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Abstract 

The criteria used in the selection of power supplies for 
mobile lunar vehicles differs somewhat from those employed in 
the selection of power supplies for orbiting space vehicles. 
This results principally from the different environment in 
which the two operate. A parametric analysis was conducted on 
the power supplies capable of providing power to two types of 
vehicles: l) an unmanned vehicle for a 100-earth day mission, 
and 2) a manned vehicle for a 7-earth day mission. Account was 
taken of the hostile lunar environment and its effect on the 
system parameters. Finally, on the basis of the established 
parameters and design considerations, a selection of a suitable 
power supply for the particular missions was made. 

I. Need for Mobile Lunar Vehicles 

The exploration of the moon for scientific purposes will be 
one of the most significant achievements of the next decade. 
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This exploration of the moon's surface will he accomplished 
after the first manned landing and would he greatly assisted 
by the use of mobile lunar vehicles. 

Unmanned vehicles controlled from earth stations, could 
assist in landing site selection and preparation prior to a 
manned landing and also could provide construction, maintenance, 
and logistics support for such a mission. An unmanned vehicle 
capable of extended operating periods is shown in Fig. 1. The 
basic configuration of such a vehicle could be designed to 
permit adaption for manned support by the addition of a manned 
capsule. These vehicles then could provide emergency and 
normal transportation of men to a lunar base and assist in the 
surface exploration of the moon. In addition, the vehicle 
would offer shelter from the hostile lunar environment and 
assist in cargo transport and base construction. A manned 
vehicle used for such purposes, is shown in Fig. 2. Thus, on 
the basis of their usefulness, mobile lunar vehicles would have 
an important place in the development of a lunar base or in the 
exploration of the lunar surface. 

II. Mobile Lunar Vehicle Missions 

In order to select and design a power supply for a lunar 
vehicle, it is necessary to establish the mission requirements 
of the vehicle. In this paper, two lunar mobile vehicle 
missions are selected, a 100-earth day unmanned mission and a 
7-earth day manned mission. The power requirements of a typical 
vehicle are presented, and each power supply capable of opera-
tion in a lunar environment will be compared on a parametric 
basis. The results of this parametric analysis then will be 
used to select a power supply for integration within the vehicle. 

The unmanned vehicle would have to be controlled remotely 
from either an earth or moon base. For purposes of this paper 
the mission objective is to survey an area within 100 naut. 
miles from set-down point in order to l) locate a site suitable 
for a temporary base and, 2) locate an acceptable manned landing 
site. The power supply necessary for this mission must have an 
operating life of 100 earth days. Peak power capability is not 
required during the lunar night, and power only to insure 
vehicle survival is necessary. Table 1 summarizes the ranges 
of peak and average power requirements for the various vehicle 
subsystems. Power for construction and traction will not occur 
s imultane ously. 

Table 2 illustrates the applicable power requirements for 
the selected unmanned mission. 
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Table 1 Power requirements for various vehicle subsystems, kw 

Traction 
Communication 
Navigation 
Control 
Life support 
Environ, control 
Life science 
Construction 

Average 
Minimum 

0.75 
O.5O 
0.02 
0.10 
О.38 
0.10 
0 
0Л0 

power 
Maximum 

2.60 
1.00 
0.15 
0.50 
0.93 
O.5O 
О.3О 
O.8O 

Peak 
Minimum 

2.6O 
1.00 
0.15 
0.10 
О.38 
O.5O 
0 
O.6O 

power 
Maximum 

^.90 
1.00 
O.15 
O.8O 
0.93 
0.50 
О.3О 
1.10 

Table 2 Mission power requirement; 
100 earth day unmanned mission 

Lunar day 

Average power, kw 
Peak power, kw 
Energy per lunar day, kw-hr 

Lunar night 

Average power, kw 
Peak power, kw 
Energy per lunar night, 

kw-hr 

Minimum 

1.87 
^.35 
630 

O.50 
O.50 

__ 168 

Maximum 

5.55 
7.З5 
i860 

0.50 
0.50 

168 = 

The manned mission may occur after a temporary base has been 
established on the moon's surface and a mobile lunar vehicle 
then could be controlled and directed to the manned landing site 
where the men would board the vehicle and transportation would 
be provided to a lunar base or in the exploration of the moon. 
The power supply for the manned vehicle must have an operating 
life of 7 earth days and must be capable of furnishing peak power 
during either the lunar day or lunar night. Table 1 summarizes 
the power requirements for the various vehicle subsystems in 
the manned missions, and Table 3 provides the average and peak 
power requirements, 
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Table 3 Mission power requirements; 7 earth day manned mission 
(consists of- a 5 earth day exploration period and 

