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FOREWORD

This program was conducted under Contract AF04(611)11208
(Project 3148) by FMC Corporation, Princeton, New Jerssy, for
the Air Force Rocket Propulsion Laboratory, Edwards Air Force
Base, California. Tke engineering tests were carried cut under
a subcontract by Walter Kidde and Company, Belleville, New ‘
Jersey. Lt. Ralph Fargnoli, USAF/RPCL, was the program monitor
for the Air Force. , :

These investigations were carried out between December, 1965
and December, 1966 and the report submitted in Januarv 1967. The
program was administered by Dr. L. R. Darbee, Project Director
for FMC, with Dr. T. C. F. Munday 2s principal investigator.

Mr. J. C. McCormick served as rocket engineer and general
consultant. The literature survey was conducted by Mr. P. L. Garwig,
Assiscance in data correlation was provided by Mr. W. C. DeKleine,
Research Engineer, -

The Walter Kidde Company subcentract was directed by
Mr. K. A. Traynalis, with Mr. G. Reid as project manager,
The project engineer was Mr, W. Green and the test engineer was
Mr. R. Glasger.

This report is classified Confidential according to DD Form
254, Security Requirements Check List, dated 18 October 1965.

Classified information has been extracted from asterisked
documents listed under References.

This technical report has been reviewed and is approved.

WiLLIAM H. EBELKE, Colonel, USAF S e
Chief, Propellant Division




CONTFIDER TIAL

CONFIDENTLAL ABSTRACT

Heterogeneous decompositicn catalysts tor 98% H,;O; were
evaluated in both laboratory and enginéering tests. The laboratory
program screened thirty-three metals and alloys and eighteen catalyst
pellets for catalytic activity and thermal stability at the high(2>.1740°F)
decomposition temperatures of 98% H,;0,. Silver and silver-palladium
2lloy acreens wiih samariurm surface activations were the best catalysis,
but only the silvea-palladium catalyst exhibits the required thermal
stability., Manganese, cobalt, lead, and barium oxides were also very
active and thermally stable, but were not suitably incorporated into
catalyst packs. The catalytic activity of the remaining materials was
insufficient for rocket applications in the forms tested. Catalyst packs
containing the silver-30% palladium catalyst screeus were tested in 22
and 40 pound thrust motors and a 3/4' internal diameter gas generatozr.
Inlet and chamber pressures and temperatures, flow rates, catalyst
pack temperatures, thrustis, and atarting responses were measured
Pack configurations were tested with and without silver or silver-5%
palladium screens in the inlet section and with 4G or 20 mesh screens
in the inlet and 20 oy 14 mesh screens in the exhaust section., The
silver-30% palladium catalyst gave good performance in gas generator
tests up tc 0.8 1b/sec flow rates and 1500 psia chamber pressures.

The uee of silver screens in the inlet section of the pack proved bene-
ficial but packs containing only the silver-30% palladium screens also
performed well., Packs as short as 7/8" in length operated smoothly

at high loadings and with feed temperatures up to 140°F, Screens with
greater open area than 20 mesh have been recommended to decreace
the pressure drop acrogs the catalyst., A preheat-type motor was
successfully tested with motor and feed at 30°F, The results have been
correlated to give the variation in catalyst pack pressure drop with
changes in chamber pressure, pack loading, feed temperature, and
pack length, Examples of design for application of the catalyst pack are
given for thrust motors and gas generaters,
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SECTION I
INTRODUCTION

Hydrogen peroxide can be decomposed heterogeneously by passing
over a catalyst. This decomposition results in release of heat and
formation of the gaseous decomposition products, oxygen and steam.

Propulsion applications of hydrogen peroxide date back to World
War II with the Walter submarine engine, the Messerschmidt ME163
fighter plane, and the infamous V-2 rocket. These systems smploved
70 to 82% hydrogen peroxide with calcium permanganate-impregnated
"gtones''. as a decomposition catalyst, These calcium permanganate
"stones' were later used by the United States Army in the Redstone and
Jupiter C miseiles to burn 76% hydrogen peroxide.

Stabilized 70% hydrogen peroxide has also been employed since
World War II by the United States Navy in torpedo applications. Lead
dioxide was first used as a decomposition catalyst and later 'Argent'
(silver-plated iron) and 'Irium' (cobalt-plated) screens were used. These
catalysts have performed very satisfactorily and have the advantage that
they are not readily poisoned by the heavily stabilized peroxide. They
are not, however, suitable for 98% H,0O, decomposition due to the iow
melting point of the alloys used and the higher decomposition tempera-
ture of the high strength hydrogen peroxide.

In 1948, FMC undertook the development of new decomposition
catalysts for 90% H,O, to be used in submarine propulsion. Three
successful catalyst systems were developed: one using silver, a second
using a liquid sodium iodide system, and a third using fused powder
(MnO,-Cobalt). The. sodium iodide and fuzed nowder systems were
operated in excess of ten hours.

The use of silver catalysts for the decomposition of 90% hydrogen
peroxide was further developed as vart of the Navy's super performance
aircraft program in the late 1950's, The AR-2 H,;0; rocket engines developed
under this program have sinc- been adapted to the }'-104 aircraft, Other s
svstems which have successfully employed silver-screen catalvets include:
the ROR (Reactor on Rotor) helicopter, the X-1 submarine, the Scout
attitude control motors, the Mercury capsule, the SynTom Satellite, and
NASA's Lunar space simulator. The above systems use samarium oxide-
coated silver wire as the catalyat.

In an attempt to increase the effective surface area per unit volume,
silver-plated screening has been used. A rough-electroplated silver screen
has a very high surface-to-voclume ratio and permits high flow rates. Flow
of 85 pounds per minute per square inch of flow araa have been demonatrated
using 90% hydrogen peroxide.

)
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CONFIDENTIAL

Several materials have been employed for the base screens.
These include cartridge brass (70% Cu - 30% Zn) and iron. Brass
has the dizadvantage that copper and silver form a eutectic melting
at 1435°F which is only slightly above the decomposition temperature
of 90% H,0,. In the case of iron it has been difficult to obtain an
adherent plating. Catalyst screens with porous coatings have
become rusty, inictive, and have caused high pressure drops.
Platings therefore have been avoided except under special condi-
tions.

In late 1947 the FMC Corporation made available to the Armed

- Services for the first time commercial quantities of 98% hydregen
peroxide. Ninety-eight percent hydrogen peroxide is an excellent
oxic’_.er for many space applications, both in monopropellant and
bipropellant systems because it is non-cryogenic, has high density,
and can be used as a regenerative coolant. However, the high
decomposition temperature of 98% H,O, (1735°F at one atmosphere
pressure, versus 1364°F for 90% H,0,) causes melting of the con-
ventional silver-screen catalyst currently used to decompose the
90% H,0,. Under conditions of a regeneratively oxidant-cooled rocket
engine, it may be desirable to have hydrogen peroxide feed tempera-
tures as high at 300°F and chamber pressures . of 3,000 psi. In this
case the hydrogen peroxide decomposition temperature would then be
approximately 2065°F. Silver, which is the most commonly used
catalyst for 90% hydrogen peroxide, melts at 1760°F (at one atmos-
phere), and at lower tempercztures in an oxygen atmosphere at high
pressures. Therefore, high melting catalysts for 98% H,0; need to
be developed and evaluated. '

Several silver alloys and other materials having melting points
above the decomposition temperature of 98% H;O; have been investigated
as potential catalysts. The selection of materials which investicators
tested was quite broad, including various surface activated
cobalt, manganese, nickel, platinum, silver, copper, iron and
palladium meztals and alioys, usually employed in the form of wire
screens. A large number of oxides and metal-metal oxide mixtures
compacted under pressure to form pellets or perforated disks also
were studied . Although some of the tests looked encouraging
aone of these materials was a suitable catalyst for 98% H,O,.

e

In 1964 and 1965 FMC investigated the development of a catalyst
ior 28% H,;0; which could be used in higher temperature and higher
oresnurs systems. Teasts with a variety of catalytic materials shewed
that gilver-palledium alloys 2. =2ared the most promising. Silvar-
paliadium alley wire wae then obtained and fabricated into screens to
propare catalyst pakes with greater uaniformity and controlled pressure
arap. Engine teste sere encouraging. With 98% H,0, feed at room
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temperature, starting transients (to 20% maximum chamber pressure;j

as low as 58 milliseconds were obtained with a 70% silver-30%
palladium alloy screen (mp 2129°F),

 The investigation of 98% H;0, decomposition was continued under
Contract AF04(611)-11208, sponsored by ke Air Force Rocket Propul-
sion Laboratory with the objective of the further development and
evaluation of the silver-palladium catalysts and the screening of
a.dditlonal. materials which could lead to new catalysts. The scope
of this program inclunded both laboratory screening and motor
demonstration. (1-3)

During the initial phase, a review of the literature on hetero-
geneous catalytic decomposition of H;O, was conducted. The literature
search was issued as a separate report (4). The laboratory studies
were divided between development of the siiver-palladium catalyst and
investigation of alternative catalysts. The silver-palladium catalyst
bad been shown to suffer some loss of catalytic activity upon being
heated to the high temperatures of rocket moters. This effect was
investigated. For alternative catalysts, both metal and alioy screens
and catalyst pellets were examined.

The motor studies were devoted primarily to evaluation and

| development of catalyst packs based upon the silver-palladium catalyst.

The basic types of catalyst pack configurations incorporating the
silver-palladium catalyst were first tested in an initial motor screening
prograxn. The best configurations from these teats were then subjected
to motor evaluations at high pressures and high pack loading, and with
heated and cooled 98% H,0; feed. Brief epgineering tests were also
carried out on catalyst pcueta composed primarily of cobalt metal and
manganese oxide.

COMTIBENTIAL




SECTION n
LABOR.ATORY SCREENING PROGRA\A

, Rocket applications of 98% H,O; require decomposition catalysts
which are not only catalytically active but also thermally stable. The
thermal stability requirement is particularly important since the
decomposition temperatur'e of 98% H,0, is nearly 400°F higher than
that of 90% H,O,, which is currently in use. This means that the
silver catalyst screen general'ly used for decomposing 90% H,0, would
melt when employed with 98% H,0,. However, z catalyst based on
silver-palladium alloys does not melt and has been successfully tested
in rocket motors.

The useful silver-palladium catalyst is a 70% silver-30% palladium
"alloy which, like the common silver catalyst, is coated with samarium
oxide. This catalyst exhibits high activity for decemposing 98% H,0,,
but was observed to be less active after being heated to the decomposi-
tion temperature of 98% H,O,. Therefore, laboratory studies were
undertaken to investigate the nature of this activity lcss and to seek
appropriate modifications of the catalyst.

The laboratory program was alsc concerned with screening
alternatives to the silver-palladium catalyst. This entziled testing a
large number of metals and alloys, both with and without surface
activation treatments, In addition, various catalyst pellets and com-
pounds which could be used in catalyst pellets were investigated.

1. EXPERIMENTAL

a. Activity Test

This laiboratory study wae planned as a screening
procedure for catalysts, to be followed shortly by the thrust motor test
program at Walter Kidde and Company, Belleville, Ncw Jersey. The
motor tests included weil-monitored measurements of the temperatures,
pressures, ilow rates, thrusts, and start-transients for specific catalyst
beds consisting of catalyst configurations suggested by the laboratory
study. Consequently, a simple activity test like that used in previocus
studies was used in the iaboratory program to evaluate the basic suita-
bility of the laboratury-prepared catalysts, This test consisted of
addition of the catalyst to a 10 ml. sample of 98% H,0, contained in a
100 ml., graduate. In each test the time required for complste decom-
poaition of the hydrogen »:roxide was measured. Results of the tests
v ere reported as ml. of 98% H,0, decomposed per minute. If rapid,

sraplete decomyposition did not occur, ox it was ~psarent this would not
occur within ten minuies, only a qualitative descnpuon of the rate was
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"recorded. In some cases the initial activity of the catalyst during the

test was so low that the test was terminated within a minute or two.
In other cases, bubbling from the catalytic surface indicated that
complete decomposition would occur within several minutes and the

test was allowed to go to completion.

b. The Silver-30% Palladium Catalyst-

The screen used to evaiuat. he silver-30% palladium
alloy catalyst was made of . 014 inch diameter wire woven 20 by 20 mesh.
Generally 1" diameter pieces of the screen were used for testing since
the rocket motor screening tests were to use that size diameter catalyst

pack.

The silver-30% palladium screens have been surface
activated in several ways. One previously developed coatirig procedure
for the silver palladium screens consisted of dipping the fresh screen
in a 50% by volume solution of nitric acid containing a few percent each
of Pd (NO,;);, AgNOy4, and Sm(NO;);. The screcn was then heated to
500° F and th.s dip-bake operation was carried out a total of u:.: ee times.

A second coating procedure consisted of one dip in a
HNOg solution containing ornly AgNOj3; and Pd(NOy),;, followed by heating
to 500-600°F then 8 to 10 dips in a 10% bv weight Sm({MNC,)s solution,
followed by heating to 750-900° after eacn dip. This procedure appears
in greater detail in Section IlI, Rocket Ergine Tests (page 27) whe re it
was used extensively for the catalyst screens employed in those tests.

Screens prepared by these procedures were used as
standards for comparison with modified procedures. The modifications
consisted of varying the number of solutior and heating treatments and
the components of the solutions. These variations are reported with
the results wherce applicable.

Tests were also run on a number of reagent grade
chemicals and several prepared compounds. Samples of . 02 to ., 2 grams
were tested for rough indications of catalvtic activity. The test with
10 ml. of 98% H,0, was used. Additional details on the prepara.txo-l of
of the compounde are reported in the results section.
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c.  Other Metal <n” Alloy Catalysts

The metals and alloys were generally spot-tested
before more definitive tests with larger quantitiea of H,0, were used.
The spot test consisted merely of adding the metal or alloy to one drop
of 98% H,0, contained on a watch glass. The metals or alloys were
either used (1) in untreated condition (i. e. surface affected only by
exposure to the atmosphere) or (2) after purposely being covered with
a thick oxide coating by heating in air in a resistance furnace. For the
latter preparation, the samples were suspended on a platinum wire for
three minutes in the temperature r egulated furnace held at 2000°F.

For those materials which appear to be rnost active
in the spot tests, more definitive tests were run with 10 ml. of 98%
H,0, as described previously. The time required for the sampie to
completely decompose the 10 ml. was measured and converted to
rl/min for reporting and comparison with other tesis.

d. Barium-Manganese Mixed Oxide Catalyst

Catalyst screens were also prepared by applying a
coating to a support screen. The support screens were generally cne
inch in diarneter and were either 14 or 20 mesh screen made from . 014
inch diameter, alloyed wire ~ontaining 95% nickel-5% manganese by
weight (Ni-5% Mn). Stainless steel screens of 14 mesh and . 014 inch
diameter wire were also used. The active components were contained
in the coating which was applied to the support screens in the following
manner.

A dry mixture of the des.red ccating chemicals was
finely ground, dusted on the ecreen, and fused to the screen by heating.
The dusting was accomplished by sprinkling the mixture onto the screen
with a spatula. When an even covering of the screen had been achieved
without plugging the open spaces of the screen, heat was applied. The
screens were heated to between 180C and 2500°F in an oxygen-hydrogen
flame, 2100° in a gas-air flame, or 2000-2100° in a temperature-
controlled resistance furnace,. Twe or three applications of the coating

. mixture were made to each side of the scresn. These screene were also
tested for catalytic activity by measuring the time required to decompose
10 ml. of 98% H;0,.

o > & e
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e. Pellet Catalysts

Specific details concerning the cobalt metal- mangane;e
oxide catalyst pellet appear in the discussion of Motor Screeaing Tests,
page 28. Further information on the commercial catalyst pellets tested
has been collected in the diacussion of results, page 22 Refractory
magnesia peliets of 1/8'' diameter were used to prepare impregnated
pellets for testing. The miagnesia peliets were soaked in solutions
of various ions and fired at 1830°F after each solution treatment.
Solutions containing calcium permanganate; barium and manganese
nitrates; barium, manganese, and lead nitrates; vanadate ion; and
molybdate ion were used to impregnate the magneria, Three treat-
ments were used with the calcium solution, two each with the barium
solutions 2nd one treatment for the last two solutions. The pellets were
then spot tested for catalytic activity with one drop of 98% H,C,.

2, RESULTS OF THE LABORATORY TESTS

a. The Silver-30% Palladium Catalyst

- (1) Deactivation y Heating

The investigation of the deactivation of the
surface activated silver-30% pzliadium catalyst began with a search
for the probable active component of the catalyst. The first test showed

that the silver-30% palladium alloy itself was inactive (Sample 1, Table I).
Ai.tent:.on then turned to investigaiion of the components of the surface
coating in a search for the catalytically active substance. Possible
coating components can be recognized by consideration of the coating
procedures where the oxides Ag;O, PdO, and Sm;0; were believed to

be formed at the surface of the screen. Therefore, separate samples -

of each uf these oxides were prepared and tested for activity. As Tatle I
shows, Ag,O was very active, PdO moderately acdve, and Sm;O, only
slightly active,

The activity of numerous surface-coated, silver-
30% palladium screens were then correlated with the activities of Ag;C,
PdO, and Sm;0,. The literature reports that AgzO and PdG decompose
thermally at 320° and 1470°F, respectively. Thus screens prepared at
low temperatures might be expected toc ahow the high actxvv.ty of Ag,O,
while screens heated to approximately 1470° would retain only the
moderate activity of PdO. Screens heated considerably above 1470°
would be expected to show very low activity. The tasts roughly supported
this suggestion, and representativa results are given in Table I, Samples
5-8. The screens were heated by being suspended in 2 resistance furnace:

and the temperatures were measured with a chromel-alumel thermocouple.
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Very active screens were prepared by pro-
ccdures that included heating for short periods at 315° and 480°T,
where Ag;O would be sxpected to decompose. Even extended heating
at 600° (Sample 6) did not destroy this high activity, although extended
heating at 900° (Sample 7) mederated the activity. These reaults

~eed A a 1'\1rov or "thc:w;sb

‘suggesat that Ag,0 was preseat in 2 mixed ocxide

stabilized so that it was not thermally decomposed at the 320° de-
composition temperature for simple Ag,O0. Theré&fcre, a successful
silver-30% palladium catalyst might result if a more thermally stable,

mixed oxide coating were produced.

Since AgiNO, was used in the treating procedure
and this compound decomposgses at 830°F, it could be argued that A3NC,
rather than Ag,O accounts for the cbserved Ltechavier. However, this
compound, as wel! as palladium nitrate, is soluble and its continued
presence in the coating after repeated contact with H;0, would not be
expected. Repeated tests on highly active screens showed no tendency
toward decreascd activity unlesc the catalyst was heated as previously

discussed.

