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UNCLASSIFIED ABSTRACT

(U) The resulte of catalytic reactor experiments using

mixtures of oxygen//hydrogen and oxygen/hydrogen/

methane in the inert diluents, helium and nitrogen,

are reported. Analyses are included showing the

basis for the selection of the better gaseous mix-

tures as pressurants for use in propellant pressur-

ization systems. The experiments include the areas

of detonability, elevated temperature storage, cata-

lytic reactor response and performance, and expulsioD

demonstrations.
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SUMMARY

(U) This program defines and experimentally determines the operating charac-

teristics of selected, catalytically reacted, stcced-gas, pressurization

systems. The experimental pressurant gases consist of a major fraction

of an inert constituent, helium or nitrogen, a'-d a minor fraction of

reactive gases in stoichiometric proportions, oxygen/hydrogen or oxygen/

hydrogen/methane.

(U) Theoretical performanca maps of reactive to inert gas mixture ratios for

the above four combinations of inert and reactive constituents are pre-

sented. The mixtures containing helium result in lower pressurization

system weights and were selected for the major experimental efforts.

Analytical determinations of the effects of gas flame Lemperature

and moisture condensation effects Pre shown. These were generat-d

by the Rocketdyne digital computer pressurization program which was fur-

ther used throughout the program tc correlate experimental data.

(U) The ignition sensitivity of each gas mixture is shown as a function of

• mixture ratio, pressure, and temperature. The reactive specie concentra-

tion in helium resulting in ignitions from an exploding wire contained

twice the volume percentage of ox/gen required to produce 1500 F flame

temperatures (considered to be the maximum long-duration operability limit

of the catalyst). The reactant concentrations exceeded the comparable

limits in nitrogen mixtares by a minimum margin of 50 percent over the

range tested.

(u) Catalytic reactor tests evaluating catalytic conversion effectiveness as

functions of the reactor length and diameter, catalyst pellet size, and

operating conditions were made. Parametric design data are provided to

permit comparative system evaluations to be made with conventional expul-

sion systems. The experiments were made at nominal flowrates of 1000 and

100 standard cubic inches per second (sci/sec), chamber pressure levels of

500 and 40 psia, gas inlet temperatures from -100 to 200 F, and with

reactor bed initial temperatures from -300 to 1500 F. While the majority

1!
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of the experimeiits were made with 1-inch-diameter catalyst chambers

3 inches long, data were also obtained on 0.5- and 0.75-inch-diameter

chambers. Catalyst pellet diameters oi 0.125 and 0.0625 inch were uti-

lized in separate reactor cLambers operating simultaneously at different

flowrates during each test sequence. Varying compositions of He/0 2 /K-,

and He/0 2 /H2 CH_4 were employed as the catalytically reacted media with

mixture ratios selected to produce 1500 F p,.ak temperatures. The tests

emphasized the transient response characteristics, pressures, and tem-

peratures of the reactor chambers and extended over nominai 10-second

intervals. Supplemental tests to show catalyst durability were made with

an accumulated duration of 1300 seconds (sequential runs of 800 and 500

seconds) on one charge of 0.062-inch catalyst pellets with no apparont

loss in effectiveners.

(u) Generally, the high mess flow tests produced thermal efficiencies of 95

percent or better with the principal variant being the time interval

required to reach equilibrium temperatures. The low mass flow tests,

100 sci/sec, were apparently below the range for satisfactory reactor

operatiou and consequently resulted in data of limited application. The

time required for the low-flowrate temperature transients to reach equi-

librium conditions exceeded the normal 10-second test periods by substan-

tial amounts. The data from the high flowrate tests are reasonably con-

sistent and provide system design parameters which may be used with a

high degree of confidence. The test installation also provided data of

interest in the areas of orifice flow coefficients and catalyst bed pres-

sure losses.

(U) The test program was initially designed to provide data in the form of a

mLtrix of test variables. The matrix included gas composition, reactor

geometry and temperature, and gas ucmperature, pressure and flowrate.

Changes in efficiency resulting from parawetric variations were to be

determined by means of a statistical mathematical model. However, the

early te3t data showed that the principal test variant was the time

response of the gas mixture and catalysts to achieve thermal equilibrium.

The peak catalytic conversion efficiencies approached 100 percent when

appropriate gas flowrates were used for a given size reactor. Addition-

ally, it was determined that the flowrate range planned (1000 sci/sec to

2
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(U) 100 eci/sec) over the pressure range of 500 to 25 psig was exceswive

for the catalytic reactor sizes selected. Consequently, moderate changes

in the program teet conditions were made to provide a maximum of usable

data. Test conditions were selected to pruv-ide data in the range of peak

performance of the catalytic reactors. The iest emphasis was placed on

the reactor transient start characteristics, pressure and temperature,

and on flow coefficient evaluations.

(U) Propellant expulsion demonstration tests were made in which alcohol, sim-

ulating a space storable propellant, and liquid nitrogen, simulating a

cryogenic propellant, were expelled from a pressure vessel. EMpiloyed as

comparative pressurants were ambient helium and a reacted mixture of

He/0 2 /Hi2 at above 1500 F. The reacted mixture weight was 55.4 perceat

of the helium weight for the alcohol tests, and 31.5 percent of the helium

weight for the liquid nitrogen tests.

S(U) Two propulsion systems were selected by the Air Force for comparative

analysis of reacted gas and cold-gas pressurization subsystems. The

storable propellant system using nitrogen tetroxide and monomethyl

hydrazine, indicated an approximate weight savings of 37 percent through

the use of an He/0 2 /1 2 reacted pressurant in place of ambient temperature

helium. A second system, using liquid hydrogen and liquid fluorine as

propellants, showed a significant operational advantage through the use

of reacted He/0 2/H 2 u,. a prepressurization agent to provide a net posi-

tive suction pressure for pump operation.

a4
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INTRODUCTI ON

(U) The pressurization subsystem contributes a significant portion of the

total wei.ght of virtually all space rocket propulsion systems. Consider-

able past effort has been exiended in the development and improvement of

the various pressurization subsystem components, stressing lightness, sim-

plicity, reliability, and eane of operation. The program described herein

complements this improvement effort by providing data on catalytically

heated gases as pressurization media to produce higher overall system of

efficiencies.

(U) The ptressurant gases are stored as a nonhypergolic, nondetonable mixture

of reactive and inert constituents in a single container. The gases are

admitted, as required, into the propellant tanks through a catalyst bed

which promotes an exothermic reaction between the reactive constituents,

thus heating the predominantly inert mixture.

(4) A major attraction of the catalytically reactive gas concept is that the

heat addition is effected with no external heat source and with virtually

no penalty in weight, system complexity, or reliability. It is particu-

larly suitable for systems employing bhort-duration pressui'ization Later-

vals where system weight is critical. Heated gas pressurant can also be

efficiently used for multipiý;-cyc~e operation of pwunp-fed systems. The

heated gas will provide the net positive suction pressure (NPSP) require-

ments during system operation and iill result in a pressure collapse by

cooling during coasting. This characteristic permits propellant repres-

surization without tank venting for the subsequent thrusting operations.

(U) The program presented herein provides experimental data on selected gaseous

mixtures over a wide range of compositions, pressures, and temperatures.

The specific areas are the detonability, the sensitivity of various reactive

specie concentrations, the performance and response characteristics of

reactive gases in the catalyst reactors, and the demonstration of expulsion

cycles employing catalyticaily reacted gases.

4.
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:I
EXPERIMENTAL INVESTIG.TIONS

(U) The experimental investigations were conducted in three separate taksk:

gaseous mixture stability evaluations, catalytic reactor evaluations, and

propellant expulsion demonstrations. The purposes, experimental facili-

ties and techniques, and results of these tasks are described below.

MIXTURE STABILITY EVALUATIONS

(u) The initial experimental task was to evaluate the stability of the gaseous

mixtures under consideration. The major portion of this task was con-

cerned with the ignition sensitivity of the blends, and was accomplished

by subjecting selected mixtures to an ezploding wire and noting the occur-

rence of deflagration and/or detonation. These mixtures included oxygen/

hydrogen and oxygen/hydrogen/methane in helium and nitrogen diluents.

For the 02,/H 2 mixtures the oxidizer-to-fuel ratio was maintained at stoi-

chiometric and the proportion of diluent varied. In the case of the

02 /f 2 /C11 4 mixtures, the oxygen-to-methaae ratio was maintained at stiochi-

ometric based on a complete chemical reaction to the products, carbon

dioxide and water. Since methane and oxygen will not catalytically react

at temperatures below 4(00 F. sufficient hydrogen was added so thiat the

02/112 reaction would raise the temperature to approximately 400 F.

(U) The quantity of diluent was systematically varied so as to define safe

concentration limits. The bulk of the experiments was conducted at a

pressure of - 2000 psia and temperatures of 75 and 200 F. In addition,

selected experiments were conducted at , 1000 and , 3000 paia to evaluate

the effect of pressure on the experimentally determined limits.

(U) In addition to the above experiments, a secondary effort was aimed at

determining the storability of the blends and, in the event that a slow,

long-term reaction was noted, the resulting affects on mixture stability.

5f



Mixture DeflagratioJ/Detonation Stability

Exp~rmental Apparatus and Procedure

(U) Experimental Apparatus. The experimental apparatas used in the detona-

bility investigation is illustrated in Fig. 1 and 2. The apparatus

consisted of a stainless-steel, high-pressure gao reservoir provided

with propellant inlet ports and adaptors for temperature and pressure

measurements, and fitted with an ignition source and a burst diaphragm

for pressure relief. The ignition source used in these studies consisted

of a 0.001-inch-diameter tungsten-5 percent rhenium wire approximately

I inch long. This wire was exploded over a time period of lesL than 100

microseconds by applying a 28-volt potential. During the period of time

in which the potential was applied, the wire reacbhd a temperature of at

least 3370 C, (_ 6100 F), the melting temperature of tungsten.

(U) Experimental Procedures. The mixture ignition stability experiments were

conducted in a two-step operation. The first step was a controlled tem-

perature mixing of the appropriate components and the second, an actuation

of the exploding wire,

(U) For the blending operation, the first gas charged to the detonation cap-

sule was oxygen. This gas was first used to thoroughly purge the bomb.

Following the purge operation, oxygen was introduced, followed by the

iiluentt and finally by the hydrogen, in the case of three-component

mixtures. In experiments involving the use of four-component mixtures.

the sequence consisted of oxygen, followed by methane, inert gas, and

hydrogen.

