers of varied duct lengths are shown in Figures 89
through 92. The results of the thin wall chamber calculations are summarized
in Figure 93, where predicted chamber wall and throat temperatures are plotted
as a function of duct length.

Analyses were also conducted for a thick wall chamber of high con-
ductivity material to identify the effects of axial conduction on reducing
maximum chamber temperatures. Figures 94 and 95 present the calculated
data for copper chambers of varied thicknesses, and reveal that maximum
chamber temperatures can be reduced by over 200°F (111°K) compared to a
thin wall chamber with essentially no axial conduction.
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Figure 87. Downstreém Oxygen Injection Test
Configuration - Low Pressure Reactor
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Thrust Chamber Temperatures Versus
Duct Length, Thin Wall Chamber

Figure 93.
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The results of these analyses indicated that satisfactory thrust
chamber temperatures for long duration steady-state operation could be
attained by duct cooling of a thin walled thruster, with ducts extending
beyond a convergent area ratio of 3:1. With thicker walls of a high
conductivity material, the duct length could be shorter, but engine weight
penalties would be incurred. .

The duct/film cooling approach has previously been shown experimentally
as well as theoretically to be an effective technique for thrusters of this
type. The computed results for this specific application demonstrated the
feasibility of attaining the required steady-state operational capability
using this concept.

Predicted steady-state operating temperatures are presented in Figure
90 for the thrust chamber and duct design configuration selected. The
cooling duct extends to a convergent area ratio (A/A*) of 2.13, as shown
at the bottom of the figure. Maximum chamber temperature is slightly over
1500°F (1089°K) in the nozzle.

4.1.2.2 Heat Sink Thrust Chamber

An uncooled thrust chamber was designed and fabricated for injector
screening tests of the triplet injector and the residual impinging sheet
injector from NAS 3-11227. Figure 96 shows the heat sink thrust chamber
design. Numerous thermocouple locations, as shown, provided capability
of both axial and circumferential temperature measurements in the thrust
chamber wall, throat, and exit areas.

, Figure 97 is a photograph of the basic OFHC copper uncooled thrust
chamber and additional stainless steel chamber sections used to investigate
the effects of variation of chamber L* and length on thruster performance
and chamber heat transfer characteristics.

The flightweight triplet injector and heat sink thrust chamber assembly
is shown in Figure 98. This assembly was test fired in the injector screening
phase, prior to thruster tests with the duct cooled flightweight thrust
chamber. The heat sink thrust chamber was also compatible with the NAS 3-11227
impinging sheet injector for screening tests, as illustrated in Figure 99.

4,1.2.3 Duct Cooled Thrust Chamber

Based upon the cooling analysis results, the low pressure duct and
cooled thrust chamber designs shown in Figures 100 and 101 were completed.
Predicted operating temperatures for this selected cooled chamber design
were presented in Figure 90,

In order to vary the duct coolant flow rate during thruster evaluations,
the coolant entered the thrust chamber through a hydrogen distribution ring
with propellant inlets supplied independently of the thruster injector.

The duct hydrogen distribution ring is shown in Figure 102.
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0, INLET,

(0, INJECTION
épﬁessuaﬁ PORT

HEAD END"
P, PORTS .

H, INJECTION -
,P&ESSURE PORT

HEAT SINK THRUST
CHAMBER, €= 5:1

THERMQCOUPLE
{JUNCTION. HOLES

Figure 98. Assembly of Flightweight Triplet Injector
and Heat Sink Thrust Chamber
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Fabrication of the low thrust flightweight thrust chamber, cooling
ducts, and coolant flow distribution manifold was performed after design
approval by the NASA/LeRC Project Manager. Figure 103 shows the A-286
thrust chamber and nozzle with the 5:1 exit ratio specified for this
program. Figure 104 is a closeup view of the copper/beryllium alloy
(Berylco 10) duct, showing the coolant flow passages. A second duct was
fabricated from OFHC copper.

Figure 105 is a disassembled view of the thrust chamber, duct,
coolant flow manifold, and the flightweight triplet injector. Figure 106
illustrates the complete assembly of the flightweight duct cooled thruster.

4.2 INJECTOR SCREENING TESTS

A series of injector evaluation tests, including both cold flows and
thruster firings, was conducted with the triplet injector designed and
built during this program and the residual Tow chamber pressure injector
from NAS 3-11227. The objectives of these screening tests were:

o Conduct cold flow evaluations of both the triplet and
impinging sheet injectors in order to make performance
predictions

e Perform uncooled thrust chamber tests with each injector
to determine baseline injector performance and heat
transfer characteristics.

Based on these test results, one injector was selected by the
NASA/LeRC Project Manager for the flightweight thruster performance and
durability tests.

4.2.1 Injector Cold Flows

TRW has developed and evaluated several diagnostic tools for use in
injector cold flow evaluations. For analysis purposes, it is necessary at
a minimum to obtain a mapping of the Tocal mass flux and mixture ratio.

An evaluation of existing methods for MR determination shows that only the
direct chemical analysis method is reliable. Other investigators have
used temperature rakes with heated and cooled streams to determine local
MR. It has been our experience that this technique is fraught with error
inherent to the technique. Figure 107 shows the results of a calculus of
error analysis. It indicates that in the zone of MR of interest the error
can be so large as to render the data meaningless for combustion perfor-
mance prediction. As a consequence, chemical analysis has been selected
as the best method of analysis for cold flow interpretation.

