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DESIGN ISSUES FOR LUNAR IN SITU

ALUMINUM/OXYGEN PROPELLANT ROCKET ENGINES

Michael L. Meyer

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

Abstract

Design issues for lunar ascent/descent rocket engines fueled by aluminum/oxygen

propellant produced in situ at the lunar surface were evaluated. Key issues are discussed

which impact the design of these rockets: aluminum combustion, throat erosion, and thrust

chamber cooling. Four engine concepts are presented, and the impact of combustion

performance, throat erosion and thrust chamber cooling on overall engine design are

discussed. The advantages and disadvantages of each engine concept are presented.

Introduction

Utilization of rocket propellants produced in situ from extraterrestrial resources is an

approach which may lower the cost of future space exploration missions by substantially

reducing the mass of propellant that must be launched from Earth. Lunar soil, which is

primarily composed of metal oxides, is the nearest abundant source of extraterrestrial

material available for in situ rocket propellant production. An average elemental breakdown

of the lunar soil is shown in Table 1._ The lunar oxides may be chemically processed to

produce propellant grade oxygen, the use of which could significantly reduce oxidizer supply

requirements for lunar ascent/descent vehicles. In addition, aluminum, magnesium, and

silicon are elements which may be processed from lunar soil in significant quantities and

have high heats of combustion with oxygen. These elements could perform well as rocket

fuels. 2,3 Aluminum is abundant in the lunar soil (locally available in concentrations up to

14% by weight) and, with oxygen, has the highest density impulse of in situ propellant

combinations derived from lunar soil, as shown in Table 2.

Producing propellant from the lunar soil requires mining, beneficiating, and

processing the ore and storing the final product. Equipment and energy will be needed for in

situ production, and after the production system is put in place, worn parts may require

replacement and the reagents used during chemical processing of the ore must be resupplied.

With currently available production technology, the necessary supply of parts and chemicals

to maintain an aluminum/oxygen plant is predicted to be 3-5 % of the mass of propellants

produced. 4 Furthermore, because aluminum/oxygen has a considerably lower specific

impulse than hydrogen/oxygen, more propellant is consumed per pound of thrust generated

by the rocket. Performance losses, which may reduce specific impulse, will increase



propellantproductionandresupplyrequirements. Therefore,to minimize the supply line
from Earth andto maximizethe benefitsof usingan in situ propellant,it is important to
considerenginedesignissuesfor optimumperformanceand reliable, maintenance-free
operationof lunar ascent/descentpropulsionsystemsfueledby in situpropellants.

Propulsionconceptsfor a lunar ascent/descent vehicle supporting a manned lunar base

were considered in this study. The vehicle is capable of delivering a 6800 kg crew capsule

in addition to 10,400 kg of payload between the lunar surface base and low lunar orbit. On

the surface, the vehicle is loaded with in situ propellant for a round trip. It then ascends to

rendezvous with a lunar transfer vehicle in low lunar orbit, transfers payload and crew, and

returns to the surface. Maintenance operations on the propulsion system are assumed to be

done, either by crew or by robot, while on the lunar surface before the vehicle is loaded for

the next trip. Analyses of this type of mission indicate that two to five 66,700 N thrust

engines would be sufficient to propel a wide range of lunar ascent/descent missions, piloted

and un'pilotedfl _3 Further, an engine burn time of 360 seconds per mission provides the

necessary total impulse for the mission) Engine throttling will be necessary, and engine-out
capabilities are desirable.

Issues which impact the design of an aluminum/oxygen engine for a lunar

ascent/descent vehicle are discussed in this paper, which includes the results of previous

studies which considered design issues for aluminum/oxygen rocket engines. These issues

include performance losses associated with aluminum fuel, throat erosion, and thrust chamber

cooling. To better understand the significance of the issues, four engine concepts, each using

a different method of supplying the metal fuel to the combustion chamber, and the impacts of
the design issues on each concept, are considered.

Engine Concepts

Four engine concepts fueled by lunar aluminum/oxygen in situ propellant which were

considered in this analysis are shown in figures 1-4. These concepts are based on similar

concepts originally proposed in references 2,3,5, and 6. The concepts differ in the method

the propellant is stored and delivered to the combustion chamber.