(U) The introductior of the inert gas prior to the introduction of hydrogen

served to dilute the oxygen and thereby eliminate the possibility of an

explosion because of the accidental ignition of concentrated stoichio-

metric blends of oxygen and hydrogen. All blends were prepared on the

basis of partial pressures, since compressibility effects are negligible. 4

6 j
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* (U) In experiments conducted at an environmental temperature of 200 F, th-

stainless-steel detonation chamber was heated to a temperature of approx-

imately 225 F. Following introduction of the gaseous propellants, the

chamber was allowed to cool to 200' F, and the test was conducted. Exper-

iments conducted at pressures of 1.000 and 3000 psia were performed in a

manner identical to that employed in experiments at 2000 psia.

Results of the Deflagration/Detornation

Stability Experiments

(u) Stability Limits at Constant Pressure. The results of the experimental

deflagratioa/detonation stability study are presented in Table 1 and

Fig. 3 through 6. These figures show the stability limits of

each mixture at a pressure of 2000 psia in terms of the oxygen concentra-

tion. The results for pretest temperatures of both 75 and 200 F are

shown. The limits define the highest stable concentration and the lowest

deflagrable/detonable concentration tested. Also indicated is the tem-

perAture gain, resulting from complete reaction as a function of the

oxygen concentration.

(U) The He/0 2 /112 test results at the 2000-psia pressure level are shown in

Fig. 3. Although an appreciable effect of storage temperature on the

critical stability concentration was noted, the stability region was

found to extend to almost double the oxygen concentration of that needed

to produce a 1500 F gas.

(U) The N2 /0 2 /H2 blend stability characteristics are shown in Fig. 4. The

results obtained at the two pretest temperatures of 75 and 200 F were

identical, indicatin,- a negligible deflagration/detonation sensitivity

to small increases in initial temperature. The critical oxygen concentra-

tion for a stable blend was found to be only • 50 percent greater than that

i 9
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needed to produce a 1500 F gas which uses a substantially smaller margin

of safety than with the helium diluent. It is noted, however, that the

critical oxygen volume concentrations are approximately the same with the

two diluents, the nitrogen results falling between the 75 and 200 F results

with helium diluent. The reduced molal (volumetric) heat capacity of the

helium as compared to nitrogen results in a higher temperature for the

helium blend at a given oxygen concentration, and is responsible for the

difference in the margin of safety for the systems.

(U) The similar limit concentrations indicate a branched-chain mechanism of

reaction propagation. The inert gases inhibit the propagation of specie

activity and terminate chain reactions in the region of the combustion

front. The alternative would be a thermal propagation of the combustion

front, but in this case the flame temperatures would be similar at the

stability limit. It is recognized that s-uch an interpretation is only

speculative, and that more definitive experiments are required to achieve

Drecise definitions of the mechanisms.

(U) Figure 5 shows the deflagration/detonation stability limits of the

He/0 2 /R 2 /CH. mixture. The results obtained at the two storage tempera-

tures are essentially the same. A substantial margin of safety was indi-

cated, since the critical concentrati.on was found to be approximately

70 percent larger in reactants than required for a 1500 F mixture.

(U) The N2 /0 2 /H,2 /GH, characteristics are shown in Fig. 6. The critical

oxygen ccncentratior-s are again almost equal and at a value substantially

above that required for a 1500 F gas.

(U) With the He/O/H 2 /01C_ and N2 /0 2 /H12 /CH11 gases, it is noted that the criti-

cal stability limit was observed to occur at concentrations giving essen-

tailly identical flame temperatures. This is interpreted as indicating

a thermal mechauism for reaction propagation.
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Effects of Pressire on Deflapationt.etonability

(U) As the helium-base mixtures offer significant weight advantages over

nitrogen-base mixtures, further tests Gf the helium mixtures to evaluate

the effects of pressures were made at two additional pressure levels,

1000 and 3000 psia, for comparison with the data obtained at 2000 psia.

The experiments were accomplished at 75 F and the results are shown in

Table 2 and Fig. 7 and 8.

(U) The figures presentthe results in the same format as used above. The

effects of pressure are not pronounced and substantial margins above the

reactant concentration for 1500 F temperatures are shown.

(U) A plot of the same data as a function of pressure (Fig. 9 ) reveals a

high-degree of internal consistency in the limits except for one condi-

tioL. A slight inconsistency is evident in the ignitability limit shown

at 2000 psia. The limit for the He/0 2 /H 2 mixture would be expected to

be at or below that shown for the He/0 2 /•/CH_ to be consistent with the

1000-psia data and to be in agreement with the apparent trend for a slight

decrease in allowable oxygen content with increasing pressures. While

"the effects of pressure on ignitability are not large, the test results

obt-^ined do not iden-ify a precise relationship between pressure and

ignitability other than to show a substantially safe margin between

igPnitable concentra.-ons and t...oac ......... ... wc provide flame temperatures in

the vicinity of 1500 F.

(U) The experimental data for the N2 /0,/119 mixture (Fig. 6 ) showed a

substantially higher allowable oxygen volume percentage (40 percent)

than for the N2 /0 2 /H9 3ystem %rhiuh is consistent with the general tendency

for methane to suppress detonability. In the event that high reactant

concentrations are required in future systems, the mixtures containing

methane would warrant further evaluation.
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Comparison of Reoults With Previous Work

(U) igition experiments were conducted by Wilkins and Carros (iRef. 1 ) on

stoichiometric mixtures of oxygen and hydrogen in helium as an inert dil-

uent. Test pressures were varied from 300 to 8000 psia. The test device

used for the ignition limit evaluation was very similar in shape and size

to the one employed in the subject program (Fig. 2 ). The ignitor con-

figuration for most of the Wilkins and Carros experiments consisted of

exploding manganin wires, 0.0015-inch diameter, energized by 0.5 to 9.3

kilovolts of 7.5-microfarad capacitance. This energy level is substan-

tially above that used fnr the tests of this report, although a direct

comparison of absolute values is difficult to make,

(U) Some effects vrere noted in the Wilkins an4 Carros tests from the manner

in which the experimental mixtures were loaded into the test device. The

results of tests in which oxygen, helium, and hydrogen were introduced sep-

arately in the listed order, the same order as used in the subject program,

are presented in Fig. 10. Also shown are the ambient temperature He/0 2 /H2

ignition limit test results from the present study. Good agreement is

shown by the two sets of data.

(U) Additional tests were performed in -hich premixed helium and hydrogen

were introduced into the chamber whicb contained oxygen. The results of

these tests and the data for the subject pro'gram are shown in Fig. 11.

There is a fairly a.ide zone in which Wilkins and Carros encountered igni-

tions below the ignitable region siown by the present study. The disagree-

ment of these data is probably attributable to either the manner o0 mixing

the test gases or to the differencos in the ignition energy levels. While

the margin of reactant concentrations resulting in no reaction is shown

to be substantially lower with the Wilkins and Carros data than with the

subject program data, both test series show no reaction with 02/B2 'on-

centrations producing temperatures of 1500 F. However, additional work

is required to establish a higher degree of confidence in the ignition

limit area.
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1 MIXTURE STABILITY UNDER STMRAGE CONDITIONS

(U) The evaluation of storability characteristics of two mixtures, one com-

posed of He/0 2 H and the other of Be/O 2 /H2 /eH4, was conducted to deter-

mine the effects of extended storage at 1000 psia and 200 F on blend com-

pciition. The two indicated mixtures were selected on the basis of

analytical comparisons oZ pressurization capability. The compositions

evaluated are shown in Table 5, and were selected to give flame tempera-

tures of 2250 F. This is approximately a 50-percent increase over the

desired reactant concentrations designed for a 1500 F flame temperature.

Experimental Apparatus

(u) The experimental apparatus employed in this investigation was identical

to that shown in Fig. 2, with one exception: the gas reservoir was

immersed in a constant-temperature bath. The bath consisted of a nomi-

nally 25-gallon container filled with water and equipped with a rheostat-

controlied electrical heating element which controlled the water tempera-

ture at , 200 F.

Expei imenial Procedures

(U) The gaseous blends employed in the storability investigations were mixed

in a manner identical with that for the deflagration/detonability tests.

After the blends were prepared, the bomb and contents were heated to

approximately 200 F in the hot water bath. After approximately 1 week of

storage at 100O psia and 200 F, a sample of gas was withdrawn from the

bomb and analyzed to determine the occurrence of any chemical reaction.

w The mixture was allowed to remain at storage conditions for a second week

and was again sampled for analysis. Since chemical reaction would invari-

ably result in the formation of water as a reaction product with the gas-

eous constituents involved, the gas sample was analyzed for the presence

of water.
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Results and Discussion

(U) The results of the storage tests are presented in Table 3. Only two

successful data points were obtained. The sample from the He/0 2 /112 mix-

ture taken at the end of the first week was contaminated during the

analysis procedure, so the water content was not obtained. However, the

analysis at the end of the second week showed a water content virtually

unchanged from the original content. The He/0 2 /H2 /CH, sample showed no

reactioJa at the end of the first week. However, a leak developed in the

storage vessel with the second mixture and essentially all the stored

gas escaped prior to the end of the second week. Again, the water con-

tent could not be determined. Since the analysis at the end of the first

week showed no reaction with He/0 2/E 2 /CH. and at the end of the second

week the He/02/H2 sample gave no indication of any reaction, the tests

were not rerun.

(U) It is apparent that no measurable reaction occurred during the storage

period, when it is recognized that conversion of only 1 percent of the

oxygen present in the three-component blend would result in the produc-

tion of water equivalent to nearly 3700 ppm. For the four-component

blend, the stoichiometry is not as well defined, but the water production

would be of the same order of magnitude.

(u) Since the chemical analyses indicated no chemical reaction had occurred,

no further deflagration/detonation or storability studies were conduct•d.

Summary of Blend Stability Results

(U) The reactant gas stability studies showed the mixtures under considera-

tion for use in advanced pressurization systems (with - 1500 F flame tem-

peratures) to be stable to an exploding wire ignition source. Further,

with the N2 02 /t blend, an approximately 50-percent margin of safety

was observed; increased margins of safety were measured with the other

blends. The storage evaluations indicated the blend to be completely

26
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* stable over a 2-week time period at storage conditions of -~200 F and

1000 psia. Thus, the blends under consideration for advanced pressuri-

zation systems have been shown to be feasible from the safety and storagoe

standpoints defined for this progravi.