2 earth day life sustaining period) 

Exploration period: 

Average power, kw 
Peak power, kw 
Total energy, kw-hr 

Life sustaining period: 

Average power, kw 
Peak power, kw 
Total energy, kw-hr 

2.25 
^.73 
270 

O.78 
I.98 
37 

6.78 
8.58 
810 

2.83 
3.53 

._ 136 _ 

III. The Lunar Environment 

The lunar environment presents new and difficult problems in 
the design and development of a power supply suitable for a 
vehicle on the moon's surface. In some of the lunar vehicle 
design areas, these unique environmental aspects possibly can 
be solved by extending or modifying concepts proved in the 
earth1s environment; other areas will require development of 
new design techniques. The power supply systems designed for 
space vehicles must be modified to account for the variable 
environmental conditions existing on the surface of the moon, 
such as: 

Solar Radiation 

Since there is no atmosphere to filter, scatter, or attenuate 
solar radiation, its intensity and spectral distribution will be 
essentially that of outer space at the earth's mean distance 
from the sun. In addition to direct solar radiation, diffuse 
reflected radiation from the moon's surface would be present. 
Solar radiation will be available during the lunar day for ik 
earth days, and its absence during the lunar night will be of 
the same duration. 

Surface Temperature 

The surface temperature of the moon varies from a maximum 
of 230°F at the subsolar point during the lunar day to a mini-
mum of -250°F during the lunar night. Away from the subsolar 
point with the sun substantially at lower altitudes, a lower 
surface temperature results. The variation of the lunar surface 
temperature affects the radiating power of certain surfaces as 
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shown in Fig. 3« This variation can he neglected at high 
temperatures hut hecomes more pronounced at lower radiating 
temperatures. Heat transfer on the surface of the moon will 
occur "by radiation, and an effective heat "balance must he main-
tained hetween direct solar radiation, reflected solar radiation, 
infrared radiation from the surface of the moon, and re-
radiation from the vehicle itself. This heat balance will 
govern the structural temperature within the vehicle and power 
supply. By controlling the emissivities and ahsorptivities of 
the power supply and vehicle surfaces and the effective view 
factor hetween the vehicle and space and the vehicle and lunar 
surface, it is possible to maintain the desired temperature 
range within the vehicle. The radiative power of surfaces as 
a function of temperature is shown in Fig. h for various 
emissivity and view factor values. The radiative power of any 
material will vary as the vehicle moves on the moonfs surface 
and as the vehicle is subjected to various view factors and 
possible changing emissivity values due to the settling of dust 
or possible meteorite errosion. Control over these factors is 
necessary to insure satisfactory operation in a lunar environ-
ment. Steerable radiators or variable surface areas are possible 
design techniques which could be used in controlling the waste 
heat rejection and maintaining the desired temperature levels 
within the power supply. 

Atmosphere 

Experiments performed to measure the lunar atmosphere 
indicate that the density of gas above the lunar surface can-
not exceed 10~^3 gm/cm3. Without an atmosphere, adequate 
protection of the power supply and vehicle from micrometeorites 
or larger particles is absent, and impact velocities will be 
high. These problems also are encountered in space and sufficient 
protection must be applied to the power supplies of lunar 
vehicles for protection from solar and cosmic radiation as 
well as interplanetary dust, meteors, and meteorites, 

Gravity 

The lunar surface gravity is l·/б of the gravity existing at 
the earth's surface. The power supplies as designed for space 
vehicles will require additional supporting structure while 
operating over the lunar surface. This especially applies to 
the use of large solar collectors or solar cell arrays where 
additional support is necessary to prevent distortion, deflec-
tions, and possible stress concentrations generated by inertial 
or vibrational loads while moving over a rough surface. Proper 
design of the power supply is also required for vehicle balance 
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and stability in a gravitational field. Gravity in many cases 
will assist in the solution of specific power supply problems 
associated with zero gravity conditions such as vapor condensa-
tion, liquid separation, and liquid flow. 