A review of mixing profile analytical results also indicates that
absolute pressure has very little effect on low Mach number stream mixing.
As a result, mixing measurements can be made at low pressure as long as
the density and velocity ratios are simulated for the actual flows. The
TRW chemical sampling apparatus and setup is shown in Figure 108. The
sampling rake and locations are shown in Figure 109. Data from this rig
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Figure 103. Thrust Chamber and Nozzle- Figure 104. Duct - Low Pressure
Low Pressure Thruster Thruster

THRUST ' L ‘
CHAMBER .| e ta gk

. COQLANT
MANIFOLD

TRIPLET
INJECTOR

Figure 105. Low Pressure Duct Cooled Thruster Components
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Figure 106, Assembly of Flightweight Triplet Injector
and Duct Cooled Thrust Chamber
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provide Tocal MR mapping. The mass flux is determined thrbugh use of the
total pressure probe shown in Figure 110,

Typical results are given in Figures 111 and 112 for the 30 1bf
(133N) triplet injector. The n,, is determinable as a function of chamber
length., As shown in Figure 112, the excellent mixing character of this
injector predicts over 99% of theoretical C* performance for a 2 inch
(5.08 cm) chamber length.

Cold flow tests were next conducted with the impinging sheet injector
from NAS 3-11227 (Figure 99), using the same test apparatus and procedures
employed in the triplet injector flows.

Concentric Sheet Ihjector Cold Flow
Test No. 5

Nominal MR = 2.5
1.5 Inches From Impingement Plane

Probe Number ~ Radius Local MR
Probe Number (in) Local MR

1 1.43 2.44

2 1.25 2.38

3 1.07 2.31

4 .88 2.24

5 .69 2.24

6 .46 3.66

7 .23 4.06

8 0 5.10

9 .23 4.00

10 .46 2.52

11 .69 2.17

12 .88 2.26

13 1.07 2.30

14 1.25 2.72

15 1.43 2.52
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Figure 111.
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Typical Total Pressure Results
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4,2.2 Uncooled Thruster Firings

Low pressure injector screening tests were performed with the triplet
and impinging sheet injectors using the heat sink thrust chamber hardware
described in Section 4.1.2.2. The initial injector screening tests were
performed with the residual low chamber pressure concentric sheet injector
from NAS 3-11227. Figure 113 shows the basic design of this injector.

Test stand installation of the impinging sheet injector is illustrated in
Figure . 114 3 the triplet injector was tested in the same setup.

Data from the low pressure injector screening tests are listed in
Table 21, and the results are described as follows:

Tests 319A-321H: Baseline injector performance for the concentric
sheet injector was determined over a range of mixture ratios from 1.4 to
4.0 (an injector MR of 4.0 results at an overall MR of 3.0 when 25% of
the hydrogen is used for chamber cooling of the flightweight thruster).
These tests were performed with ambient temperature propellants, and
firings were repeated at each mixture ratio.

Tests 325L-0: Concentric sheet injector evaluations were also
conducted with propellants conditioned to a nominal inlet temperature
of -250°F (117°K), using a liquid nitrogen heat exchanger to cool the
gaseous hydrogen and oxygen. Approximately the same performance levels
were attained with cold propelliants, based on reduced theoretical C*
values for these inlet temperatures.

Tests 331A-H: Ambient propellant tests performed with the triplet
injector resulted in performance increases from 2 to 7%, depending on
mixture ratio, compared to the concentric sheet injector.

Tests 333E-Jd: Low temperature propellant tests with the triplet
injector over a mixture ratio range of 1.8 to 4.4 indicated a decrease of
approximately 2% in combustion efficiency compared to ambient temperature
propellant tests.

Performance results of the screening tests with each injector are
compared in Figure 115.. C* performance data points were very repeatable
over a propellant mixture ratio survey from 1.5 to 4.0 0/F. The data
point at exactly 2.5 mixture ratio in Figure is from previous tests
of the impinging sheet injector under Contract NAS 3-11227, and shows
excellent agreement with the recent test results.

Although Tower in performance than originally predicted from injector
cold flow analysis, the triplet injector delivered at least 2% higher C*
than the impinging sheet injector, and was significantly higher in performance
at the mixture ratio extremes. Performance of the triplet injector closely
follows the theoretical C* over the entire mixture ratio range tested,
indicating that the triplet design delivers consistent C* efficiency over
wide mixture ratio varations. Post-firing condition of the triplet injector
is shown in Figure 116. The injector face experienced no erosion or other
damage during hot firings, and remained in excellent condition.
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Based upon the higher performance of the triplet injector compared
to the impinging sheet injector, as indicated in Figure 115, the triplet
injector was recommended for the cooled thruster evaluation tests. Selec-
tion of this injector was approved by the NASA/LeRC Project Manager.

4,3 COOLED THRUSTER EVALUATIONS

The purpose of this test series was to determine cooled thruster
durability, effects of propellant feed system pressures and temperature,
and overall impulse performance of the flightweight thruster assembly
described in Section 4.1. The specific objectives of the cooled thruster
evaluations were:

e Demonstrate the thrust chamber cooling capability and
overall durability of the thruster design

e Determine the effect of propellant feed system pressure
and temperature on thruster performance

e Determine the actual delivered thruster performance
under simulated altitude conditions

The triplet injector was selected for the cooled thruster evaluations,
based upon the performance results of the injector screening tests.

4.3.1 Test Description

Altitude test stand installation of the Tow pressure cooled thruster
is shown in Figure 117. Both vacuum specific impulse and characteristic
velocity performance determinations were made over a range of overall pro-
pellant mixture ratios and for different duct coolant flow rates. The
flightweight triplet injector and duct cooled thrust chamber hardware were
previously described in Section 4.1.

Thruster performance and coo11ng eva]ua§1on~tests were conducted at a
nominal chamber pressure of 15 psia (103 kN/m“) and overall mixture ratios
between 1.5 and 3.0. Performance and thruster operating temperatures were
determined for both steady-state and pulse mode firings. Durability tests
included hot firings of up to 1800 seconds duration.

4.3.2 Discussion of Results

Data from the cooled thruster evaluation tests are presented in
Table 22. The methods used to calculate performance and combustion

efficiencies are described in detail in Append1x A. The test results are
described ‘as follows:

Tests 355A—356A: A survey was made of mixture ratio and duct coolant
flow effects on thruster performance and chamber cooling. C* efficiencies
remained fairly constant, with lower ncxpe percentages at higher mixture
ratios (Tests 355B, 355E). Tests 355C anﬁ 355F were extended duration test
firings performed to establish steady-state cooled thrust chamber tempera-
tures for different duct coolant flow rates. Chamber temperatures versus
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time for Test 355C, a 50 second single firing at 30% duct flow, are
presented in Figure 118. A steady-state temperature of 1169°F (905°K)

was measured at the chamber throat for the final 10 seconds of firing.
Temperatures at the nozzle expansion ratios of 3.5 and 5 (exit) were 1249°F
(950°K) and 1224°F (936°K), respectively, and were essentially stabilized,
as-shown in Figure 118.