TABLE 3

COMPOSITION AND CHF~1CAL AXALYSES

OF STORED GAS SAMPLES

*Composition, volume percent Water Content, ppm

Blend 0xyen Hdrogen Methane _Helium Original* 1 Week 2 Weeks

1 5.'4 10.8 -83.8 83 NG 1** 86

2 6.6 2.9 3.3 87.2 82 75 NG 2*E**
*Calculated on the basis of individual component analyses

**ENG 1 sample inadequate for precise analysis

I***NG 2 storage bomb leakage precluded sampie avail~ability
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CATALYTIC REACTOR EVALUATION

(U) The catalytic reactor evaluation program determined the effectiveness of

catalytic reactors in combining the reactive constituents and r.iising the

final gas temperatures to the desired values. Performance was evaluated

as a function of bed geometry (length, diameter, and catalyst pellet size)

and operating conditions (pressure, temperaturi, and flowrate). This

information was generated to provitc preliminary design data for a cata-

lytic pressurization system, and to enable comparative performance eval-

uations to be made with conventional expulsion systems.

(U) The experiments were conducted at two nominal flowrates (1000 and 100

sci/sec) and two nominal chamber pressure levels (500 and 40 psia). The

gaseous feed temperatures were varied from -100 to 200 F. These condi-

tions were chosen to include typical operating regimes for both sto-cable,

pressure-fed and cryogenir,pump-fed propulsion systems. In addition,
the catalyst bed geometry was varied: the diameter from 0.5 to 1.3 inch

and the length from 1 -o 3 inches.

Apparatus

(U) Experimental System. The experimental system, Fig. 12 and 13, consisted

of dual reactor units to expedite execution of the test program. The

blend was prepared in a high-pressure, 20-gallon supply tank. Each cir--

cuit leading from the tank consisted of a pressure regulator, an orifice

meter, a main circuit valve, a heating and/or cooling coil, and the cata--

lytic reactor itself. The orifice meter was used during the first 14

tests only. The coil was used to condition the gas to the desired injec-

tion temperature, and for cooling, was immersed in a bath of dry ice and

trichloroethylene. For heating, the bath wait converted to boiling water.

The purge gas used to prechill the catalyst elso employed the same coil.

The coils were added to the system when othey means of heating and cool-

ing proved inadequate. They were removed when running the ambient tem-

perature tests.
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Figure 12. Catalytic Ateactor System Schematic
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(U) Catalytic Reactors. A schematic drawing of the catalytic reactor is

shown in Fig. 14, and the reactor components are shown in Fig. 15. The

reactors were of rather heavy construction, having 0.437-inch stainless-

steel walls. The entrance and exit flanges were 0.5 and 0.75 inch thick,

respectively. The distribution plate, located between the catalyst bed

and the injector fitting, consisted of a 0.15-inch-thick disk of Rigimesh.

The downstream catalyst retaining screen was a 64-mesh tantalum screen.

A 1/4-inch gap was provided between the exit screen and the exit orifice.

In this space, the bed exit pressure and temperature were measured, and

are referred to as chamber pressure and temperature.

(U) A sleeve liner, with an outside diameter slightly smaller than the inside

diameter of the reactor chamber wall, served as a thermal barrier between

the catalyst and the chamber all. Cutting the liner at 1-1/2-inch and

1-inch distances along the length and inserting the downstream retaining

screen between the segments was the means of varying bed length. Bed

diameter was varied by employing liners of different thicknesses. Eleven

thermocouples oriented ir a helical pattern had an axial spacing of 1/4

inch along the bed. Holes in the liner at appropriate locations per-

mitted the thermocouples to penetrate into the bed. All 11 thermocouples

were located at a 1/4-inch radial distance from the axis of the bed.

(U) Because the reactors were of heavy construction, the chambers themselves

provided a relatively large heat sink or heat source, depending upon the

circumstances of a particular test. Chilling the bed tended to make the

chamber a heat sink while successive tests tended to make it a heat

source. As a consequence, the axial temperature pattern was often Pmeven,

and, additionally, the ra4ial temperature distribution was unknown. The

heat-source, heat-sink nature of the chambers had a significant effect

on test results, as discussed below.

(U) Four interchangeable exit orifices were fabricated. The particular ori-

fice used in a test was dictated by the pressure regulator setting to be

used in the particular test and by the desired flowrate range. Two of

the orifices were sized to give flowrates of 1000 and 100 sci/sec,

respectively, at a chamber pressure of 500 psia, the other two were sized

for the same flowrates at a pressure of 40 psia.
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(U) Catalyst. The catalyst employed (type MMA) was supplied by Engelhard

Industries, Inc. Two pellet sizes were used: 0.125 and 0.0625 inch.

The 3- by 1-inch-diameter beds were charged with 30.7 grams of the 0.125

inch and 32.9 grams of the 0.0625-inch material, respectively. The initial

charge of the 0.0625-inch catalyst was employed throughout the entire test

program. The 0.125-Jinch catalyst wis replaced with a new charge of 0.0625-

inch materiel at tun No. 80, when bed parameters were being varied. None

of the catalyst showed any deterioration from use.

(U) The Engelhard catalysts were selected on the basis of past experience; a

number of previous programs had utilized these catalysts (Ref. 2, 3, 4,

and 5). A recent study by the Shell Development Corporation, however,

has indicated that other catalysts may be superior in related service,

A direct experimental comparison is needed if an optimum catalyst is to

be used in the future systems.

(U) System Changes Made During the Test Program. During the course of the

test program, it became necessary to modify the system to achieve certain

objectives and test conditions. The first significant change was the
elimination of the oril•ice meters in favor of the exit orifices an a flow-

rate measuring device. The primary reason for making this cha:•ge was to

elim3.nate the excessive amount of time required to open the flanges and

removt and iustall orifices of the appropriate size for each test. Sec-
On .-l.~ ... proc.edur U .p4v nng .....ng thc flanges tended

to creato leaks in a previously tight -ystem, causing further time delays.

(U) A second major modification was necessary to achieve the blend -emperature

target of --100 and +200 F at the point of injecticn to the reactors.

Originally, it was intended to heat or cool the gaa to the desired tem-

perature in the jacketed supply tank and introduce the gas to the reactors

through insulated lines. Similarly, it was intended to cool the catalyst

bed to -100 F by chilling the purge gas in a dry ice-trichloroetbylene

bath located upstream of the purge valves. both proved ineffective. The

successful modification that allowed achievement of the target temperatures

was the inclusion of the cooling coils as described in the preceding section,
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conversion is occurring across the bed. It is readily apparent that the

heat transfer characteristics far override ratalytic conversion as a

factor in determining capability of delivering maximum reaction tempera-

ture gau at the exit of the bed.

(U) Effects of Pellet Diameter. Figure 29 shows data comparing the ,uerform-

ance of 0.125- and 0.062-inch catalyst pellets with He/0 2 /1 2 . The high-

flowrate data indicate equal temperature respGnse characteristics. The

low-flowrate curves have similar shapes with the 0.062-inch pellets

yielding slightly higher temperatures during the start transient.

(U) Figure 30presents similar data for He/02/HJCH4 . Again, little differ-

ence in response time is noted for the high-flowrate cases. The flourate

curves indicate a slightly better temperature response for the 0,062--inch

pellets than that of the 0.125-inch pellets, although the latter had a

higher initial temperature. The reactor pressure-drop data show little

difference for the two catalyst sizes. This is surprising, since pellet

cizewas expected to have a significant effect. The pressure-drop data

are discussed in more detail in another section of this report.

(U) Effect nf Red Geometry. The effects of bed geometry are shown in Fig. 3]
and 32. Because of the unexpected low temperatures obtained duriag run

85B, an investigation of the hardware was made and revealed a possible

leak around the periphery of the bed liner. Subsequent calculations

indicate as much as 40 percent of the total flow could have bypassed the

bed. Figure 31, for high-flowrate conditions, shows that all of the l-

inch-diameter beds have approximately the same response at this station

in the bed, indicating that no performance loss would be anticipated as

a result of bed shortening. Rowever, the results of low-flowrate tests

(Fig. 32) indicate that ýhe largest-volume bed has the best response.

The latter results can be explained as a result of heat losses. Under j
low-flowrate conditions, delayed response would be expected since an

increased portion of heat input (heat of reaction) is lost to the chamber

walls and Rigimesh injector. Heat loss is accentuated for smaller beds,

6o



lit i Mill fllllflmlfilli[W It MITI ýiliflllll f, 111111W111 I- ARITI
h ti fiffil 01, 'k

44 iýt ýfw M I i1: 1 Vid U "141`11ý -Slfl AM '
*011N 111i - -14-t I WHI U t 111M UM

ifffl
11V _ ... ......IN

i fl: t4 1111111 _T .............
ild US -

M M M I - -ýj .............

IN" f 4 t- MW 1 M 4 71

tj M M t 4emv_7 -+MS1
'#47 4iff

4ý

RMUMMU -tilt

w JOIN 9

- ---------

-40 4ý44 1 14
14-41

+
4 4 44 ---

44- 4- 44 4-"j

t 4

I M 44- 4: ..... ..... ..... . .....
_JA 4- -- am

MMMM Ina

+ ++
H

if#
tttl tt I

4i4 I +4+4ý4++44-H4RH:H ... ý++H!1ý101110ý111ý41ýý ý ý1!1!!

HH4H ý-4 +
-4+ HH H.1

............ ... 4 H H
++ _++

WA ++ ++ +

HH++ 4+1HH

7 f#t#

4

Figure 29. Effects of Cataly3t Pellet Diameter on Temperature Response Time

61
4



-ti~~~~~ti I 11 ,ii f,

li l J 11I

ir 2i

4 11411 HI'

I: fit If l l

1q4

i'~i ifl l~ i 11.1 i4t~41 +

jI I4T1 r YJiT V I

iiP

I~~~ ~ t 4- 4i ,,

IL11 t" .it 1,

il 1
I, T It62



F""~~~ 644, :,K'~2J1

tjj i I~

V 441 4.' 112j ILI'- 11 4

if

i! ;t:;4 "4 4- +4
<4~~11ý i'i' IffI~1 r t

I~~ ~~~ ... .... t- 4.§, 4 ,

Jj i~i nil ,Figure31. Efectsof Be Genutryo

4t 463

-II ý144



Nil, I.... lilt W ,

14,

+t""1 1, 4 
4

Figure11" 32 Efec of Be Gemtyo1e epneT1i: 
4,-

+6 :4+4

t44
4--1 :!: till



since the ratio of external bed area to bed volume is increased. Further-

more suppressed temperatures (particularly when le! s than 500 F) suppress

the reaction rate, which lowers the heat input rate. The geometry variation

tests are listed in Table 7.