In the concept shown in figure 1, the metal fuel is liquified prior to injection into the

combustion chamber. Liquefaction of the metal fuel enables use of more conventional liquid

propellant feed system designs. The energy required to liquify the metal fuel could be

provided by an on-board supply, beamed energy, or heat transmission from the combustion

chamber. A positive expulsion system would force the metal pellets into the heat exchanger

where they are liquefied. As an alternative to liquefaction of the fuel on board, the metal

fuel could be liquified prior to loading it into insulated vehicle tanks and stored as a liquid.

A hybrid engine concept in which liquid oxygen is injected into a thrust chamber con-

taining a solid aluminum grain is shown in figure 2. Autogenous pressurization is used for

the oxygen. A liquid oxygen pump, with a gaseous oxygen-driven turbine, could also be
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usedto pressurizethe LOX. A classicalhybrid, asdepictedin figure 2, was considered by

Sparks 5. More recently, a variation of the aluminum/oxygen hybrid was studied conceptually

by Brower et al. 6 The latter design consisted of bundled aluminum rods with oxygen flowing

axially between the rods. As the oxygen flowed along the rods, it acted both as a coolant for

the length of the rods and as the oxidizer when it reached the end of the rods. In this

manner, the engine would operate as an end burner. However, balancing the cooling, to

prevent conduction of the heat from combustion into the gaps between the rods and early

melting of the rods, was not resolved.

A third concept utilizes monopropellant aluminum/oxygen. The monopropellant is

formulated by suspending powdered metal in liquid oxygen. Two recent studies have tested

the feasibility of producing and handling a metal/LOX monopropellant. 7-9 When a gellant is

added, the mixture can be stored and handled much like a non-newtonian liquid propellant.

Figure 3 is a sketch of this concept. An inert gas or a slurry pump would be used for

pressurization. Though an inert gas pressurant would probably have to be supplied from

Earth, it would be preferable to gaseous oxygen (GOX) pressurization because GOX could

cause auto-ignition of the metal fuel.

The last aluminum/oxygen engine concept presented uses pneumatic transport and

injection of powdered metal fuel. As shown in figure 4, powdered aluminum would be

placed in a storage and entrainment tank. From the tank, the powder is delivered to a

flowing stream of pressurant/carrier gas which transports the fuel to the combustion

chamber. Using a low molecular weight carrier gas, even in amounts less than a few percent

by weight of the fuel, significantly improves specific impulse performance of

aluminum/oxygen propellant. 3'1° The performance improvement is due to a reduction of the

exhaust product molecular weight. Thus, the penalty of carrying a small amount of

pressurant from earth may be off-set by the large specific impulse improvement. Oxygen

would be injected into the combustion chamber separately, and the propellant would mix

there and burn. Some experience with this type of system was obtained in past studies using

pneumatic transport of powdered metals as a method of obtaining a more dense missile
fuel. hA2

Design Issues

Several issues must be addressed to design an aluminum/oxygen engine. Based on

experience with solid propellant rockets employing metal additives, the most challenging

issues for aluminum/oxygen rockets are aluminum combustion, throat erosion, and thrust

chamber cooling.

Alumimjm Combustion

Two important performance loss phenomena due to aluminum combustion have been

identified from work with solid propellants: two-phase flow losses and incomplete metal

combustion. When aluminum is burned in a rocket engine, a fraction of the exhaust will be



in condensedphasessuchasliquid aluminumandliquid or solid oxidesof aluminum. The
majority of thecondensedmaterialwill bealuminumoxide, A1203.If thecondensedphase
particlesare sufficiently large, theywill no longermaintainvelocity andthermalequilibrium
with thegaseousexhaustproducts. This stateof non-equilibriumresultsin a performance
degradation. Whencondensedparticles lag in velocity, themomentumof their fraction of
exhaustmassis lower thanwould be ideally achieved. If the condensedmaterialdoesnot
maintainthermalequilibrium, the thermalenergystoredin the particle is not fully converted
to kinetic energy. The velocity lag typically causesa greaterreductionin performancethan
thermallag.13

