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CUTIVE SU

‘ Manned exploration of our nearest neighbors in the solar system is the
primary goal of the Space Exploration Initiative (SEI). An integral part of
any manned Tunar or planetary outpost will be a system for manned excursions
over the surface of the planet. This report presents a preliminary design for
a lunar rover capable of supporting four astronauts on long-duration excur-
sions across the lunar landscape. The distinguishing feature of this rover
design is that power is provided to the rover via a laser beam from an
independent orbiting power satellite. This system design provides very high
power availability with minimal mass on the rover vehicle.

With this abundance of power, and with a relatively small power-system
mass contained in the rover, the vehicle can perform an impressive suite of
mission-related activity. The rover might be used as the first outpost ior
the lunar surface (i.e., a mobile base). A mobile base has the advantage of
providing extensive mission activities without the expense of establishing a
fixed base. This concept has been referred to as "Rover First."

A manned rover, powered through a laser beam, has been designed for
travel on the lunar surface for round-trip distances in the range of 1000 km,
although the actual distance traveled is not crucial since the propulsion
system does not rely on energy storage. The 1ife support system can support a

4-person crew for up to 30 days, and ample power is available for mission-
related activities.

The 8000-kg rover has 30 kW of continuous power available via a laser
transmitter located at the Earth-moon L1 libration point, about 50,000 km
above the surface of the moon. This rover, winich is designed to operate in

either day or night conditions, has the flexibility to perform a variety of
power-intensive missions.

iii



CONTENTS

EXECUTIVE SUMMARY . . . . & v v e v v v v e e o v o e e e e e e e e e 11
1.0 INTRODUCTION . . . . . . . . .. e e e e e e e e e e e e e e e e e 1
2.0 DESIGN ASSUMPTIONS AND SUMMARY . . . . . . . « « + « « & e e 3
3.0 POWER SYSTEM DESIGN . . . . + ¢ v v v v v v v o v o v o o o s e 7
3.1 POWER REQUIREMENTS . . . . . . . . . . .« .. e e e e e e e 7
3.2 LASER RECEIVER . . . « v v v v v v v v v o v e e oo o o e o 8

3.3 ENERGY STORAGE . . . . . . e e 10

3.4 DISTRIBUTION SYSTEM DESIGN . . . . . . . .« « ¢ « o o v .10

4.0 MECHANICAL DRIVE SYSTEM DESIGN . . . . . . . .« v v v v o v o o o 13
4.1 LUNAR SOIL AND TERRAIN FEATURES . . . . . . . . . . .. ... 13

4.2 ROVER PROPULSION REQUIREMENTS . . . . . . . . e e e e e e e 14

4.2.1 Acceleration . . .« « v v v v v v o v e e e e e e e e 14

4.2.2 Climbing . . . . « « v v . 0 e e e e e e e e e 14

4.2.3 Horizontal Motion on Regolith . . . . . . . . . . .. 14

4.2.4 Propulsion Power Requirements Summary . . . . . . . . 15

4.3 DRIVE-TRAIN DESIGN . . . . . e e e e e e e e e e e e e e 15

4.3.1 Electric Motors . . . . . . « o v v o 0 000w 15

4.3.2 Gear Reduction . . . . . . « .« v v v oo e e 16

4.3.3 Braking . . . . . 0 o v e v e e e e e e e e e 16

4.3.4 Heat Rejection . . . . . . . ¢ « v v v o v o 16

4.3.5 Control . . . . . ¢ . i e e e e e e e e e e 17

4.4 DRIVE-TRAIN MASS SUMMARY . . . . . . « « v v v v v v v v v v 17

5.0 HABITAT AND LIFE SUPPORT SYSTEM . . . . . . . « . « o o v v v o v 19
5.1 GENERAL . . . & v v v v v et e e e e e e e e e e e e e e 19