(U) Effect of Initial Bed Temperature. Many experiments were coinducted with

initial bed temperatures ranging from -100 to 1500 F. High initial

catalyst bed temperatures were obtained by restarting the flow a few sec-

onds after initial-flow shutdown. Typical temperature traces for these

experiments are shown in Fig. 33- Start and cessatign of gas flow are

also shown, and were obtained from ihe inlet pressure traces. Virtually

instantaneous and complete reaction occurs at tb- elevated bed temperatures.

(U) Figures 34 and 35 show the effect of initial catalyst bed temperature on

subsequent bed temperatures for both the He/O 2 /1 2 /C11 and He/O/H 2 blends

having an inlet gas temperature of -100 F. Comparisons of the different

bed conditions shown in Fig. 34 indicate that a greater bed length is

required to achieve a given degree of reaction as the bed temperature is

decreased. Figure 35 shows that the required bed length needed for com-

p]ete combustion also varies with initial bed temperature for the

He/00 2/H2- blend.

(U) Figure 36 shows temperature traces for two stations with both ambient

and low initial catalyst bed temperatures. The temperature response rate

resulting f.om the high initial temperatures is much greater than the

low-bed temperature cases, as would be anticipated.

(U) Cryogenic Temperature Tests. The study of low Lnitial catalyst bed tem-

peratu'es was extended to -290 F hy chilling with purge gas cooled with

liquid nitrogen. With the injection temperature of the gas at 60 F,

response was quite good as shown ir. Fig. 37. These data are for the

0.75-inch bed station. The rate of temperature rise is approximately

the same as for catalyst initially at ambient temperature. Comparing

with other data, the law bed temperature acts to delay the time of
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TABLE 7

SUMMARY OF REACTOR BED TEST WIWC VARIOUS BED GEOMETRIES

Injection Bed Bed
Run Pressure, Flow- Diam-ter, Length,No. psia rate inches inches

8QA 520 Low 1 15

80B 563 High 1 1

81A 510 High 1 1.5

81B 530 Low 1 I

82A 95 High 1 . I

82B 90 Lov 1 ]

83A 85 Low 1 1.5

83B 125 14 gh 1

84* 95 Low 1 1.5

85A 550 Low 0.75 1

85B1 540 High 0.50 1

85C 550 Low 0.75 1

85D 5!i0 High 0.50 1

86A 530 High 0.75 1

86B 640 LO W5

87A 70 High 0.75 1

87B 60 Low 0.50 1

88A 60 Low 0.75 1

88B 115 High 0.50 1

L89A* 700 Low 0.75 1

All tests were conducted with an He/'02/H?__ blend, 0.062-inch-diameter
catalyst pellets, and ambient-gas inlet ' pz:'alre.

*Long-duration tests: Test 84, in excess of 800 seconds; Test 89, in

excess of 500 seconds
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reaching maximum temperature by 2 to 3 seconds. This results from the

extra enthalpy required to heat the bed to the steady-state temperature.

(U) When the gas temperature was also lowerea to LN2 temperature, the uataly8t

failed to initiate a reaction over a 5- to 10-second interval. This is

the result of either a reduced catalytic activity at these low gns-solid

temperatures or to fractionally condensing the oxygen from the gas mixture.

(U) Effect of Injection Gas Temperatpre. Figures 38, 39, and 40 present

temperature-time data for the He/ ) 2/H 2 blend at three different bed sta-

tions and initially at three different inlet temperatures. Figure 39

shows the hot-catalyst bed yields the fastest initial response followed

by the ambient-temperature bed and the low-temperature bed. The low

steady-state combustion temperatures and long response times experienced

at this station in the bed are caused by the short bed length (0.25 inch)

which is insufficient to complete the reaction.

(U) Catalyst Durability. The durability of the catalyst was evaluated in two

ways during the reactor tests. Single charges of catalysts were employed

during the bulk of the reactor studies, and two specific long-duration

runs were made with the same catalyst. The catalyst used for the ma.ior

portion of the reactor studies was subjected to greater than 75 runs of

at least 10 seconds duration without any noticeable deterioration. This

multiple restart capability and extended service life effectively demon-

.,_ates an excellent 1jfon poteLtial.

(U) In addition, a charge 9f the 0.062-inch catalyst was used in two long-

duration tests, one in excess of 800 seconds and the other in excess of

500 seconds. Again no deterioration was noted over the accumulated serv-

ice of greater than 1300 seconds.

(U) These results are in agreement with other durability results for catalysts

in related service (Ref. 5 ). These results indicated an essentially

infinite life, if the reaction temperature is kept in the vicinity of

1500 F. Higher teraperatures on the order of 1800 to 2000 F could. lead

to reduced catalytic activity.j 72
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(U) Delivered Thermal Effici~ecy. Ag a means for measuring the performance

of the reactor, a delivered thermal efficiency factor was defined as the

temperature rise of the gas (as measured by the chamber temperature)

divided by the theoretical temperature rise. Figures 41, 42, 43, and 44

show the delivered thermal efficiency for the cold-gas-temperature series

of tests. These particular tests were chosen, since more pronounced

variation in performance shculd occur as a consequence of the low initial

gas temperature. For comparative purposes, Fig. 45 shows delivered ther-

mal efficiency curves for the hot-grs temperature test and for the cold-

gas temperature test. The zero time point on the ordinate of the subject

figure- was defined as the time when the main valves were energized. The

unexpek •ed aspect of Fig. 45 is that the hot-gas curve lies below the

cold-gas curve, indicating better performance and Letter response for the

cold-gas conditions. A possible explanation is that a greater relative

quantity of heat is lost to the chamber and injector walls under the

higher temperature conditions; thus, relative performanca would be

impaired -or the higher temperature condition.

(U) A study of the aforementioned curves reveals some interesting aspects.

These are: (1) no significant difference in delivered thermal efficiency

can be attributed to the difference in gas mixtures; (2) a cold initial
÷f s .temperatur doe no' a peai Lu havP an an efrD hi- •'-Ct+ .+

low-pressure conditions while it does at higher pressure; (3) at the low-

flow conditions, performance is poor and. response is ia•decisive; and

(4) the curvature is approximately the same for the high-flowrate curves

at ambient and low initial-catalyst temperature conditions. The poor

response characteristics of the low-flow tests show the need for the

delivered heat of reaction to be significantly greater than heat losses

if response time ib to be reasonably short and performance acceptable.

((U) fhe similarity of the curvature for the high-flowra`. curves indicates a

similar. time constant may apply to all high-flowra:e conditieons. Ybe

delivered thermal efficiency is, in fact, a respo... term. Furthermore,

the response time of the exit gas shouid be approximately equivalent to

the overall response time of the bed. Inzpection of data of many tests

showed that the exit gas temperature (chamber terriperature) was nearly

the same as the average temperature of the bed.
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The response time to a catalyst beI may be estimated as:

T -T Tv

T-T exp \cb/ t exp (-kt) (1)
0J

k P(2)
MBCb

(U) Using the data of the high-tlowrate, ambient-catalyst temperature curve

of Fig. 41 (by plotting the log of (T - T)/T - T ) vs time and taking
ff o

the slope of the resulting straight line) an experimentally determined k

of 0.372 sec was obtained. This compares with a calculated k (from the-1

c/MBcb term) of 0.54 sec The difference between these two values is

attributed to heat losses to the chamber and retaining screens, 4o that

the effective heat sink capability is increased to a value greater than

the MBcb term.

(U) Reactor Pressure Drop. Reactor pressure drop was found to be extremely

sensitive to temperature, both the temperature of the entering gas and

the hardware temperatures. Intercotuparison of the data of Fig. 17

tu'uagh 23 illustrates this point. Taule 8 lists the pressure drop

experienced across the reactors for a variety of operating conditions.

The wide differences in the data again illustrate the pressure-drop sen-

sitivity to temperature and also allude to the problem of correlating the

data.

(U) By selecting the terminal conditions of those tests where the axial tem-

perature distribution was essentially constant, suitable data for a

pressure-drop correlation were obtained. ThEse data are presented in
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Fig. 46. A linear nounialization of the data to 1500 F and 500 pjia for

the high-pressure tests and 50 psia for the low-pressure tests was employed.

These data are somewhat scattered, but the data can be reasonably repre-

sented by two straight lines on a log-log plot.

The Ergu, equation,

g 2 1 - D G + 1.75 (3)G L l-'
0

which is ene of the better equations for describing pressure drop through

packed beds, ic also shown in Fig. 46 for the two pressure conditions of

500 and 50 psia. The experimental data are six-fold higher than the

Ergun equation for the high-pressure data, and two-fold higher for the

low-pressure data.

(U) In addition to these deviations from the predicted pressure drops, the

experimental pressure drop does not appear to be a function of pellet

size; data for the two pellet sizes fall in the same area. This is again

a deviation from an analytical prediction of packed-bed, pressure-drop

charanteristics. The one aspect that Lends to shift the curves is gas

temperature. A few data points for cold and hot gaseous mixtures depart

considerably from the curves, and illustrate the effects of injection

temperature.

(U) The experimentally observed pressure drops being considerably in excess

of theoretical indicates that much of Lhe pressure drop occurred outside

the bed. This is further substantieted by the absence of a pellet-size

ef-ect. As mentioned previously, a 0.]5-inch Rigimesh disk served as a

distribution plate. It appears that the major portion of the pressure

drop occurred across the Rigiwesh.
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Thermal Analysis

(U) The catalyst in a reactor and the reactor body components act as heat

sinks to delay the full thermal response of the pressurae, during initial

firings when $he reactor is at a relatively low temperature. The ene ,3y

transfer from the gas to the reactor lowers the enthalpy and the reac A

temperature of the gas. This loss in temperature is reflected in a

decrease in the pressurization capability of the mixture. A simplified

model has been developed to evaluete the thermal response of the reacting

mixtures. The catalyst bed is considered to be infinitely conductive and

in thermal equilibrium with the gas. A more realistic model would assume

each radial cross section of the system to be at a uniform temperature

with a temperature variation longitudinally. However, such a model cannot

be described by a siu~plified mathematical approach, and the model described

below was developed to give an approximate value of the thermal response.