The thrust performance loss due to the velocity lag of the condensed phase exhaust

material can be estimated by subtracting the difference between the actual momentum of the

condensed material and the momentum it would have without velocity lag from the total

predicted exhaust momentum. Following the procedure of Sarner 14, the impact of this

momentum loss on specific impulse can be estimated. Ideal vacuum specific impulse can be

defined as L,o = U/go, where u is the bulk velocity of the exhaust, and go is the gravitational

acceleration of the Earth. For an engine with condensed phase material of mass fraction rq,,
the exhaust momentum can be broken down into that of the gaseous material and that of the

condensed material. The specific impulse accounting for velocity lag, IVL, is then

mpu o + mgug

go

The subscripts g and p represent the gaseous and particulate fractions of the exhaust. Since

mp + m s = 1, if equation (1) is divided by the ideal specific impulse, we can obtain

lvz (us-up]

Ira c _ ug )
rnp (2)

for the relative specific impulse including velocity lag. This ratio is the velocity lag

efficiency of the engine. The coefficient of rnv is the particle relative velocity lag.

A parametric study was carded out to evaluate the impact of velocity lag on specific

impulse of an aluminum/oxygen propellant engine. Values of particle relative velocity lag of

5, 10, and 15% were applied to results for specific impulse and condensed phase mass

fraction obtained from chemical equilibrium calculations. _5 The effect on specific impulse is

shown in figure 2 as a function of oxidizer to fuel mixture ratio. This figure illustrates the

difference between the ideal specific impulse and the velocity lag reduced specific impulse,

reflecting efficiencies as low as 90%. In addition, the mixture ratio for maximum specific

impulse shifts to higher values as the particle relative velocity lag increases. The shift is due

to a reduction in themass fraction of condensed phase exhaust material (and hence two-phase

losses) as mixture ratio is increased from 2,3,
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The relative velocity lag of theprecedinganalysisdependson the sizes of particles

formed in the exhaust. If the particles formed are small enough, they will remain in velocity

equilibrium with the gas flow. Particles below 1/zm follow the gas closely, so the two-phase

flow losses associated with them is small. Between 1 and 10#m, the velocity lag losses

increase with increasing particle size, but as particle sizes increase above 10/_m, the increase

in two-phase flow losses diminishes. Therefore, reductions in particle sizes below 10 #m

will reduce the velocity lag losses, and if particle sizes are forced below 1 #m, the velocity
lag losses will be minimal. TM

Consideration of the mechanisms by which particulates form in aluminized solid

propellant motors may provide the necessary insight to minimize exhaust particle size in

aluminum/oxygen rocket engines. Two mechanisms are generally accepted as aluminum

combustion methods by which particulates form and grow in solid propellant rocket

engines. _6-t9 The first is by nucleation from exhaust gases and agglomeration. Small

particles are formed as exhaust gases condense. These particles collide and form larger

particles. The second method of formation, droplet surface combustion, is believed to cause

most of the larger particles. Droplets of aluminum bleed to the surface of the solid

propellant grain and coalesce to form larger drops. When these drops of metal approach 100

/_m to 200/_m in diameter, the drag force on them is strong enough to lift them from the

surface into the combustion zone. Aluminum combustion occurs at the surface of the drop.

Then the aluminum oxide condenses back onto the drop surface and forms a shell which can

impede or extinguish combustion until thermal expansion of the aluminum core cracks the

shell. In this manner an oxide particle is formed of comparable size to the original fuel

drop. These larger AI203 particles lag significantly in velocity, while the smaller particles,

which are moving quickly, collide and agglomerate. In the throat region, high acceleration

causes strong sheer forces which can rip the large particles apart. At the same time, the

flow area has decreased and velocity differences between large and small particles is

increased. These two effects cause more collisions and agglomeration. The combination of

the factors typically results in a bimodal distribution of exhaust particle sizes with peaks at 2

#m and approximately 50/_m. 16 The particles in the 50 #m peak, formed by surface

combustion of large aluminum drops, cause most of the two-phase flow losses incurred.

Therefore, it would be beneficial to shift the 50 _m peak to a smaller particle size or to

reduce the number of particles in that size range.