5.2 ATMOSPHERE . . . . . v v v v v v v e e v v e e e e e e e e 19

5.3 WATER . . . v v e e e e e e e e e e e e e e e e e e e e 20

5.4 FOOD . . . . o vt e e e e e e e e e e e e e e e e e e e e e 21

5.5 WASTE . . . . . e e e e e e e e e e e e e e e e e e e 21

5.6 TRASH . . . .« v i i e e e e e e e e e e e e e e e s 22

5.7 RADIATION ENVIRONMENT AND SHIELDING . . . . . . . . . . . .. 22



5.8 [INTERIOR VOLUME AND SPATIAL ARRANGEMENTS . . . . . . . . el 23

5.8.1 Background . . . . . . ... L 00 e e e e e 24

5.8.2 Basic Design . . . . . . . . . 00w e e e e e 24

5.8.3 Cockpit (Cab) . . . . . . . v v o v v oo oo 24

5.8.4 Lab Space . . . . . . o0 e e e e e e 25

5.8.5 Airlock . . .. .. .. oo 26

5.8.6 Summary . . . . . . 0 0 e e e e e e e e e e e e e e 27

6.0 CABIN HEAT REJECTION SYSTEM . . . . . . . . . . o v v v v v v v v 29
6.1 DAYTIME OPERATION . . . . . & & v ¢ ¢ i e v e e e e v e e e 29

6.2 NIGHTTIME OPERATION . . . . . . . . . v v v v v v v v v v v 32

6.3 EMERGENCY OPERATION . . . . . & & v v v v v v e e o v e v s . 33

7.0 MISSION SUMMARY AND HARDWARE REQUIREMENTS . . . . . . . . . . ... 35
7.1 MISSION CLASSIFICATIONS . . . . . . « v v v v v v v v v v s 35

7.1.1 Geophysical Investigations . . . . . . . . . . . . .. 35

7.1.2 Geophysical Ground Sample Archival . . . . . . . . .. 36

7.1.3 Geophysical Mapping . . . . . . . . ¢« .« v e v 36

7.1.4 Lunar Environmental Monitoring . . . . . . . . . . .. 36

7.1.5 Lunar Geoscience Measurements . . . . . . . . . . .. 36

7.1.6 Minirover . . . . . . . @ ¢ i i e e e e e e e e 36

7.1.7 Lunar Gas Extraction Experiment . . . . . . . . . .. 36

7.2 HARDWARE REQUIREMENTS . . . . . . . . . . . v v v v v v v v 37

7.3 IN SITU RESOURCE UTILIZATION DEMONSTRATION . . . . . . . . . . 37

8.0 CONCLUSIONS . . . & v v v i i i et e e e e e e e e e e e e e e e 39
9.0 REFERENCES . . . . . i & o i i i e e e e e e e e e e e e e e e 4]
10,0 BIBLIOGRAPHY . . . . & . o i i e e e e e e e e e e e e e e e 43

vi



oy O W W NN

N N A EeERAeEWww NN
N = W N = N =N

N = N = N =
e e e e e e

Laser Beam-Powered Lunar Rover . . . . . & « ¢ v v v v v« v e e

4
Internal Cross Section View . . . . . . . « v v v o v v v o v v e 5
Laser Receiver Schematic Diagram . . . . . . . . . . « o o v o 9
Power System One-Line Diagram . . . . . . . . .« o ¢« v v v v o 11
Radiator Temperature Versus Area for Daytime Operation . . . . . . 30
Radiator Temperature Versus Lunar Surface Temperature . . . . . . . 32
TABLES
Lunar Rover Design Parameters . . . . . . . . . . o o oo ., 3
Rover Mass Breakdown . . . . . . . . . . . . . 0o 3
Power Allocation Summary . . . . . . « . « . . . . e e e e 7
Laser Receiver Mass Breakdown . . . . . . . . . . . .. ..., 9
Propulsion Power Requirements . . . . . . . . . . « v v o v v .. 15
Electric Motor Specifications . . . . . . . . . . . .. e e e e 16
Drive-Train Mass Summary . . . . . . . . « ¢« ¢ v v v v 0 v v 18
Mission-Related Equipment Manifest . . . . . . . . . . . .. . .. 37
In Situ Resource Demonstration Activities . . . . . . . . . . . .. 38