Catalyst Bed
Unreacted Reacted
Presgurant T, MB, cb Pressurant

Gc s P-* Gas
Tin,• T,@ cp

\(j ,he system correP-ifld in thp cU~aiyVL bed ujUu

The energy equation is given by:

Sc (T. - T) dt = MBcb dT
p I

with the boundary condition given by:

T. = T T for t O; T. = T* fort>0 (5)

The solution to Eq. is:

(T* T ec t

(T* exp B cb
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(U) The response calculated from Eq. 6 will represent minimum response times

as the decrease in flame temperature is not considered. Table 9 presents

the sol'utions .'o Eq. 6 for all of the conditio ns of interest. Addition-

ally the total enthalpy loss from the pressurant gases is also shown along

with the ratio of reactor wall to catalyst pellet heat transfer coeffici-

ents. This latter parameter has been computed from equations presented by

McAdams (Ref. 6,)

h 6 D p/Dt D

-k = [.06 Re0"59 Pr1/3K- (7)h 1 r 08l2 Re 0 ' 9 K

1.212 (Dt>-
1e0.31 D

(U) Table 9 shows the total heat loss to the reactor bed liner is a small

portion of the total heat loss, and the liner response time is less that

0.1 of the response time of the catalyqt pellets. Therefore, it is neces-

sary to miiimize the catalyst volume for each application to minimize

the heat loss and maximize the bed response time.

(U) For example, if the bed were optimized for a pressurant flowrate of

1000 sci/sec using 0.125-inch-diameter catalyst pellets, the total heat

loss (;acluding the liner) would be approximately 5.08 Btu and the bed

response time would be on the order of 0.88 second (aasuming no change

in flame temperature). These valucs are based on an initial temperature

of o F.

(U) Table 9 also shows the catalyst bed response time for the low flowrates

is on the order of 35 to 40 seconds, illustrating that the bed volume fer

the 100 sci/sec experimental flowrates is approximately one order of mag-

nitude too large. The analytical heat transfer rates presented in

Table 9 show the heat transfer coefficient of the catalyst granules is

much larger than the heat transfer coefficient of the wall. It is there-

fore evident that the major initial thermal loss occurs in, heating the

pellets.
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kAtnlusions.

(U) The results of tLc. reactor evaluation tests substantiate the feasibliity

of employing a catalytic reactor to heat propellant pressurizing gases.

The e-velopment of this concept zf improved propellant pressurization

will aot be jeopardized by ca-talytic reactor limitations ur performance.

In more specific terms, the following statentehte may be made regarding

this study. I
1. The 1-inch-diameter reactr hardware responded suitably ler

nominal flowrates of 1000 qci/sec at pressures ranging from

40 to 700 psia. Bed lengths as short z 1 inch appear suitable.

2. Temperature respcnse at a nominal 100 sci/sec were character-

istically slow, but this can be explained as largely resulting

from excessive heat loss in proportion to heat inpat. Additional

effort with smaller-diameter react3rs is needed to definie untimum

geometries for these low flowrates.

3. Maximum bed temperatures equivalent to the theoretical reaction

temperatures indicate catalytic conversion ia essentially comn-

plete under conditions of insignificant heat loss. Additionally,
--- r .'eady -tat-" - n- dti-u• delivered t hyeal e "ffl ,

encies of up to 95 percent w,ýre achieved.

4. Low initial catalyst bed temperatiues (-100 F), of themselves,

do not severely impair temperatare response.

5. The cetalyst is responsive and durable for an extensive number

of firings (> 75 starts) anil a long accumulated firing time

(> 1300 seconds) when the maximum temperatures do not greatly

exceed 1500 F.
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EXPULSION D04ONSTViAT IONS

(U) The experimental c•pulsion demonstrations were performed to illustrate

the use ..f a catalytically reacted piessirant system; and to provide a

comparisen between the expulsion c-,pabilities of ambient temperature

helium and a reacted mixture. The nominal blend composition selected

was 3.6 volume percent oxygen, 7.2 percent hydrogen, and 89.2 percent

helium. The liquid propellants expelled were isopropyl alcohol, simu-

lating a storable propellant, and liquid nitrogen, simulating a cryogenic

Propellant.

Experimental Apparatus

(U) The apparatus used in these demonstrations, (Fig. 47) consisted of a

blend storage tank, pressurant fluid flow regulation system, catalytic

reactor, propellant tank and liquid propellant metering system. The

catalytic reactor was selected on the basis of the results of the

catalytic reactor evaluations, and consisted of the previously described

1-inch-diameter reactor filled with a i--inch-long catalyst bed composed

of 0.062-inch-diameter cataly3t pellets. The catalyst used was the

Engelhard Industries, Inc., MFSA material, also previously described.

The pressurant metering system consisted of a turbine flowmeter,

upstream of the pressurant main valve.

(U) The propellant tank was a nominally 25-gallon, stainless-steel vessel

rated at approximately 1700 psia, and heavily insulated to minimize

propellant boiling during the simulated cryogenic propellant (liquid

nitrogen) demonstlations The propellant metering system consisted of

a turbine flowmeter installed in the discharge liqe. An overflow pipe

level indicator system was used to establish the liquid level prior to

initiation of the run.
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E__xperimental Procedures

(U)The demonstration expulsions with each expellant were conducted first

with ambient helium and then with the reacted pressurant. This affords

a direct comparison between the helium and heated-gas expulsion

capabilities. The blend expulsions were accomplished in three steps:

(1) filling the propellant tanks, (2) preparing tne pressurant fluid,

and (3) accomplishing the expulsion. The helium expulsions included

only the first and last steps. In filling the propellant tank, the

simulant fluid was introduced through the bottom tank port. The overflow

line was inserted into the tank leaving an ullage space which represented

only a small fraction of the tank capacity when liquid overflowed through

the stand pipe. Temperature measurements were made both inside the tank

and on the external tank wall. The pressurant fluid was prepared

following the propellant filling opcration. This was accomplished using

the procedure described in previous sections.

(U) The final step was the actual expulsion run. With the isopropyl alcohol,

the expulsion was performed in a three-stage cycle. In each stage,

approximately one-third of the propellant was expelled. Conversely, in

the demonstrations involving the use of liquid nitrogen, the expulsion was

performed as a single steady run.

Results and Discussion

(U) Storable Propellant Expulsions. The expulsions of the storable

propellant simulant, isopropyl alcohol, were conducted at a nominal

propellant tank pressure of 250 psia in the manner previously discussed.

The results are summarized in Table 10 and Fig. 48 and 49.

In each instance the three-stage experiment resulted in uniform

expulsion of liquid propellant, providing ean excellent comparison of the

relative performance of helium and blend pressurauts. The single diffi-

culty encountored during the runs was the inability to measure the gas

temperature accurately inside the tank during the blend expulsion run.
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(U) Each of the three thermocouples located in the propellant reservoir

indicated a maximum temperature of approximately 315 F. Since this tem-

perature coincides with the isopropyl alcohol boiling temperature at the

tank pressure, it is presumed that the thermocouples were "wet" with

alcehol throughout the run and that this alcohol was slowly boiling

away during the run. This inaccuracy in the gas temperature measurement

does not affect the determinaticn of the blend requirements for expulsion,

however, because the requirements could be calculated from supplimentary

measurements.

(U) The results presented in F'g. 48 and 49 illustrate the liquid expulsion

rate and propellant tank pressure as functions of time for the helium and

blend expulsions. Comparison of the fige.res indicate the experimental

runs were very similar. Comparison of the pressurant requirements show

the blend requirements to be approximately 55 percent of the ambient

helium requirements (Table 10). This is particularly significant in

view of the fact that heavy heat-sink hardware was used in the

expulsions. A more precise analysis of comparable applications in

flight-weight hardware is presented in a subsequent section of this

report.

(I) An attempt was made to evaluate the coýadensation characteristics of the

blend reaction products in the alcohol. Samples t* alcohol were taklen

during both the helium and blend pressurant runs. Each sample was

analyzed for water content, since water is the only appreciably soluble

reaction product. The samples from the helium and blend expulsions were
analyzed and showed water contents of 0.05 and 0.24 weight percent,

respectively, However, a material balance on the blend shows the

maxim nm water contamination frim this source to be 0.11 weight percent.

This indicates that either the sample was contaminated or the alcohol

used for the blend expulsions absorbed a significant quantity of water.
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(U) Cryogenic Propellant Expulsions. Following completion of the expulsion

experiments with the simulated storable propellants, similar runs were

made with liquid nitrogen simulating a cryogenic propellant. These runs

differed slightly from the previous runs with alcohol, the primary

difference being that the cryogenic runs were conducted as a single steady

expulsion rather than in three stages as with the stbrable propellant.

The primary purpose in this run procedure modification was t, elin.inate

propellant boil-off during the downtime between stages.

(U) The results of the expulsion runs are summarized in Table 11 and

Fig. 50 and 51. An aborted run was made prior to the successful expul-

sion with the blend pressurant. A tantulum plate used to retain the

catalyst bed lecame embrittled and broke immediately upon initiation of

the low-temperature, nitrogen expulsion. The plate was replaced with a

stainless-steel plate which would not embrittle at liquid nitrogen

temperatures, and a successful run was accomplished. Figure 50 shows

that the liquid expulsion rate with both the helium and the reacted

pressurant decreased with time as the run progressed. This was caused

by a drop in propellant tank pressure with time, resulting from the

inability of the gaseous supply system to maintain constant pressure in

the tank. The decreasing tank pressure was determined to have little

effect on the test results. The tank pressure-time relationship is

shown in Fig. 51 for both runs.

,,,, 'ThAe ..... ' of these runs indicate that the heated gas r-auirements are

approximately 31 percent of those observed with the helium pressufant.

The previous remarks concerning pressurant enthalpy loss to the heavy

tank walls and flanges ipply in this case as well. The problem of

measuring gas temperatures inside the propellant tank encountered in the

storable propellant expulsion were also observed in the runs with liquid

nitrogen. The effect was less pronounced, as the boiling rate of liquid

nitrogen on the thermocouple surface was sufficiently fast to provide

essentially "dry" thermocouple junctions. Thus, the hot-gas temperature

was observed almost immediately aftet the liquid interface fell below the

thermocouple level.