The surface combustion of aluminum fuel may also lead to another loss, combustion

inefficiency. If an oxide shell forms on the fuel drop surface, the combustion rate may be

slowed. Collection of exhaust products from solid propellant rocket engines has found that

some unburned aluminum is expelled from the engine._8 The resulting incomplete release of

energy from the reactants causes a reduction in performance. The reason for the incomplete

energy release is insufficient residence time for mixing, ignition, and combustion in the

chamber. The required times for ignition and combustion decrease with increasing reactant

temperature, increasing reactant pressure, and decreasing initial fuel drop size. Both the

time required for mixing and the fuel drop size are controlled by the injection system, which

depends on the engine concept selected.
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By understandingthe mechanismsof condensedphaseproductformation it may be
possibleto reducethe fraction of exhaustmaterialwhich is in the larger sizegroup andat the
sametime improvecombustionefficiency. Alloying thealuminumfuel with anothermetal
thatburns in the vapor phaserather thanat thedrop surfacemaypreventthe surfaceoxide
build-up that createslarger oxide particlesand slowscombustion. Previouswork hasshown
that alloys of aluminumwith as little as 20% magnesiumburn similarly to pure magnesiumJ°
Magnesium, although not as energetic as aluminum, has desirable combustion behavior.

Magnesium ignites more readily than aluminum, may burn in the vapor phase, and its oxide

(if it does form a shell on the drop) is much more porous than A1203. Further,

aluminum/magnesium alloys burn disruptively. 2° The burning drop explodes into smaller fuel

droplets which should lead to smaller exhaust particles.

An alternative to using an alloy fuel would be to create smaller initial fuel droplets in

an aluminum/oxygen propellant engine than are produced in solid propellant engines. Some

of the engine concepts have the capability to force smaller droplet formation than occur in a

solid propellant motor. If either alloy fuels or small droplet formation techniques are
utilized, the velocity lag and combustion losses can be reduced.

Erosion

Solid propellant rockets suffer from erosion of their interior surfaces, which are

susceptible to both chemical and mechanical erosion. 2_ Because, like a solid propellant motor,

an aluminum/oxygen engine will have a large fraction of condensed material and an oxygen

rich environment, it will be vulnerable to erosion as well. In solid propellant motors, the

erosion problem is often handled by using sacrificial throat inserts which ablate during the

burn. By using an ablative insert, both the throat erosion and the throat cooling are

controlled. It may be feasible to use the same technology for an aluminum/oxygen

ascent/descent vehicle engine, if the insert ablative thickness and mass are reasonable, and if

insert burn-through, asymmetric erosion, insert replacement, and throat size variation

problems can be resolved.

The mass and thickness of a throat insert was estimated for a representative

aluminum/oxygen lunar ascent/descent vehicle engine. A thrust level of 66,700 N was

selected based on references 2 and 3, and a relatively low chamber pressure, 2.07XI& N/m 2,

was assumed to avoid a requirement of pumping the metal fuel. (Metal pumping is not a

consideration for a hybrid engine). For a mixture ratio of 3.0, a chemical equilibrium

computer code _5 was used to calculate the pressure, temperature, and chemical composition

of the combustion products at the throat. Based on this information, the radial erosion rate at

the throat was determined to be 75 - 125 #m/s for a carbon-carbon material with a density of

1.9 g/cm 3.. The range in erosion rate is a function of the exact throat geometry. Other

" Personal communication with Mr. Perry S. Bruno, Refractory Technology Aerospace

Components, Magna, Utah, October, 1991.



factors,of interestfor performancereasons,canalsoaffect the throaterosionrate. These
factors includethe sizeof theexhaustparticulates,the chamberpressure,andthe mixture
ratio. For example,operatingat a highermixture ratio would increasetheof oxygen
availableto reactwith the carbon insert. Thus, the erosion rate, due to chemical effects,

would increase.

A burn time of 180 seconds is required for each leg of a two-leg ascent/descent

mission. Thus, the throat must withstand 360 seconds of operation before being replaced.

For an average erosion rate of 100/zm/s, an erodible throat thickness of 3.6 cm is needed.