Surface Features 

Although there is great controversy among selenologists about 
the surface features of the moon, it is generally conceded that 
a layer of dust of unknown depth covers the surface in many 
areas. This dust, if stirred by a moving vehicle, is capable 
of settling on radiator structures, changing the emissivity and 
absorptivity characteristics of the surface and thus affecting 
the power supply heat balance* Also, if a diurnal cloud of 
electrified dust due to solar radiation processes exists to 
certain heights above the surface, many power supply problems 
may be magnified. These areas are matters of speculation since 
the exact nature of the lunar surface is not known. However, 
they will affect the power supply design if found to exist. 

IV. Unmanned Mission 

The power sources considered in the unmanned mission are 
solar, chemical, or nuclear. Power supplies utilizing chemical 
fuels can be eliminated from consideration because of the excess 
fuel weight and volume required for missions of long duration 
at the power levels specified in Sec. II. 

The solar power systems require a separate energy storage 
supply or an additional power supply to furnish power during 
the lunar night, which lasts 1^ earth days. In order to deter-
mine which storage system can be integrated into a minimum 
sized solar power system, a trade-off analysis was conducted 
among the possible storage systems. These included: 

1) thermal storage utilizing the heat of 
fusion of materials, 

2) secondary battery systems, 

3) regenerative fuel cells. 

In addition to the above energy storage devices, radioisotope 
thermoelectric power supply was also considered for providing 
power during the lunar night. The thermal storage system was 
eliminated because of the high weight of the material involved 
in providing power during the ik earth day lunar night. 
Table k compares the remaining lunar night power supplies for 
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use with the solar powered systems. Based on this comparison, 
the radioisotope thermoelectric power supply was selected to 
furnish the lunar night power for a solar system. 

Table k Lunar night power supply for solar 
systems unmanned mission 

System weight 

State of develop-
ment 

Cost 

Radiation hazard 

Environmental 
control 

Regenerative power 
required (approx.) 

Probable operating 
problems 

Secondary 
battery 

2800 lb 

operational 
hardware 

low 

none 

heating and 
cooling 

7OO watts 

Regenerative 
fuel cell 

675 гь 

research 

high 

none 

may not be 
required 

1000 watts 

control 

Radioisotope 
thermoelectric 

system 

500-700 ib 

research and de-
velopment 

high 

temporary shieldin 
for ground handlin 
and small shieldin 
for payload is re-
quired 

not required 

not required 

With this integration the following power supplies were 
selected for further study on a parametric basis: 

1) nuclear turboelectric, 
2) nuclear Stirling engine, 
3) nuclear thermoelectric, 
h) solar turboelectric - radioisotope-thermoelectric, 
5) solar Stirling engine - radioisotope-thermoelectric, 
6) solar thermionic - radioisotope-thermoelectric, 
7) solar thermoelectric - radioisotope-thermoelectric, 
8) solar cells - radioisotope-thermoelectric« 

The parametric considerations include such areas as: system 
weight, surface area, development time, effect of lunar environ-
ment, effect on lunar surface, problem areas, and reliability. 
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The parameters of each system included consideration of the 
compatibility of the power supply with the lunar environment. 
Fig. 5 compares the various sytems on the basis of system 
weight for the minimum and maximum estimated peak power. The 
shield weight for reactor systems and the weight of the lunar 
night power supply also are included in this comparison. The 
shield weight for the protection of electronic and associated 
equipment from harmful nuclear radiation was determined on the 
basis of: 

1) using electronics that could be hardened 
to a level of 5 x NVT fast neutrons 
and lCr R of gamma rays, 

2) separating the reactor and payload by a 
distance of 20 ft, 

3) using neutron removal cross sections for 
neutron attenuation in the Li H shield, 

k) using the albedo, isotropic, single scatter 
method in order to determine the moon 
scatter to the payload (albedo coefficient 
was based on experiment), 

5) using structure scatter in a crude boundary 
condition manner. 

Shielding data used are preliminary since structure scatter 
could not be considered in detail without establishing a detailed 
vehicle design for calculation purposes. Also, the complexity 
of the scatter problem necessitated simplifying assumptions. 
However, the preliminary calculations indicate that approximately 
280 to 4l0 lb of shield material would be required for a Snap 2 
reactor operating between 50 to 150 kw thermal power. They 
also indicate that induced radioactivity on the moon's surface 
is a negligible problem for subsequent manned exploration. 