Measured chamber temperatures from Test 355F, 20% duct coolant, are
plotted in Figure 119. This test was terminated after 30 seconds of firing
when chamber throat temperatures reached 1500°F (1089°K), indicating that
duct temperatures might have been excessive. However, inspection of the
duct after this test revealed no erosion or distortion of the duct, which
remained in excellent condition, as shown in Figure 120. The photograph
was taken on the altitude test stand, using a mirror to show the exit of
the duct and the injector face. The injector face is shown in Figure 7121,
after removal of the thruster from the test stand. No erosion of the
injector face was observed after the long duration (up to 50 seconds)
steady-state firings. The center oxidizer ring and segments of the outer
oxidizer ring were very bright, clean copper, while the remainder of the
injector face was covered with a 1ight oxide coating. No erosion or dis-
tortion was observed, and testing was continued.

Tests 356B - 356L: Pulse mode tests with on times of 500 and 80
milliseconds were conducted with ambient temperature propellants. Figure
,122 is an oscillograph recording of the 10th pulse in a series of 25 pulse
of 50 milliseconds on and 500 milliseconds off. Performance for this
pulse (test 356E) was nearly identical to the steady-state firing perfor-
mance, Figure 123 shows two pulses of an 80-milliseconds on and 500-mil1li-
seconds off duty cycle. Comparing these pulses to the 500-millisecond
pulse of Figure 122, it is evident that full thrust and chamber pressure
were not attained during the 80-millisecond pulses. This occurred because
the test propellant valves (not flight design) did not fully open during
the shorter pulses, and full flows were not established, as also indicated
in Table 22, test 356L. Rapidly increasing chamber temperatures also
indicated that full duct coolant flow was not attained, and the test was
terminated after 62 pules.

Disassembly of the thruster revealed that minor melting of the duct
tip occurred at two locations, as shown in Figure 124. The pulse duty cycle
apparently caused a phase shift between the coolant flow and the combustion
temperature heating of the duct. This condition would be corrected by feed-
ing the duct directly from the injector hydrogen manifold and by the use of
faster opening propellant valves, both of which would be incorporated in a
flight type design. The Berylco 10 duct was repaired by machining the tip
back to clean up the eroded area; however, the OFHC copper duct was utilized
for the remainder of the cooled thruster tests.

The triplet injector remained in excellent condition after completion
of the pulsing tests, as shown in Figures 125 and 126. Figure 125 indicates
that darkening of the center oxidizer ring occurred, compared to Figure 116
(prior to pulse tests), except for one bright spot, as identified in the
photo.
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Tests 361G - 3611: Steady-state performance and cooling evaluations
were conducted with propellants conditioned to a nominal inlet temperature
of -250°F (117°K). Performance (”C*P ) was comparable to ambient pro-
pellant tests.

Tests 361J - 361K: Low temperature propél]ant puTSingptests were
performed with consistent ignitions attained. A series of five 500-mil1li-
second duration pulses was completed (Test 361K).

Tests 362B - 363: After a short checkout run, a single continuous
firing of 1800 seconds duration was conducted to demonstrate the dura-
bility of the flightweight cooled thruster. Measured thrust chamber
temperatures from this firing are presented in Figure 127, and are we]]
within safe operating limits for unlimited chamber 1ife.

The post-firing condition of the coo]ed low pressure thruster
hardware is indicated in Figure 128. The injector, thrust chamber, and
duct were all in excellent condition after the 1800 second firing, ex-
cept for numerous minor pits on the inner surface of the exit of the copper
cooling duct, shown in Figure 129. Hairline cracks were also observed
in the duct exit, as indicated in Figure 130 . Increased magnifications
of metallographic specimens cut from the duct exit are shown in Figures
131 and 132. These photographs clearly reveal the pits and cracks in
the copper, but do not indicate any interrelationship between them;

i.e., cracks did not initiate within the surface pits, or vice versa.

A possible cause of the surface pitting of the copper duct exit
could have been physical erosion by solid impurities in the gaseous
propellants. Bombardment of the copper by these particles, heated to
high temperatures, could have resulted in erosion of this type after
long firing durations (over 2100 seconds with this duct). Inspection
of the propellant feed system did not indicate any further evidence
of erosion at propellant flow control orifices or elbows; however,
the feed system was constructed from stainless steel, not relatively
soft copper, and any particles would not be at the high temperatures
and velocities of the impurities impacting the duct.

Stress analysis of the low pressure copper duct design indicated
that the cracks resulted from combined creep-fatigue stress, which
occurs after even low cycle operation with OFHC copper. Cyclic life
analysis of coolant ducts for the high pressure GH2/GO2 thruster (des-
cribed in Volume II of this contract report) indicated that Berylco BE-10
copper alloy was far superior to OFHC copper for this type of application.
The use of Berylco BE-10 is recommended to eliminate fatigue cracking
of the low pressure duct, and should also prevent or reduce pitting of
the duct as well.