Three silver compounds which have considerably
higher thermal stability thun Ag,0 or even AgNO; were tested as possible
coating components (Samples 9-11). None of the compounds exhibited
activity,

(2) Alternative Surface Activations

The above tests suggested that the ‘thermal
stability of the active Ag,O component in the screen coating might be
increased by proper choice of the other coating components. This could
result if mixed oxides of silver and the other componenis were formed.
Therefore, additional tests were cazried out to study the effect of other
coatings on the gilver-30% palladium screens. These teats included
coatings formed by heating screens that had been dipped into solutions
containing manganese, chromium, cobalt, copper, cerium, and
lead ions. Only lead and manganese showed high activity,

Since it was later shown that these three ions formed sctive coatings
regardless of what metal or alloy was used for the support scree~, no
activity contribution from the silver-pzlladium screen was mdxc"ted.
The results of these tests are reported in Table IL

b. Other Metal and Alloy Catalysts

The hetercgencous catalytic activity of metals {ox de-
composing HpO; has generally been attributed to their oxidesz rather than
to the metala themselves. Thua the problem of finding suitable meta!
zcreen catalysts for 98% Hp0O; centers on metals whoae nxides arn active,
thermally stabls, and either adhereat o the bage metri or can be generated
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" from the base metal as required. Metal oxides and other chemical
compounds which are catalytically active and thermally stable can
also be incorporated into catalyst pellets or catalyst screen coatings.
However, catalysts which are fabricated in the form of wire screens
are known to form effective and predictable catalyst packs for decom-
posing H30;. They can withstand high flow rates, pressures, and
temperatures without breakdown and can give consistent results from
one catalyst pack to another because of the uniform distribution of the

catnlyst.

(1} General Selection

‘The requirements for possibly useful metals
and alloys can be outlined briefly as follows. For the largest section
of the catalyst pack, the material should have a melting point above
2000° ¥ in order to survive the high decomposition temperatures of 98%
H;0;, particularly if the H,O; {eed is to be above room temperature
(for example, 2066°F is the decomposition temperature if 306°F H,0,
fe¢d and 3000 psi chamber pressure are used). The metal or alloy
must also be sufficiently stable in oxidizing atmospheres tc have ex-
tended usefulness in the presence of the decomposition nroducts,
oxygen and water vapor, at high temperatures.

Since the inlet section of the catalyst pack is
cooled by the H;O, flow, a small number of lower melting catalyst
screens can be accommodated there. Thus, if a material which me=lts
somzwhat lower than 2000° F exhibits very high activity, it can be used

in the inlet portion of the pack to give the motor guod starting responae.

The literature (4 ) shows that some hetero-
geneocus catalytic activity exists for many elements. However, direct
comparisons which designate which elements (oxides) are sufficiently
active for consideration as H;O, decomposition catalysts are lacking.
It is known that manganese, cobalt, silver, and lead form the most

active catalysts.

_ Silver is the mnost widely used catalyst for de-
composing 90% H;0,. Various silver-palladium alloys, when properly

coated with Sm,0,, have shown good activity for decomposging 98% H,0,.

in this program mixtures of oxides of manganese, barium, lead and
cobalt have also been found tc be highly active (see part c, page i4).
S50 ¢ar these have not been formed by oxidation of alloys of the rnetals
themnelves, but only as oxide coatinge on inert support screens.




=

Ot %hess four slements, manganess is very
brittlie and 30 caniot be drawa iato wire. High manganese alloys
are also brittle and have act been commercially developed (5), However,
the use of such materials ia the form of small pieces similar to catalyst
pellets could de explored.

Barium has a low melting point (1310°F) and is
reported to ignite in oxygen atmospheres at much lower temperatures
(6). Alioys containing useful percentages (> 30%) of barium are un-
common and generally have low melting points.

The melting point of lead is far too low for use
even in the relatively cool inlet section of the catalyst pack Alloys
containing significant percentages of lead will also have very low
melting peints. Nevertheless, the use of lead monoxide as a coating
component remains of interest, since its meltirg point is 1630°F and
it could be incorporated in higher melting oxide combinations.

Cobalt and its alloys are high melting and
can be expected to give extended life in high temperature, oxidising
atmospheres. Further examination of these materials was particularly
warranted.

{2) Test Results

The results for tests on a large number of
metals and alloys are reperted in Table U, divided roughly into groups
based on the periodic table. Among the transition metals, manganese
and cobalt exhibited the greatest activity, as expected. However, ounly
surface oxidized manganese produced activity of the order needed for
a cataiyst pack (310 ml/min), and the results were somewhat erratic
(varying from 2 to 10 mi/min). Although cobalt has been successfully
used as a major component in catalyst pellets, the surface oxidised,
masaive metal used in this test was not as active as the manganesas.
Nevertheless, since cobalt can be drawn into wire, its use in place of
the much less active nickel-5% manganese as filler screens in the highest
‘temperature sone of the pack might be beneficial.

The transition metal alloys were comsistently ¢
rather inactive. \
Among the platinum metals, paliadium proved
to be sornevhat active. This warrants its use as an alloying agent to give
thermal stability to silver, but is not sufficient to permit palladium to be
used as x catalyst by itaelf,

13
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Silver and lead were by far the most active’
olemments among the remaining metals, as suggested by the literature.
The low melting point of lead prohibits its use, as discussed previously.

Of the platinum and noble metal alloys, the.
high silver alloys were selected to explore possible improvements on
the silver-30% palladium catalyst. The inclusion of gold as an alloy
canstituent was rot found of value, though the test used was not suffi-
ciently sensitive to distinguish between silver and silver-1% gold.
Some activity was shown by palladium alloys with other elements
than silver, but silver-30% palladium still appeared to be more active.
The platinum-rhodium alloy suffered a decline in activity on being heated.

It should be recognised that the test with 10 ml.
of H;O; is essentiaily a test under flood conditions, as occurs in the
inlat region of the catalyst pack during rocket motor operation. This
test does not necessarily detect which catalysts will be most active for
decomposing theheated H,0, further into the pack or the remaining H,0,
vapor which occurs toward the exhaust end of the catalyst pack. Some
of the matexrials tested might yet prove to be good high temperature
decomposition catalysts. Screens of monel alloy, nickel, or nickel-5%
manganese alloy have been used for the highest temperature sones of
the pack, even though their activity under cool, flood conditions is
negligible. The suggestion has been made that thermal decomposition
in conjunction with such inert metal screens completes the H,Op decom-
_position which is largely effected by active screens earlier in the pack
(7). However, direct comparisons of different metals and alloys as
fillers screens in the exhaust section of the packs have not been made.

Both the lead and molybdenum activities appeared
to be dependent on the formation of their particular oxides, molybdenum
trioxide and lead monoxide. These oxides were produced through oxida-
tion of the metals or lower oxides by the H;0;.. The dark colored, lower
oxides were comparatively inactive,

c. Barium-Manganese Mixed Oxide Catalysts

(1) Screen Coatings

The attempts to modify the surface activation
coating of the silver-30% palladium catalyst to stabilize silver oxide in
the coating indicated the high activity of coatings containing oxides of
lead and manganese. However, the activity of these materials was
slwwn to be independent of the metal of the support screen by the use
of nickel-5% manganese and stainless steel support screens as well as

14
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the silver-palladium scieen. Further studies of various alternative
catalysts which could exhibit the required theimal stability for decom-
posing 98% H,0; were carried out. These tests revealed the high
catalytic activity of bariam-manganese mixed oxides, whick aze
related to the calcium pecrmanganate imprégnated u.talyltl used
for Icwor concentrations of H;O; for many years.

Additioml mixed oxide coatings of barium-
manganess, manganese-lead, and lead-barium were then propnred
by solution treatments and tested. The barium-manganese mixtures
were the most active catalysts, but their activity decreased in subse-
quent tests and did not persist after heating to 2070°F (Table LV,
Samples 1-4). Tests of the mixed oxide (Table IV, Sample 5) as an
isolated compound rather than as a screen coating showed the mixture
to be active after 2070° heating.” This indicated that insufficient
coating thickness was being obtained by the application of barium and
manganese from solution, followed by baking. A thicker coating was
then achieved by thermal decomposition of a dry, chemical mixture
onto the screen. This screen (Table IV, Sample 6) showed continued
high activity in spite of being heated to 2070°, but alsa showed non-
adherence of the coating to the screen and therefore the useful life of
the catalyst was limited.

. (2) Coating Binders

Several tests io improve the bonding of the
coating to the screen were carried out (Table IV Samples 7-10).
First it was found that better adhesion resulted for nickel-5% manganese
than for stainless steel support screcens. Binder components were then
added to the dry chemical mixture. The oxides Cu;O or Al;O4 (containing-
some minor organic components}! improved the adherence, but Si0O; or
Zr{SO,),; did not help.

Other materials tested as poosible binders ars
shown in Table V. For catalyst samples [ to 4, different chemical
sources of Ba, Mn, and Pb were used in the coating to see if these acted

_as binders. The materials used for samples 1 and 2 did not give

adherent coatings. A uniform, adherent ccating was obtained for
sample 3, but very high temperatures were required to apply the
coating and the activity of this sample dimiinished to a uegligible level
on the second test. Further development of this caulylt or of sample 4

could prove worthwhile.

_ The other binder materials were selected fromn
a large group of stock chemicals whose malting or thermal decomposi-
tion behaviors were observed under the same conditicns as those used to -
apply the coatings to the support screens. Chemicals which produced ,
uniform coatings and did not fracture appreciably on heating were chosen

)8
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for the tests shown in Table V. Boric cxide appeared to be the helt
bindexr. :

More extensive investigations of the ‘lctivity
of mixed oxide catalysts containing B,®; as a binder are reported in
Tabl: VI Use of 33% B;0, effectively eliminated the catalytic activity
by Qilnting the active components. On the other hand, 2 1/2% B;O; did
not contribute enough adkerence to the coating. Intermediate amounts '
of binder produced adheren?’, active coatings.

The B;0, binder was efnployed in catalysts .
containing Ba, Co, Mn, and Pb oxides. {Samples 4 to 12, Table VI)
Catalysts containing only one of these oxides wita R.O, were relatively
inactive. Among catalysts contai.ing two or more cf the oxides,
maximum activity resulted from the combination of Sarium, manganese,
and lead oxides. Good activity was also obtained for the barium- ,
manganese and barium-cobalt-lead catalysts.

Two samples(Samples 13-14, Table V)which
tested the effect of added SiO; and Na,COjy did not show increased
activity. The Na3CU, did increase the porosity of the catalyst and
resulted in better starting activity.

The remaining four catalysts listed in Table V1
explored the preparation of the coating in an oxidizing rather than
reducing flame. An increased activity depending on heat treatment
of the catalyst under oxidizing conditions was not clearly indicated.

These last four samples proved useful in
determining the activity of full-sized, 1' diameter screens and the
effect of extended heating at high temperatures. Activities approaching
that required (> 10 ml/min) for the inlet portion of the cataivat bed
were achieved, but results were not consistently that high, The
temperature stability of the catalyst was clearly demonsirated. This
combination of moderate activity and good temperature stability suggested

.possible application of the catalyst in the hot zones lower in the catalyat

bed.

Since the B-Ba-Mn-Pb containing catalysts
could be of interes? for the Lot zone of the catalyst bed, tests were
carried out using HyO; which had been heated to 120°F. As in the tests .
run at 70°F, the 10 m! of 98% H;0; was placed in a 100 ml graduate. The
graduate was lowered into a 600 ml beaker of water heated by a hot plate.

The temperature of the H;0, waz meausured by means of a chromel-alumel
thermocouple and potentiomzter. The time required for the 1 inch catalyst
screens to completely decompose che 10 mi of H,;0; was mesasured and

then converted to ml/min for lisiing in Table VIL
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Soreen . Active Dry Nix G 1tion  Hest Treatment Decomposition Rate* /
Momis Diamer (wmigt) Kisewts _ (byweight) [ Piame Temp.)  Observatioms  ooiea/ainl.

1 o 3 Ba, M0 Pals -1/3 BaO- 2100°y Coating glass: Yery low
v * iﬁ MnS0, - Ha0 ey Glaser, i
] bV, o 21,2 Ba, W0 1/80 ByOs -~ 1/2 BaO- 2200 HaOp exposed & (avg. of 3 tests)
. 1/2 Mn30¢*He0 brow: powdery
5 U s Ben  1/20 B,0s - /2 BaO- 2070 surface
’ 172 Wn30¢ - HeO {10 min in furnece) Coating adherent
4 bV, 0 20 Ba 1/% BeOs ~ /5 BuO 2100 Glased olive -2
) coating was not
C adherent
5 15" 20 Co 1/5 BeOa - 8/5 S0 oxide 2100 "Adherent black, Very low
orusted coating .
6 3" 20 ) 1/5 BsOs - 4/5 Mn axide 2100 Adherent black, Very low
' orusted costing .
b /3 20 b 1/5 BaOs - 4/5 PHO 2100 Adherent blsck, Very low
. smooth comting
[} bV, 20 Co,¥n 15; PeOs - 2/5 Co oxide 2100 Adherent blask,  Very low
, ‘ ‘ 2/5 Wn oxide crusted costing
9 1 20 " Ba,Mn 1g PaOs - 2/5 BeO- 2070 sdherent coating 3
2/5 %n80,+Be0 (30 min. in furnace)
10 o 25 - ' Pe,Pb,Co - Bao- 2100 aherent ccet .ofh
/> 7. % Brgg: 1/§ﬁco oxide Adherent ccating 5 (avg. of & tests)
1 p Vs 20 Co, M, Pp BaOy ~ Co oxide 2100 Adherent, Yery X
S iﬁmaxﬂy‘-mm 1m§u§.r§§’.'§x i
. coating
12 1/ 20 Ba,Mn, P BaOs ~ 1/3 BaO- 2100 Adherent black ‘5 (avg. of 3 tests
f' }ﬁ MO - 1/% Mn oxide irragular costing . (ave )
32200 Adherent 6 {avg. of 4 testa)
13 13 20 Be, M, 5 1/5 each 0f BeOs,Ba0 2100 _ Coating wot 1,5,10
: 810g, M0, and adherent
WoB0s HeO
18 13" 21 Da, W 1/30 BeOs-1/2Mag00s- 2200 Good initial 5 (avg. of 3 tests
A . 1/2 Sa0 - 1/2'MnS0,Hy0 activity (avs )
15 1" 20 - Ba,Mn,Pb 1/% DaOs - 1/% B0 - ) /A 00 Minor flaki * 6 (avg. of ¥ test:
e 0 = 1/% Mn8Qe Es0 ﬁucm i ne (eve sta)
R sduc
16 1* 20 Be, M0, Pb " »2300 Kinor flaiking 9 (avg. of 8 tests)
~ : ) axadiging
ot 117 Rinor flakdng 9 (avg. of 3 tests)

) : (10 mdn. 1n furvace)
17 Y 20 Ba,M0, P ..

200 - Coating adheront 2 (avg. of 2 tests
oxidizing 1ne Ve )
rllW ’ Se brittle 11 { o+ ts)
X reen . avg. O ten
. (10 min. in furnace) b
18 w»* 20 e W BaOs ~ 2/5 DeO- 22200 Costing sdharent
%ﬁ WSOy - dal oxidiszing onting en 9
R ~ fh-o"
® Teat used 10 Wl of 98K TeOp which wens iratially at™yo*iv.
~
- - ‘N
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As Table VII shows, the activity of the
B-Ba-Mn-Pb catalyst compared favorably with the Ag-30% Pd
catalyst for 120° H;0;. The active silver-palladium catalyst did
not exhibit greater activity at the higher temperature than at room
temperature. However, the B-Ba-Mn-Pb catalyst was significantly
more active at 120° than at 70°. . The B-Ba-Mn-Pb catalyst appeared
far superior to the Ni-Mn screens commonly used as filler screens in
the hot sone. o

An attempt was made to prepare the barium
manganese catalyst screen in sufficient quantity for a motor screening
test. However, the screens continued to show inconsistent catalytic
activity whichwas oftga very low. The variation in activity is
attributed to the formation of different mixed oxides depending upon
the ratio of barium and manganese oxides used and the temperature at
which the coating was fired. Further study of these variables is required.

d. Pellet Catalysts

Catalyst pellets have the advantage of very high
surface area when compared with metal screens. However, it is
generally believed that pellets prepared by compaction and firing
of powdered ingredients will be eroded and disintegrated under the
high flow rates and high temperatures experienced in rocket motors.
Nevertheless, pellets have been developed and successfully used in
certain applications in the past. This part of the laboratory program
was designed to explore further the possible application of pellet
cata.ysts for 98% H,0, decomposition. '

(1) Cobalt Metal-Manganese Oxide P.ellet

In an earlier program (8 ) a large number of
compacted and fired catalyst pellets were prepared and tested. The
principle active ingredients used were MnO; and cobalt metal. Various
additional components were added to provide porosity and binding to
. the pellets. - As a result of that program a pellet was developed which
decomposed 98% H,0; successfully {or 222 minutes, including 12 cold
starts, at a flow rate of 6. 5 pounds per square inch cross-section per
minuts, Laboratory studies on this pellet were not carried out in the
current program, but the pellet was prepared in quantity and motor
tested as part of the motor screening tests. Further details concerning
the composition and preparation of the pellet are given on page 28.




{2) Commercial Pellets

A variety of available catalyst pollets were
tested with 98% H;0; and the results are shown in Table VIIL The
pellets have been roughly grouped according to their manner of
preparation by observation of their gross morphology. In some cases
pellets listed as compressed powder pellets may have resulted from
impregnation of extruded porous supports. In general, thes decom-
position rates produced were lower than those obtainable with catalyst
screens. However, some compensation must be made for the fact that
between 3 and 12 pellets would be used in place of cne active catalyst
screen, depending on the manner of packiang the pelleis in a pack for
motor tests. '

Disintegration of the compressad powder pellets
appeared to be a significant preblein even under the relatively mild
conditions of the tests. The pellets which showed better activity in
an untreated or non-fired condition could be considered for .the cool
inlet section of the catalyst pack. Of these, only the cobalt catalyst
pellet (Sample 9) produced a very high decomposition rate, but this
pellet had liittle physical strength. Additional tests would be required
to show whether the moderate activity of the silver catalyst peuet
(Sample 18) is of interest,

Those pellets which could be fired without
failure were further tested for use in the hot section of the catalyst
pack. Good activity resulted for the molybdenum sulfide pellet (Sample 5)
but the pellet did not hcld together. Only the copper chromite catalyst
axhibited any cohesive strength, and its activity was iow,

None of the obviously impregnated pellets were
both physically strong and catalytically active. The last three materials
listed were not expected to show much catalytic activity,as was found.

- They may prove useful as supports for impregnation with other active
components. '

Though none of the cathlyst pellets as tested
were considered useful in the present program, some of the chemical

constituents have shown high activity. These materiale may be of use
as screen coating or impregnated pellet components.
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egnated Panets

_&iﬁicgiﬁes were encountered with disin-
Ls cormpacted and fired. smgﬁgztns;

the mﬂmﬁﬂa of refractory magnesia pellets was studied. Solutions

tes; vanadate ion; and molvbdate ion were uzed
i the si;. “The pellets were then apot sesiéé for
€ ’tﬂ?ﬁc tivzty with one drop of 98% H;O,. The calcium permanganate
premtad pellet showed only slow bubbling and the other fousr peliets
;_f-had even-less activity. Neverihsless, the materizls impregoated intc
“these pellcts are kmown to be active, Further rdise are required to
expiore the impregnation of magnesia and cthsr pellet-type supports.
‘Bince-¥arious products of the impregnation-firing procedure are poasible,
?knowtedge of the effect of firing temperature and ratio of solution
compdnents is needed. The same situation bas been encountered for
mixed-oxide coatings on inert screen supports (page 21).