Fig. 6 shows the area comparison of the power supplies based 
on the minimum and maximum estimated peak power. The areas are 
for the radiator in nuclear systems and the combined collector 
and radiator areas in solar powered systems. 

Table 5 summarizes the parameters for each power supply in 
the power range under consideration. The state of development 
of each system is shown in the table, and, although solar cells 
represent operational hardware, the large area of the collecting 
array challenges the usefulness of such a system as the power 
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supply for the moving vehicle. The development of a reactor 
turboelectric or reactor thermoelectric system is such that 
operational hardware would he available within the next few 
years. The remaining systems require a correspondingly longer 
time for development. 

There is not sufficient reliability data available at present 
to compare the power systems quantitatively. However, systems 
without moving parts are more attractive from a reliability 
point of view. 

In the selection procedure consideration should be given 
to the effect of the power supply operation on the lunar 
surface. The solar powered systems would have no adverse 
effect on the lunar surface while activation of the lunar 
surface from nuclear systems could interfere with the mission 
in several ways. These include: 

1) interference with scientific measuring 
apparatus, 

2) undesirable increase in the natural lunar 
radiation background level. 

The major problem areas associated with the solar systems 
will be in the support and orientation of large solar arrays. 
Possible pitch and roll of the vehicle during movement would 
pose stabilizing problems and impose critical orientation 
requirements. 

Startup and control of the dynamic solar systems after the 
lk earth day lunar night would also present a difficult design 
problem. These difficulties are not associated with the nuclear 
systems, but the shielding and surface activation problems 
associated with nuclear radiation are areas requiring further 
analysis. 

Based on a comparison of all the factors considered, and an 
evaluation of the major problem areas, the nuclear turboelectric 
system was selected as the power supply for the unmanned 
mission. The advantages of the nuclear turboelectric system 
are: 

1) light weight, 

2) no large collector area or critical orienta-
tion control problems, 

3) advanced state of development--the system is 
similar to the Snap 2 power supply, 
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k) peak power capability not limited to the 
lunar day. 

The major disadvantages associated with a nuclear turboelectric 
system are: 

1) large radiation shields are required for 
equipment protection, 

2) possible adverse effects may he present 
due to activation of the lunar surface by 
radiation from the reactor. 

For lunar operation, the shield weight would he greater than 
orhital missions due to lunar surface scattering effects. Other 
than the increased shielding weight, the system is practically 
independent of the lunar environment because of its high 
operating temperature. Its size and compactness make the 
reactor turboelectric system practical for long duration, high 
power level missions. 

V. Manned Missions 

The initial manned exploration periods on the surface of the 
moon will probably be of short duration. The mission require-
ments were established in Sec. II for a 7 earth day mission, and 
the system parameters of various power supplies will be pre-
sented for comparative purposes. This will enable the selection 
of a suitable power supply for the manned mission. 

Because of the specified requirements for the manned 
vehicle which is intended for either lunar day or lunar night 
operation, solar energy converters were eliminated from con-
sideration as a possible power supply. Nuclear systems also 
were eliminated from consideration as a power source because 
of the relatively heavy shielding requirements necessary to pro-
tect personnel and prevent surface contamination due to nuclear 
radiation. With these systems eliminated because of mission 
requirements or operational limitations, three power supplies 
were analyzed as potential systems for the lunar vehicle--the 
hydrogen-oxygen open-cycle turbine, the hydrogen-oxygen fuel 
cell, and a primary battery system. 