The effectiveness of the duct cooling concept was well demonstrated
for the low pressure flightweight thruster during the 1800-second steady-
state firing. Thrust chamber assembly durability for extended duration
firing was proven to be feasible with a change in duct material recom-
mended to improve fatigue life.
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Figure 130. Duct Exit 7X Magnification

Figure 131 a. Surface Pitts in Copper Duct (440X)
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Figure 131 b. Surface Pits

Figure 132 a. Surface Cracks in Copper Duct

Figure 132 b. Surface Cracks Penetration in Copper Ducts
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4,3.3 Performance Summary

Performance of the low pressure flightweight cooled thruster is
summarized in Figures 133 and 134 for the range of test variables eval-
uated. Figure 133 presents the measured vacuum Isp performance versus
mixture ratio, which closely parallels the theoretical curves at the
top of the figure. This indicates that the triplet injector delivers
essentially a constant percentage of theoretical performance over the
mixture ratio range of interest, as also observed during the injector
screening tests. The effect of duct coolant flow rate variations on
delivered Igp is also shown in Figure 133. The tests performed with
duct coolant flow rates of 30% of total hydrogen flow compared to 20%
resulted in one percent lower performance at mixture ratios between
2.5 and 3.0 0/F. Performance loss increased at higher mixture ratios
for 30% duct coolant, and was negligible at lower mixture ratios
approaching 1.5, where the difference between 20 and 30% D.C. flow
results in only minor variation of the injector core mixture ratio.

Measured C* performance for the same series of test firings is
plotted in Figure 134 and also closely follows the theoretical C* per-

formance trends over the entire mixture ratio range tested. Performance

comparison of 20 and 30% duct coolant flow rate tests indicate no sig-

nificant difference at mixture ratios below 2.0 0O/F and one percent lower

performance with 30% D.C. at mixture ratios approaching 3.0, cons1stent
with the Isp performance trends in Figure 133.

The predicted Ig performance for the low pressure thruster
of 375 1bf- sec/lbm 3679 N- sec/kg ) with 25% duct coolant flow was
verified by the data curves in Figure 133 and the results of the 1800-
second firing (Figure 127).
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5. CONCLUDING REMARKS

The overall objectives of this program were to determine the per-
formance and operating characteristics of cooled, flightweight GH2/G02
thrusters and to provide generalized guidelines for reliable catalytic

igniters.

An extensive series of laboratory evaluations and test firin

gs

of igniters and thruster assemblies was conducted to establish operational
limitations and delivered performance over a wide range of propellant in-
let temperatures and pressures.

The major conclusions from the catalytic igniter investigations

were:

Both the Shell 405-ABSG and Engelhard MFSA catalysts are
capable of extended duration firing, well beyond 4000
seconds steady-state or 5000 cycles of pulse-mode
operation.

Catalytic igniters can be designed to prevent flashback by
reasonable control of the propellant velocities andstartup
start transient mixture ratio

High overall ignition response (less than 25 msec) can be
attained by injection of oxygen downstream of the catalyst
bed. Catalyst 1ife is also enhanced by this igniter con-
figuration, which allows reduced bed operating temperatures.

Exposure of either the Shell or Engelhard catalysts to sim-
ulated shuttle vehicle earth stay and reentry environments
does not preclude low temperature ignition; however, hydrogen
purging and/or heating of the catalyst bed is recommended
after these exposures.

The Tow pressure flightweight thruster experimental evaluation
led to the following conclusions:

The triplet injector designed for this program is capable of
a delivered Igy of 375 1bf-sec/1bm (3677 N-sec/kg) with a
cooled, flightweight thrust chamber (e = 5).

Durability of the duct cooled thrust chamber was demonstrated
by an 1800-second duration single firing.

The experimental results of this contract have demonstrated the
feasibility of reliable, high response catalytic ignition of gaseous
hydrogen-oxygen thrusters. The effectiveness of the duct cooling
concept was proven for a flightweight reaction control thruster capable
of high performance, extended duration operation.
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APPENDIX A

CALCULATION OF C* EFFICIENCY

The index of injector performance used in the experimental program was
the corrected C* efficiency. This parameter was calculated by two:i%&epen-
dent methods, one based on measurement of chamber pressure and the other on
measurement of thrust. Details of the computational procedures and of the
applied corrections are given in the following sections. The procedures and
nomenclature format are essentially those as developed in NASA sponsored
programs at Rocketdyne.

1.0 CHAMBER PRESSURE TECHNIQUE

%
Characteristic velocity efficiency based on chamber pressure is defined

by the following:

o (Pc)o (At)eff Ec EA41)

Ncr =
G*T) (C*)theo
where
(Pc)o. = stagnation pressure at the throat
-(At)eff = éffective thermodynamic throat area
g = conversion factor (32.174 Ibm-ft/lbf-secz)
: WT = total propellant weight flow rate

(C*)theo = theoretical characteristic velocity based on
shifting equilibrium

Values calculated from Equation (A-1) are referred to as ""corrected" C*
efficiencies, because the factors involved are obtained by application of
suitable influence factor corrections to measured parameters. Stagnation
pressure at the throat is obtained from measured static pressure at start

of nozzle convergence by assumption of isentropic ‘expansion, effective throat.
area is estimated from measured geometric area by allowing for geometrical
radius changes during firing and for nonunity discharge coefficient, and
chamber pressure is corrected to allow for energy losses from combustion
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gases to the chamber wall by heat transfer and friction. Equation (A-1)
may therefore be written as follows:

Po A 8. £ frp fors fer fhn fie

Micx = - * (a-2)
' (wo * wf) (c )theo
where

P = measured static pressure at start of nozzle

¢ convergence, psia \

At = measured geometric throat area, in2

g, = conversion factor (32.174 lbm—ft/lbf-secz)

wo = oxidizer weight flow rate, 1lb/sec

wf = fuel weight flow rate, 1lb/sec

(_C*)theo theoretical C* based on shifting equilibrium
calculations, ft/sec

f = influence factor correcting observed static

P pressure to throat stagnation pressure '

£TR = influence factor correcting for change in throat
radius during firing

fDIS = influence factor correcting throat area for
effective discharge coefficient

fFR = influence factor correcting measured chamber pres-
sure for frictional drag of combustion gases at
chamber wall

fHL = influence factor correcting measured chamber pres-
sure for heat losses from combustion gases to
chamber wall

fKE = influence factor correcting C* values to account

for finite chemical reaction rates

Methods of estimation of the various correction factors are described in
the following paragraphs.