vii



1.0 INTRODUCTION

Providing adequate power and energy to a manned rover vehicle for
exploration on the moon is a challenging endeavor. For maximum usefulness,
the rover should have an extended range capability, which typically implies
considerable onboard power generation or energy storage capability. The state
of the art in power generation and/or energy storage devices is not optimal
for an extended lunar mission and enormous mass would be required for any long
mission. This pnroblem is compounded by the long lunar day and night, which
severely constrain options such as photovoltaic power production and battery
storage. Radioisotope thermoelectric generators (RTGs) have been considered
for an unmanned low-power (500 W) rover application on Mars (Schock et al.
1989a, 1989b). It is doubtful that the approximately 25-kW requirement for a
manned rover could be met with the low specific power of RTGs. At current
specific RTG power production of about 5 W/kg, an RTG-powered lunar rover
would have a power system mass in excess of 5000 kg. The use of methanol to
power a rover has also been proposed recently; a fuel/oxidizer load of 500 kg
was expected to provide a 250-km range on Mars and somewhat more on the moon
(Clark et al. 1991). Vehicle mass was not clearly stated in the methanol use

study, but an assumption of 1 kWh/km travel over Martian terrain determined
fuel use.

The use of power beamed from lunar satellites to the rover has clear
advantages over the conventional methods noted. There is not only a Targe
mass saving associated with not having to produce power onboard the rover, but
additional benefits accrue as well. Abundant power is available to perform a
variety of missions, enhancing the capability of the rover beyond that
envisioned for an initial lunar base. With the advantage of a light-weight
laser to electric converter, the rover is highly maneuverable and can operate
continuously in either day or night conditions.

This paper describes the design and issues associated with a 30-kW
electric laser beam-powered Tunar rover.



2.0 DESIGN ASSUMPTIONS AND SUMMARY

The design assumptions that are the basis for subsequent lunar rover
drive system requirements and design features are provided in Table 2.1.
Although the table refers to a 1000-km range, which was an initial design
parameter, the design of the lunar rover does not preclude additional range if
desired. The design does not use primary energy :torage for locomotion; thus
the rover can operate continuously either moving or stationary. The mission
duration and crew complement, on the other hand, are critical design para-
meters because they drive the mass of consumable supplies and 1ife support
system requirements. The mass summary of the rover, listed in Table 2.2, is
derived from subsequent sections of this report.

JABLE 2.1. Lunar Rover Design Parameters

Feature Amount
Range 1000 km
Crew Number 4
Mission Duration 30 days
Maximum Speed 10 ‘wm/h
Maximum Slope (firm soil) 30°

- Design Life 7 yr

TABLE 2.2. Rover Mass Breakdown

Component Mass (kg)
Laser Receiver System 900
Energy Storage System 300
Power Distribution Equipment 150
Command, Control, Communications 100
Drive System 368
Cabin Thermal Management 477
Life Support Equipment 550
Housekeeping Equipment 50
Consumables 1200
Crew 300
Personal Gear 50
EVA Suits 200
Radiation Shielding 1250
Structure 900
Mission Hardware 1205
Total 8000



" The rover is.a cylinder 7.5 m Tong with an outside diameter of 3.2 m.
Thiz cylinder length includes 5 m of laboratory workspace, and 2.5 m at the aft
of| the vehicle for extra-vehicular access (EVA) suiting operations and
manipulator arm control. The driving cab is an additional 2.5 m in the front
o’ the rover. A sketch of the rover is shown in Figure 2.1.