An additional 2.5 cm wall thickness must remain at the completion of the burn to maintain

structural integrity of the throat. This information was used to estimate the mass of a

simplified conical-entrance conical-exit throat insert. The mass of the insert, 23.5 Kg, is

0.5 % of the propellant mass used in a representative ascent/descent vehicle. This can be

compared with estimates for propellant production reagent resupply requirement of 3-5 % of

the propellant produced. 4 While it has been shown that the mass of the inserts is not a large

factor, further mission analysis is needed to determine whether the thrust reduction caused by

the increasing throat diameter severely impacts the mission, or whether the propellant

flowrate must be increased to maintain thrust at the expense of additional propellant usage.

Engine Cooling

Engine cooling is another design issue that is often raised for aluminum/oxygen

engines. The significance of this issue is magnified because the large amount of particulates

in the chamber will add a radiative component of heat flux to the chamber walls. It has been

proposed that LOX could be used to regeneratively cool thrust chamber walls for (non-

hybrid) aluminum/oxygen engines. LOX cooling is not a new concept. Much research has

been conducted in this area for hydrocarbon fueled engines (references 22-25). This work

successfully demonstrated LOX cooling in engines with moderate chamber pressures.

A simple, one-dimensional, heat-transfer analysis was conducted to determine if LOX

cooling is feasible for an aluminum/oxygen engine. It was assumed that all of the oxygen

consumed by the engine would be available for cooling purposes. This assumption

eliminates the slurry monopropellant engine concept from the analysis. If sufficient cooling

were provided by only a fraction of the oxygen consumed by the engine, a heavily metal-

loaded monopropellant could be used as the primary propellant, and additional oxygen used

for cooling could be separately injected to obtain the proper mixture ratio.

A simple cylindrical thrust chamber, 25 cm long and 31 cm in diameter, was

analyzed. Only the heat flux to the chamber walls was considered; it was assumed that an
ablative throat insert would be used. The first step of the analysis was to determine the heat

flux from the combustion products to the walls. As mentioned above, this is composed of

both convective and radiative components. The convective heat flux is
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q¢ = hg (Tg - T_)

where h s is the convective heat transfer coefficient of the hot chamber products, and Tg and

Tw are the adiabatic flame temperature and hot gas side wall temperatures respectively.

Because empirical heat transfer data does not exist for this propellant, the Colburn equation
for the Nusselt number in pipe flow was used to determine the convective heat transfer

coefficient. The thermodynamic properties of the combustion products were obtained from

equilibrium calculations 15 for aluminum/oxygen at a mixture ratio of 3.0 and a chamber

pressure of 2.07Xl& N/m 2. These operating conditions were used to remain consistent with

the throat erosion analysis. To remain at a safe temperature for copper, the wall temperature

was assumed to be held to 811 K. The calculations predict a convective heat flux to the
chamber wall of 1.58X107 W/m 2.

By treating the chamber products as a cloud of grey particles, the radiative heat flux

to the wall was calculated. The cloud emissivity, _CL, calculated by the methods given in

reference 26 and assuming an average particle size of 50 #m, was determined to be 0.54.

The radiative flux emitted from the combustion products is then

qrc L = I_cLoTc_

where tr is the Stephan-Boltzman constant, 5.6703X10-_N/m2-K 4, and TcL=Tg. The copper

wall, however, will not absorb all of this radiation. In fact, because the high temperature of

the chamber products shifts the spectral peak of the emitted radiation to a small wavelength,
the absorptivity of the relatively cool wall is quite low, 0.19. 26 The net radiative transfer

involves radiation from the combustion products to the walls and radiation reflected from the

opposite wall through the combustion products with some absorption. Because the wall

temperature is relatively low, radiation emitted from the wall is negligible. Reference 26
provides a method to calculate the net radiative transfer in an enclosure. This method was

used to calculate an effective emissivity for the combustion products. The effective

emissivity is 0.164, and the net radiative heat flux to the wall is therefore

qr,, = geff 07174

The radiative heat flux calculated by this equation for the engine is 2.8X1& W/m 2 or
approximately 15 % of the total heat flux.