1.1 PRESSURE INFLUENCE FACTOR (fp)

Measured static pressure at start of nozzle convergence is converted

to stagnation pressure at the throat by assumption of effectively no
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combustion in the nozzle and application of the isentropic flow equations,
with contraction ratio (AC/At) and shifting-equilibrium specific heat
ratios (v ). Frozen-equilibrium specific heat ratios usually make the in-
fluence correction factor about 1/2 percent larger. Hence the value
employed with shifting-equilibriﬁm‘;s the more conservative. Figure A-1

shows the influence factor as a function of contraction ratio.

PRESSURE RATIO {

1.000 .950

CONTRACTION RATIO (€ )

Figure A-1. Momentum Correction

1.2 THROAT RADIUS INFLUENCE FACTOR (fTR)

Temperature gradients produced in the solid metal nozzle wall result
in thermal stresses which affect throat radius, with the result that the
geometric throat diameter ambient measurement is not the same as that which

exists during firing.

In the chamber type employed during the experimental effort (i.e. thin
throat wall thickness), the throat area change is computed from the thermal
growth of the throat based on temperature changes from ambient temperature.

The change in throat area can be written as:
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AL = ?11[ (2 +0AT) (@AT) p? - (A-3)

th
where
AA* = change in throat area due to thermal growth
& = average thermal expansion coefficient
AT = temperature rise from ambient conditions
D = throat diameter at ambient conditions

The throat area correction factor is as follows:

QA

th
£.o= 14+ -0
TR Ath

- [ +aaT)? (A-4)

The thermal expansion coefficient for copper is . = 9.8 x 10-6

in/in—°F, assuming an ambient temperature of 70°F, the throat area correc-

tion factor becomes

f = [1 +9.8x 1078 - 70)]2 (A-5)

TR (r

th

This equation was used to generate the curve in Figure A-2.

1.020 ’ P/,
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g 1005 7
s
2 _
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Figure A-2. Throat Area Correction Factor
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1.3 THROAT DISCHARGE COEFFICIENT INFLUENCE FACTOR (fDIS)

The discharge coefficient is defined as the ratio of actual flow rate
through the throat to the theoretical maximum, based on geometric throat
area and ideal, uniform, one-dimensional flow with no boundary layer. The
discharge influence coefficient may be estimated in two ways: one based
on calculations made from a theoretical, inviscid flow model of combustion
products, and the other based on a correlation of results obtained in
various experimental study results of air flow through nozzles of similar

geometry.

1.3.1 Theoretical Model

Total mass flow rate is given by

A
m = PV dA (A-6)
[
where:
= gas density
V = gas velocity
A = cross-sectional area

Theoretical maximum flow rate at the throat is

A

t
' = Px Yk —
Mmax f v flA (A-7)
o
where:
At = geometric area of the throat
P* = sonic gas density
V* = sonic gas velocity

’

For ideal, uniform, parallel flow, Equation (A-7) becomes

H = * Yk
e = P*VE A (A-8)
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The discharge coefficient is then

A ,
o 2t T EEIE) »
D mo _{ [ v A (A-9)

1.3.2 Empirical Value

Experimental conical nozzle discharge coefficients obtained with air
by various investigators are plotted in Figure A-3 against the indicated

geometric parameter. Data sources also are listed in Figure A-3.

The values obtained by both methods are found to be in excellent
agreement.
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Figure A-3. Conical Nozzle Discharge Coefficient

1.4 FRICTIONAL DRAG INFLUENCE FACTOR (fFR)

Calculations of C* based on chamber pressure afe concerned with cham-
ber phenomena up to the nozzle throat. Drag forces to this point are small
enough to be considered negligible, so that the factor fFR may be taken to
be unity.
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1.5 ENERGY LOSS INFLUENCE FACTOR (fHL)

Chamber pressure and thrust are decreased by heat transfer from the
combustion gases to the walls of a thrust chamber. This enthalpy loss is
substantially reduced in ablative chambers and is effectively recovered in

a regeneratively cooled chamber.

The effect on C* of enthalpy loss by heat transfer can be estimated
from a loss of chamber enthalpy. This is determined from a two station

energy balance, one at the start of nozzle convergence and the other at the

throat,
1/2V2+H = 1/2V.2+H +Q (A-10)
c c t t conv
where:
Vc = gas velocity at chamber exit
Vt = gas velocity at nozzle throat
H = gas enthalpy at chamber exit
Ht = gas enthalpy at nozzle throat
écon? heat loss in nozzle convergence
Velocity at the throat is given by:
_ 2 _ _ 1/2 ‘
Ve = Ve~ + 2(H, - Hp - Quop)] (a-11)
With negligible nozzle inlet velocity
_ . 1/2
Ve = [20H - Hp - Q)] (4-12)
Logarithmic differentiation of Equation (A~12) gives
dve d M, -H - Qconv) dH, - di
v, T Vi—m omE a0 - YAP\mTE o -1
t c t conv’ c t conv
Substitution of enthalpy definition into Equation (A-13) gives:
th . 12 (cpc d'l‘c-cpt th 4(A'14)
Ve ¢~ He ~ Qony
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With constant Cp between the two stations,

T o ai; -t (a-15)
Vi He - He - Qeony dT,
If the specific heat ratio, Y, is assumed constant,
§
dT T
t _ t
aT T T (A-16)
c c

Substituting Equation (A-16) into Equation (A-15), replacing differentials

by incrementals, and noting that C* is proportional to gas velocity at the

AV c_ AT oT
t AC* P c t

- o = 1/2 (H TR Q )(l - -T—-) (A-17)
t c t conv ¢

Total heat loss to the chamber walls, in Btu per pound of propellant, is

throat gives:

obtained by summation of observed heat fluxes over the appropriaté areas:

Heat loss = Z( {A) A

(A-18)
1
where:
q/A = experimentally observed heat flux
A = area applicable to each q/A value
WT = total propellant flow rate

If this heat loss is equated to the change in enthaipy of the gas in the

combustion chamber, CPAATC, then substitution in Equation (A-17) gives:

AC [2(9./A)A] [1‘ (T /T) ]
conv

* - —— —
C Wy M. -1 -Q (A-19)

The applicable influence factor is:

. 1 - (T,/T
By = 1+ = 1v12 [z(glA)A] [ L - tl/l - ]
| " c - - Q- | (a-20)
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An alternate expression can be obtained from the basic C* definition:

C = "= (A-21)

Xl 5 (A-22)

.1 T ‘

Equating ATc with the heat loss from Equation (A-18) results in the fol-

lowing:
a1 [z/mall 1
— - 7[ o | (4-24)
W P ¢
The applicable influence factor is:
= 1 |Z(g/A)A 1
fgp = 1% 2[ ) c T (A-25)
W p ¢
where
Cp = specific heat at constant pressure

Although derived independently it can be shown that these two expres-

sions, Equations (A-20) and (A-25), are nearly equivalent.