To utilize Space Station Freedom (SSF) components, the rover uses SSF
international racks 1 m wide laid out as shown in Figure 2.2. The EVA staging
area has only bottom racks (no side racks). This yields a total of 28 racks,
12 bottom racks which are suitable for storage and 16 side racks which are
used for mounting hardware. The overhead space is used for liquid storage,
which is also suitable for crew radiation shielding. Rack dimensions and

%olume requirements are further described in Section 5.0 Habitation and Life
Support System.
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FIGURE 2.1. Laser Beam-Powered Lunar Rover
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3.0 POWER SYSTEM DESIGN

The power for the lunar rover is provided by a photovolitaic receiver
which converts laser light to electrical power. The vehicle receives contin-
uous laser power while in motion or at rest. This enables the rover to oper-
ate continuously in either mode, thus eliminating Timitations on travel
distance or pTacing constraints on mission operation.

3.1 POWER REQUIREMENTS

The system design provides an abundance of electrical power. This
enables the rover to perform a variety of functions and missions not possible
with other rover concepts. A summary of the power system requirements for the
various functions of the rover is provided in Table 3.1.

Power for external illumination is included in the drive system power
allocation, which would be compensated for by reduced average speed. Only a
slight reduction in the average traveling speed would provide significant
additional power available for illumination during night operations.

The thermal managemeﬁt power consumption is a function of energy dis-
sipated within the pressurized module. It is assumed that all mission, con-
trol, lighting, habitation, housekeeping, servicer recharge, and power system
losses will ultimately result is waste heat dissipated into the module. This
waste heat must be moved from the habitat module at 300 K to the radiator

TABLE 3.1. Power Allocation Summary

Average Power (kW)

Component Driving Stopped
Drive System 15.0 0.0
Thermal Management 5.0 10.0
Missions 2.0 10.0
Contrcl, Interior Lighting 2.5 2.5
Habitation, Life Support 2.0 2.0
Housekeeping, Cooking, etc. 0.0 2.0
Battery Charger 2.0 2.0
Power System Loss 1.5 1.5
Total 30.0 30.0



at 400 K. However, power consumed outside the pressurized module, which
includes the drive motors and the external lighting, would not have to be
removed using this system.

Mission-related hardware, which includes sampling and analysis equipment,
will be used primarily when the rover is stationary. However, some power has
been allocated for consumption during periods of rover motion to account for
possible long-tierm experiments that cannot be shut down or autonomous
functions which may be continuous.

The control functions include communication equipment, ~omputer systems
related to rover operation, rover instrumentation and diagnostic equipment,
and internal cabin illumination.

Habitation and 1ife support include all critical functions for condition-
ing the air, such as ventilation and CO, scrubbing. Housekeeping includes all
noncritical functions for living on the rover which may be switched off during

periods of mobility. This includes functions such as water treatment and food
preparation.

A battery charging system is includad for robotic minirovers, as well as
any mission-related battery-operated equipment. This power is available con-
tinuously to eliminate operational constraints.

The power distribution system is assumed to be 95% efficient, which is

reasonable given the simplicity of the design and the relatively short cable
runs required.

3.2 LASER RECEIVER

The laser energy transmitted to the surface is converted to electricity
by an AlGaAs photovoltaic converter, as shown in Figure 3.1 (De Young et al.
1991). Since the converter is tuned to the laser wavelength, very high
conversion efficiencies on the order of 50% are achieved. A heat rejection

system is included to remove waste heat and to maintain the receiver photovol-
taics at 320 K.



EIGURE 3.1. Laser Receiver Schematic Diagram

The laser receiver mass breakdown is listed in Table 3.2. The laser
receiver was scaled using De Young’s (1991) design, converting the net
electrical output from 15 kW to 30 kW. Each component of the converter mass
is doubled, except the tracking device and the coolant piping. The tracking

TABLE 3.2. Laser Receiver Mass Breakdown
Component Mass (kq)

Al1GaAs Cells 1.0
Active Area Matrix 2.0
Laser Concentrator 54.0
Tracking System 100.0
Thermal Management System

Radiator 464.0

Coolant Piping 159.0

Compressors 120.0 743.0
Tota! 900.0



device does not scale with power, since it is primarily structure and control
systems associated with receiver orientation. The coolant piping mass
increases by a factor of /7, which represents doubling the effective piping
area. The receiver size is relatively unaffected by increasing power, since
the reflector dish surrounding the active area is primarily a function of beam
jitter and diffusion, which depends on the separation distance, wavelength,
and pointing accuracy. The laser receiver is about 2 m in diameter.