The next step of the analysis was to determine if the LOX available for cooling (i.e.

all of the oxygen burned in the engine) could absorb the total chamber heat flux without

undergoing an excessive temperature rise. To determine this, the total chamber heat rate was

calculated, integrating the sum of the convective and radiative heat fluxes over the entire

chamber wall. From this integration, the total heat rate to the chamber wall was determined

to be 4.5X106 watts. The total mass flow of oxygen, which must absorb this heat rate, is

17.1 kg/s. As a liquid, this flow rate has the capacity to absorb 3.04X104 W/K. This



implies that theoxygenwould experiencea bulk temperatureincreaseof 148K. Becausethe
thermalconductivityof LOX is much lower thanthat of conventionalcoolants,high coolant
velocitiesand small coolantchannelcrosssectionswould beneededto transfer theheat from
the channelsto thecooling liquid. Obtainingthe high velocitieswould requirea large
pressuredrop throughthechannels. Further, thetemperatureincreasewould causelow
pressureoxygento passthroughits liquid to vapor transition. Therefore, to avoid the
complexityanduncertaintyof a two-phasecoolant, moderatecoolantpressures(-5.17X107
N/m2)27would be requiredto insurethat theLOX remainedliquid. For thepressurefed
systemconsidered,suchpressureswould not be acceptable.Hence,a pump-fedoxygen
systemwould benecessary.

Discussion

The four engine concepts are compared in table 3. This comparison is qualitative and

was not used to rank the four concepts. However, the comparison is useful for determining

areas where technological or design advancements would be beneficial. All of the concepts

would benefit from further development of the ablative insert concept for throat cooling and

erosion protection. Only the hybrid concept needs advancement to be able to use either the

alloy fuel or small fuel droplet formation techniques for specific impulse performance

improvement.

Liquid Metal InjectiQ.n. Engine

The liquid metal injection engine concept has several advantages. One advantage is

that using an aluminum/magnesium alloy, as suggested for improved specific impulse

performance, is actually beneficial to the feed system. The alloy melts at a lower

temperature (up to 211 K lower at the eutectic combination 28) than pure aluminum, and

hence, the high temperature requirements for feed system components is reduced. Another

advantage of injecting liquid metal, which can also improve specific impulse performance, is

that the injector can atomize the fuel into smaller droplets than are formed in a solid

propellant motor. This concept can also readily accept inserts to handle throat cooling and

erosion, and although the chamber cooling analysis indicated a pump fed system is necessary

for engine cooling, all of the oxygen is available for cooling. Thus, high pressure oxygen

could cool the chamber. However, pumping the liquid metal fuel would be a challenge.

One disadvantage of the liquid metal fuel engine concept is that the metal fuel may

solidify and clog feed lines. Purging the lines to expel fuel at shutdown may be possible, but

the complexity and mass of the purge system would have to be considered. Another

disadvantage of this system would be maintenance requirements. The throat inserts

considered must be replaced after each mission, and the insert assembly must be cleaned and

inspected before the new insert is installed. In addition to the throat insert maintenance, the

high temperature feed system components would require inspection to determine wear and

replacement if damaged. The wear on the high temperature components can also be

considered a safety issue. Perhaps the greatest disadvantage of the liquid metal engine

9



conceptis the energy required to melt and maintain the metal fuel in a liquid phase. An on

board energy supply to melt the fuel would be too massive to be practical, and other options

(beamed energy, heat transmission from the chamber, pre-flight liquefaction) have technology
issues of their own.

Hybrid Engi_

Of the engine concepts considered, the simplest is the hybrid. In fact, simplicity is its

greatest advantage. Only one propellant feed system is needed, for liquid oxygen. Inherent

with this simplicity is safety. In addition to safety, another advantage is that the thrust of a

hybrid engine can be controlled by increasing or decreasing the oxygen flowrate to the

engine, and shut-down can be accomplished by stopping the oxygen flow.

Several disadvantages are also inherent in the hybrid aluminum/oxygen engine

concept. The primary problem is maintaining controlled metal regression from an all metal

fuel grain. A metal fuel grain would act as a high conductivity heat sink, and heat conducted

into the fuel could cause more metal to melt than is desired. This could be a particular

problem for an aluminum-magnesium alloy fuel which has a lower melting point than pure

aluminum. To deal with the problem of the metal's high thermal conductivity, Sparks _

suggested using a fuel formed by holding either aluminum powder or fine wire together with

a low thermal conductivity binder. The main disadvantage of using a binder is that it would

have to be brought from Earth. Another option to prevent premature melting of the

aluminum is to actively cool it with the liquid oxygen. The concept considered by Brower et

al.6 was based on this premiss. However, their analysis was not able to establish a design

with sufficient cooling provided by the LOX.