1.6 INFLUENCE FACTOR FOR CHEMICAL KINETICS (fKE)'

The effect of finite chemical reaction rates is to produce a C* less
than the corresponding theoretical equilibrium values. A TRW Systems Group
developed one-dimension nonequilibrium reacting gas computer program was
employed with reaction rate constants selected for the propellant system.
The fluid mechanical and chemical equations were integrated from the inlet
section by an implicit technique. It was determined that the effcct of -
nonequilibrium chemistry produced a €* loss of 1,2% compared to the shif-

ting equilibrium limits.
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2. CALCULATIONS BASED ON THRUST

The alterr-+o determination of C* efficiency is based on thrust:

Fvac e
ﬂc* i (CF)vac wT C*‘rtheo (4-26)
where:
Fvac = g;ai::egqﬁgzgz::co;rgctzé ;o+v:czum conditions
vac ae
F = measured thrust, 1bf
Pa = ambient pressure, psia
Ae = area of nozzle exit, in2
8. = conversion factor (32.174 lbm-ft/lbf—secz)
(CF)vac = theoretical shifting thrust coefficient (vacuum)
‘WT = total propellant flow rate, lbm/sec
C*itheo = theoretical shifting-eqﬁilibrium characteristic

velocity, ft/sec

Values of vacuum thrust are obtained by applying corrections to sea-level

measurements. With these values, which include allowances for all impor-

tant departures from ideality, theoretical thrust coefficients may be used
" for calculation of C*. CF efficiency is taken as 100 percent if there is

no combustion in the nozzle, if chemical equilibrium is maintained in the

nozzle expansion process, and if energy losses from the combustion gases
are accounted for.

Applicable influence factors for measured thrust are specified in the
following equation: '
_ (F+ P, A g % 1y Pur ke

nc* = - . 1 (A-27)
: (Cp)theo (Fy + ¥g) (CY)

theo
where:
F = measured thrust, lbf
Pa = ambient pressure, psia
Ae = area of nozzle exit, inz
g. = conversion factor (32.174 lbm-ft/lﬁf-secz)
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(CF)theo = theoretical shifting thrust coefficient

{vacuum) , :
o = oxidizer weight flow rate, lbm/sec

Wf = fuel weight flow rate, lbm/sec

(C*)theo = theoretical shifting equilibrium characteristic
velocity, ft/sec

¢FR = 1influence for frictional losses

?o1v = influence factor for nozzle divergence

¢HL = influence factor for heat losses to chamber and
nozzle walls A

¢KE = influence factor correcting C* and C_ values to

account for finite chemical reaction rates

The influence factors in Equation (A-27) are applied to vacuum thrust

(F + paAe) instead of to measured site thrust (F) because, for convenience,
the factors are readily calculated as changes in efficiency based on theo-
retical vacuum parameters. The total influence factor is then of the form

AF/Fvac.

Implicit in the use of theoretical C. values are corrections to geo-

metric throat area and to measured statichhamber pressure at start of
nozzle convergence. Therefore, calculation of corrected C* efficiency
from thrust measurement includes all the previously described corrections
plus an additional one to account for nonparallel nozzle exit flow. How-
ever, because (CF)theo is essentially independent of small changes to
chamber pressure and contraction ratio which are involved in corrections
to Pc and At’ these corrections are of no practical significance in cal-

culation of C* from thrust measurements.

2.1 INFLUENCE FACTOR FOR FRICTIONAL DRAG (¢FR)

This factor corrects for energy losses caused by viscous drag forces
on the thrust chamber walls. Its magnitude is estimated by a boundary
layer analysis utilizing the integral momentum equation for turbulent flow,
which accounts for boundary layer effects from the injector to the nozzle
exit by suitable description of the boundary layer profile and local skin

friction coefficient. A computer program is used to carry out a numerical
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integration of the equation, including effects of pressure gradient, heat
transfer, and surface roughness. The program requires a potential nozzle
flow solution obtained from variable-property, axisymmetric method of
characteristics calculation of the flow field outside the boundary layer;
corresponding properties for the subsonic combustion chamber flow field
are also calculated.

2.2 INFLUENCE FACTOR FOR NOZZLE DIVERGENCE (¢DIV)

The one-dimensional theoretical performance calculations assume that
flow at the nozzle exit is uniform and parallel to the nozzle axis. The
influence factor, ¢DIV’ allows for nozzle divergence (i.e., for nonaxial
flow) and for nonuniformity across the nozzle exit plane. It is calculated
by a computer program which utilizes the axisymmetric method of 'character- -
istics for a variable-property gas. Computation begins with a transonic
input near Mach 1, providing a characteristic line for use in the analysis
of the supersonic portion of the nozzle. The resulting pressures are in-

tegrated over the given geometry to give the geometric efficiency.
2.3 INFLUENCE FACTOR FOR HEAT LOSS (¢HL)

To obtain the heat loss influence factor from measured thrust the
approach is identical to that taken previously from the pressure measure-
ment, except that the nozzle losses must also be included. With constant