Two hydrogen-oxygen open-cycle turbine systems are selected 
for comparative purposes. The first is a completely integrated 
system in which the fuel acts as a heat sink and absorbs the 
environmental cooling load for two men along with the dissipated 
heat within the vehicle. The second represents a partially 
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integrated reheat system in which part of the dissipative heat 
load is absorbed by the fuel and part is removed via a space 
radiator. Both systems store the hydrogen and oxygen super-
critically with controlled heat feedback to regulate tank 
pressure. The fuel passes through a series of heat exchangers 
in which heat is absorbed before burning in the combustor. 
The products of combustion at a temperature of l800°F pass 
through a turbine designed to have a pressure ratio of 100:1 
and are then exhausted to the moon's surface. In the completely 
integrated system the cooling requirements had to be matched 
with the power requirements in order to determine the corres-
ponding specific fuel consumption for the power level under 
consideration. The specific fuel consumption varied because 
of the changing cooling to power ratio for various power levels. 
Reheat in the partially integrated system was accomplished by 
the injection of excess oxygen into the exhaust of the first 
stage turbine to heat the working fluid for expansion through 
the second stage. This results in a smaller specific fuel 
consumption and lower hydrogen volume than in the similar 
completely integrated system. The system weights and volumes 
for the l68-hr mission are shown in Figs. 7 and 8 for various 
average power levels. The operation of these systems during 
the lunar night will not differ significantly from similar 
systems designed for outer space operation. However, during 
the lunar day when the moonfs surface temperature is higher, it 
is reasonable to expect a higher cooling requirement. Heat 
transferred from the moonfs surface and direct solar radiation 
may be reduced through use of radiation shields and insulating 
materials. Rejection of environmental and system heat at low 
temperatures requires careful radiator design to account for 
the variable conditions imposed by the lunar surface. The 
weights, volumes, and system characteristics for vehicles 
operating in the specified average power range are shown in 
Table 6. 

Two fuel cell systems also are represented: a nonintegrated 
radiator cooled hydrogen-oxygen fuel cell in which the heat 
dissipated is rejected to the moon's surface through a radiator 
system and a partially integrated H2-O2 fuel cell in which a 
portion of the fuel cell products are recoverable for use as 
crew water. It is not advantageous to integrate the fuel cell 
system with the environmental cooling system because oxygen, 
the predominant fuel, has a low specific heat and is not able 
to absorb the dissipated heat in the fuel cell. The hydrogen 
and oxygen is stored supercritically in both systems. The low 
individual cell voltage of a fuel cell requires that a number 
of cells be used in combination to form a battery. Figs. 7 
and 8 represent the weights and volumes of the described systems 
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for various power levels. The fuel cell operates at a pressure 
of 400 psia and a temperature of *4-00°F, and the low temperature 
radiators must he designed to operate in the lunar environment. 
Heat shields and insulation also must he used to reduce the 
heat load when operating during the lunar day. 

Primary batteries as a prime source of electrical power for 
a lunar vehicle have the advantage of high reliability, low cost, 
and minimum maintenance. However, for long durations the 
weight of battery systems becomes excessive. The weight of the 
system also will increase if ambient temperature control is not 
incorporated within the system. An increase in weight results 
since the silver-zinc battery provides an energy density which 
is dependent upon the ambient temperature. For example, the 
energy density of a silver-zinc battery is 80-hr/lb in a tem-
perature range of ̂ 0° to 80°F and 60 w-hr/lb at ^0°F. Therefore, 
during lunar night operation heating must be provided to main-
tain an ambient temperature consistent with maximum energy 
density requirements. Similarly, during the lunar day, cooling 
will be required to maintain a satisfactory ambient temperature 
level for the batteries. 

No single system possesses all of the advantages desired in 
a power supply for a lunar vehicle. However, on the basis of 
the parametric analysis, the partially integrated fuel cell 
system is selected for the 7 earth day mission. The problem 
areas associated with the fuel cell system are significant, but 
the weight and volume advantages over the other power supplies 
justify their selection. Other advantages of fuel cell systems 
are: 

a) high attainable efficiencies, 
b) high energy density, 
c) ability to handle various loads, 
d) fuel consumption proportional to load. 

The disadvantages associated with the fuel cell system are: 

a) sensitivity to shock, 
b) cell series connection requiring electrolyte 

separation, 
c) high rate of heat rejection. 

A parametric analysis was conducted on the selected systems 
for a 3 earth day manned mission to determine if the weight and 
volume advantages of the fuel cell exist for this duration. 
The system weights and volumes of the various power supplies 
for the manned 3 earth day mission are shown in Figs. 9 and 10. 
It can be seen that the hydrogen-oxygen dynamic system offers a 

92 



POWER SYSTEMS FOR SPACE FLIGHT 

weight savings for the shortened mission. Between the 3 and 
7 earth day missions, a cross-over point exists for their 
system weight, and this is shown in Fig« 11. Therefore, for 
the missions existing in this intermediate duration area, a 
separate parametric analysis should he performed to determine 
which system best fits the designers specifications. Table 6 
compares the engineering factors on which the power system 
selection must be made. 