Another disadvantage of the hybrid engine concept is that a hybrid depends on

regression of the grain surface to provide fuel to the engine, and large fuel drops (>50#m),

like those formed in a solid propellant engine, may be expected. These could lead to large

aluminum combustion related losses. Other disadvantages would include increased mainte-

nance requirements (to load a new fuel grain into the thrust chamber) and less flexibility for

engine out operation than with the other concepts (because the fuel is stored within each

thrust chamber).

Monopropellant Engine

There are many advantages to combining powdered metal with liquid oxygen, Since

the monopropellant could be treated like a liquid, a single pump or positive expulsion feed

system could deliver all of the propellant. This could be a simple system, though the feed

system would be a new technology. Further, alloys with magnesium could be used, although

they may be more sensitive to ignition sources than pure aluminum. If the monopropellant is

atomized into small (20/zm) drops, even smaller drops of metal will remain after the oxygen

vaporizes. Thus, the two-phase flow losses could be reduced with this concept. Another

advantage would be that throat erosion and cooling could be handled by a sacrificial insert.
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Other advantagesof this conceptinclude theability to throttle, stop, and restarttheengine.
Maintenancefor this engineconceptshouldbeminimal aswell, thoughthe slurry
combinationmayerodesomefeedsystemcomponentsafter extendeduse.

While the monopropellanthasmanyadvantages,therearesomesignificant
disadvantages.The propellantitself maynot be intrinsically safe. Although small scaletests
haveworkedwith aluminum/LOX, aluminum-magnesium/LOX, and silicon/LOX
monopropellantssafely, large scaletestsandfeedsystemrelatedtests(e.g. water hammer
andpipe flow) havenot beenperformed. If themonopropellantwere to ignite in the feed
system,the resultwould be catastrophic. Enginecooling is anotherchallengingdesignissue.
The chambercooling analysisindicatedthat evenwhenall of the LOX is availablefor
cooling analuminum/oxygenengine,a high-pressurefeedsystemis needed. With the
monopropellant,only a fractionof theLOX could beavailablefor cooling. Two cooling
optionsremain: eitheroperateat a higher mixture ratio, or usethe monopropellantitself as
thecoolant. The former optionwould result in lower specificimpulseperformancefor the
engine,andthe latter option, in additionto raising safetyissuesaboutwarming the
monopropellant,requiresflowing a slurry throughcoolantpassageswhich could plug.

Pneumatic Feed System Engine

The pneumatic feed system engine concept has several advantages. An alloy of

aluminum/magnesium would work equally as well in the feed system as pure aluminum.

Another advantage is that small fuel drops could be formed by injecting a fine powder,

although particles smaller than 10#m tend to stick together and are difficult to transport

pneumatically. The capability to use alloy fuels and to inject fine powdered fuels should

reduce the aluminum combustion related losses of the propellant. As with the other engine

concepts, throat inserts would be an acceptable solution for throat cooling and erosion

protection for this concept. Of course, the other issues of throat inserts must be resolved

before the technology can be used. The required engine throttling, stops, and restarts would

also be possible with this concept, but a feed line purge would be necessary to clean the lines

and injectors of powder after stopping the engine.

There are some disadvantages to using a pneumatic feed system engine concept. For

example, though the cooling analysis indicated high oxygen pressures would be necessary,

the pneumatic fuel feed is not compatible with pumping since the particles would erode pump

blades, and high fuel pressures cannot be obtained. Thus, it would not be possible to take

advantage of the high oxygen pressure by operating at a high chamber pressure. Another

disadvantage of this concept is that erosion of the feed lines may limit their life. Line

erosion increases with flow velocity, and the mission throttling requirement would force a

wide range of flow velocities. If eroded feed system components must be replaced,

maintenance for this concept could become excessive.
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Concluding Remarks

Three key issues associated with designing an efficient aluminum/oxygen propellant

rocket engine have been considered, and a brief analysis of each issue was performed to

evaluate its significance. These analyses were based on information drawn from studies of

aluminized solid propellants, which limited their applicability in some respects to

aluminum/oxygen propellant engines. Despite these limitations, the results of the analyses do

indicate several potential solutions to design issues. The impact of these issues on four

potential engine concepts was considered.