¥
)

caloium ptrmsnganxte. bdriumn and mangenese nitrates; bavium, -
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SECTION 11

ROCKET ENGINE TESTS

The evaluation of the catalyst performance during actual motor:
operation was carried out under subcontract with the Walter Kidde and
Company, Inc., Belleville, New Jersey. This part of the program had
two basic purposes. The first of these involved motor screening tests
on & variety of catalyst configurations and materials. These tests
were designed to screen catalysts for possible use in the motor de-
monstration test programn,

The motor demonstration tests included operation (a) at high
chamber pressure and high throughput, (b) with high temperature
H;0; feed, {c) at a variety of chamber pressures and throughput
conditions for ccrrelation design information, (d) for extended time

. to measure catalyst life, and (e) with low temperature H,;0; feed.

1. INITIAL MOTOR SCREENING TESTS
¢
Initial screening tests were performed to evaluate those
- catalysts which were found to be most active in the laboratory studies.
The surface treated, 70% silver, 30% palladium by weight catalyst
screens gave most encouraging performancs in the laboratory phase,
therefore, catalyst packs were designed and fabricated using these
catalyst screens together with the common silver catalyst screens
and 95% nickel-5% manganese filler screens.

The catalyst screens were packed into cartridges and then sent
to Walter Kidde and Company, Belleville, New Jersey, for testing in
a 40 pound thrust motor, Pressure, temperature, thrust, initial
startup, and other performance characteristics were recorded. At
the completion of the motor tests, the cartridges were returned to FMC
for laboratory measurements and testing of the catalyst screens.

In addition, a screening test was carried out with a catalyst
pellet developed by FMC under an earlier program'(8 ). The principle
active ingredients of this pellet were MnO; and cobalt metal. Additional
~ components were added to provide porosity and binding to the pellets.

a. Thrust Motor

The 40 1b, thrust motor used in these tests is shown in
Figure 1. The inlet structure can be separated {rom the remainde~
of the motor by removal of ihe inlet bolts, This permits the catalyst
cartridge to be withdrawn from the motor, The port for chamber
pressure measurements is indicated on the figure. It enters the
chamber betwaen the end of the catalyst cartridge and the fitting for
the exhaust nossle. The exhaust nossle is shown at the extreme right.
It was not changed during the tests with this motor.
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%  Camiyst Pregaration

The silver-30% palladium 20 and 40 mesh catalyst screens
wez?s treated vrior to use according to the procedure listed below.

A Preparation of Screen

: 1. The screen was degreased in a vapor
: degreaser containing perchloroethylene.

2.  The screen was then sandblasted with a
54 ¢rit aluminum oxide at 69-80 psi.

B. Acid Treatment of Screen

1. A 1" square piece of 20 mesh, 0. 014 mil,
7C0% Ag-30% P4 alloy, wire screen was dropped
into 500 ce concentrated nitric acid and allowed
to dissolve, The sandblasted screen wasg dipped
into the nitric acid solution containing the dis-
solved screen and moved about in the liquid for
approximately 30 saconds, It was then removed
and allowed to drain as thoroughly as posaible,

2. The screen was then placed in the oven at a
temperature of 400°F for 20 minutes; upon its
removal the acreen was quite dark and rather
heavily coated. It was then dipped a second time
following the same prucedure as above and again
heated for 20 minutes at 400°F,

C. Samarium Nitrate Treatment of Screen

9 The scrzen wa; next immersed into » solution
of 20% by weight of samarium nitrate until
thoroughly wet, removed from the solution and
allowed to drain thoroughly.

2. The material was then heated for 20 minutes for
720°F. This procedure was repeated until seven
{7) dips and seven (7) heatings had been completed.

3, Since some areas of the screon openings were
- generally blocked, the screen was brushed with
a stiff brush. '
27
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Tht silver catalyst lc*-een- used in this program waere
‘also cleaned, sandblasted, acid treated, and coated with samarium
oxide. The nickel-5% manganese filler screens were used without
further treatment. Both treated catalyst screens and untreatad fillar
screens were punched to one inch diameter discs for use in the motor
cartridge.

" The cataiyst pellets tested in the last of the iaitial moior
scTecning tests were prepared by a procedure developsd by FMC under
an earlier program (8 ) The comnposition of this pellet, type 113,
was as follows:

Cobalt 68. 6 weight %
NacCl 17. 1
MnO, 8.9
FG;O; 3.6
CuO 2. 4
Gay(BOy)z, 1.2
N&;CO, 1.2

: The components were thoroughly mixed and then compressed
at 50, 000 psi into 1/8" diameter, 3/16'' long pellets using an automatic
pellet press. The pellets were then fired in air at 2100°F for 30 minutes
in an electric furnace.

c. Catalyst Packing

The catalyst cartridge is shown in greater detail 1n Figures 2 and
3 . The first step in loading the cartridge with catalyst screens was to
place the retainer plate inside the shell flat against the iip at the bottom
of the shell. Next the catalyst scresns w:re added one-by-one on top
of the retziner plate. Each screen was rotated somewhat from the
orientation of ths previovs screen to provide a uniform distribution of
catelyat within the cartridge. After one-third of the screens had been
loaded, a 4' long, 1" diameter packing ram was inserted in the cartridge
and the screens ware compressed to 4000 psi on a laboratory bench presa.
The ram was removad and additional screens were added. The pack was
again comprassed to 4000 psi aftsr 2/3 of the screens had been loaded
into the cartridge. After all the screeus were loaded, the anti-channel
baflis and injection plate were placed above the catulyst screens. Taen
while the pack was compressed to 4000 psi with a packing ram only 1/2"
in diamater, the snap ring wus iuserted into the slot just ineide ~he front
of the cartridge shell

28
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4. General Configuration Conside rations

An important consideration in designing the catalyst packs
is to properly relate the type of screens used to the temperature profile
(9) that will be achieved in the motor. Previous motor tests with 98%
H3;0;(7, 10)revealed that the inle: portion of the pack is reletively cool
compared to the exbaust region during motor operation. In fact, the
theoretical decomposition temperature is not reached until about 1/4"
to 3/3" into the bed. If tue catalyst pack operates properly, the remainder
of the pack is heated to a rather uniform temperature, approximately
- the theoretical decomposition temperature of the 98% H;0,,

Because of this termuperature profile it is possible to use very
active but less thermally ntabli. screens in the inlet region of the pack.
By this means good starting characteristics can bec achieved. However,
it is critical that these screens be kept out of the regions in the pack
subjected to the high temperatures, or screen melting will cccur.

Previous FMC studies have shown that ten to sixteen 20
mesh silver screena can be used at the inlet of a catalyst pack for 98%
H;O;. In fact, a pack prepared with sixteen,20 mesh silver screens con-.
taining only inert screens below the silver resulted ir full decomposition
. of tho H;O; on start-up, ‘

In progressing through the pack the H;O; soon reaches a high
temperature, It is probable that a large variety of catalysts are suffi-
ciently a<tive to decompose the remaining heated H;O; in this hot zone
of the pack. On the other hand, it is essential that the catalysts main-
tain their physical properties at the high temperature. Thus the
critezion of thermal stability saeems more important than activity in
tke high temperature section of the pack.

e. Catalyst Pack Configurations

The catalyst configurations of some representative catalyst
packs used in the initial motor screening tests are shown in Figure 4 .
Packs AF-5 ard AF-6 >perated the best of the configurations tested,
. Pack AF-8 contained a spacer ring below the catalyst pack to allow a
shorter pack without requiring a different motor cartridge.

Pack AF-11 also contained a spacer ring, which, in this
case, protected the catalyst pellets from the 4000 psi pack compression.
A total of 65 pellets were distributed among three layers. Nickel-5%
manganesée filler screens were used to separate the layers and thus
maintain the pellet alignment durir.g motor testing, Each pellet was
1/8" in diameter and 3/16" in length,

2
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A complete summary of all the catalyst ) :ck configurations
tclted in the initial motor screening tests appears in \":bis 'X. In the
first column to the left appear the catalyst peck designations. The next
eight columns indicate the numbers oi 2ach type of 1" diuriier screens
used in the catalyst packs. These colurrns are arranged in o:der from
left to rigux so the inlet screens appear to the left and the exhauat end
of the pack is at the right. The next column indicates the changes and
re-use of catalyst screens for some of the packs. The last column
gives the pack comprzision for each pack,

f. Test System

A schematic of the initial screening test system appears
in Figure 5 . The 98% H;O; for the test was contained in a 5 gallon
tank shown to the left in the schematic. The feed pressure of the H,0,
was maintained by nitrogen gas which entered the top of the tank. The
test was started by applying an electrical impulse to the remotely operated

propellant valve. The feed, inlet, and chamber pressures were measured

by transducers. A copper-constantan thermocouple wis used to measure
the inlet temperature and a chromel-alume thermocouple determined the
chamber temperature,

The thrust motor was mounted on a cantilever-type load
cell which enabled the measurement of thruat. The load cell was cali-
brated using weights placed on top of the motor. A quick disconnect was
used to separate the H,0, tank from the remainder of the system so it
could be weighed before and after each steady state test. Tn this way the
propellani flow during steady state operation was determined.

The test stand itself appears in Figure 6 . The motor is
mounted to the end of the cantilevered frame which is fixed (toward the
bottom of the picture) to the remainder of the dark-colored test stand.

The load c~}]) is contained within the test stand. The pressure transducers,
thermocouples, and propellagt valve are also indicated in the figure,

g. Test Procedure

All tests were conducted using FMC Cor poration supplied
98% H,0, which was filtered to 10 microns prior to introduction intu the
test systemn., The pressurant used was nitrogen gas, per MIL-BB-N-411B,
Grade B, type 1, class ] filtered to 10 microns prior to introduction into
the test system.

The testing of the catalyst packs was performad in the following
sequence using a static {uel pressure of 530 psig.
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1. The ambient temperature motor was pulsed three
times at a pulse mode of 200 msec. on and three
seconds off,

2. The motor was allowad to} cool for ten minutes,

3. The motor was pulsed three hundred times ata
pulse mode of 150 msec. on and 350 msec. off.

4. The fuel tank was then disconnected and weighed.

5. The fuel tank was reconnected and a 30 second steady
state test was run. The fuel tank was then reweighed.

6. The motor was then allowed to cool to ambient tem-
perature. '

7. Steps | and 2 were repeated,

8. The motor was pulsed six times at a pulse mode of
150 msec. on and 350 msec. off.

9. Steps 6, 7, and 8 were repeated.

10, The motor was purged with nitrogen gas.

After the test of catalyst cartridge AF-1 resulted in extremely
foggy exhaust, the test procedure described above was temporarily by~
passed for preliminary testing of cartridge AF-2. This cartridge was
tested at five dﬁféront fuel pressures for five second steady state opera-
tions. Exhaust continued foggy with this cartridge and no data was re-
corded, The problern was traced to low catalyst pack compression and
the described tes} procedure was resumed with cartridge AF-3,

|

The outputs of the test instruments were recorded with an

oscillograph recorder at 8-10 inches per second papsr speed as follows.

Chamber Pressure 300 peig
Motor Inlet Pressure 500 peig max.
N Propsllant Tank Preasure 600 peig
Thrust 40 1b. F
Propellant Temperature at '
Motor Inlet +80°F + 10°F
Valve Signal (Current) 1 Amp,
37
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Instrument calibration was performed prior to each test
using the above values as maxima at approximately four inches de-
flection.

h, Results of the Tests

The resuilts for the initial motor screening tests are
summarised in Table X. The pack numbers for the ten screen con-
figurationa and one psllet configuratian are shown in the first column.
‘The second column indicates the specific tests for which the data in
the remaining columnrs is given: the first and third cycles of the 300
cycle portion of the tocst program, and the average of data taken at five
different points during the steady stage tests., The specific impulse and
the characteristic velocity of the exhaust gases {in feet per second)
are represented by ISP and C#* respectively.

Two columns to the right in the table show the time in
milliseconds required to reach 10% and 90% cf maximum chamber
pressure at the start of the test and to decay to 90% and 10% at shut-
down, These recorded start and shutdown responses are approximately
10 msec. greater than the true values. This has resulted because the
line from the motor to the chamber pressure transducer was greater
than minimum length (Figure 6 ), which causes a time lag in the
measurement of chainber pressure. Remarks concerning the nature
of the exhaust and the atability of motor operation appear in the last
column,

Tables XXII to XXXI in the Appendix give more complete data
for each initial screening test.

The three "warm-up'' pulses constituted the first contact
of the catalyst pack with 98% H,0,. Tae responses and decays of each
pack for the first and third of these initial warm-up pulses 2 : given in
Tables XI and XIL Since the feed lines are not initially filled, the start
transients recorded for the firet pulse are greater than the actual motor
response. The data for the second and third sets of warm-up pulses in
the test procedure are also given. For tests AF-1 through AF-7, both
the chamber pressure and thrust responses and decays are given. Only
chamber pressure dat. is given for the remaining tests,

- (1)  Pack Compression

The firet two packs (AF-1 and AF-2) produced foggy
~exhaust at atartup indicative of incomplete decompos?*i-~ due to loose
packing of the acreens in the catalyst pack. Loose screens allow the .
H;0; to pase more dirsctly through the catalyst pack, thus shortenirg
the stay time in the pack and giving less total contact with catalyst sur-
face. Both of these factors contribute 0 incomplete decomposition.
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XI

INTTIAL SCREENING TESTS

ing Behavior of Catalyst Packs AP-1 through AP-6

. mt‘
Pack <Cycle
No. No.
AP 1l
3
1l
3
1
3
APF-2 1
AP-3 i
3
1l
3
1
3
AP-4 1
3
1
3
AFP-5 |1
3
l
3
1l
3
1l
3
1
3
1l
3

Mil. Sec.
tc 9C%
Thrusat

Respsure

M/A
5h
ﬂéA
N/A
,25
N/A
N/A
17
N/A
27
N/A
23
N/A
23
N/R
N/R

115
20

70
20

134
28
229
29
88
27

128
26

M1l. Sec. Mil. Sec.

Mil. Sec.
to 90% for Thrust for Chamber
Chamber Dacay Decay
Response  to 10% to 102

N/A N/A N/A
o 5 %
N/A N/A N/A
46 ho hé
N/A N/A N/A
kg 41 5{
N/A N/A N/A
N/A N/A - N/
27 34 4,
N/A N/A N/A
25 25 kg
Néﬂ N/A N/A
2 20 L2
N/A N/A Héh
an 23 4
N/R " N/R MN/R
N/R N/k N/R
104 bh 79
31 30 45
97 24 4y
28 28 4y
137 1C © 39
27 3J 49
22¢ 112 120
32 55 36
100 =2 4s
3 - 23 45
132 23 49
3G 24 43

MN/k - Denctes that the motor did not start.
N/R - Test discontinuad becaumre of severe oscillations




* TABLER XII
e 96; HeOp INITIAL SCREENING TESTS

gm g Bahavior of (htuyst Packs AF-7 throu_gh AP-11

R Mil. Sec. Mil. Sec. Mil. Sec. Mil. Sec.
cnt. T to 90% to 90% for Thrust for Chamber
‘Pack Cycle Thrust. Chamter Decay

Decay
No. K _Mo. Response ' Response to 1935 to 104

AP~ 1 N/A N/A N/A N/A
T 3 ¥ ¥ 24 %
1 140 160 - 36 - 85
3 22 38 2s A6
1 N/A N/A N/A N/A
3 5 5 ¥ 4
AP-8 1 —- 221 | e © o8
’ : 3 o= 57 con 53
1 ——- N/A ‘m-- N/A
3 --- 33 ——- 60
1 ——- N/A - N/A
3 —— 53 -—- ;é
AP-9 1 e N/A . N/A
3 --- 1 --- 55
1 -—- 87 - - 62
3 -ee 35 ~-- A9
p § - 1l e 3
.3 " 3 " 2
AP-10 1 ——- N/A . N/A
3 .- 55 - 35
1 | awe N/A c—- N/A
3 % = A
1 ——— R/A - R/A
3 4 %
AP-11 1 —— B/A -  N/A
-3 - 91 o T2
1 ——- 210  me- 82
1 — - N/A - N/A
) ’ ’ - d ‘4 - 54 .

-

" N/A - Denotes that the motor did not start.
an
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Catalyst pack AF-1 was vepucked as pack AF-4 with
no change except the addition of Ni-5%Mn filler screens to the exhaust
(hot sone) end of the pack. By this means the packing pressure required
to load the pack into the cartridge wago nearly doulled to 4100 pounds. As
a result, AF-4 produced the clear exhaust asscciated with relatively com-
plete decomposition of H;0;. The configuration of pack AF-2 was also
packed at a much higher pressure (AF-3) and alsv yislded complete de-

composition,
(2) Uee of Low-Melting Screens

The configurations of packs AF-1 to AF-4 contained
silver-5% palladium catalyst screens (Table IX), These screens have
a melting point of 1780°F, which is about 20° higher than that of the
silver screens, but stiil far lower than the silver-30% palladium screexs
{mp. 2120°F), Complete decomposition of the H;0; feed was not achieved
for packs AF-1 and AF-2, s0 an adequate test of the silver-5% palladium
screens was not obiained. However, the catalyst packs in cartridges AF-3
and AF -4 both resulted in melting of some of the silver-5% palladium
screens near the inlet of the pack. In view of the known catalyst pack
temperaturs profiles it seemed probable that a 1/4" to 3/ 8" depth of
lower melting screens such as silver or silver-5% palladium could be
used in the inlet portion of the pack. However, the results with packs
AF-3 and AF -4 indicated this region of lower temperatures is limited

to about 1/8' at 20 psim pack loading.

As the acreens of packs AF-3 and AF-4 melted, the
molten materisl was carried further down the pack. Distinct clogging
of some areas occurred. Severe oscillations in the chamber pressure
were observed and further tests on these packs were discontinued.
Figure 7 shows the screens that were removed from catalyst packs
AF-3 and AF-4, The screens have been separated to show clearly where
the melting occurred. The damaged screens indicated that melting was
most extensive where the H;O, flow had been forced inward by the baffle

ring.
(3) Best Catalyst Packs

Catalyst packs AF-5 and AF-6 (Figure 4 ) were pre-
pa-ed with fewer low-melting screens in the inlet section than packs
AF-3 and AF-4. These packs resulted in the best performance of any
of the initial motor screening tests. Basically the same configurations
were found to give the best results in the high -pressure-high pack loading
tests later in the program.

- 42
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Figure 7

- 'SCREENS FROM CATALYST PACKS AF-3 \
L AND AF-4 AFTER MOTOR TESTS %
!

5 SCREENS HAVE BEEN SEPARATED TO SHOW THE
PORTIONS OF THE PACKS THAT MELTED |
§
. 3
) 3
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Catalyst pack AF-5 contained 12 pieaces of 40 mesh
silver catalyst scréen a: -+~ pack inlet. This pack gave a clear exhaust
. tha Bty st pnbes Gi.. oy transients are shown in Table X1 Because
L3t ey in {illing the fuel lines, good transients on the first pulse
4¢< Ajtticult to measure. Figure 8 shows the third pulse of .the initial
warme-up sequence for the AIF'-5 catalyst pack. Time reads from right
to left on the figure. At the top of the page the initiation of the H;0;
flow is indicated by the valve zignal and the valve voltage, which designate
the instrumental signal to open the valve and the actual response of the
valve. The thrust trace is shown with the points marksd where the
response of the motor reached 90% of maximum thrust at startup and
where decay reached 10% at shutdown. Tl.c temperature, inlet pressure,
and chamber pressure traces are also shown. Chamber pressure and
thrust remained steady throughout the pulse.