Conclusion 

The power supplies selected for the defined missions were 
the reactor turboelectric for the 100 earth day unmanned vehicle 
and the partially integrated fuel cell for the 7 earth day 
manned vehicle. For missions of 3 earth days or less the 
partially integrated dynamic system appears most feasible for 
manned vehicles. 

The selection of a power supply depends not only upon the 
mission requirements but also on the ability of the power 
supply to operate in a lunar environment. Eventual choice of a 
power supply also must be made in the light of subsystem inter-
faces and important overall system parameters, such as cost, 
development time, maintainability and reliability. The power 
plant selections made in this paper can be justified for the 
defined missions. However, for other missions of similar 
duration, the use of these power supplies may not be feasible. 
For example, the use of a nuclear system in a vehicle with 
the purpose of measuring background lunar radiation may be 
impractical because of the proximity of instruments to the 
reactor. 

Many questions concerning the surface features of the moon 
are unanswered. Once these questions have been resolved by 
successful lunar probes, the detailed design of lunar vehicle 
power supplies capable of operation in such a hostile environ-
ment may be accomplished. 
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ТаЪ1е 5 Unmanned System Parameters - 100 Earth Day Mission 

SYSTEM 

NUCLEAR 
TURBOELECTRIC 

NUCLEAR STIRLING 

NUCLEAR 
| THERMOELECTRIC 

SOLAR TURBOELECTRIC 

SOLAR STIRLING 

1 SOLAR THERMOELECTRIC 

SOLAR THERMIONIC 

SOLAR CELLS 

WEIGHT (LBS) AT 
PEAK POWER 
MIN. - MAX. 

1196 - 1420 

1170-1520 

2090-3110 

1340 - 1530 

1580 - 2010 

1540 - 2250 

1440 - 2100 

1140-1530 

COLLECTOR 
AREA(SQ.Ft.)AT 

PEAK POWER 
MIN. - MAX. 

650-1160 

375 - 600 

550 - 1000 

285 - 490 

580 • 1040 

RADIATOR 
AREA (SQ.FT.) AT 

PEAK POWER 
MIN. - MAX. 

175 - 290 

120-210 

440 - 740 

150 - 260 

140 - 230 

440 - 740 

30-40 

25 

STATE-OF-THE-ART 

ADVANCED 
DEVELOPMENT 

RESEARCH AND 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

DEVELOPMENT 

RESEARCH AND 
DEVELOPMENT 

OPERATIONAL 
HARDWARE 

ENVIRONMENTAL 1 
CONSIDERATION 1 

1. INDUCED SURFACE 1 
RADIATION 1 

2. WASTE HEAT 
REJECTION 

3. POSSIBLE DUST 
DEPOSITS 

4. SURFACE TEMPER-
ATURE VARIATION 

1. COLLECTOR 
FOCUSING 

2. STRUCTURAL 
BUILDUP 

3. EXTENDED 
SURFACES 

4. POSSIBLE DUST 
DEPOSITS 

5. METEORITE 
DAMAGE 

6. LUNAR NIGHT 
POWER 



Table 6 Manned System Parameters - 7 and 3 Earth Day Missions 

SYSTEM 

2-STAGE REHEAT 
PARTIALLY INTE-
GRATED H r 0 2 DYNAMIC 
SYSTEM 

1 COMPLETELY INTE-
GRATE D H 2 - 0 2 

DYNAMIC SYSTEM 

NON-INTEGRATED 
RADIATOR COOLED 
H2-02 FUEL CELL 

PARTIALLY INTE-
GRATED H,-02 FUEL 
CELL Z 

PRIMARY SILVER ZINC 
BATTERY SYSTEM 

7 EARTH DAY MISSION 

WEIGHT (LBS) 
AT AVC. POWER 

MIN. • MAX. 

1200-3900 

2200-6000 

1400-4400 

1500-3900 

3800 11,800 

VOLUME (CU.FT.) 
AT AVC. POWER 

MIN. • MAX. 