~specific heat and gamma from start of nozzle convergence to exit, Equation

(A-20) becomes
0. = 1++ [z(‘}) A] [1 ~ T/l - ] (A-28)
HL 2 r HC - He- Uozzle

when "e' corresponds to the exit condition, and the summation occurs over

the entire combustion.
An alternate can also be derived as in Equation (A-25). This equation

by, = L+ %_ [LQ{A)A] [CplTe] | (4-29)

W

becomes
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2.4 INFLUENCE FACTOR FOR CHEMICAL KINETICS (¢KE)

The effect of finite chemical reaction rates is to produce a C* and
Cg less than the corresponding theoretical equilibrium values. A TRW
Systems Group developed one-dimensional nonequilibrium reacting gas compu-
ter program was employed with reaction rate constants selected for the
hydrogen-oxygen propellant system. The fluid mechanical and chemical

equations were integrated from the inlet section by an implicit technique.
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APPENDIX B

COMPUTER PROGRAMS

The following computer programs were used to facilitate performance

and heat transfer analysis during various phases of this program.
1.0 ROCKET CHEMISTRY PROGRAM

The generalized equilibrium chemistry program solves a wide range of
thermodynamic problems requiring only the composition and two of the fol-
lowing system properties to be specified: pressure, volume, temperature,
enthalpy, entropy or internal energy. The program calculates composition,
either from a pair of compounds with a specified weight mixture ratio, or
from a series of compounds and their respective weight percents. In addi-
tion to the usual pure condensed phases, it is possible to submit a series
of ideal chemical solutions composed of selected combinations of the con-
densed phases; the program will determine whether or not these solutions
are formed by the reaction. The possible reaction productsvare obtained
by searching a prepared master inventory tape containing entropy and en-
thalpy curve fit coefficients for all elements and compounds of interest.
Nongaseous phases and ionized species are treated as distinct and separate
compounds. The program initially assumes an ideal all-gas system. The
equilibrium gas presSﬁres of all possible gaseous species are calculated.
Using these pértial pressures as initial estimates, nongaseous phases and
solutions are then considered. Upon convergence of the calculations, the
program eliminates all but the actual gases, condensed phases, and ideal
solutions present at equilibrium. Rocket performance is computed for isen-
tropic sonic flow through a throat by specifying exit pressures, temper-
atures, or area ratios. Chemical reactions only, or chemical reactions and
phase changes, may be stopped at any point in the expansion. Equilibrium
or frozen composition, thermodynamic parameters, and the usual rocket para-
meters are given in the program output.
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2.0 ONE~DIMENSIONAL, ONE-PHASE EXACT KINETIC COMPUTER PROGRAM

TRW Systems had developed under contract to the National Aeronautics
and Space Administration Manned Spacecraft Center (Contract NAS 9-4358),
a One-Dimensional, One-Phase (1D, 1P) Reacting Gas Nonequilibrium Perfor-
mance Program. The computer program calculates the inviscid one-dimensional
equilibrium, frozen and nonequilibrium nozzle expansion of propellant ex-
haust mixtures containing the six elements: carbon, hydrogen, oxygen, nitro-

gen, fluorine and chlorine.

The computer program considers all significant gaseous species (19)
present in the exhaust mixtures of propellants containing these elements
and all gas phase chemical reactions (48) which can occur between the ex-
haust products. In order to reduce the computation times per case to a
minimum, the program utilizes a second-order implicit integration method.
This integration method has reduced the computation time, per case, several
orders of magnitude compared to the computation time required when utilizing
standard explicit integration methods such as fourth order Runge-Kutta or
Adams-Moulton methods.

The throat size is determined for each combination of propellant system
and mixture ratio through use of the given chamber pressure, thrust level,
and the value of the one-dimensional thrust coefficient, Cg, computed by the
Rocket Chemistry Program. The reverse reaction rate constant, k. = AT'ne'B/T,
is employed in the Kinetics Program and forms a portion of the input data to
the computer program. It is usually input in chemist's units; i.e., cm3, gm,
°K, sec., and is converted internally into units consisting of ft3, 1b, °R,

secC.

3.0 ONE-DIMENSIONAL, TWO-PHASE EXACT KINETIC COMPUTER PROGRAM

TRW Systems has also developed, under contract to the National Aero-
nautics and Space Administration Manned Spacecraft Center (Contract NAS
9-4358), a One-Dimensional, Two-Phase (1D, 2P) Reacting Gas Nonequilibrium
Performance Program. .This program calculates the inviscid one-dimensional
equilibrium, frozen and nonequilibrium nozzle expansion of propellant exhaust
mixtures containing the six elements: carbon, hydrogen, oxygen, hitrogen,

fluorine and chlorine; and one metal element, either aluminum, beryllium,
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boron or lithium. Energy and momentum transfer is considered between the

two phases but interphase mass transfer is not considered.

In all 79 species related by 763 reactions are handled with a maxi-
" mum of 46 species and 380 reactions for the boron metal element. In addi-
tion, provision is made for eight condensed species with a maximum of four
condensed species at any time. Furthermore, the condensed phase can be

allocated to one (or more) size group.

All the species and reactions of importance to the proposed program
can be accommodated by the TRW Systems developed One-Phase and/or Two-Phase

Kinetics Programs.

4.0 VISCOUS EFFECTS COMPUTER PROGRAM.

The method of Bartz for computing boundary-layer thicknesses, skin-
friction, and heat flux in axisymmetric nozzles has been revised and pro-
grammed for digital computer solution. The method solves, simultaneously,
the integral momentum and energy equations for thin axisymmetric boundary
layers. Boundary-layer shape parameters are approximated from one-seventh
power profiles of velocity and stagnation temperature; and skin-friction
coefficient and Stanton number are evaluated as functions of boundary-layer

thickness from the best available semiempirical relations.

This program either employs a given wall Mach number distribution as
generated by, for example, the Two-Dimensional Kinetics Computer Program,
or can generate internally a one-dimensional Mach number distribution as
a function of local area ratio and (constant) y, the ratio of specific heats.
In addition, the program requires a wall tempefature, Tw, distribution.
This distribution can be produced, by an iterative procedure, from a thermal
analysis of the nozzle. A constant wall temperature may be assumed in lieu
of such data.