The beginning and end of the 30 second steady state
teat for pack AF-5 are shown in Figure 9. The notations on the figure
are substantially the same as those on Figure 8 ., The fuel and inlet
pressure readings are notidentical because of pressure drops resulting
from valves the feed lines,

The specific impulse realixed was 134, 3 sec ata
chamber pressure of 295 psia, which was 96% of theoretical. Figure 10
shows the snanifis imnalgee of tegiz AF .5 through AF-10 and indicates
the theoretical values by the dark line curve, The characteristic
velocity (C#) for pack AF-5 averaged 3201 feet per second.

Figure i1 shows the first of three warm-up pulses
prior to the first six cycle run on pack AF-5. This section cf the test
procedure occurred after the 300 cycle run and the 30 second steady-state
test. Figure 12 gives the first two cycles of the second six cycle run,
which concluded the test program for pack AF-5, The notations on these
two figures are the same as those described previously. The actual reduced
data for these tests are given in Table XXV in the Appendix.

Figure 13 shows the internal parts of pack AF-5 after
the test. From the left appear the snap ring which held the pack in the
cartridge, the izjection plate, and an anti-channel baffle, Next appear
the 40 mesh silver catalyst screens of the inlet section of the pack. Following
are the 20 mesh, silver-30% palladium catalyst screens alternated with 200
mesh nickel-5% manganese filler scraens. A second anti-channel baffle
is also shown., To the right are the 20 and 14 mesh nickel-5% manganese
filler screens which made up the sxhaust gection of the pack. The retainer
plate which held the exhanst section - in the cartridge appears at the right
end. No damage of the screens was apparent. )
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Pigure 10

COMPARISON OF SPEClFlC IMPULSE REALIZED

IN TEST RUNS AF-5TOAF -1l WITH -
THEORETICAL VALUES

- 180 ¥ ] 7 T
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3 AF-5
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(] AF-8
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Figure 11

INITIAL SCREENING TEZFT AF-5

-

WITH 75°F FEED ,
98,29, H,0; AND 40 POUND THRUST MOTOR

FIRST WARM-UP PULSE PRIOR
TO FIRST SIX CYCLE TEST
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Pigure 12

w CYCLE TEST WITH 73°F FEED
98, 2%, Hx; AND 40 POUND THRUST MOTOR

IKITIAL SCREENING TEST AF-5

JiRST TWO PULSES OF SECOND
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Catalyst pack AF-6 contained 3 pieces of 40 mesh
silver catalyst screen alternated with 20 mesh nickel-5% manganese
screens at the pack inlet. The initial pulse was relatively weak.
Subsequent pulses were strong and steady. Figure 14 shows the “hird
initial warm-up pulse of the AF-6 catalyst pack, Following are the
beginning and erd of the 30 second steady-state test, the first of three
warm-up pulses prior to the first six cycle run, and the first two cycles
of the second six cycle test (Figures 15, 16, and 17.). All AF-6 test
traces correspond ¢o the traces given for AF-5 and described above.
The specific impuise realized was 138, 4 sec. at a chamber pressure
of 290 psia. This is 98% of the theoretical value. The characteristic
velocity {C#*) was 3320. }

Figure 18 shows the internal parts of catalyst pack
AF-6 after the test. Details similar to those described above for
Figure 13 are shown. No evidence of screesn damage was apparent.

Tests on packs AF-5 and AF-6 showed that the
silver screens in the inlet of the pack gave sufficient activity to insure
a dry engine start, when used in combination with the silver-30% palla-
dium alloy screens located lower in the pack. Bcth the performance
data and inspection of the packs after the tssts confirmed that at this
fuel temperature, chamber pressure and pack loading the silver screens
were not damaged, ‘

The effect of motor cperation on the activity of selected
screens from packs AF-4, 5, and 6 is shown in Table XIIl. The activity
of both the silver and silver-30% palladium alloy screens is lower after
use in the motor. The silver-30% palladium screens i* ‘\e lower
(hotter) portion of the bed are less active than those clu ar to the inlet.
The nickel-5% mangansse screens which showed essentially no activity
before the motor tests showed reasonably high activity after the test,
‘especially when tested with 50°C H;0,. This probably represents carry-
over of active catalyst material from the screens above.

(4) Silver Versus Silver-5% Palladium Screens

Catalyst pack AF-7 incorporated silver-5% pailadium
alloy screens in the cooler inlet section of the pack. No silver screens
were osed. The first pulse resulted in a misty spray, while the second
pulse provided a good start. The specific impulse realized was 136. 1 secs.
or 95% of theoretical at a chamber pressure of 302 psia. The characteristic
velocity was 3280. This data shows that pack AF-7 was comparable to
AF-5 and AF-6 in genezal performance. However, the starting behavior
as shown in Tables XI and XII, was inferior to AF-5 and AF-6. This
shows the greater activity which silver catalyst acreens have in com-
parison to the silver-5% palladium scre~ns, Nevertheless, since the
general performance was quite good, the silver-5% palladium can be used
in motors employing programmed starts (10).

_s1




e T o o — ] {1 A ——

o [ o o o o oy =

£
H
H

‘00 OPPTX J8ITPA £q PO3ONPUOD 8389,

‘IIJoon ooﬁ.T

(°xew 3% yed gGz)
sangsexy Jequey)

4 1oc) encar I A

L »

(o

oTur- _ :

poeg (4,5L) 4 1]
%0%H £86 eumawraedweg

(o N |

WOTIWITOXY OATEA

e8u3T0A OATEp

il —o

LIND 4 JO4 R1 9-4V JOVd ISXTVIVO ONISN ®0°H ¥g6 HIIM SSI0d QUIRI

4T am®rg

(*oom mno )
03 hucon

52

CONFIDENTIAL




A T T T T T T
>
-

- T = s = T T T T T T T e e T T T T T T e, T

(q)

(%) QUL et
P - y . - . ‘ -
_ il
S H ‘ .
i :
|
.. l L
,m s
' )
i H ;
| lpTIrr.. LA
t
11 .
|
gl | iV

IRETENVEL ONIINVIS o
YOLOW LSNYHLI ANNOd 0¥ ANV "O%™ %2°86
v - JIIL L.5L HLIM 1STL ALVLS AAVALS
ANODTS 0€ 4O NMOJLNHS ANV 1LYVLS
9-4V 1LSAL DNINITYOS TVILINI

Gt oan3tg

53 -

IAISVEL MOQ IS

R )



— e e T e e e e e e e T e T e e T T T T T T T T, T e, o T ~ —

~ Pigure 16

INITIAL SCREENING TEST AF-6
FIRST WARM-UP PULSE PRIOR
TO FIRST SIX CYCLE TEST
| WITH 74°F FEED
98.2%, 4,0, AND 40 POUND THRUST MOTOR
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. INITIAL SCREENING TEST AF-6
' FIRST TWO PULSES OF SECOND
SIX CYCLE TEST WITH 74°F FEED

Pigure 17

98.2Y, HyO; AND 40 POUND THRUST MOTOR
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(5) Short Packs

Though packs AF-5through AF-7 operated quite well,
the pressure drop across the packs was between 170 and 200 psi. This
is at the upper limit of the desired range and partially represents a
needless loss of efficiency in motor operation. Therefore, two catalyst
packs were designed and tested to attempt to lower the pressure drop.

The pressure drop can be reduced in several ways,
all of which amount to reducing the obstructions to the fiow of H;O; and
decomposition products, These include using shorter catalyst packs
and decreasing the mesh size (increasing the open area) of the screens
‘in the pack, Since packs AF-5 to AF-7 all contained a2 reasonable
pumber of relatively inactive nickel-5% manganese screens at the
exhaust end of the packs, it was decided to shorten the packs from
1-3/4 to 1-1/4 inches by elimination of this section. In order to do this
and still use the same cartridge as for previous tests, a ring spacer
was designed to fit within the catalyst pack, the spacer took up the
nresure used to pack the screens into the cartridge, while leaving the
central area free {from interference with the flow,

Catalyst packs AF-8 and AF-9 were packed as shown
in Table IX and tested using the shorter pack length. The screen con-
figuratians were chosen to correspond roughly with those of packs
AF-6 and AF-5 1espectively. In each case one baffle was inserted
between the injection plate and the top of the pack and a second baffle

was placed after the {first 15 screens of the pack

: The summarized resulis for packs AF-8 and AF-9 are
shown in Tables XXVIII and XXIX. The starting behavior, as given above in
-Table XIIand noted in the Remarks column of Tables XXVIII and XXIX, indicates
that these packs were inferior to AF-5 and AF-6, The specific impulses
achieved were only 90% and 86% of theoretical, respectively, compared

wity 96 to 98% for AF-5 and AF-6, Somewhat lower pressure drops were
produced for AF-8 and AF-9, but the general performance was low., Later
results during the high pressure-high pack loading tests indicated that

lower pressure drops can be attained without impairing performance

by a combination of shorter packs with larger s>pen area screens in both

iniet and exhaust sections of the packs.

{6) Injection Plats Variation

The injection plate placed at the inlet end of the cataiyst
pack serves both to hold the catalyst ecreens tightly in the cartridge ¢nd
to distribute the H,0; flow across the full area of the catalyst pack. The.
plats r .ed for packs AF-] to AF-9 ~ontained 19 holes of 1/8 inch dlameter.
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Examination of the first few screens of those cutalyst packs after
motor testing showed color patterns ind’catir J the H,;0; flow that
resulted from the injection plate, = The patierns suggested that the
injection plate did cause uniform flow through all of the 19 holes, but
that the parts of the first few catalyst screens which were not exposed
by the holes were poorly utilizsed. Therefore, an injection plate con-
taining 44 holes of about 1/32 inch diameter was obtained. This plate
has only about 6% open area compared to about 39% for the previous
plate discounting the area blocked by the baffle. However, it was
expected that the increased number of sites where H;O; contacts the
highly active inlet screens would provide better use of those catalysts.

Catalyst pack AF-10, as shown in Table IX, was
prepared using the new injection plate, The screen configuratioa was
chosen to match that of pack AF-5. An additional number cf inactive
nickel-5% manganese screens were required to attain the required packing
‘pressure., This was probably the reault of re-use of the silver-30%
palladium screens, which allowed them to pack more tightly the seccnd
time, Tre silver-30% palladium screens were tested before re-use and
found to have activities of 10 ml. /min. or better. This is comparable
to the activities measured for silver-30% palladium screens which have
run successfully in packs AF-5 to AF-7,

The results for pack AF-10 are given in Tables X and
XII and in the Appendix, Table XXX. The starting reeponse of the pack was
poor. This can be traced to the re-use of the silver-30% palladium
$ screens, which do suffer some decrease in activity upon being tested
' in the motor. The characteristic exhaust gas velocity (C*) was good
but the specific impulse was low,

The pressure drop across the catalyat pack (AP} was
about the same as that for AF-5, though the additional tiller screens in
pack AF-10 would tend to increase the &P, This suggests that the
! liquid-gas boundary during motor operation was lccated farther from

the inlet in pack AF-10 than in AF-5, leaving both packs with approxi-
ﬁ mately the same number of screens in the gas phase where moe* of the
\ pressure drop occurs, The longer liquid phase region is attributed to the
' increased injection veiocity which resulted from the smalier open area of
' the injection plate and correspondingly increased pressure drop across
: the plate. Increased injection velocity probably resulted in greater pene-
tration of the H;O, {eed into the inlet section of the catalyst pack before
high percentage decomposaition was achieved. This indicates that the44
hcles of the AF-10 injection plate should be drilled out at least until the
39% open area of previously used injection plates is reached.
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The p}ealure oscillations observed during both pulse.
and steady-state operation may also have been connected with the in-
creased injection velocity, if preheating and then sudden decomposition
of the H;O; were caused. The motor opsration became stable ufter ter
secouds of the steady-state test, suggesting that perhaps the flow at *hat
point became sufficient to flood the inlet region of the catalyst pack and
give smooth decomposition,

(7)  Pellet Catalyst Pack

Tre configuration of the pellet catalyst pack, AF-il,
has been given in TableIX and shown in Figure 4. Pack AF-11 also
appears in Figure 19, which shows the sections of the pellet catalyst
‘pack AF-11 disassembled for inspection after firing. The snap ring,
inlet plate, and retainer plate used were identical to those used in tests
with the screen catalysts, Eight 20 mesh silver screens were packed in
the inlet section up to the anti-channel baffle., The pellets are shown
packed within the spacer ring to prevent crushing of the peliets when
the packing pressure was applied. The compressed set of nickel-5%
manganese filler screens was in the exhaust end of the pack just up-
stream from the retainer plate. As is clear in the figure, the pellets
did not show mechanical breakdown. Some minor patterns can be seen
in the top layer of pellets. These patterns were caused by the preasure
of neighboring screens which was not sustained by the spacer ring during
pack compression. However, the damage to the pellets was not serious,

The results for pack AF-11 (Table X ) showed mixed
performance. The starting response of the pack (Table X1} was poor
and the specific impulse was low, However, the characteristic exhaust
velocity (C*) was high and the motor operation was smooth, Also, the
pressure drop across the pack was considerably lower than for the packs
composed entirely of screens. These results, together with the mechanical
strength exhibited by the pellets, suggest that further studies should be
made, both in the laboratory and in motor teats, Laboratory studies
should concentrate on increasing the activity of the catalyst to improve
the starting characteriatics of the pack.,. Motor tests at high pressure and
high pack loading are required to demonstrate the structural strength of
the pellets under those conditions,
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2. ADVANCED MOTOR DE“ONSIRATION TBSTS

a. High Pressure-High Pack loading Tests with Ambient
Tempergturs 98% H,O0, Feed

The catalyst packs used in these tests were the config-
urations of silver-30% palladium catalysts identical to AF-5 and AF-6
used in the screening program. Those consisted of a short inlet
section of silver catalyst screens, followed by a longer section of
silver-30% palladium catalyst screens and an exhaust section of nickel-
5% manganese filler screens. The catalyst packs were cvaluated under
high preuure high throughput conditions in the chamber shown in

Faigure 20
{1) Test Chamber and Chamber Cénﬁguration

The Test Chamber (Figure 20) was fabricated
from three inch diameter stock of stainless steel No. 347, The chamber
contained seven thermocouple ports identified in the picture at T,
through Ty, These were spaced in a espiral rotation about the diameter
of the chamber., The thermocouples were chromel-alumel protected by
inconel sheaths, Two additional ports numbered P, and P, appear in
the exhaust section of the chamber afld were used for chamber preassure

measurements.

The catelyst pack and associated parts were held
in the 3/4" diameter hole of the chamber between the retainer seat and .
the snap ring. Just inside. the snap ring were two or more spacer rings.
Tlzae spacer rings served to allow the use of various lengths of catalyst
pack. The spacer rings were 1/16'" in thickness, Diractly aftsr the
spacer rings ‘s the inlet orifice, followed by the inlet plate, the catalyst
pack, and the exhaust retainer plate. Details concerning the inlet
ori.ficiu, the inlet and rctainer plates, and the exhumt nossles are shown

ia Figures 21 through 23,

Six different orificles were used in the test program,

. These are indicated in I"igure 2!, The first of these. type A, was of

the straight-through center-hole variety. The remaining five contained a
amumber of holes of different diameters and located in different patterns.
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.INLET ORIFICES POR HIGH PRESSURE-HIGH LOADING
TESTS WITH 3/%" DIAMETER CHAMBER

<

‘ ' Holes
Type Number Diamster (inches) Pattern
A 1 0.281 gentered
B 1l 3/64 6 on 7/16" H.C.
, % on 3/16" H.C.
: 1 centered
c 13 3/6% 8 on 7/16" H.C.
4% on 3/16™ H.C.
' ' 1 centered
D 10 3/64 6-on T/16"H.C.
3 on 1/4" H.C.
" . 1 centered
B8 10 1/16 . Same as Type D
P 10 1/32 6 on 7/16" H.C

on 1/8" H.C.
1 centered




yagure 22
INLET AND m PLATES FOR HIGH PRESSURE-HIGH LOADING
TESTS WITH % DIAMETER CHAMBER

- o 8 HOLES Y DIAMETER oM %" BC.
¥ '..' '
o 4 HOLES 3%, DIAMETER ON ¥q B.C.

347 S8
" INLET PLATE
N\~ SHOLES 32" DIAMETER ON'%" B.C.
4N N1 HOLE %’ DIAMETER CENTERED
347 S8

o msufummmm'& B.C.
4 ,
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Figure 22 shows the inlet and retainer plates used
in the test. All plates were 1/8" in thickness. The failure of exhaust
plates made from 347 stainless steel necessitated the fabrication of an
exhaust plate made from inconel as shown at the vary bottom. The
inconel plate waas used in the last half of the high pressure high-loading
tests.

Details for the exhaust nossles are shown in
Figure 23, All wers constructed from 347 stainless steel. A tube aut
was employed to hold the noszles to the test chamber,

(2) Catalyst Packing

For each test the catalyst screens were handpacked

in the chamber and then compressed with the hydraulic bench press to
4000 psi. The first step of the packing operation was to locate the exhaust
retainer plate at the bottom of the 3/4'" diameter hole in the test chamber,
making certain that the retainer plate lay flush againet tha retainer seat.
As in the initial scrzening tests, the screens were then placed individually
into the chamber. Each screen was rotated somewhat from the position
of the previous screen to provide an even distribution of catalyst ~
throughout the pack. After 1/3 of the catalyst screens had been loaded
into the chamber, a 3/4' diameter packing ram was inserted into the
inlet end of the chamber and the screens were compressed on the bench
press to 4000 psi. The pack was again compressed after 2/3 of the
catalyst screens had baeen packed into the chamber., After all the screens
had been packed, the anti-channel baffle, inlet plate, inlet orifice, spacers

: and snap ring were inserted above the catalyst pack, A 1/2" diameter

! : packing ram was used for the final compr ession. It passed inside the

snap ring and spacer rings and bore upon the inlet orifice. After 4000

pei compression was exerted upon the plates, catalyst pack and orifice,

the snap ring was seated in a groove in the upper inlet part of chamber,

The choice and arrangement of test chamber config-
~ uration, including catalyst pack, retainer plates, baffles, orifices, and
ring spacers varied somewhat from test to test. Depending on the
length of the pack used and its desired location along the length of the
chamber diiferent ring spacers located in different positions were required.
i Additional ba. {les were alsc included for some of the tests.