It was shown that the effects of aluminum combustion may cause a reduction in

performance as great as 10% of the ideal specific impulse. Since this performance reduction

is largely a function of the mass fraction of condensed material in the exhaust, higher

efficiencies were obtained at higher mixture ratios, but these higher efficiencies only

translated into higher performance up to a mixture ratio of 3.3. Consideration of the

aluminum combustion mechanism in solid propellant engines led to two potential methods for

improving the performance of an aluminum/oxygen engine. The fuel could be provided in

small droplets or use of an alloy of aluminum with a faster burning, lower melting point
metal could be considered.

The use of sacrificial carbon-carbon throat inserts for cooling and erosion protection

of aluminum/oxygen engines was considered. The mass of such inserts for a lunar

ascent/descent vehicle propulsion system is small and should not affect overall mission

performance. Other issues associated with using ablative inserts must still be evaluated.

The analysis of engine cooling with liquid oxygen showed that the liquid oxygen

cooling of a 66,700 N thrust engine at a mixture ratio of 3.0 is feasible. However, the

temperature increase of the coolant would require a moderate to high coolant operating

pressure to avoid a phase change. Alternatively, it may be desirable to operate the engine at

a high mixture ratio so that more LOX is available for cooling. This limitation is a prime

design requirement which must be considered when selecting an engine concept.

While these analyses were not intended to quantitatively rank the four engine concepts

presented, a qualitative evaluation of the concepts indicated the strengths and weaknesses of

each. The engine concepts show promise for resolving the issues of using aluminum/oxygen

propellant such that the benefits of in situ propellants can be reaped by future exploration
missions.
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Table 1. ElementalBreakdownof theLunar Regolith

Element Weight Percent

Oxygen, 02 42

Silicon, Si 20

Aluminum, Al 9

Iron, Fe 9

Calcium, Ca 8

Magnesium,Mg 4

Titanium, Ti 3

Other (P, S, Na, etc.) 5

Table 2. Lunar PropellantOptions

Propellant Mixture I,,,c'" Bulk Density Density-Impulse
Ratio(O:F)" (seconds) (kg/m3) (kg-s/m3)

A1/O2 2.5 290.4 1.375 399.3

Si/O2 3.0 283.2 1.316 372.7

Mg/O2 2.5 278.9 1.272 354.8

" Mixture Ratio Selectedat PeakSlSe.cificImpulsePerformance.
"" Ideal Performancewith ChamberPressure=2.07X106N/m2andNozzle Expansion

Ratio= 100.
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Table 3. Comparisonof Aluminum/OxygenEngineConcepts

Requirement

or Issue

Concept

Aluminum Combustion

I.uuel Throat

Erofion/

CoolingAlloy Fuel

Use Drop
Size

+ +

0

+ +

+ +

Chamber

Cooling

Throttling,

Engine Out,

and Restart

Capability

Maintenance/

Reusability

Safety

Liquid Metal 0 0 0 0 0

Injection

Hybrid 0/- 0 +/0 + 0

AI/LOX 0 + +/0 0 0

Monopropellant

Pneumatic 0 01- + 0 + I0 0

Powder-Fuel

Feed System

Othe r

Issues

+ Good Capability

0 Problems Must Still Be Resolved

Significant Problems Exist

Aluminum

Pellets

Pressurant

LOX

Liquid Aluminum

FigureI. LiquidMetal Injection Engine Concept
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_ Pressurant

Figure 2. Hybrid Engine Concept

LOX/
Aluminum

Slurry

Pressurant

Figure 3. IX)X/Aluminum Slurry Engine Concept
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Pressurant

Aluminul

Powder

LOX

He

Carrier Gas

Mixer

Figure 4. Pneumatically Transported Aluminum Powder Engine Concept
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