98

*
Ii



rzs 0l -:1 0T x

Ln U"N .4 r- '!te

-P Ur) F F4, 0 00 a\rH 0 I
0-4 N.- ti'. I N I I I

r--t--

r I \ý , -~

Z P4 C~ * 000'. rHo tel.II'.
0P *r a\. r- '. - Cq. 0'. r

S 00 0 -(D c i I~ O 1

ý'-4

0' 
1

C0

94 d)
Ww

C 40 CID 0 -P -P4

ce rF4 P4 04 P-1 Im -9j
cc 4) F3 _



144 J V'4 T4111 i;;-4
Ii~K $ ~ .Y l IT

4- ~fr -,- I

-4,---

14'4



-±I-tt = It ýLftffl ti f q+4 i Iii L i±_-ti ý_H f j i-iii±ýf f ff ±Ht +H f JM - ýFftfl 1 11 1 fff f i f f I f i i-+t LLf±ifft ±tJ1 i ffT4i 4 4ffifjiff- Wf
hf f +14

t

ti 11 Afff1N.f ±Eii iHf =T
T W4 ±H1Hff i-Hi

fff+ . T FR
J±ý+ HH
ffff

HH+ J.- lift iffl

Ltf

±ff+

-ITT,

J±if +H4 7
4:4 

±H- f
fFH- +H+

fiff
HTT

UH +H31 I=T+ýFFHIT HEI

EEH Jift
Hff

MPH. iffT
+H+

tt" f+ý. ±H4 ±fi+ ttft±Eff P:RT H9 ±1H±Eff +H4+ 1-14 1+14

±H 

I
if

+H4 HR

Of RM±Ht 
±ýff 

111T 
±H±

off
±fft if
Hff fiff +f+'
+44+ ++4+

H1
##
##

Ittt:

+[++

J
..........

Vigure 51, Tank Pressure as a Function of Time
for the LN2 Expulsion Tents

101



Although the 69 percent reduction in pressurant requirements with the ble..%I

as compared to ambient helium is not directly applicable to a flight weight

system, this rather conservative comparison indicates a strong application

potential for given duty cycles.
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PERFORMANCE ANALYSIS

(U) The iaajor analytical tasks of the program consisted of establishing accu-

rate theoretical performance values and in providing performance efficiency

determinations. Much of the analytical effort has beer, integrated into

the previous sections in which performance has been discussed. The com-

bustion parameters of the gas mixtures and a comparison of theoretical and

experimental pressurization models are presented in this section. Addi-

tional details on gas mixture composition are shown iii '.ppendix B.

(If) The Rocketdyne frec-energy digital computer program was used to obtain

theoretical cGc.ustion parameters for four different pressurant mixtures.

The mixturee consist of small amounts of reactive gases in stoichiometric

proportions homogeneously mixed with an inert diluent. The mixtures for

study are:

1. Helium with oxygen and hydrogen

-.... " yge., hydrogen, and methane

3. Nitrogen with oxygen and hydrogen

4. Nitrogen with oxygen, hydrogen, and methane

(If) Figures 52 and 53 preseni the combustion parameters for N2 /0 2 /H 2 and

Ife/02/HI2 , respectively. No effect of combuction pressure was noted in

the range considered, 25 to 1000 psia. The helium mixture offers a

significant weight advantage over the nitrogen mixture as the combustion
Drodtcits arp ib _m- nnz,--ivfh nof +the of ,.he "o "j•L. ....

.... . ... .. ,.....ISu.L, k n i ,, g u il Xuuucu~s at,

equal temperatures, pressures, and displacement volumes. This is shown

L11 Fig. 52 and _7 by the combustion parameter (T/M) which is the

combustion temperature (R) divided by the effective molecular .-z-ght of

the combustion products. The -water content of thc products is bho•n as

a percentage of total weight. The effect of pressurant water vapor con-

tent is strcngly dependent on the heat trari.,fer from the pressurant to the

propel'ant tank walls. If the pressurant temperature is lowered

sufficiently, condepsation occurs. Comparison of Fig. 52 and 53showe

that the N2 /0 2 /11 2 "lend flame temperatures are less sensitive to compo-

bition changes than the IIe/0/1 2 blend
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(U) The effect of inlet temperature on the above mixtures is shown in

Fig. 54 and 55 . At inlet temperatures of 200 F, reactive gas contents

of 9.5 percent for the helium mixture and 13.6 percent for the nitrogen

mixture should not be exceeded because of the present steady-state

operational limit on the catalyst bed temperavure of 1500 F.

(U) The effects of substituting methane as an additional reactive agent is

shown in Fig. 56 and 57 , whih present combustion parameters for

N2 /o 2/1H2 /CH4 and He/O 2 /H 2 /CH , respectively.

(U) The methane mixtures were established with sufficient stoichiometric

amounts of oxygen and hydrogen to raise the gaseous mixture temperature

to at least 500 F. At 500 F, a substantial margin is provided to ensure

complete catalytic reaction of the methane and the remaining oxygen.

The oxygen-methane reaction has been found to be responsive to catalytic

ignition at temperatures of about 300 F.

(U) Figure 58 shows the effects of inlet temperature on combustion temperature

for N2 /0 2 /H 2 /CH4 and He/0 2 /H2 /CEH mixtures. Comparison curves of water

content of combustion products as functions of inlet temperatures for the

nitrogen and helium mixtures are presented in Fig.59 and 60.

(U) Using the theoretical data presented in Fig. 52 through 60, a preliminary

pressurization system weight estimate was made to screen the candidate

propellants for the Phase Il and Phase III portions of this program.
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(U) Table 12 shows that a significant weight advantage can be obtainea using

the helium diluent systems rýtther than the nitrogen diluent systemu,

This is primarily because of the L-rge difference in molecular Veight

that exists between the two diluenta. The addition of methane as one

cf the reactants incre?,.es the amount of required pressurant by about

3 percent. The water t-nvtnnt of the combustion products, however, is

reduced to about 68 pee'cent of the He/0 2 /1 2 value in the high-teaperature

case, and to i.hout 80 percent of "he He/0 2 /H 2 value in the low-temperature

case by using the methane additive in the reactant.

(U) The effects of combustion prcduct water content were determined using the

Rocketdyne digital computer pressurization program. Thiv program computes

the system pressurant requirements including the effects of heat transfer,

water condensation, and duty-cycle variations. Appendix A details the

equations utilized in this computer prograr.

(U) The digital computer pressurization program was uaibd to size a 150,000

lb-sec total impulse attitude control system which utilizes an N2 04 /*4H

propellant combination. Calculations were performed defiLing the efleLts

of combustion flame temperature on the pressurant weight requirements for
the He/c2/42 and N2/02/H2 mixtures at propellant tank pressures of 25

and 500 psia. Expulsion durations, assuming a linear continuous pro-

pellint depletion rate, of 400, 900, 1O00, and 2400 seconds are compared

in Fig. 61 through 64, respectively. The pressurant weights are

relatively insensitive to flame temperature at prpssures near 25 psia.

This suggeois the pressurant weight is not, ser-.ous.y affee CAI•d ,y changes

in flame temperttiure resulting from changes in inlet temperature caused

by polytropic expansion. A more significant decrease in pressurant

weight with increasing flame temperature is noted at the 500-psia

pressures. The N//H system displays P. variance of up to 28 percent

at the 500-psia pressure. The increase of water condensation with

increasing combustion temperature results in a slight increase in

pressuart weight for the fle/0 2 /" 2 system at 25 psia as more water is

formed at the higher temperature. At higher pressures the heat losses

and the resulting condensation are less, producing lower pressurant weight

as flame temperature increases.
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COMPARISON OF EUPERIMENT WITH THEORY

(U) A summary of tLe data obtp.ined from the program experiments and predicted

values is y :eserted in Table 13. The ;xperimental pressurant quantities

were obtained by using 6wo independent methods. The first method inte-

grated the pressurant flowrate with respect to time, while the second

method used the initial ai-d final pressurant tank pressures and tempera-

ture, fhich were :orrected for compressibility effects. Reasunable agree-

ment was obtained between the two methods which showed differences of less

chan 4 percent for the alcohol expulsion tests and less than 8 percent

for the IN2 expulsion tests. Later comparisons with predicted values are

based on the integrated flowrates.

(J) The analytical predictions for both the helium pressurant and the catalyt--

icall.y reacted pressurant were obtained from the digital computer program

described in Appendix A. Although the computer model includes the effects

of expellant vapor, the analytical quantities shown in Table 13 are for

the weights of pressurant only.

(U) Very good agreement between the analytical predictions and the experi-

mental data is noted for both of the alcohol expulsion tests. The pre-

dicted values of required pressurants are within 15 percent of the

experimental quantity for the helium pressurant tests and within 4.5 per-

cent for the catalytically reacted pressurant tests. Additionally, the

anLyt.LIca cumuou er nhruie predlicts an averagep roelan tan * er

perature of 573 R for the blended prissurant expulsion tests, while the

average experimentally measured temperature is approximatelY 550 R. Close

agreement between the analytical and cxperimental tank wall temperature

is also shown for the helium expulsion tests. However, a large discrepancy

is shown between the average pressurant temperature predicted oy the com-

puter p ogram and those obtained experimentally. The measured temperatures

were found to agree closely to the boilink temperature of alcohol at the

expellant pressure. The pressurant thermocouple installations apparently

retained expellant fLuid whiL. v-porized during the expulsions and resulted

in the recording of fluid vaporization temp-ratures rather than those of

the pressurant. The same effect influenced the pressuiant temperati÷sre'

recordings during the LN2 expulsion tests.

125



c, -"M -0 -D -~ -1 -- i

*ý -: 0ý 4'.Oo 44 _:r- \

ccI -4 -1 m4 -4-4~

0 0 0 M~tCJ-4 10 -' -~

*CD 0H 4 n' C4 P -4~ -- JrLC-4 r-

bb -40. '
0 l S.,-4 04 N' U-1 ~ ~ '

., P4(t 0 *N 1-4N.0 NN~t'
C14- 0 N ..

rn-4 qnr0 n

a) 0 -4 0 C; r LC) NO1N N C~'Ln 1-4

P--4

Qz- 0 0I Cf' 11 0 r Clr

C.)) UU)LI

ooP

-4)
-4-N

w4 +14 w d4 -4 Q) -r 0 -,-4 W$-

(D20 -4 r4-U20 0
-44. +)) ;4 0*4 en4 c

0 ~a ~ *PP4 -ý HP4~ .r- IU _4a 0 -r
-4 O -4 C1

0l 0 -4 m-~ ~
0- a) .- 4) cd c SEI

4
d

E1-4 ki PH V
E-4

cc 4) -P0).