! (3) Catalyst Pack Configurations

ﬁ The basic catalyst pack configurations used in

; these tosts are shown in Figure 24. Each catalyst pack loaded into the
test chamber was given a number from AF-Al through AF-Al10, The tes's
on each catalyst pack are indicated by numbers in paruntheses following

“ the pack number, In somec cases, minor changes were made in the

catalyst pack without changing the basic catalyst pack number,

67
CONFIDENTIAL



xowd Youve Ul SURBIDE §T IVILY M JIYJW pooerd gwm Puls STIIWQ [MRUEYO-LIAY 1O0N

. .
wesm 41 - (sweawdugm [ ¥ ] ueew ul-(zoudoen

R0
“ﬂlﬁgﬂﬁZV FARRS i, , :ﬂ@gmlﬁgﬁﬁﬁﬂd od t“.ﬂmsg"ﬂ
_ A $OC-IOATTS) B¢~ So-toxoin) g¢-
ysom 0z ~ (wnypeired § 8 :
$OE-I0ATIS) Ly - : .....h yoow 02 usew 0z
| ~(XeATTS) LT~V -(wnyperred

(8)6v-4

.,_. 3 ;.&J usem 41

,._ z,nea,aa . ;Aganawzg
.1 ={eesueBure gG~TENOIN) QL -~ AR £4-ToNOTN) T2 -
e N § uysmaw 08

Syt (e

ysan
..?s_qama
HOC ~ARAYIEY €L

T ussw O ; i )
«{untpeLIed KOC-LWATIE) B¢ -~ FOC-TRALEE) 26 - o
| usea 02 «{anattc) &
. quew o - (XeArT8) LT -~ (AT “{aonat1g) LT « B uBeR 04 _—
: — () nv-AV XOwd (2)C¥-&V 2o “taearis) - AN

SLEEE ONTAYOT HOIH-AWOSEHHd ROIH RI QSN ENOTIVEADLANOD KAAWOE WO¥E ISXTVEND S18ww

e San3yy

%usucxm

A AR LA



Catalyst packs AF-Al and AF-AS thru AT-A7

are not shown in the figurs since they are roughly identical to the packse:
shown, Howsver, a complste listing of the catalyst pack coafigurations
appears. in Toble XIV. In the table, columm six indicates the minor
changes made in the catalyst packs and also the source of screens which
wers re-used, particularly toward the end of the program, Column seven
- indicates the compression applisd in order to pack the catalyst into the

test chamber. Column eight shows where inlet spacers were added to the

inlet region of the catalyst chamber to take up extra space which is

commonly left after a pack has been tested. Column ten indicates the

distance from the first screen of the catalyst pack to the retainer seat

of the chamber. This is not identical with the pack length since spacer
'rings were often placed beneath the catalyst pack in order to locats the pack
properly with respect to the thermocouple port openings.

(4) . Test System

The high pressure test chamber was mounted on
a test stand as shown from two different views in Figures 25 and 26,
A schematic of the test system is shown in Figure 27, The water jacketed
15 gallon storage tank contained the 98% H,0; for the test, Sheathed
copper-constantine thermocouples entered the tank at the top and bottom
so temperatures of both the liquid and vapor could be monitored. A line
for high pressure N; gas entered the top of the tank through a 10p filter
Fuel pressure could be regulated by adjusting the N; pressure., The tank
was equipped with a pressure relief valve at the top and an emergency
durnp valve at the bottom, A steam line, which coiled inaide the water
jacket but did not contact the H;O;-containing wall directly, allowed thu
H;0; to be safely heated in the storage tank,

Prior to the test, the nitrogen gas line was removed
and the storage tank filled with 98% H,0; through the same tank port. The
H,;0; was filtered through a different 10 filter than the nitrogen filter
shown on the schematic, Nitrogen pressure was required to ‘orce the
H,0; through the filter. During tank filling, the fill vent valte was opened,

During a test, the H;O, vas allowed to flow through
the test chamber by opening the two propellant valves, P-. sssure trans-
ducers measured the inlet and chambher pressures. Flow was monitored
by the pottermeter. The ocutputs of the transdurcers, pessrmaster, and
thermocouples were reccrded on an oscillograph recozcer,

A check valve was included ir the H,O, feed line to
prevent any possible malfuncticn at the test cham! ar from sending con-
taminants back to the H,;O; storage tank,

After each test the test chamber was purged with nitrogen |
This served both to cool the chamber and to dry any moisture remaining in the
catalyst pack or test chamber.
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gure 25

< N I e
P; = CHAMBER PRESSURE TRANSDUCER;
P>= CHAMBER PRESSURE TRANSDUCER,
Pr= INLET PRESSURE TRANSDUCER '
T.C.= TEST CHAMBER

PV. = PROPELLANT VALVE

PSV. = PROPELLANT STAND VALVE
F.M. = FLOW METER

P.T. = Hx02 TANK

N5 = NITROGEN PURGE ;
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HIGH PRESSURE TEST STAND
AT WALTER KIDDE COMPANY
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P;= CHAMBER PRESSURE TRAMSDUCER
P2= CHAMBER PRESSURE TRANSDUCER
Pr=INLET PRESSURE TRANSDUCER
T.C.= TEST CHAMBER
PSV.=PROPELLANT STAND VALVE

N = NITROGEN PURGE

AT WALTER KIDDE COMPANY
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SCHEMATIC OF HIGA PRESSURE TEST SYSTEM
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‘ Thcomer;encychmpnmandthcﬂrainmveboﬂ:
empﬂedto;drain. A large water flow was kept running inio the drain
during the tests and upon emptying the storage tank at the conclusion of
testing on any ons day. Tb!: provided for dilution of discarded H,;0,.

As a safety pracaction, H;O;, was not left in the storage tank evernight,

(%) ~ Test Procedure

The tests were conducted using FMC supplicd 98%
H;O; which was filtered to 10 microns prior to introduction into the test
system. The pressurant used was nitrcgen gas, per MIL-BB-N-411B,
Grade B, type 1, class | flltered to 10 microns prior to introduction into
the test system,

The tests were performed in the following manner:
The feed pressure was set bztween 200 and 400 psig. The propsellant feed
valve was manually actuated to fire the test chamber three timoa at
approximately 200 msec on and 2 seconds off,

The test chamber was then fired steady-state at a
fuel pressure between 200 and 400 psig. After the chamber was started, the
feed pressure was immediately increased to its maximum setting between
1000 and 200C psig. These settings were determined approximately with
Bourdon tube pressure gages. Each test was run for a minimum of 30
seconds with the exception of tests numbered AF-A8 (1,5 and 6) and AF-
A10(3) which wers terminated due to instability, At the conclusion of the
test, the motor was purged with nitrogea to reriove remming traces
of water,

All tests were recorded on an oscillograph at a
paper speed of 8-10 in/sec, The following parameters were recorded

Parameter

Chamber pressure 0 - 2000 psia
Inlet Pressure 0 - 2000 psia
Propellant Tank Pressure 0 - 2000 psia
Ixiat Temperature 50°F - 150°'F
Catalyst Bed Temperatures 70°F - 2400°F
Exhaust Temperature T0°F - 2400°F
Propellant Flow 0-1,5B/sec.

An electrical calibration was taken and recorded
prior to running the test and at the completion of each test. This calibration
served to indicate any change in the electrical charactaristics of the
recorcing system during the test, The prassure transducers were
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calidrated within 24 hours of the beginning of the test against a standard,
high accurary Bourdon gage reserved for calibration. Thermocouples
for semperature measuremenis were calibrated with a potentiometer,

(6) Rasults of the Tests

A general summary of the resuits of theseo tests

ie given in Table XV ard complete data are shown in the appendex Tablas
XXXII - LI . Colunmn three of the table gives data on the inlet orifices.
The orifice type refers to that shown preoviously in Figure 21. The other
.orifice data concerne the numbar of holes and the sise of sach hele in the
orifics. Ths remaining columns (other than the observations at the
sxtreme right) concern data for the point of maximum loading during the
teat. For exampls, the first column gives the number of seconds into
the test at which mazximum loading occurred.

A progression cf improvements wers produced
during the teet ssriss, These involved interrelated factors which
reducsd ths pressure drop across the catalyst pack, incrsased the through-
put, and achieved C* values at high percentages of theoretical Table XVI
shows progresd achievsd in reduction of the pressure drop, In the
sscond column are ths pressure drops across the catalyst pack recorded
when the throughput reached its maximum during the test, as shown in
the third column. The throughputs are given in pounds per square inch
froatal arsa of the catalyst chamber per minute.

Catalyst packs containing both silver and silver-30%
- palladium or only silver-30% paliadium catalyst sacreens weres successfully
tested with 52 to 140°F H;O; feed and loading ratss through 110 PSIM,
Packs as short as 7/8" gperated effsctively with programed starts. Data
gevsratad gave informacion that could prove useful in the design of screen-
type catalyst packs for use with 98% H;0;. '

{a) Pack Comrpression

The first two catalyst packs evaluated showed
. the sffect of pack compression on motor operation, Pack A¥-Al was
inasdvertantly compressed to approximately 9000 psi. This resulted in
s vory high pressurs drop across the pack and correspondiagly large -
pressurs oscillations., Pack AF-Al was compressed at the customary
4000 psi level and smeoth performances was achieved.

Duriag motor opsration additional compression
is produced. The catalyet screens enxpand dus to the high decompeosition
tsveperaturas (1740-1800°F). This expansion causes the pack to be
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eempressed above 4000 psi, since the cutside dimensions of the catalyst
sack are restrictsd by the chamber. Upon motor shutdown the catalyst
pack cools \nd shrinks 3o the pack length decreases, After each motor
test & 1/32 to 1/16" space is thus left above the catalyst pack, and it

ars that the pack will be locse during the followisg test. In reality
howevar, the heat and consesguent expansion of the pack will maks the pack
tight agais during tseting.

In teats AF-A8 (1 to 6}, the void space lsft
abova the catalyst pack by pack szpansion and shrinkage was filled
ssveral times through the use of additional inlst section spacers. Part

- of pack AF-A8 was incorporated directly into pack AF-A9 which was

_,géizz cermpressaed to 4000 psi. As & rosult of ths repsatsd additional
ompression, ths pressars drop across the catalyst pack was significantly

iﬁgfgégéi Tests | and Z on pack AF-AY recorded preassurs drops of 840

and 210 pei at 7% and 78 PSIM, respectively. An identical patk configuration,

AF-A4, bsd producsd a pressure drop of only 404 psi at 76 PSIM. (Test i}.

When thess high pressurs drops wers observed,
pack AF-AQ was preparsd for testz 5 to 7 by repacking Iscse scresns of
ths same configuration to 4000 ps2i. The conseyuent reduction of pressure
drop to é?sé% % Tests | and 2} levels is apparent in the suminary table
{Table XVi, Thareafisr care was exsrisd ic allow 1/32 to 1/186" slack in
iszdiag into ‘5&% chamber any pack which had praviously been compresssad
t5 4000 psi and had not zincs bsen separatsd intoc looss scrssns. No further

large pressurs-drop incrsasss were notsd for packs AF-A9(8) or AF-A10.
{b} Screan Mesh Size

The fiz- three catalyst packs wers prepared
with eight 40 mesh silver catalyst screenz at the inlet end of the pack,
These soreens ware uged since they give an incrsasad amwunt of catalyst
surisce when commpared with the 20 mesh silver screens. However,
thers was some occcassionsl miner instability apparently sssociated with
Bauid spitting during high loading testz where the 40 mesh screens were
§§I§§%ﬁ%§g Thiz was %ﬁigi%%géﬁ i liguid blocking by the 40 megh gorzens.
on of 20 mesh siiver catalyst screens for tha 40 mesh screens
xtad this fozm of instablility and smooth operation was achisved,

The effect of the increszed activity of 40 mach
cagtalyst screens 18 shown by the temperiture profilee for teets | and 2 on
pack AI"-43 (Figurs 28), Subsetitution of 20 maesh for the 40 maeeh silver
sereens for tast I resuitad in the lguid fromt moving down the pack,

(s of the several changes made to reduce
the pressure drop atross the catalyst pack was the substitution of 14 mesh
{%8% open nres) nickel-5% manganese fliler screens for 20 meeh (32%
epas areal eilver-20% paliadium catalyet screens at the extivst end of the

7%
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pack. Progressive substitution from pack AF-A2 to AF-A4 produced
succasaively lower prassiize drops (Figure 29) ard at the same time led
to improved performance. The sise of the pressure drop reduction was
lang from AF-A3 to AF-A4 than from AF-A2 o AF-A3, indicating that
the limit of this substitution was being approached. While some further
reduction might be possidle by sther means, the use of silver-30% ‘
. palladium ¢atalyst screens with lower maesh size (more open area) than
£0 mesh seems tobe warraxted

{e) Silver: Silver-30% Palladium versus
All Silver-30% Palladium P;ck Con-
figurations

The silver catalyst screen is known to have
better catalytic activity than the silver-30% palladium catalyst. There-
forse, & short sectiom of silver screens was used at the inlet end of most
of the catalyst packs tasted in this program. However, due to the
incroased catalytic activity concentrated at the front of such packs, the
liquid {ront during motor operation remains nearex the inlet than for
packs containing only silver-30% palladium catalysts screens. This
effect can be seen in the temperature profiles shown in Figure 30 for
packs AF-A9(8) (containing silver and silver-30% palladium catalyst
screens) and A¥F- Alﬂ(l) (containing only silver-30% palladium catalyst
screens).

The pressure drop of a catalyst pack depends
in large measure on the length of pack which the decomposition gases must
pazs through. Thus, if the liquid front is located farther {rom the inlet,
the gas phase region is comparatively shorter and the pressure drop
lower {for constant length packs). For this reason the pressure drop
of pack AF-AB8(3) (containing silver-30% palladium but no silver) was
lower than AF-A4 (silver-30% palladium and silver) and AF-A10 (only
silver-30% palladium)was lower than AF-A9(8) (silver-30% palladium and
silver),

{(d) Pack Length

The pressure drop was also reduced by
decreasing the length of the catalyst pack. Since the temperature measure-
ments consistently showed that nearly complate Hy;O, decomposition ~
{(~1740°*F) was reached well hefors the end of the catalyst pack, two
significantly shorter packs were tasted, The firet, AF-ANL), was
prepared from AF-A%{7) by removing 33 of the 38 nickel-5% maganese
filler screqns from the exhaust end of the pack. This left a pack 15/16"
Iong, which showed an improvement ovar previcusly evaluated longer
packs (AF-A¥5) and AT -A4(]1), the pressure drop being approximately
400 psi at 1500 peia chamber pressure and 100 PSIM throughput,
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The temperature profiles for tests AF-A4{ 1),
AP-AQ{S}, &ad AF-A%8) are given in Figure 31, Good reproducibility was
oxhibited for testes AF-A4({11) and AF-AKN3) which used identical cazalyst
configurations. Tha figure also indicates that the temperature profiles and
thus the location of the liquid front wae not lﬁoctad by the shortening of
pack AF-A9(8).

Pack AF-Al0(1) was 7/8" in length, This
pack contained 47 silver-30% palladium catalyst screens and 7 nickel-5%
manganese fliler screens. No 20 mesh silver catalyst screans were
employed. The pack produced an sven lower pressure drop, ~170 nsi -
80 PSIM and 1206 psia chamber pressure, versus ~408 psi at 84 PSIM
and 1506 psia chamber pressure for Pack AF-A8, Thesa two packs were
similar in that they did not contain silver screens.

Figure 32 shows the pressure drop reductions
realized by shortening the silver-and non~¢ilver-containing packs., The
values for pack AF-A8(3) are probably high due to additional pack compression
&8 discussed in section (a} (Pack Compression) above. In view of the temp-
erature profiles for packs AF-A9{8) (Figure 31) and AF-A10(1) (Figure 30)
a further reduction of pack length and corresponding decreszse in pressure
drop may be possible,

The liquid front of pack AF-A9(8) containing
both silver and silver-30% palladium catalyst screens was shown to be
nearer the inlet that in a similar longth, all silver-30% palladitfxm pack
(AF-Al0) {see section (c) above}. Therefore, it is likely that the length
of A¥-A9(8) could be decreased proportionately more than A¥-A10, This
could lead to nearly equal pressare drops for the two packs. :

{s) Alternation of Catalyst and Fillerf Screens

In catalyst pack AF-Al the silver-30%
palladium catalyst screens were altarnated with nickel-5% mangauese
filler screens, This packing arrangement was not used in later packs
because maximuin concentrstion of catalytic surface toward th¢ inlet
end of the pack was desired. There was no indication of screen matting
problems except in those cases whare the pack was tightened after sach
 test. Alsrnation of the silver and silver-30% palladium screens with
inert sc'sens has been recommended for packs of greater than one inch
fa diameter to increasc their structural strength, This alternation is
* - sently piving satisfactory results in high preasurs (4000 pei) tests
wder AT Contract AFO4(611)10785(10).
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. TEMPERATURE PROFLES FOR
mmssmw&m TESTS WITH 34" DIAMETER CHAMBER
. REPRODUCIBILITY AND THE EFFECT OF SHORT CATALYST PACKS

. VHE PACKS WIRE IDENTICAL EXCEPT THAT AF-A9(8) WAS

SHORTERED 8Y REMOVAL OF FILLER SCREENS
. ALL TESTS USED 0.253" EXHAUST ORIFICE
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Figure 32

HIGH PRESSURE - HiGH LOADING TESTB WITH 3¢ OIAMETER CHAMBER
REDUCTION: OF PRESSURE DROP ACROSS CATALYST PACK
BY DECREASE IN PACK LENGTH
ALL TESTS WITH 0.263" EXHAUST ORIFICE

T '} T T T T
500" -
4004 ~
4
a 1
g 300 N )
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QO AF-A8(3)
v  AF-A{1)
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mmw a mninro!uzrohﬁumm”um
to prodice data for design of rocket metors and other agplicaiions of
the catalyst pack. These correlation data tests were eriginally pisaned
to be run at low pack loading rates of 20 to 40 PSIM. Howevers, ihe tests
at these flow rates were consistantly disrupted by essilistians in the chamber
and inlet pressure. As indicated previcusly, sesis wsefu! data was
accumulated at low loading rates for pack AF-A4, tests 3 t9 5. Meverthe-
less, the oa:illations were often severe and esuld net be completely
eliminated, High pack loading tests were net affected. '

A pumber of changse were made ia the test
charmuber configuration to try to control or eliminate the oscillations. The
first three AF-A4 tests (3 to 5) at low loading produced osciilations at
the start which decreased to smooth operation for the latter part of the
test. This tendency to smooth out as the flow increased was not continued
in test AF'-A4(6). Since AF-A4 tests 1 and 2 had been smooth at high
loading rates, a larger diameter nozsle was used for AF-A4 test 7, but
without improvement. An inlet orifics with 2 pressure drop of 70-8) psi
at 100 PSIM was tried in test AF-A4(8). Next the void space between the
inlet orifice and the front of the catalyst pack was eliminated for test .
AF-A4{9). Thus the lower riu of the orifice was cut off and it was set
directly on the pack without an inlet plate in between.

After the above changes had been tried without

success, test AF-A4(10) was run with the original 70-80 psi inlet orifice
and exhaust nossle combination, and the smooth operation of tests AF-A4
(1 and 2) was reproduced. This result indicated that the oscillations were
not due to a progressive deterioration of the catalytic activity of the '
catalyst pack, _ .

Additional modifications of the test
chamber configuration were tested as remedies for the low loading, pres-
sure oscillations. Pack AF-Ab6 showed that lengthening the pack was not
beneficial. Very tight baffles bafcre and after the inlet orifice and within
the catalyst pack were used in tests with Pack AF-A8 and all subsequent
: packs and proved unrewarding. For test AF-A9(2) the catalyst pack was
: located juet after the snap ring at the very inlet end of tha chamber. This
: was done to test the suggestion that incoming H;O; was heated by carry-
back of heat from lower in the chamber, and thus premature decomposition
and osciliations wereproduced. This aleo failed to correct the problem.

86
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ports T; to Ty were completaly covered by a slesve to climinats any
~ peesihle organpipe effect of the void spaces. Lastly, the inlet orifice was
vemawved for test AFV-AN(S); - leaving caly the inlet plate before the catalyst
pack. Neme of hase various changes ware effective in eliminating the
oecillations. The escillations were uniformly of low frequencies, between
40 amd 170 cycies per second. High amplitudes of the order of 800 pei
out dapui&h 1500 were sometimes reached.

' As the gas generator used in th.u tests
was duigud for 5669 pei service and required ease of catalyst removal,
the chamber inlet configuration was not optimum. The variable flow .
operation limited the desirability of using a cavitating venturl, Trim
orifices were employed and proved beneficial in the high flow tests.