The program computes the local parameters: convective heat transfer
coefficient (hg)’ heat flux (G/A), where A is the nozzle surface area, skin-
friction coefficient (Cf), boundary-layer thickness (), displacement thick-
ness (6*) and momentum thickness (). The total heat reje;tion load, d, is

found from numerical intergration of q/A versus A.
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5.0 BASIC ONE-DIMENSIONAL HEAT TRANSFER PROGRAM

This program, designated 84040 on TRW's IBM 7070, computes the change
in temperature of each of a number of points (called nodes) in a slab of
material, at specified intervals of time, during which the slab is to be
heated and/or cooled. The heating and cooling is accomplished by convec-
tion and radiation, at the slab boundaries. The program is general enough
so that it can handle heat transfer through both flat plate and cylindrical
sections, regardless of size, thickness, and material layer composition.
Most commonly, the program is used to simulate rocket engine firing duty

cycles.
Preparation of the input for this program requires the following:
1) Convective heat transfer coefficients on the inside ,
and outside surfaces
2) Inside and outside adiabatic wall temperatures
3) Initial temperatures of the node points

4) Themal conductivities and diffusivities of the
materials in the slab

5) Thicknesses of the material layers

The output consists of temperature profiles in the slab at specified

time intervals,

6.0 THREE-DIMENSIONAL PROGRAM

This is a high-speed digital program for transient problems involving
all nodes or combinations of nodes of heat transfer (i.e., convection, con-
duction, and radiation). This program can be used for any thermal problem
whose finite difference equation is analogous to the differential equation
for a lumped RC electrical network and can, therefore, be visualized as an
electrical circuit.

The number of connecting flux paths to any node is arbitrary. This
program can handle as many as 250 node point and capacitances with approx-
imately 800 resistances.
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Four valuable features are incorporated into this program:

1)

2)

3)

4)

7.0 GAS

Variable thermal properties are simulated when a table
showing values of each property versus temperature is
entered in the input.

This program can hold any node at a constant temperature
for a period of time and thus simulate phase transition.

Erosion rate schedule is entered in the input in the form
of a table.

A cathode follower is used for the purpose of transferring

a temperature from one node in the network to another with
zero transfer of energy.

PROPERTIES COMPUTER PROGRAM

This program is used to rapidly determine the following:

1)
2)
3)
4)

5)

Nozzle thrust coefficient as a function of pressure ratio
Nozzle area ratio as a function of pressure ratio
Nozzle area ratio as a function of Mach number

Ratio of local to critical temperature as a function
of Mach number

Ratio of isentropic temperature drop to inlet temperature
as a function of pressure ratio

range of values covered for each of the basic parameters is:
Mach number: 1-10
Pressure ratio: 3.5 - 104

Ratio of specific heats: 1.1 - 1.67

The effect of the ratio of specific heats is included in all the plots.
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Walter Kidde & Compé&ny, inc.
567 Main Street

i Ling-Temco-Vought Corporation
P. 0. Box 5907
Dallas, Texas 75222
Attn: Library

1 Lockheed Missiles and Space Company
P. 0. Box 504
Sunnyvale, California 94087
Attn: Library

1 Lockheed Propulsion Company H. L. Thackwell
P. 0. Box 111
Redlands, California 92374
Attn: Library, Thackwell

1 Marquardt Corporation
16555 Saticoy Streat Tom Eudsorn
Box 2013 =~ Souta Annex
Van Nuys, California 91409
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Martin-Marietta Corporation(Baltimore Division)

Baltimore, Maryland 21203
Attn: Librery

Cenver Division
Fartin-iMsrietta Corporation
P. 0. Sox 179

Denver, Coiorado 80201
Attn! Linrary

Western Tivision .

McDonnell Douglas Astronautics

5301 Bolca Ave

Huntingten Beach, California 92647
Attention: Library

McDonnelil Douglas Aircraft Corporation
P. 0. Box 516

Lambert Field, Missouri 63166

Attn: Library’ '

Rocketdyne Division

North American Rockwell lInc.

6633 Canoga Avenue

Canoga Park, Caiifornia 91304
Attn: Library, Department 596-306

Space & information Systems Division
North American Rockwell

12214 Lakewood Blvd.

Downey, California

Attn: Library

Northrop Space Laboratories
3401 West Broadway
Hawthorne, California

Attn: Library

DESIGNZE

Dr. Morganthaler
F. R. Schwaertzberg

R. W. Hallet
G. W. Burge

-

P. Klevatt

R. A. Herzmark
L. Kohrs

Dr. R, J. Thompsan
S . F. lacobellis

R. E. Field

Dr. Wiiliem Howard
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Radio Corporation of America
Astro-Electrohics Products
Princeton, New Jersey

Attn: Librdry

Rocket Reuvearca Corporation
Willow keud at 116th Street
Redmond, wWashington 98052
Attn: Libirary

Thiokcl Chemical Corporation
Redstone Division
Huntsvi-tie, Alabama
Attn: Library

A

TRW Systems Inc,

1 Space Park

Redondo Beach, California 90278

Attn: Tech. Lib. Doc. Acquisitions

‘United Aircraft Corporation
Corpor&tion Library

LOO Main Street

gast Hartford, Conncctncut 06108
Attn: Library

United pireraft Corporation

Pratt & Whitney Division

Florida Research & Development Center
P. 0. Box 2691

West Palm Beach, Fiorida 33402

Attn: Library

DESICNELE

F. #Hcouilough,

Johin Cocdlioe

D. H. Lee
H. Burge

Dr. David Rix

R. J. Coar

Dr. Schmitke

Jr.
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B. ¥, Goodrizh Company
Aerospace & Defense Products
500 South Main Sureet
Akron, Ohio L4371

Soodrzar Acrosvare Corpora:ion
N o

1070 Jassiloen Hoad
Akwor, Jhio  443id

Vougat Astronauvics
Box 5907

Dallas, Texas

Attn: Library

DESIGN:E

D. Eomick
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