*,- A4~ H -4
bca E-4 -

=) ci) C) d U)Cd0)4 ~ -

& . -4P 74-4 ~ -4 C
-4 .- +)C OC.) cci)
(z E--4 -P-4 P.. (d p4 -4

Q 0) P) 0 Q0
N -4 ~ P -H+)

P4 Uiý. P4 -P 0

hoP co4 r P.4 r

126



(U) The LN2 expulsion experiments presented some problems analytically as the

- nitrogen vaporization rate was difficult, to estimate. However, the ana-

lytically predicted quantity of helium was within 23 percent of the

measured value, and the quantity of He/0 2 /1 2 predicted was within 3 per-

cent of that measured. The computed tank wall temperatures agreed closely

with the recorded values,
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E•STIMATE OF SYSTEM WEICHTS

(U) The weights of catalytically reacted pressurization system can be closely

approximated if careful attention is applie ,n estimating the weight of

eachi component. Figure 69 is a schematic representation of a typical cat-

alytically reacted pressurization system showing the major components.

The weights of most of the components (such as regulators, check valves,

fill valves, etc.) can be obtained by reference to detailed weight lists

of systems similar in size to the one being considered. Three components,

however, require weight calculations to be made specifically for each

selected system. These arc the pressurant weight, pressurant tank weight,

and catalyst bed weight.

(U) The weight of pressurant needed to expel the propellants, as well as the

final mixture temperature and average propellant tank wall temperature,

can be determined by using the equations of the computer program detailed

in Appendix A. This computer program has been developed utilizing a con-

stant combustion temperature. Correcting to the operation conditions of

an actual system involves some provision for the polytropic expansion of

the Pressurant. Figures 61 through 68 show that the quantity of catalyt-

ically heated pressurant calculated using the computer model should be

increased by about 5 percent at the 25-psia tank pressure level and by

approximately 7 percent at the 500-psia level to provide for these effects.

The residnal pre•- .. .rant left in the press-n-t- -buLole can hp p.. .mna. ,

by assuming a polytropic exponent for the expanding gases and computing

the final pressurant bottle temperature. The pressurant tank volume is then:

W tR T. Z.
Vt 1 (s)

P_ i P iT f

and the weight of the residual gas is:

SW (9)
Wr R T(

Rf
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(U) The weight of a spherical pressurant tank can be closely estimated by:

S- w= (2 (W + W) R T p Z 9.5 (W + Wa) (10)

using titenium as the tank material..

n (U) The volume of catalyst required to promote virtually complete reactions

umay be estimated using the following equation which was derived from the

reactor bed experiments.

- c A

where V is the net volume ef the catalyst bed and */A is the pressurant
c

flowrate-per-unit cross-sectional area of the catalyst bed in lb/sec-in.2

13
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MINuTEM7 N VBCS PRESSURIZATION SYSTEM ANALYSIS

(U) The pre.-surization requirement for use oi, the Minute n PBCS module were

analyzed by use of the Roketdyne l)rssurization computer program. The

design characteristics of the system analyzed are detailed in Table 14.

Cytindri(al propellant tanks with bellows for expulsion devices were con-

sidered in the study.

(C) Two duty cycles were used in the system analysis. The first consisted

of a constant rate propellant depletion over r 235-second interval, at a

1.06 lb/sec propellant flowrate. The second duty cycle assumed two equal

duration expulsion periods of 117.5 seconds at the 1.06 lb/sec flowrate,

separated by a coast interval of 125 seconds with tlha total operational

duration equalling 360 seconds. This was considered to be one )f the

more severe pressurization requirements of the various mission duty cycles

as the pressurant would be exposed to a maxiinum heat loss during the coast

interval.

(C) The computations for the "wouti of !-,italytically heated pressurant,

Ilei/OjlJ2 , assumed a polytropic expansion coefficient of 1.33 for the

pressurant remaining in the pressurant tank. A nomainal reactor temper-

ature of 1500 F was used. The results show the HIe/Oi 2 systea to be

37 percent less in weight than a cold-gas helium system. Additionally

the two different duty cycles cinsidered in the analysis yielded almost
idenfi _,, ! r .. .. + .. ;•, m . . .. ...

id ........ .. ~........ •awwja. -. *ve results are show, Jin

Table 15.

PRESSURIATION SYSTEM FOR THE MANEUERING

SATELLITE VEHICLE

(c) Analyses were performed to determine the applicability of a catalytically

rmacted pressurant subsystem to an advanced. propulsion system employing

13!
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TABLE 14

I)FSIGN CRITERIA FOR THE MINIUTEMAN

PBCS PROPULSION SYSTEM

Propel lants

Oxidizer N204

Fuel K

Mixture Ratio, o/f 1.6:1

Propellant Weight, pounds 250

Operating Temperature, F 80 ±20

Storage Temperature Maximum, F 150

Mission Duration, seconds 360

Pressurant Helium

Pressurant Storage Pressure, psia 3200

Pressurant BottLe Safety FacLor 2.0

Duty cycle, A Continuous depletion
of propellant at
1.06 Ib / sec

Duty cycle, B Depletion of pro-
pellant at 1.06

lb/sec for 117.5
seconds; no deple-
tion for 125 sec-
onds; and depletion
at 1.06 lb/sec to

Pressurization System Weight, pounds

Pressurant Tank 14.86

Tank Bracket 2.7

Isolation Valve o.54

Regulator and Filter 1.2

Pressure Switch 0.8

Relief Valve 0.9
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TAP XJI 14

Burst Disk 0.,1

Manifold 1.0

Fill Valve 2.1

Helium 1.0

TOTAL 23.5

Propellant Tank

Configuration Cylindrical

Inside Diameter, inches 13.75

Length, inches 22.3
Wall Thickness 0.060

Tank Material Density,
lb/cu in. 0.283

Tank Wall Specific
Heat, Btu/lb-F 0.11
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TABLI 1',,

PRESSU•JZATION SYSTEtM COMP'AIIIRSON

Reacti-ve Gas"
Pressurization

System

Helium C9'1d Gas Duty Cycle "A" Duty Cycle "B"
Pre s3urization (235-Second 0360-Seccond

System Duration) Dura+ i on)

Quantity of Pres-
surant Required,
Pounds 1, 00 .57 .70

Fressurant Tank
Weight, Pounds 14,.'3, 6.19 6.85

Regulator, Squib
Valve, Fill Valve,
Filter, Brackets 7.64 7.64 -764

TotFl, Pounds 23-50 14.50 14.79

*Duty cycle "A" consists )f continuous depletion of propellant at

1.06 lb/sec. Duty cycle "B" consists of use of propellant at a
1.06 lb/sec rate for 117.5 seconds, an of.C period of 125 seccnds,
and then depletion at a 1.06 lb/sec flowrate.

Initial pressure in pressxraut taiak, psia 3,200
Final pressure in pressurant tank, psia 300

=I
04
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cryogenic propellants. Principal design narameters for the vehicle were

abstracted from the Maneuvering Satellite Optimization Study (Ref. 7).

These are listed in Table 16. Some sl:ghý changes were incorporated in

the system components and operation to simplify the analytical study.

Emphasis is maintained on the elements concerned with the use of a heated

gas pressurant, and no effort is uade to influence the overall system

designs or functions.

Pressurizaticn Operation

(C) A mixture of He/0 2 /H2, catalytic reaction temperature of 1500 RB, is tanked

in a titanium pressure vessel at vehicle equilibrium temperature, 400 R,

for se as a prepressurant for the LF2 tank. Prior to ujection into the

LF0 tank, the gas is catalyzed to -.500 R, assed throu n a. heat exchanger

and cooled to 550 R where the majorit ,f the weler formed by reaction

(85 percent) is condensed and removec ' :-lLected water is vented

ovwxboard periodically, as required.

(C) Helium is stored iii the LH2 tank at LH2 temperatures, 35 to 47 R. It is

passed through Lhe heat exchanger used for the He/O 2 /H, gases, heated to

550 R, and then injected as a prepre3surant for the LII2. After pump oper-

ation has been started, gaseous hydrogen (200 R) from the thrust chamber

cooling jackets is used. to maintain the LH2 tank pressure at 70 psia.

(C) The LF2 tank pressure is maintained at 70 psia during thrusting operation

by continuing the flow of the prepressurant gas, He/0 2 / 2 , and by redirect-

ing the heate, helium, no longer required for LH 2 pressurization, into the

LF2 tank to augment the Re/0 2 /H 2 . After thrusting operation has terminated,

the propellant pressurant gases are assumed to reach equilibrium tempera-

tures with the respective propellants.
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Study Results

(C) The study scope was limited to a comparison of a prepressurization and

pressurization subsystem concept emplcying a reactive gas, He/0 2/B 2 , as

an energy source with an equivalent system in which unheated helium is

used. A comparison of the pressurant and tank weights for the systems

is shown in Table 17. The He/O 2 /H system weight total is '46.9 percent

of the unheated helium system.

TABLE Ib

MANEUVERING SATELLITE DESIGN PARAMETERS

Propel lants

Oxidizer LF.

Fuel L"2

Propellant Weight, pounds

LF2  14,616

LH 2 1,124

Mixture Ratio, o/f 13:1

Propellant Volume, Initial, cubic feet

LF2  150.5

SI•2250.0

Ullage, Initial, cubic feet

LF2  6.6

LH2  17.8

Propellant Temperature, Initial, R

LF2  140

10 2 35

Propellant Tank Pressure, Operational, psia 70

1,36
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TABLE 16

(Concluded)

Heat Transfer to Propellant

Launch Operation, Btu

LF 2  5,200

LH2  11,200

Orbital Operation, Itu/day

LF 2  240

LH2 240

System Operatiun

A duty cycle is selected of nine system operations within

a 24-hour period. Each operation is assumed to last 900

seconds at varying thrust levels witI' equal increments of

propellants being consumed each period.

Prepressurization at Launch

At launch, the LF2 tank is pressurized to 47 psia with

helium at 140 R. Heating during launch results in a

50-psia ullage pressure and 4-percent ullage volume.