(g) Best Mn Packs

Figure 33 shows the best two catalyet packs

tested during the program. Pack AF-A9%8) reached » maximum throughput
- of 101 PSIM, chamber pressure of 1506 psia, and pressure drop of 404 psi.

Pack AF-Al0(1) showed a pressure drop of only 170 psi at 80 PSIM through-
put and 1205 psia chamber pressure. The figure shows the chamber
configuration parts in order from the inlet on the left to ihe exkaust at the
right. with pack AY¥-A10 inserted at the nroper location. The boles where
the thermocouples were inserted to the center of the packs appear in the
picture. A more detailed and enlarged view of pack AF-ANS) appears in
Figurs 4. Mhmntinthoﬁ‘lres. p» visible damage was suffered
by sither pack during the tests.

Figure 35 shows the smooth steady state
operation of Pack A.I“-A‘)(B) at 10! PSIM loading, 1506 psia chamber
pressure, and 99.2% C°. In the figure Pci and Pc; are the chamber
pressurs traces and Ty, T,, and Ty are the temperaturs readings from
the thermocouples. The positions of the various traces were a function
of the seiection of deflection range for each input, and sc do nct appear
to indicate their actual relative valnes.

Figure 36 shows fhe start of test AF-Al0(1),
Of particular interest is the rapid rise in temperaturs to dteady state values
shown by thermocouple traces Ty, Ty and Ty.' The Ty reading is actually
highes than T theugh the opposite appears trus on the trace due to scaling
factors. Pc; and Pc; are agaia the chamber pressurs values.

() Yaiue of Temperature Measurements

Perhaps the most important measurements
made during thess tests were the temperatures determined for various

locations within the catalyast pack,. The efisct of varicus altarations to the
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Figure 34

DETAIL OF CATALYST PACK AF-A9{8) AFTER
HIGH PRESSURE-HIGH PACK LOADING TESTS
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Figure 35

HIGH PRESSURE-HIGH PACK LOADING TEST WITH 98Y, H,0,
TEST AF-A9(8), STEADY STATE AT 10 SECONDS
3/4" DIAMETER TEST CHAMBER AND 56°F FEED
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Figure 36

HIGH PRESSURE-HICH PACK LOADING TEST WITH 989, H,;O;
TEST AF -Al0(1), START OF STEADY-STATE
AFTER THREE WARM-UP CYCLES
3/4" DIAMETER TEST CHAMBER AND 54°F FEED
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catalyst pack was indicated clearly when temperature values were
used in conjunction with the udual information conceraing pressure
and flowrates.

Temperaturs changes were especially
valuable in showing the reduced catalytic activity which resulted when

20 mesh rather than 40 mesh silver screens were used in the ianlet
section of the catalyst pack and when no silver screens at all were used
in the pack. The temperatures also indicated that removing 14 mesh
nickel manganese screens from the exhaust section of the pack did not
change the operation of the remainder of the pack, These points have
bean discussed ip detail in previous parts of the rsport.

A typical example of the use of temperature

data is given in Figure 37, The figure shows the temperature shifts

which occurred 3/8" from the inlst end of the catalyst pack as the
throughput was increased. Thus the movement of the liquid front is
clearly indicated. Also its location within the catalyst pack has been
determined for a particular small range of pack loadings. Data are
given for three tests na the same catalyst pack with differenct diameter
exhaust orifices, The temperature change at 3/4'" into the pack for one
" of the tests is also yiven in the figure., This shows the rather constant

temperatures obtained for those parts of the pack which remained
continuously in the gas phase. _

The temperature measurements were also
used in ovahaﬁng the tosts with heated H;O; feed. The movement of the
liquid front toward the inlet can again be determined. In that case,
however, the movement results from increased feed temperature
rather than changes of pack loading. Furthusr discuseion of that test
appears in sectioa b, page 95. ‘ '

(1) Catalyst Life and Ero.iqn‘

The changes in weight and catalytic activity
which resulted from extended testing of the catalyst have been measured
and evaluated. The resulta of these studies for the high pressure-high
pack loading tests, heated H;O; feed tests, and low temperature tests have
been reported in the Life Tests section (pzage 104).

b, HiZ. Pressure-High Pack Loading Tests with Elevated
Temperature 98% H;0; Feed.

These testa were planned to evaluate the effect of heated
98% H;0; upon the silver-30% palladium catalyst at high pack loading
rates and pressures simulating the startup conditions of a rocket engine:
regoneratively cooled with 93% H;O;. The tests were carried out using
the same test chamber as that employed for the high pressure-high pack

- 92
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Figure 37

WIS PRTGIURT - NN LOADSNG TESTS WITH " DIAMETER CMAMSER
_SNIFT QF CATALYST TEMPERATURE WITH INCREASED LOADING
TESTS AF-AS(2- &), 984% HygOp FEED AT SO°F
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leading tests with ambient temperature HyO; foed. The catalyst packs
tested were AF-Ad (Test ;) and AF-Al0 (Test 2). The screen configur-
ation {‘Table XTIV}, chamber configuration {Table XV), and test resuits
{Table XV) have been tabulated and deacribed earlies in this report,

The test system was also the same as that used previously and is shown
in Figure 25, 26, and 27 and described in the text on page 69,

{1) Test Procedure

o The two high pressure-high pack loading tests with
heated 98% H;0,; {eed used the same test procedurs and recording of test
data as reported on pags 74, with two modifications. Two modifications
invoived the haating of the HO, before the test and the cooling of the H;0,;
after the completion of the tost. '

Tirst the nitrogen gas pressure above the H;0; in
the feed tank was incressed to 200-400 psi. Then the eteam flow through
a coil within the water jacket around the H;0; storage tank was turned on
to raise the H;O; temperaturs. Over a pericd of one hour, the ataam was
turned on for sevaral periods of 10 to 30 seconds to heat the H;O; to 160-170*F,
The liquid and vapor temperatures in the H;O; tank and the water temper-
ature in the jacket were carefully monitored as the H,0; temperature was
increased. A check was also maintained on the nitrogen pressure in
the H;0; tank, since H, 0O, decomposition from non-passive sites within
the tank would cause an abanormal rise inthe pressure above the H;O,.

As the conclusion of the test, nitrogen pressure
over the H;0; in the tank was maintained at 200-400 psi while tank
and H;0; temperatur was reduced by flowing cold water through the
water jacket around the tank, ‘

{2} R.oﬂﬂ.ts of the Tosts

Test AF-A4(11) was conducted with elevated temper-

ature 98% H,0; feed in the neighborhood of 150*¥, Smooth operation was
.achieved for most of the test, Hcwever, the pressure drop across the
catalyst pack increased steadily during the test, reaching 900 pei near

the end, Also, the oscillograph trace showed minor disturbances in

the pressure reading beginning at 17 seconds into the test and sharp

but isclated spikes beginning at 36 seconds. At 42 seconds a failure

of the chamber inlst fittings occurred and the test was terminated,

Since the catalyst pack and retainer plate were not
recover:zd, some doubt existed concerning the cause of the failurs, However,
shortly thereafter test AF-A7{2) with amblent feed prodc od a structural
failure in the 347 stainless retainer plats. In this case, the distorted
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plate and catalyst pack were rscoversd still lodged within the exhaust
vossla. Thess results indicated clearly that test A¥F-A4(11) had also
suffered a retainer plate failure. Ar inconel plate was used in sub-
sequent tasts and no further failures occurred.

Pack AF-A4 contained 17 relatively low-
maelting silvar catalynt screens in the inlet region., Since the pack was
not recovered it is not known whether these screens meltsd during
the test. The other pack (AF-Al0) which was tested with lsated H,;C,
feed did not contain any silver screens. Thus the question of possible
melting of such screens in tests with heated feed remains open.

The smooth oparaticn »f test AF-A10(2)
with 14n*F H;0, feed is shown in Figure 38, giving the recorded trace
at 50 seconds into the test. The two chamber pressure measurement
are designated by Pc; and Pc;. Temperature readings are shown at

Ty, and T4, both within the catalyst pack, and T; the chamber temper-
ature. : -

Figure 39 shows the increase in the

_ realiaed 98% H,0, decomposition gas temperature versus in the feed
temperature for test AF-Ai10(2). The feed temperature increase
irom 66 to 140°F resulted in a rise of decomposition gas temperature
from 1760 to 1865 °F at thermocouple T4 in the lower section of the
catalyst pack. This is a 1.41°F increase in decomposition gas

 temperature per 1°F rise in 98% H.;0; feed temparature, The 1.41
value closely approaches the theoraitical value of 1,442, Figure 40
shows a graph of the thcoretical nhange of decomposition gas tampcr-
ature with feed tempe'ature for 38% H,0,.

The temperature profiles achieved in
test AF-Al10(2) are shown in Figure 41 for twec different feed temper-
atures. As shown in the figure, the T; chamber temperatures are
somewhat lower than the T, values, but this is 3 common phenomena
attributad to heat losses to the motor. Thus the T, values are more
represeatative of the actual decomposition temperatures obtained.

Catalyst pack pressure drop increased’
N appraximatsly 150-200 psi during the high temperature feed tasts.
This resulted because the lquid front mov ed toward the inle: an the
H;O; feed temperature increased during the test (Figure 4]1), resulting
. in a longer gas phase nection. This again points out the need for crtalyet
screens with increassd open area,

The theoretical characteristics velocity
of exhaust gases (C* varies with 98% H,0; feed temperature as shown
in Figure42, Test AF-Al10(2) produced measured C* values which

reached atove 938% of theoreticzl for 12]1°F feed temperature, but .hen
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Figure 38

~y

HIGH PRESSURE-HIGH PACK LOADING TEST WITH 989, H;O;
TEST AF-A10(2), STEADY STATE AT 50 SECONDS
3/4" DIAMETER TEST CHAMBER AND 140°F FEED

T Ty - wm—— - -

96

CONFIDENTIAL



o174 on 001 o8 - 08 oL

1 | I T

NiSd 84

} i | | L i

0041

0cLl

orll

0911

062!

0081

ozel

8/ HIONI NOVd (2)0Iv-dv 1S31
 HIGINVHD YILINVIO ¥/ HLIM 1S3L SNIGVO1 HOH-JUNSSANd HOIH

- JUVMUUVE3IdN3L 0334

20%H %86 SNSHIA IUNIVHIAWIL M3IEWVHO
_mn 8andty

o+8i

- {3NINOSONNLHL) IUNLTHAJWIL HIANYHI

97

COMFIDENTIAL




g s do = INIVYIIMAL 0334 ZO%H % 86
_,,qghﬂaﬁaz83«.0&2.8.88

| S | T T T T 10041
»
" 8

M |
a
=
mw
@
+ >
/ :
_ =
a 1000 W
: t
/ - |
i | 1 i 1 | { 00

. ¥Wifd - 0021 ONV SRINLIVY3INIL 0333 SNOINVA

1v 30%H %86 J0 JUNIVHI4NIL SVO NOILISO4N0D3Q
© Of san3tyg , \




L i i b b b kSR R e S R SR R R S e R e i g il R

n.mu

TEUPERATURE mmmomn‘o, suxD

mmm LOADINS TEST WITH & m
vm AF-AIO(2) W Mtfﬂw

TEMPERATURE (°F) -

THERMOCOUPLES ~————= Ty

,.T; - Te @

o 4 & 1 x 1 i | i L

) Ya ‘o Ve | Ve 1¥e
MRET  oISTANCE FROW PACK INLET (incHEs) — EXHAUST

99 |
CORFLENTYIAL



Je-DANIYHIINIL G330 % 86

*drop) ong-(11) ‘Isy 062 082 - 0OR 01 ogl 06 0% ,
: K ¥ T Y T T T 000¢

5
3

O
- o
>
W ,
= - 3 vond)
] xm”..,.,.s
o o
: — %:é
~ G
iy
i e 5 b
MJ ey,
< o
| o i
’ \ ) H!.. M
O
+ 4009g "%

. 1 L i i ) 8@”

'I1ISd — 0021 ONV S3YNIVYIGKIL G334 SNOIMVA 1V

20214 .86 HO4 ..o ALIDOT3A JILSINAOVHVHD
Zh dan3ig




dropped off to 92% as the feed temperature rose to 140 , This can be
traced to the corresponding increass in prenure drop across the
catalyst pack as noted above. -

Tut- were also planned with 200°F and
250°F 98% H,0, however, an increased gassing rate in the feed tank
occurred during propellant heating above 170-180°F, Contract tevmination
prevented feed tank repassivation due to unavailable time.

The silver-30% ‘palladium catalyst screen
has a theoretical melting point of 2120°*F which i{s well above the
decompositon temperature (2012°F) of 98% H,0; at a feed temperature
of 250°F, Silver-30% palladium catalyst screens (20 and 40 mesh) wnare
previously evaluated (10) with 251°F 98% H,0; and were not damaged by
the 2025°F decomposition gases (Figures 43 and 44). These tests show

~that the screens are suitable for use in regeneratively cooled engines
employing 98% hydrogen peroxide as the coolant
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S Pigure 43

PHOTOMICROGRAPHS OF SILVER-30% PALLADIUM CATALYST SCREENS
USED WITH 251°F 98% H»0; FEED

Used 20 Mesh Screen (14X)
sl

(Defor‘mation Due to Excessive Packling Pressure)
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Figure 44

PHC TOMICROGRAPHS OF SILVER-30% PALLADIUM CATALYST SCREENS
" USED WITH 251°F 98% H;0, FEED

Used 40 Mesh Screen {14X)
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C. ; Life Testl

: Extended testing was carried out on packs AF-A4 and
AF-A8, AF-A9, and AF-A10. During the ‘eleven tests on pack AF-A4,
slightly more than 8 minutes run time was accumulated, This pack was
lost at the end of test 11 due to failure of the retainer plate, so analysis
of the catalyst screens after the tests was not possible., However, the
results for test AT'-A4(10) after 7 minutes run time essentially reproduced’
the results of As'-A4 tests | and 2, and were carried out with the same
inlet orifice und exhaust nozzle. This indicates that the catalyst was still
operating properly. ‘

Approximately three minutes test time was accumulated
on pack AF-A8, This pack exhibited a greater decline in starting capa-
bility than the other tests, which is attnbuted to the lack of silver screens
in the inlet of the pack.

Pack AF-A9(8) was still giving good starts and per-
formance at the termination of testing. The silver screens contained in
the inlet of this pack account for the continued starting cavability. Pack
AF-A10, again without silver, showed a decline in start respcnse. The
testing on this pack included about one minute with elevated temperature
H,0; feed which reached 140°F. No particular effects on either the screen
appearance or screen activity related to the heated feed were observed.

The activity of selected silver-30% palladium screens
after motor testing is shown in Table XVIL, The activities were determined
by the standard flood test with 10 ml. of 98% H;0; as outlined on page 4 .
The results show that more significant activity loss occurred for these
tests than for the initial motor screening tests (Table XIII). Either the high
pack loading or the extended test time comp red to the initial screening
tests could be the cause of the add&d decrease in activity, In each case,
screens located in the hotter regions farther from the inlet suffered
greater activity losses. This concurs with the findings of the laboratory
program, which showed that activity loss was a dxrect function of the tem-
perature.

For several packs the screens were weighed before and
after being motor tested. For the silver-30% palladium screens, weight
losses up to 4% of the total screen weight were commoniy found. However,
during compression of either silver or silver-30% palladium catalyst
scroens inrto a cartridge or chamber, the samarium oxide coating is
always crushed where the screens cross and a fine powder is produced.

This causes a weight loss of the same magnitude, whether or not the screens
are actually subjected to 2 motor test. Thus the weight measurements were
not able to detect a change due specifically to motor operation,

- 104
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| ) TARLR XTIX
EPPECT. OF MOTOR OPERATION UPON CATALYST ACTIVITY
P SILVER-30% FALLADIUMW SCREENS

o«

Position of

Screen Among b
: Ag=30% Pd Total  Decomposition Rate After

Screens Test Motor Tests !ml[min%’

Catalyst (numbered Time Firs*~ Secon
Pack from inlet) (min.) Test Teat Test
S/N 002 5th 1112 15 .- -
10th 112 1 --- ———
AP-A5(2) 10th 11/2 a0 --- .
AF-A8(6) " 5th 3 o I - ———
25th 3 N ——

AP-AS(8) 2nd by 172 1 14 16

15th : u 1/2 = ~0 - - -
AF-A10(3) 20th 3 1. .20 -—-
| 40th 3 ~0 —— ——

*Test used 10 ml. of G8% Ha02 which was initlally at 20°C.
The unused silver-30% palladium catsalyst screens commonly
show a decomposition rate of 30 ml./min.
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o The mckel S‘,’e manganese filler screens ars not
coated 50 no weaight is loat because of pack compression., These
screens generally showed a3 weight gain of up to 1% due to ox;dation
of the screen surface during motor operation.
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d. Data Correlation and Engineering Design Iaformation

A series of data correlation tests were planned as part cf
the high pressure-high pack loading motor test program. These tests
were performed to produce data which can be extrapolated over a wide
range of conditions to aid in design of rocket motors and other applica-
tions of the catalyst pack. Therefore seven of the high pressure-high
pack loading tests were carried out with the same catalyst configuration
{Type of AF-A4, Figure 24). The 2sults of these tests have been
examined in detail.

A modification of configuration type AF-A4 at the end of
the program led to improved performance (AF-A9{8)). However, the
modification involved only the removal of filler screens from the exhaust
section of the pack. Thus a good indication of the performance of the
improved pack over a range of operating conditions can he gained from
the results correlated for the longer pack, type AF-A4.

The remaining of the two best pack con{igurations (AF-A10)}
tried during the program was not iested extensively. The corvelated
data for type AF-A4 will still serve as a guide for predicting the per-
formance of AF-}0, though perhaps not quite so well as for AF-A9(3).
The correlated data can also be used approximately for other catalyst
configurations similar to those studied in this program.

(1) Data Consisiency

Data from the seven tests which employed the same
~catalyst configuration (type AF-A4) are shown in Figures 45 to 5L Similar
plots for the two best configurations are given in Figures 52 and 53 The
. figures show the change of pack idading 1ate with change in chamber prassure.
Lines for 95 and 99% theoretical C* {characteristic exhaust valocity) are
shown on the {igures for comparison. Some of the points which appear
out of line in the figures were measured at moments of rapid change in
flow rate, which nrobably caused inaccuracies in the determination of
flow, This is the case particularly for two points of test AF-A9(5) and
one point each froin tests AF-A91(8) andAF-A10(1). Otherwise, the
figur2s show that the data remained consistently at 95 to 99% of theoretical
C* for most of the teats. The slopes ol the data exhibit a smooth transition
in performance as the exhaust nozzlz size was increased from 0. 138 to 0. 299
inches diameter. Good agreement was obtrined for the four tests {AF-A4(1),
AF.-A9 {5 and 8), and AF-A10(!)) which employed the same 0. 253 inch
diameter nozzle, though catalyat packs AF-A9(8) and AF-A10(1) were
short packs and AF-A10{1) did not contain silver catalyst screens. These
reasults show that significant pressure leakage did not occur and that
pressure aad pack loading inatrumentation was functivning properly.
Thus the data appears to be satisfactory for uase in motor and orifice design.