80-250 

200-580 

35-85 

30-75 

32-80 

STATE-OF-
THE-ART 

ADVANCED 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

ADVANCED 
DEVELOPMENT 

OPERATIONAL 
HARDWARE 

ENVIRONMENTAL 
CONSIDERATIONS 

1. FUEL BOIL OFF 
ALLOWANCES 

2. VARIABLE HEAT LOAD 
DURING LUNAR DAY OR 
NIGHT 

3. RADIATOR DESIGN 

1. FUEL BOIL OFF 
ALLOWANCES 

2. INSULATION OR HEAT 
SHIELD TO MAINTAIN 
CONSTANT HEAT LOAD 

3. METEORITE 
PROTECTION 

1. BATTERY COM. 
PARTMENT TEMP. 
CONTROL 

2. LOW TEMP. 
RADIATOR DESIGN 

SYSTEM 
ADVANTAGES 

1. LOW WEIGHT FOR 
SHORT DURATION 

2. UTILIZES STATE OF 
THE ART COM-
PONENTS 

3. AC OR DC ELECTRI-
CAL POWER 

1. LOWEST WEIGHT AND 
VOLUME FOR LONG 
DURATIONS 

2. UTMOST UTILIZATION 
OF REACTANTS AND 
PRODUCTS 

3- EFFICIENCY OF 45* 
TO 85% ATTAINABLE 

1. HIGH RELIABILITY 

2. OPERATIONAL 
HARDWARE 

SYSTEM 
DISADVANTAGES 

1. LOW EFFICIENCY 
AT LOW POWER 
LEVELS 

2. LARGE FUEL 
VOLUME 

3. MOVING PARTS 
(VEHICLE 
DISTURBANCE) 

1. MOST COMPLEX 
SYSTEM 

2. SENSITIVITY 
TO SHOCK 

3. LOW INDIVIDUAL 
CELL VOLTAGE 

1. EXCESS WEIGHT 

2. TEMPERATURE 
CONTROL 
REQUIRED 

OPERATING 
CHARACTERISTICS 

TEMPERATURE-
1800°F 

PRESSURE RATIO 
100:1 

SPC FOR 4 KW 
SYSTEM 1.77 
Ibm/hp-hr 

TEMPERATURE -
1800°F 

PRESSURE RATIO 
100:1 

SPC-1.16 Ibm/hp-hr 

TEMPERATURE-
400 °F 

PRE SSURE-400 PSIA 

TEMPERATURE-
400 «T 

PRESSURE-400 PSIA 
CREW WATER 
RECOVERABLE 

TEMPERATURE 
RANGE 40*F-80°F 

ENERGY DENSITY 
80 wott-hrs/lbm 

3 EARTH DAY MISSIONS 1 

WEIGHT (LBS) 
AT AVG.POWER 

MIN. - MAX. 

850-2070 

1300-3300 

1025-3300 

950-3020 

2050-6500 

VOLUME (CU.FT . ) I 
AT AVG. POWER 

MIN. • MAX. 1 

40-120 

105-285 

17-52 

15-50 

12-40 

i _J 



POWER SYSTEMS FOR SPACE FLIGHT 

Fig. 1 Unmanned Lunar Vehicle 

Fig. 2 Manned Lunar Vehicle 
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Fig. 3 Effect of Moon's Surface Temperature on Radiative Power 
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10,000 

1,000 

o 100 
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€ =■ SURFACE EMISSIVITY 

. F, M = RADIATOR SURFACE TO 
MOON VIEW FACTOR 
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1200 

Fig. h Effect of View Factor and Emissivity on Radiative Power 
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Fig. 5 System Weight vs Peak Power for the 100 Earth Day 
Unmanned Mission 
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Fig. 6 System Area vs Peak Power for the 100 Earth Day 
Unmanned Mission 
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13,000 

11,000 
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AVERAGE POWER (KW) 

. 7 System Weight vs Average Power for the 7 Earth Day 
Manned Mission 
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8 System Vol-ume vs Average Power for the 7 Earth Day 
Manned Mission 
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Fig. 9 System Weight vs Average Power for the 3 Earth Day 
Manned Mission 
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Fig.10 System Volume vs Average Power for a 3 Earth Day 
Manned Mission 
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Fig.11 System Weight Cross Over Point for the Fuel Cell and 
Dynamic Systems 
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