The LH2 tank is pressurized to 30 psia with helium at

35 R which also results in a 4-percent ullage at 50 psia

at end of boost.

I
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TABLE 17

COMPARISON OF MANEUVFRING SATELLITE

PRESSURANT AND TANK WEIGHT

Heated He/02 /H2

Cold Helium and Helium
System :,,stem

Storage Temperature, R

Helium 400 37

He/02/H2 400

Pressurant Weight, pounds

Helium 53.3 25.6
He/0 2 /H2 --- 13.2

Pressurant Tank Weight, pounds

Helium 336.0 4].7

He/0 2 /H 2  92.8

Pressurant and Tank Weight, pounds 389.3 178.3

i
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GENERUl NOMENC LATURE

A = cross-sectional area of catalyst bed

c b = specific heat of catalyst

c = specific heat of combusted pressurantP

D = catalyst pellet diameterP

D = diameter of catalyst bed
t

F = ratio of total tonk weight to shell weight
(taken as 1.10)

g = gravitational constant

Go = pressurant mass flowper unit area

h = heat transfer coefficient from pressurant to catalyst

h w = heat transfer coefficient from pressurant to catalyst
liner

k = constant defined by Eq. 3a

K = thermal conductivity of pressurant

L = catalyst bed length

MB = mass of catalyst bed

= pressure

= catalyst bed pressure drop

Pr = pressurant Prandtl number

R = universal gas constant divided by molecular weight

Re = Reynolds number based on pellet diameter

S = design stress

SF = safety factor

t = time
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T = temperature

To = initial temperature

T f= flame temperature

V fi= volume of catalyst bed

Vt = volume of pressurant tank

W = weight of usable pressurant
a

Wt = weight of pressurant tank

W = weight of residual gasesr

Z = compressibility factor

w = pressurant flowrate

E = catalyst bed void volume

p = average density of reacted pressurant

PM = density of pressurant tank material

= average viscosity of reacted pressurant

Subscripts

i = initial

in = inlet

f final
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APPENDIX A

DERIVATION OF EQUATIONS DESCRIBING PRESSURANT

BEAT TRANSFER AN,) CjNDENSAT- j

(U) The pressurization of a liquid by a hot gas is an extremely complex process

which requires a number of simplifying assumptions be introduced to obtain

a set of equations suitable for solution. The assumptions indigenous to

this analysis are listed below:

1. Complete mixing occurs in both gas and liquid phases.

2. Heat transfer from the gas to the tauk walls and liquid is

determined by natural convection.

3. Gas properties can be estimated by simplified relationships.

4. The boundary conditions are liquid flowrate (W), tank wall

area (A), and propellant surface area (A ), and are known

functions of time.

5. Tank pressure is constant and no vaporization of liquid occurs.

(U) With these assumptions, a mass balance on the gas phase of the tank gives:

-=- I --- Z_ -- _ --A 1 '1g -c dt Tg RTg dTg 1

(U) If Lne gas contains a weight fraction, F, of a condensible gas, the rate

of condensation is given by:

W (F. F) W d (2)c g i g dt

(U) The fraction of condensible gas present in a saturated carrier

F vp e(ý t) (3)
P TPT AT
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(U) The rate of change of the fraction r.ondensible is given by:

dF ( M -(dT
dt Ku2)/ dtF()

g

(U) The rate of condensation is, therefore:

T dT in - F) W

g

(U) Substitution of Eq. 5 into Eq. 1 gives the total pressurization gas flow-

rate required to maiintain a constant tank pressure.

W W ~dT.2-- --9T 1 + F A
RTg) Tg RT 91dtW" = g '- 6)Wg I +F-F.(6

9 1 F Fin

(U) An energy balance can now be made for (1) the gas v-Jume, (2) the tank

wall, and (3) the liquid volume. The gas volume contains an amount of

suspended liquid so that the energy balance is written as:

_ H + W H = H. - qw - (7)
dt c g in (p

(U) The gas enthalpy is approximated by:

A = C T + HAI (8)g P g
g

which assumes equal specific heats for both constituents of the gas. In

a like manner, the enthalpy of the condensed phase is assumed to be:

c= p T9)

(U) The energy balance for the gas volume therefore has the form:

dT |
(Wg-W)H+Wg --- g + W & H

g c g dt g +g
dt

Wc c c CP dt g in p (10)
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(U) Rearranging gives:

v ~~W dT F j]IWgCpg + W g +g By• A&•g' • "W•i +

cCI T RT dt 'g[in HgJ

@c aBF .- %w - qp (1

(U) Using Eq. 5 and 6 to eliminate W and W gives:Ig c

V C + W + -H (ieF) +

FA Bn in -H +F &AH (F -F)+ in Fin+ . J) dt

Rm Cp k (T in T) Pm i (Fin- F) AH(l+F)

(--F F) + RTg(p-F. + F)
in g in

h (g - T )- h A (T - T) (12)V 9 p 9 p

(TU) Equation 12 is a first-order differential equation with variable coef-

fici•nts And can be solved readily by the TAP-3 computer program. The

energy balances for the wall and propellant can be written as:

Wall
dT

A Cp h A T T + A- T T(3
Aw wb dt - g w w aTaw wT ) (13)

Propellant

dT (T -T)
Wp - h S(T- T)+(AT .- ) W- T- (14)
p ,' dt pg p r l+ h + d/k

P

(U) The heat transfer coefficients are computed by the program using simpli-

fied property values for the gas (and air) as follows:

5 x 10- 1/2 T0 6  lb/in.-sec (15)

A-3



C - 2 m Btu/Ib-R (16)
P -CP3 - •

Pr - -•--• (!'7)
S~9 r-5

p s- l/ft3  (18)-i. T

(U) For the pressurization gas, the heat transfer coefficient is estimated

from the equation.

h = 0. (r

(U) For aerodynamic heating, the Colburn "j" equation for a flat plate is used:

h0aero=0.0295 (A1/5 (p V))/5( )2/3 (20)

(iT) The adiabatic wall temperature is estimated using a recovery factor of 0.9.

The film temperature is assumed to be the average of the wall and adia-

batic wall temperature.

(U) This computer model has been modified using the film penetration theory

developed by Huang and Kuo (Ref. A-l) to ac ount for diffusion. This

theory suggests that when a thin layer of stagnant fluid exists on the

boundary of two fluid phases which are brought in contact with each other,

the molecular species move across the film by steady-state molecular dif-
fusion, and there is no mase accumulation at any point within the film.

The additional equations utilized to improve the mathematical widel are

presented below:

C)ncentration Gradient

2
d CA

A- 0 
(21)

Diffusion Flux

CA\)

= Ip D( 6) (22b)

A-4..
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APPEMN IX A NOMECATURE

A = surface area

C = concentration gradient
A

C = specific heat
P

D tank diameter

D - mol ecuLtt diffilsivity of component A

A

F = fraction of condensible in gas in vapor form by weight

G = diffupion flax
w

H = specific enthalpy

L = distaLce from missile nose

P = pressure

R = universal gas constant

T - temperature

V = missile veloci-ty

W = weight

a = zonstant in vapor pressure cquation

b = tank wall thickness K
d = tank wall insulation thickness

h = convective heat transfl.; coefficient

k = thei'ma.l conductiuity

m = molecular weight

q = heat transfer rate

= time

A-5
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6 = boundary layer thickness

V = spccific heat ratio of gaa (frozen)

f = viscosity

p = density

Subscripts

a = refers to aerodynamic conditions

g = refers to pressurization gas

in = refers to inlet conditions of pressurization gas

p refers to liquid propellant

w = refers to tank wall

Reference A-1

Huang, C. J., and C. H. Kuo: "Mathematical Models for Mass Transfer
Accompanied by Reversable Chemical Reaction," A. I. Ch. E. Journal,
Vol. 11, No. 5, p. 901
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"APENDIX B

COMPOSITIONS FOR TIi, MIXTURF. REACTOR BED EXPEIRMENTS

(U) The proportions of reactant gases used in the helium diluent fnr the cata-

lytic reactor experiments were determined by use of a Rocketdyne free-energy i'

digitai computer program. The basic ternary mixture, ne/iyn 2 ,was selected

to yield , 1500 F cnmbustion temperature with a gas inlet tomperature of

77 F, and at a combustion efficiency of 96 percent. The resulting mixture

consists of 89.2 volume percent helium, 3.6 volume percent oxygen, and 7.2

volume percent hydrogen. Variations in reactant concentrations and flame '1
temperaturefs with reactor inlet temperatures are shown in Fig. B-1. The

flame temperatures shown in Fig. B-1 are based on 100-percent combustion

efficiency,

(U) The reactant concentrvtions of the He/0H2/CH4 blends used in the reactor

experiments were derived from the following ccnsiderations:

1. Sufficient amounts of hydrogen are used to result in a combustion 1
temperature of 500 f with an initial gas temperature of -100 F,

assuming a complete stoichiometric reaction of oxygen and hydro-

geii. This amount of hydrogen was established at a hydrogen mass

fraction of 0=0111 to ranct with an oxygen mass fraction of

0.0888.

2. Stoichiometric proportions of oxygen/methane are added as a func-

tion of inlet temperature to produce a maximum catalyst tempera-
tulre of 1500 F. As an example, with an initial gas temperature

of 200 F, the oxygen/hydrogen reaction will produce a temperature

rise increment of 600 F, resulting in a gas temperature of 800 F,

assuming no reaction from the oxygen/methane constituents. Suffi-

cient quantities of oxygen/methane are used tn produce a tempera-

ture rise increment from 800 to 1500 F. While the above approach

B-1 !



assu-wes a step-4ype reaction, the actual process is closely

approximated by the Rochetdyne free-energy computer program.

Very close agreement is shown between the two methods. Tile

ideal temperature rise resulting from the oxygen/methane

r'eaction is shown in Fig. B-2 as a function of the methane

mass fraction.

(U) The mixture proportions selected for the experimental evaluations of the

program are shown in Table B-1 as a function of inlet temperature.

TABLE B-l1

MIXTURE PROPORTIONS

Inlet Temperature, F -100 77 200

Mass Fraction, He 0.6736 G.7032 0.7246

02 0,2711 0.2464 0.2292

CdH4 0.0453 0.0393 0.0351

H2 0.0111 0.0111 0.0111

11=2
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