107

CONFIDENTIAL




¥iSd ‘3UNSSINA NiIBHYHD

0N0Z 008! CO91 COkl D021 ©O00I OOR  CO®  00p 002 o
J T T T Y I T T i

|
2
<

! L \\\' oo :

CONFIRENTIAL
4
\\\o .
Q\ | 4
¥o
AN
%
{ i
Q &
(14 Liv ]
NISH ‘J17N ANIGYOT WOVd

- 1 | I NS RSN | 1 | L
0334 4519 GNV 3014180 RO HLIM (1) pY-4V 1SAL

NSSING YIGWTHO SNSHIA ONIGVOT YOVd :¥IENVHO ¥ILIWVIC Prg
GNV 20%H %26 HLIM SL1S3IL ONIGYOT HOVd HOIH-3UNSSIUd HIIH

G a3y

HTIAL

103
B

B L5

N

AR B 8
ik g

e —

e —



CONFIDENTIAL

“V1Sd ‘IUNSSIUd YIGWVHD

0334 4659 ANV 3013180 BEI0 HLIM (€)pV-dVISAL

. ZMNSS3¥d NIAWVHO SNSH3A ONIQVO %OVd:HUIGWVHD HIALINY
ANV 3034 %926 HiIM S1S3L ONIQYOT XOWd HOiH ~-3UNESIUL,

9% sandt I

008! 009 = OOM 002t 0001 009 009 oo -
I | 1 | | ¥ P g ot
: e
\\&\ .
=
- ,..ow.\\ . <oz
_ o= x
—~ % m .
e
- \\R ) : 181
=" :
= i,
- Je X 7
3
3§
- 406
1 1 ] ] 1 A




" VISd ‘3UNSSIND HIBNVHI

"0081 0091 - O0OM 002 0001 . 008 009 00v 002
| T — 1 L I T . | I o1
\\\ |
- : X O
; \\\ _.,o
—
o ==
ri , L \.\\ .
m L
| L
. | 1 Ap | | 1 1

Q334 .m.mw ANV 3214180 ,8E10 HLIM (¥)¥v-dv 1834

Ly on:wn&

uz:»_muc._ MIGNVHD SNSYHIA ONIQVOT XOVd : HIBWVHD ¥3L13NVIQ .sn
ozq SOCH %926 HLIM S1S31 ONIGVOT MNWd HOIH-FYNSEIUd HOIH




CONFIDENTIAL

VISd ‘IUNSSIYUd YIGNVHD

009!  OOW 002! 000! 008 . 009 000 OO
{ T T v T 1 T ot
- \\“ -402
| ® \o\\ |
o

- Vo\\%\ -0t
: - \0... .

| -

7~ |

- | %\\ Hor
- -106
| [ - i 1 A ] 1 1

- 3uUNSS3M4 NIGWVHD SNSH3A ONIGVOT NOVd: NIEWVHO H3LINVIO V/¢
ANV 202H%G26 HLIM S1S3L ONIAVOY NIWd HOIH-UNSSINd KOIH

aumn. 4pL GNVY 3214180 «£910 :.:3 (S)vv-4v 1S3L

g 2an3tg

NISd ‘3lvi ONIIVOT MOV

111




: : . : - VISd ‘3¥NSSIYd YIDNWVYHO :
0081 0091 -~ - OOW  Oo2i 0001 00® 009

1 T T H | T oovw oo«o«
| \\o\
. P
_ ) \\ 4ov
s :
S
- Pt 1o B
ol 2
< m
g 2 R
- \\ ..oomu
N _ :
. ard | - door

G334 409G ANV 3214180 E62C HLIM (S)6v-4V 1S3l

JUNSSIUC HIANVHD SNSHIA ONIGVO MOV :HIBWVHD HILINVIC SN
ANV 20%H %1'86 HLIM S1S31 ONIGVOT HOvd HOIH-3UNESSUd HOIH

64 eanBrg

———




' CONFIDENTIAL

0081

;_000_

: VISd ‘3UNSSAUd HITWVHD

0021 0001 008 009 00d ooz
! I ¥ ' T ¥ I | oj02
£

s

yal >
-
= M\Mu“o oo
\0 *

" \\ ...oo

/7 |
J \\ oor

0334 4.98 QNV 3014180 ,£62°0 HLIM (9)6V-IV hmmh .

0G oandtg

ux.._wwmc.. MIEWVHD SNSH3A ON/GVOT NOVD: MIOWTHY MILIWVIO 7
¥ 2034 %86 HLIM S1SIL ONIGYOT XOWd HOIH-3UNSSIN HOIH

NISd ‘2LVH ONIGYOT OVd

113 . '




. - VISd ‘JUNSSIUd ¥IEGNVH) )
ooo_ ooo.;oov_ oo«..ooo_ ooo ooo. ooc oo«

1 T T T ) B | | o\o_om.
, B A
7
ec.\ |
§ m%\oc -|0®
4
" : \ dos
7
\ :
- \\N , . | —Joot
] I \)\ I 1 L I

Q334 4045 GNV 3214180 6620 H1IM (L) 6V-3V AS3L

mﬁ:mwwmm YIGWVHI SNSHIA ONIQVOT XOVd: ¥IBWVHO HIL3INVIQ b/e
aNV 20%H %86 H1IM S1S3l1 ONIAVOT HOvd HOIH-3UNSSI¥d HOIH

16 sanBtq .

114

CONFIDENTIAL

NISd ‘31v¥ ONIQVOT XOvd



0091 0o0¥i . 00z2i 0091 Q08 009

VISd ‘JUNSSINY HIGWVHD

002

V

I

- ! L LR 1 ]

1 i | 1 1

i

102

i d
3 v

B
115 -
CONFIDEXNTIAL

WiSd ‘3LvY ONIGVOT HMOvd

:

0334 4-95 ANV 3214180 £S20 H1IM (8) 6wV 153l

JUNSSIUD YIBWYHD SNSH3A ONIGVOT MOVd: NIBWVHO ¥3LINVIA /e
ANY 20%H %86 HLIM S1S31 O9NIGVOI WD HOIH~-FUNSSIHD HOH-

29 mnswﬂw




CONFIDENTIAL

009l

VISd ‘3¥NSS3Ud YIAWVHI

008l oovi oozl 00G!I . 008 - 009 00d oo.mo

1 | L T | ] | Z

Vs

\\\\
i Z Jov

0—0@0\\
Ry \oo |
7
- W 10.@
\ .
e
- ° -08
7
o7

- —00I

0334 455 GNY 3914180 ,£620 HL1Im (1)0IV-3V 1834

JUNSSIND MIANVHD SNSHIA ONIAVOT MOVd : ¥IBWVHD H3LIWVIA  Pp/e
OGNV S0%H %86 HLIIM S1S31 ONIAVO MOvd HOIH~-IUNSSIHd HOIH

,Mvn Urﬂﬂﬂ.ﬂwm

WISd 'J1ivd 9NIQVOT XOVd

116

COKFIDENTIAL




— e e e e R S R S

A A A T E A e mm——

arzzrzzE

(2) Correlltion

P e S

The relationship between the pressure drop across the
catalyst pack and the chamber pressure, pack loading, and pack length
are of interest ‘or design of catalyst packs and motor systems. Most
of the pressure drop can be shown to occur in the gas phase region of the
pactk. Reference to fluid-flow equations suggests that the pressure drop
(aP) for the decomposition gases in this region should be directly propor-
tional to the square of the pack loading (G) and inversely proportioned to
the first power of the chamber pressure (Pc). A development ( 10) on
this basis has susggested that the pressure drop is also directly propor-
tional to the first power of the feed temperature (T) and to the square of
the catalyst pack length (L), as

- Gur ©F G (1)

~ (a) Pressure Drop and Chamber Pressure

The data for catalyst pack configuration type AF-A4
vas plotted to show the relationship hetween AP and Pc. The pack length
was constant for the seven type AF-A4 tests and the feed temperature
was nearly constant. The data have been plotted for roughly constant
values of pack loading. In agreement with the above equation, a good
correlation was obtained on a log-log plot as shown in Figure 54. This
plot gives a slope of . 85, which corresponds to

“log AP= -. 85 log Pc + C,

where C can b!'calculated from the data for each specific pack loading, but‘
is not a simple function of the loading. The equation may be used in the form

AP; [ Pcy -85

AP’ - PC;
for constant pack loading G when one AP and one Pc are known. The pressur
drop is shown to decrease with increasing chamber pressure., This is

attributed to the decrease in specific volume of the decomposition gases
as the pressure is xncreaned as shown in Figure 55.

(b) Pressure Drop and Pack Loading
The data for AP and pack loading (G) at constant

Pc, T, and L were plotted on both logarithmic or linea.r scales (Figures 56
and 5") The logarithmic relationshm gives

1. 34
AP (91)
AP, \G N
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" Pigure S4

HIGH PRESSURE-HIGH FACK LOADING TESTS WITH 98% HeOp AND
34 DIAMETER CHAMBER:CORRELATION OF CATALYST
PACK PRESSURE OROP WITH CHAMBER PRESSURE
CATALYST PACKS AF-A4(1,3-B) AND AF-A9(8-T)
WITH IDENTICAL CONFIGURATIONS
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Pigure 55

Gases of 98% HaOga at Various Pressures
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PRESSURE DROP (PS1)
3

Pigufe 56
HIGH PRESSURE -~ HIGH PACK LOADING TESTS WITH 98% HpOp AND
%D R CHAMBER:VARIATION OF CATALYST PACK

PRESSLRE DROP WITH PACK LOADING ; CATALYST
PACKS AF-A4(1,3-3) AND AF-A9(5-7) WITH
IDENTICAL CONFIGURATION
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for constant Pc, while the linear plot gives

APz6.8G+C
or

AP;-AP, = 6. 8 (G3-Gy)-
for constant Pc.
() Pzaasure Drop and Feeu Temperature

The variation of AP with feed temperature has
been graphed for the type AF-A10 confijuration pack (Figure 58).. The
equation of the line drawn is :

AP=222T+93
or s
AP;-AP, = 2. 22 (T;-T)).

This equation is only approximate since the data on which it is based are
not strictly for constant chamber pressure and constant pack loading.
The results for a log-log plot of this data (Figure 59) provide a poorer
fit which correspunds roughly to the equation

‘logAP s .81 1og T + C,

ap;  [1;).8
or AP,’(T.)

However, this form of the data correlation can be incorporated with the
‘other results in a general equation of the original ty:

(d) - Pressure Drop and Pack Leng

The variation of AP with pack length is plotted in
Figure 60 for type AF-A4 packs. The screen configuration of pack AF-A9(8)
was different only in the number of nickel-5% manganpgse filler screens
contained in the exhaust end of the pack. All three packs were compressed
at 4,000 psi and used the 0. 253 exhaust orifice, The feed temperature
was also nearly constant. The lines on the figure wer{e drawn for approxi-
' mately equal pack loadings and chamber pressures.

AP =193 L + G
or

AP;-AP‘, = 193 (Lrlq)

for constant Pc, T and G. A log-log plot in this case ‘yieldc a rmge of
possible exponents and so is unsatisfactory.

122



Figure 58

HIGH_PRESSURE -HIGH PACK LOADING TESTS WITH 96% u,o,mo
34y DIAMETER CHAMBER:VARIATION IN PRESSURE DROP WITH
HgO3 FEED TEMPERATURE
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'PRESSURE ' DROP (PS1) -

MIGH PRESSURE-HIGH PACK LOADING TESTS WITH 98% H,0p AND
%' DIAMETER CHAMBER:VARIATION OF PRESSURE DROP WITH

500

400

m

-

Pigure 60

CATALYST PACK LENGTH; IDENTCCAL CATALYST
CONFIGURATION WlTH 0.253" ORIFICE
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(e) b Combined Correlation and Examples

Though the logarithmic relationships between
pressure drop and pack loading or feed temperature do not give definitive
results, the following combined equation ma.y be given for the data of

-5 @)

However, the separate equations for AP variations with pack loading and
feed temperature will provide better results for pack configuration
‘type AF-A4.

. 81

: The use of the equations for predicting changes
in pressure drop with chamber pressure and pack loading for catalyst
configuration type AF-A4 can be illustrated as follows. Fingd the AP
at 97. 5 psim pack loading and 917 psia chamber pressure, given that
the AP is 227 psi.at 29 psim and 327 psia.

%—Ef? (g_g).ss (g:) 1. 34

AP, < 220 /327) - 85 97.5) 1. 34
37 L= 917 29
- = 530 psi

The given starting data are from test AF-A9(5) and the result gives
reasonable agreement with the 554 psi AP found at 97. 5 psim and 917 pna “
in test AF-A9(7)

For a second example, find the AP at 81 psim
and 92] psia for a type AF-A4 pack which has AP equal to 62 psi at 30 psim
and 1410 p-ia (pack AF-A4(4)).

85
1410 81
AP’““(qzl) ' ( )

= 336 pei

1.34

This result compares with an actual value of 443 pai found at 81 psim and
921 psia in test AF-A9(6). This second example shows the spread of
results which can be obtained for this correlation equation. The scatter
of the high psia chamber pressure values marked on Figure 56 suggests
difficulty with the logarithmic correlation.
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An improved result for the data of the second
enmple is produced by using the linear rather than the 1oga.nthmic
relationship between AP and G.

. 85
- (Pey
AP, = AP, pc.) |

62 (.1.5_12 . 85
921

= 89 psi

AP’ = AP; +6.8 (Gz-Gx)

89 + 6. 8 (81-30)
I~

R

1]

423 psi

This value compares favorably with the measured AP of 443 psi. This
sus,gests that
. 85

AP; = AP, @—‘1) + 6. 8 (G3-Gy)
<2

is a better representation of the data gathered in thia program.

For determination of the variation of pressure
drop with feed temperature and pack length, the teat results will be ob-
tained by using the linear equations:

AP: = 2,22 (T;’Tl) + Apl

AP; = 193 (LZ‘L]) + Apl
Since these equations are derived from only one test which varied feed
temperature and only two teuts for different lengths of catalyst packs,
the correlations expressed must be vonsidered approximate.

(3) Catalyst Pack Applications
The two basic types of applicatians of the 98% H,0,

catalyst pack are gas gensrators and thrust motors., The following two
examples demonstrate the usual calculations required to incorporate the

catalyst pack into the total design.

- 127

CONFIDZNTIAL

i et e e N T T T



CONFIDENTIAL

“m

(a) Gas Generator

Determine the diameter of a catalyst pack for use
with 98% H;0, in a gas generator having a power output of 1000 H, P. at
507 efficiency and 1500 psia chamber pressure. First the flow rate of
98% H,;O; must be found as follows.

Theoretical flow rate ’_
Turbine efficieacy

98% H,0; flow rate =

The theoretical flow rate can be selected from Figure 61. If a differeat
‘horsepower generator were required, the appropriate modification tc
data from Figure 6] could be made, using the equation given at thLe top
of the figure. For the problem at hand

1. 4 lbs. /sec.
b d X = = i
98% H,0, flow rate 50% off. . 2. 8 lbs. /sec.

Now the catalyst pack cross-sectional area can
be determined for a selected pack loading rate, chosen in this case to
be 20 psim.

Pack frontal area _ (Flow rate in lbs. sec)160 sec/min)
in square inches (Lcading in lbs. /in. ¢/ min. )

(2. 8)(60)
20

8.4 in.?

Then the pack diameter is easily obtained.

{4){Frontal area))u 2
¥

Diameter =( = 3,28 in.

The recommended catalyst configuration is type AF-A9(8) given on page
The screens should be compressed at 4000 psi for a pack length »f 15/14"

{b) Thrust Motor

Design a 40 1b. thrust inotor to operate with 98%
H,0, at 100, 000 feet altitude with a chamber pressure of 300 psia. The
frilowing information is giver or available from the indicated figures.
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Thrust (F)~ ' . = 40 lbs.

Chamber Pressure (Pc) = 300 psia

Altitude = 100, 000 ft.

Theoretical Specific Impulse (ISP) = 192 sec.
(Figure 62) |

Characteristic Exhaust Velocity
of Gases (C*) for 98% H,;0;
Feed Temperature of 70°F
(Figure 42)

Thrust Coefficient (CF)

[}

3330 ft../sec.

=1, 85
(Figure 63) o
Efficiency of Catalyst and Nozzle = .96

Gravitational Constant (g) 32. 2 ft. /sec.?

The catalyst efficiency has been taken at 99% and the nozzle efficiency
at 97% to give the listed combined efficiency of 96%.

First the required flow rate (W) is calculated

' , Thrust
7 98% H;O, flow rate (Efficiency)(Specific Impulse)

40 ,
W o= 96)192) © . 217 lbs/sec.

Next the required area of the nozzle throat (A;) is found.
' C* = gAtPc
' w
or

C*w
gPc

(333)(. 217)
(32. 2)(200)

At =

= ,0748 in.?

The diameter of the throat can be found from the area as before.

: 1/2
Diameter t(ﬁ’-{f-‘-glﬁ)) =, 309 in.
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‘Lastly, the efficiency of the designed system can be found to check
the suitability of the design. To do this the Cf value based on the
designed noxsle sizing is determined.

F = Cp A, Pc
or '

F
Cr= atPe

40

= (T0748)(300) = 1-78

This value is then compared with the theoretical C':..

1. 78

Percent of the~retical = 18 ° ‘ 96%

Thus the noszle sizing is satisfactory and the motor will give high
performaance.

The catalyst deeign can now be selected for
the abure thrust motor, The preheat design to be discussed beginning
on page 135 (Figure 64) is recommended due to its high reliability. The
diameter of the catalyst scroll to be used is determined as follows. The
equations for pack frontal area and pack diameter have been given on
page 128 and the flow rate for the thrust motor calculated above to be
.217 b/sec. The pack loading rate is chosen to be 15 psim.

Frontal area = = “175 60) 2,87 in.?

, /2
Pack diameter (‘ﬂé—aly = 1, 05 in.

The recornmended preheat acroll diameter is 0. 8 times the diameter of
the main catalyst section, ' '

5
.
:
i’
:
¥
’
L
J
’
W
A
4
i
;
4
7
f

Scroll (O. D. ) = (0. 8)(1. 05) = . 84 in,

—

The length of the main catalyst section is recommended to be 1. 125 inches
and the scroll height should be designed for 30 ft/sec. fluid velocity.
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(c) General D“ign Suggestions

Some suggestions concerning the general design
of thrust motors and gas generators for 98% H;0; can be enumerated as
follows: ~ ‘

1. Use a minhnum free volume above the
injector plate.

2. Use two anti-channel baffles, one under
the injector plate, one 15 screens down
the pack, Baffle interference . 00] to . 004
inches. Baffle material - Inconel X,

3. Correct for the H;O; fluid inlet line velocity
by using a reduced open area at the center
section (1. 25 x inlet tute 1. D. ) of the
injector plate.

4, Design the injector plate to give uniform
catalyst loading with minimum pressure drop.

% Use a 50 pei AP trim orifice or a cavitating
venturi in the H;O; feed line at ‘he chamber inlet.

6. Use 347 5S material for gas generator or
thrust motors. When the pressure housing
0. D, exceeds 3 inches, Inconel 718 or other
high itress steel non-oxidizing materials may
be used.

7. Use 1300 to 1400°F metal temperatures when
determining wall thicknesses in preheat thrust
motors and gas generato.s.

8. Support plates chould be Inconel X or Inconel
718 matesrial. Rib dsaign supoorts are
weight saving, thus, recommended in larger
gas generators and thrust motors.
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These tasts were carried outrto d;te mine the per
of the silver: silver-30% palladium catalyst undér low temper e coa-
ditions. The initial starting behavior was measured with the 98% H,0,
feed, the motor test system, and the catalyst pack cooled to below 30°F.
Subsequent starts with low temperature feed and warm motcr and
catalyst were also measured. In addition, the steady-state performance
of the catalyst with low temperature feed was tested. For comparison,
a second identical catalyst aad motor were tested, and both catalysts
were then subjected to ambient temperature tests.

(1) Preheat Motcr

Two 22 pound thrust preheat motors were employed,
S/N 001 and S/N 002. The preheat-type hydrogen peroxide powered
thrust motor was developed by FMC Corporation under a NASA contract
and is presently used on the Scout missile. This motor desigr ~vas
selected because it has demonstrated excellent low starting properties
with Becco 90% H,0,. (12). '

The test motor design is shown by Figure 64, The
lower right-hand portion of the motor is shown in cross section, while
the remainder is an external view. In this typs motor, the H;O; enters
the inlet pipe from the right and pasees at a right angle through orifices

" in the injector umbrella and into a "preheat' catalyst scroll. The H,0,
partially decomposes and makes anothery 90° turn and then passes axially
through the main catalyst pack. These thanges in the direction of flow
increase the H;O; stay time in the catalyst pack and result in better low
temperature starting.

B e T T Ny

To the left in the figurie appears the entry for chamber
pressure measurements. Also shown ate the mounting bracket, exhaust
aossle radius and cone, and the darkened sites where parts of the motor
werc ~elded together, The figure shows the bolts and head plates which
permit access to the catalyet pack. Thc" catalyst screens themselves
are held within the catalyst holder by the injector umbrella retainer
plate, and spiralox ring. These compodent parts are shown in greater
detail in Figure 65. To the left appears the catalyst holder with cavities
for the preheat scrcll and main catalyst, At the right is the injection
umbrella which holds.the preheat scroll gand fits inside the preheat scroll
cavity of the catalyst holder., The retainer plate appears at the bottom
right.

ER R E I e R S e
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Figure 64

22# THRUST PREHEAT MOTOR USED TO DECOMPOSE 98% H,02
IN THE LOW TEMPERATURE STARTING TESTS'

Mounting bracket

Chamber pres-
sure port

Weld sites

Exhaust nozzle
radius

300 Series SS
Spirolox ring

Exhaust
cone

Bolts for
access to
catalyst Head plates
i /Oririce in injector umbrella
HzOg inlet
1 ud»ﬂﬁ
g 1 :!o H:':lu,'n: 157
Catalyst holder

Retainer Preheat catalyst scroll
plate

Mzin catalyst section

Note: 1. Chamber 347 38
except for bolts and
head seal gasket

2, Full scale
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, Rigure 65
COMPONENT PARTS FPOR THE 22# THRUST MOTCR USED
00 DECOMPOSE 98% H20s IN THE LOW TEMFERATURE TESTS
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(2) Catalyst Configuration and Packing

The catalyst configuration used for both low-temperature
test packs is shown in Figure 66, The preheat scroll catalyst screen
was wound around the inlet tube of the injector umbrealla, beginning with
a 6" length of silver screen, continuing with 6" of silver-5% palladium
screen, and ending with 12" of silver-30% palladium screen. The in-.
jector umbrella was then inserted within the catalyst holder and the main
catalyst section screens were added. The main section of the pack was
compressed to 4000 psi and then the retainer plate and Spirolox ring
were inserted. ‘ "

{3} Test System

The 22 pound thrust preheat motor was mounted on a
test stand as shown in Figure 67. The entire system was surrounded
by an insulated box so the temperature could be uniformly reduced, The
98% H,0, feed tank (5 gal. ),the propellant valve, and the chamber
pressure transducer can 2150 be seen. The feed pressure transducer:
is not shown but appears in the schematic of Figure 68 as Pf. A chroiael-
alumel thermocouple was used to monitor the surface temperature on
the outside of the chamber, and an iron-constantan thermocouple measured
the H,O; feed temperature. A quick disconnect allowed the H,0; feed
tank to be separated for weighing before and after the steady-state tests
so propellant flow could be determined. The schematic also shows the
nitrogen gas fuel pressurant supply (per MIL-BB-N-411B, Grade B,
type 1, class 1 filter to 10 microns prior to introduction into the test
system). '

(4) | Test Procedure

All tests were conducted using FMC suppliad 98% H,;0,
- ‘which was fiitered to 10 microns prior to introduction into the test
system. As in the earlier tests, the pressures and temperatures were
recorded on an oscillograph recorder,

The test system and 9% H,0; were cooled in the in-
sulated box with dry ice, Several hours were allowed for all parts of the
system to reach temperature, This initial temperature was 25°F for
motor S/N 002 and 30°F for motor S/N 001. The motors were then tested
as follows using a feed pressure of 530 psig.

{1} The motor was pulsed three times at a pulse
mode of 150 maec. on and 3 seconds off.
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gure
Catalyst Pack Used for the Low Temperature Starting
Tests with 98% Hydrogen Peroxide

Test Motor - 22# Thrust Preheat

Preheat Catalyst Scroll

gsiven from center outward)
" of 40 mesh silver, 6" of
40 mesh silver-5% palladium,
and 12" 40 mesh silver-

30% palladium catalyst
screen

|
'3|'3 | II{I}" My
njector Umbrella
—
Main Catalyst Section
36 pcs. 20 mesh silver-
30% pailadium
screens
1.128 .

21 pes. 14 mesh-5%

N
| \\\ \ \ | v manganese screens

*—. 812 —

Pack Main Section at 4000 psi.
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™, = 22 LB. THRUST MOTOR

Pc = CHAMBER PRESSURE TRAWSDUCER

PV. = PROPELLANT VALVE

PT = H205 TANK -

\NOT CHOWN: FEED PRESSUR” TRANSDUCER i
‘ A i COLD START TEST SY
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(2) Upon iritiation of the following 300 cycle
sequence ‘.- motor S/N 002, no firing vccurred
because the 98% H;0; had frozen at 25°F.

Motor S/N 002 was then allowed to soak at
30°F for a period_of one hour before it wav
restarted, while motor S/N 001 was allowed
only 10 minutes at 30°F prior to restart.

{(3) The motors were then pulsed 300 times at a
pulase mode of 150 msec. on and 350 msec. off,

(4) The fuel tank was disconnected and weighed.

(5) The fuel tank was réconnected and a 30 second
steady-state test was run,

(6) The fuel tank was then disconnected and reweighed.

Both motors and the fuel system were removed fro...
the environmental chamber and allowed to reach ambient temperature.
An ambient correlation test was then performed on each motor using
the same fuel system and the same feed pressure settings. The ambient
tests werée performed in the following sequence: '

(1) The motor was pulsed three times 2t a pulse
mode of 150 msec. on and 3 seconds off.

‘ {(2) The motor was allowed to cool for ten minutes.

{(3) The motor was pulsed ten times at a puise mode
of 150 msec. on and 350 msec. off,

(4) The motor was fired continuously for ten seconds
(steady-state),

(5} Results of the Tests
(a) Motor 5/N 002 , .

The first low temperature starting test employed
+25°F 98% H;0; and +25°F motor {8/N 002). Figures 69, 70, and 71 .
show the firet, second, and third pulses for motor S/N 002. The
symbols used to identify the traces on the {igures bave the same meaning
as thoss describod previously (page 45). The first pulse showed no
significant pressure rise. The second and third pulaes were rapid with
30 and 25 muec. to 0% of attained chamber pressure {PC),

»
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" Figure 69

LOW TEMPERATURE TEST
, FIRST PULSE WITH 25°F FEED
98.19, H;0; AND 22 POUND THRUST MOTOR S/N 002
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Pigure 70

LOW TEMPERATURE TEST .
SECOND PULSE WITH 25°F FEED
98.1Y, H;0; AND 22 POUND THRUST MOTOR S/N 002
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FPigure 71

! LOW TEMPERATURE TEST
* ~ THIRD PULSE WITH 25*F FEED
98.1Y, H,O; AND 22 POUND THRUST MOTOR S/N 002
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_ The H;0; froze in the feed line following the
third pulse, which was evident when there was no H,0; flow at the
initiation of the 300 cycie sequence. The 98% H,0, was then warmed

to 30°F and the 300 pulses were carried out. Figure 72 shows the first
two cycles of the 300 cycle sequence. Due to the long wait betveen the
first 3 pulses and the start of the 300 cycle dequence, the motor was
again coid, as for the first pulse. This accounts for the lack of res-
ponse for the first of the 300 cycles, when compared to the response of
motor S/N 001 which was still warm at this point. Response time in
cycles 2 to 300 for S/N 002 averaged 16-20 msec. to 90% Pc (valve delay
time 8-10 msec.). Decay times averaged 18-25 msec. to 10% Pc.
Catalyst pack pressure drop was approximately 200 psi, including 20-30
psi due to the valve,

The 30 second steady-state run was carried out
to determine engine efficiency. Measured C* was 3367 ft/sec. which
shows high motor performance, 99% of theoretical with the 30°F H,;0,
feed. Figure 73 shows that pressure oscillations were experienced.
No orifices were employed in the H;O; feead line and the osciilations
could be sliminated by use of a trim orifice or venturi at the inlet to
the chamber.

The low temperature test results for motor S/N
002 are given in Table XVIIL In the first column to the left appear the
three basic sequences of the test program. Column two shows the
‘cycle within the sequence or the second of the steady state for which
data appears in the remaining columns: chamber pressure, pressure
of the H;0; feed, pressure drop (AP) acroas the catalyst pack, tempera~
ture of the H,0; feed, temperature on the outside of the chamber wall,
and the start and decay transients for 10 and 90% of realized chamber
pressure,

‘ Following ithe low temperature tests, the motor
was subjected to ambient temperature calibration tests. Starts were
rapid and pulses were sharp. The first start transient with 54°F 98. 1%
H;O0; was 104 msac, to 90% chamber pressure {Figure 74). Pulse
transients varied from 16 to 27 msec. for 90% Pc for the remaining
starts (Figures753, 76, and 77). Thus the results show that the initial
start for motor S/N 002 was significantly better at 54° F than at 25°F,
but that additional starts with a 25°F 98% H,0; feed but a warm motor
were essentizily the sam~ as those for 54°F H,;0, fesd,

The 10 second steady-state test at ambient
temperatures (Figure 78) again exhibited pressure cecillations, confirming
that they were not peculiar to the low temperature operation of the motor.
The pressure drop across the catalyst pack was roughly the same as that
obtained at low tamperature, again including a 20-30 psi value AP.
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Jdgure T2

LOW TEMPERATURE TEST
FiEST TWO PULSES OF 300
CYCLE TEST WITH 32°F FEED

98.1%, H,0; AND 22 POUND THRUST MOTOR S/N 002
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Figure 73

LOW TEMPERATURE TEST
START OF STEADY STATE TEST WITH 30°F FEED
98. 1% H;O; AND 22 POUND THRUST MOTOR S/N002
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Figure T4 .

AMBIENT TEMPERATURE TEST
FIRST PULSE WITH 54°*F FEED ,
98.1% H;O; AND 22 POUND THRUST MOTOR S/N 002
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Figure T5

AMBIENT TEMPERATURE TEST
SECOND PULSE WITH 54°F FEED
98. 1% H,0, AND 22 POUND THRUST MOTOR S/N 002
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Figure 76

AMBIENT TEMPERATURE TEST
THIRD PULSE WITH 54°F FZED

98. 1% H,0, AND 22 POUND THRUST MOTOR S/N 002
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Figure 77

AMBIENT TEWER.ATURE TEST
FIRST TWO PULSES OF TEN CYCLE TEST WITH 55°F FEED
98. 1% H;0; AND 22 POUND THRUST MOTOR S/N 002
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‘3‘ Figure 78

AMBIENT TEMPERATURE TEST
START OF STEADY STATE WITH 58*F FEED
98. 1% H,0, AND 22 POUND THRUST MOTOR S/N 002
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~ The ambient temperature results for motor -

S/N 002 are shown in Table XIX. The same data have been reported

as for the low temperature tests (page 149).
{b) Motor S/N 001

A similar set of tests with preheat motor
S/N 001 produced results comparable to those obtained with S/N 002,
Figures 79, 80 , and 8} show the first, second and third cold start
pulses. The first pulse again showed no significant pressure rise
while the second and third pulse starts were rapid at 30 and 25 msec.
to 90% Pc.

The300 cycle pulse sequence was then initiated
before the motor nad had time to cool completely. Thus the first of the
300 pulses (Figure 82) gave a good response, whereas motor S/N 002
did not. Response times for the remaining pulses averaged 17 to 25 msec.
to 90% Pc and 21 to 28 msec, to 10% Pc decay. Catalyst pack AP
averaged 230 to 240 psi including the 20-30 psi pressure drop across the
valve,

The 30 second steady-state test produced a
measured C* of 3190 ft. /sec. which is 97% of theoretical. Figure 83
shows the initial start transient. As in tests with S/N 002, pressure
oscillations were experienced which could be eliminated. by the use of
a trim orifice or venturi in the feed line.

The results of the low tempe rature tests with
motor S/N 001 are given in Table XX

The results of the ambient temperafure cali-
bration tests with S/N 001 were also similar to those for S/N 002. The
initial start with 54°F 98. 1% H;0; was 149 msec. to 90% Pc. (Figure 84),
and gransients averaged 24 and 19 meec. in cycles 2 and 3 (Figures 85
and 86). Start transients for the ten pulse sequence averaged 17-25.
msec. to 90% Pc, while decay rates were 26-29 msec. to 10% of Pc,
(Figura87)., Th: 10 second steady-state test (Figure 88) showed
chamber pressure oscillations much the same as with low temperature
feed, Table XXI gives the ambient temperaturs test results for S/N 001,
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Figure 79

LOW TEMPERATURE TEST
FIRST PULSE WITH 30°F FEED
98. 1% H,0, AND 22 POUND THRUST MOTOR S/N 001
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Pigure 80 -

- LOW TEMPERATURE TEST
- SECOND PULSE WITH 30°F FEED ,
98. 1% H,0; AND 22 POUND THRUST MOTOR S/N 001
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Figure 81

1LOW TEMPERATURE TEST
THIRD PULSE WITH 30°F FEED
98. 1% H;0; AND 22 POUND THRUST MOTOR S/N 001
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" Pigure 82 \

) LOW TEMPERATURE TEST
FIRST TWO PULSES OF 300 CYCLE TEST WITH 30°F FEED
98. 1% H,S, AND 22 POUND THRUST MOTOR 8/N 001
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Pigure 83'

LOW TEMPERATURE TEST
START OF STEADY STATE WITH 30.5°F FEED
98. 1% H,0; AND 22 POUND THRUST MOTOR S/N 00l
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- Figure 84

AMBIENT TEI\;PERATURE TEST
FIRST PULSE WITH 54°F FEED
98.1 % H,0; AND 22 POUND THRUST MOTOR S/N ool
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Figure 85

AMBIENT TEMPERATURE TEST
SECOND PULSE WITH 54°F FEED

- 98, 1% H;0; AND 22 POUND THRUST MOTOR S/N 001
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AMBIENT TEMPERATURE TEST
THIRD PULSE WITH 54 °F FEED
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Figure 86
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Pigure 87

AMBIENT TEMPERATURE TEST
FIRST TWO PULSES OF TEN CYCLE TEST WITH 55°F FEED
98, 1% H;0; AND 22 POUND THRUST MOTOR S/N 001
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Pigure 88

AMBIENT TEMPERATURE TEST
START OF STEADY STATE WITH 57°F FEED
98. 1% H,;0; AND 22 POUND THRUST MOTOR S/N 001
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(c) Concluliom
Both proheat motors showed pncouragin;

cold start cap.;bility Figure 89 shows the comparison for the tro
motors of start and decay transients during the 300 cycle sequence .
using +30°F 98% H;O; feed. There is good reproducibility in response
times between the two motors. A general comparison of results
obtained both at ambient and at lower temperatures indicates that
there is little difference in starting characteristics with the exception
of the first cold pulse. Catalyst packAP averaged near 200 psi,
which can be reduced further by using screens which have in-
creased open area. The pressure drop through motor S/N 901 was
somewhat higher than that experienced with motor S/N 002, This

" was probably due to a slight variation in catalyst packing procedure.
On the whole, these tests demonstrate the faanibmty of cold ltarting
98 % H;0; motors.

Pressure oscillations were noticable in all
the tests with the preheat motors. Previous tests carried out by FMC
Covrporation and the Walter Kidde Company with the 98% H,;0; preheat
motors showed minimum pressure oscillations. It was found that
smooth motor operation could be nbtained with chamber-~to-feed
system isolation through the use of trim orifices or venturi.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The laboratory program showed that the silver and silver-
palladium catalysts were the most active. The activity of the
silver-palladium catalyst was found to decline upon exposure to
high temperatures. However, in actual thrust motor tests,
the catalyst eifectively decomposed 98% H;0; at high pressures
and high pack loadings. Apparently only motor startup was
affacted by the loss of activity, Additional laboratory studies
of the heat deactivation should be concerned with possible complex
oxides containing silver which have higher thermal stability
than those produced at the surface of the silver-palladium catalyst.
Alloys which can form the more stable complex oxides should
then be explored.

Although thirty other metals and alloys and eighteen catalyst
pellats were studied in the laboratory, further development is
required before any of these alternative catalysts could be used
in catalyst packs. The best candidates for additicral work include
oxides of manganese, cobalt, barium, and lead. In particular,
the formation of ternary oxides such as those containing manganese
and barium should be investigated to determine which phases are
catalytically most active and what the temperature range of -
stability is for each.

The thrust motor and gas generator tests demonstrate
good performance for catalyst packs based on the silver-30%
palladium catalyst screen. The initial startup response was
rapid. The decreasc in starting capability found in subsequent
starts did not occur for packs which contained silver catalyst
screens in the inlet section of the pack. In either case, the packs
performed well at high pack loading and chamber pressure.

. The initial starting response of the catalyst pack when both
st and the 98% H,0; feed were at 30, F was slower than at ambient
temperatures. However, additional starts with the 30, F feed and

. a warm test motor were rapid. This indicates the feasibility of
using the pack at low temperature conditions, particularly with
programmed starts.

The pressure drop across the catalyst pack was successfully
lowered by shortening the pack and using larger open area filler.
screens in the exhaust section of the pack. It i recommendad
that larger open area catalyst screens also be tested to achieve
further reduction of the pressure drop.
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Currently, stabilisers are not added to the commarcislly
produced 98% H;O;. However for some applications of the catalyst
pack, it may be desirable to use 98% H;O; which has been stabiliged
by the inclusiox of additives. Previcus studies bave shown that certain
stabilisers poison the silver catalyst.commonly used with 90% H,0; thus
rendering the pack insffective. These stabilisers may also poison the
eilver-30% palladium catalyst. Thezsfore, it is recommended that
silver-30% palladium catalyst packs be tested with 98% H;O, feeds to
which different known stabilisers have been added.
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SECTION V

AFPENDIXES

1. INITIAL MOTOR SCREENING TEST DATA

The following tables, XXII through XXXI, give the complate test
data on catalyst packs AF.] through Al -11 tested in the 40 pound thrust
motor,
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2; . HIGH PRESSURE-HIGH PACK LOADING TEST DATA

The complete test data for catalyst packs AF-Al through AF-A10
tested in the 3/4" diametér test chamber appear in the following tables,
XXX through LOL
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