3.3 ENERGY STORAGE

Although the laser system is sized to provide average power for both sta-
tionary and mobile modes of operation, brief periods of either above or below
average power will occur regularly as equipment is switched on and off. These
load variations will be compensated for by onboard energy storage. This
energy storage can also be used for emergency conditions when there is an
interruption in receiving laser energy or a system failure on the rover that
precludes normal operatior. This emergency stand-by power will be adequate to
maintain the rover in a "keep aiive" mode until rescue or to provide power to
perform limited maneuvering.

Two fuel cells in parallel will provide energy storage with an overall
capacity of 30 kW and 50 kWh. Near-term fuel cell technology has specific
power of 7 kW/kg and energy storage density of 225 Wh/kg. The onboard fuel
cells have a total mass of 300 kg.

If 30 kWh is dedicated as emergency stand-by energy, with the remaining
stored energy available for routine load variations, the Tife support system
could operate at full capacity for a minimum of 15 hours.

3.4 DISTRIBUTION SYSTEM DESIGN

Figure 3.2 is a one-line diagram of the rover power system. The system
incorporates the concept of a dual bus, which minimizes the effect of a
single-point power system failure. Each bus occupies one rack on each side of
the vehicle and provides power to racks on the same side of the vehicle.

Thus, any redundant critical hardware, such as life support equipment, are

10
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FIGURE 3.2. Power System One-Line Diagram

installed in racks on different sides of the vehicle.

The fuel cells are
located in racks adjacent to each bus.

A mass breakdown of the power system components is provided in Table 3.3.
Somewhat contrary to traditional aerospace design, which must sometimes trade
between mass savings and efficiency improvement, reduction in mass can be made
at the expense of efficiency due to the power-rich environment. Smaller
lightweight cables can be used, which result in higher power system losses.
This power system has a design efficiency of 95%.

11



TABLE 3.3. Mass Breakdown of Power Distribution System

Component

Main Bus (2)
Cable (Aluminum THW)
500 MCM
#4/0
#2
#4
#10

Conduit (Polyvinyl Chloride, Schedule 40)

2-1/2 in.
1-1/2 in.
1 in.

Circuit Protection, Switches, Misc.

Total

Source: Means 1990
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4.0 MECHANICAL DRIVE SYSTEM DESIGN

The Tunar rover drive-train design is lightweight and uses current tech-
nology for electric motors and heat rejection. This drive system is well-
matched to the continuous, relatively large amount of power available from
power beaming. As a result, the rover has extended range, increased speed,
and enhanced maneuverability.

4.1 LUNAR SOIL AND TERRAIN FEATURES

The Tunar regolith (surface debris layer corresponding to terrestrial
soil) consists of particles ranging from fine dust to rocks (Levinson and
Taylor 1971; Mason and Melson 1970). This regolith was formed by meteorite
impacts that resulted in shocked fragments of rocks, minerals, and glass spher-
ules (Smith and West 1982, p. 3-13). The bulk of the regolith is made up of
fine particles that are porous and weakly coherent at the surface but become
more compacted with depth. Typically, a thin dusty surface layer about 1/4-cm
thick covers a dark gray caked zone, below which there is a 5- to 15-cm thick
slightly cohesive sandy to silty material (Levinson and Taylor 1971, p. 82).
Underlying these zones is a layer that exhibits an increase in firmness and
resistance to penetration. The thickness of the regolith is quite variable
with lTocation, but is estimated to be between 3 and 20+ m (Smith and West
1982, p. 3-13; Williams and Jadwick 1980, p. 60). The depth of the material
appears to be enough to preclude penetration of any conceivable rover wheel
through the regolith. Note, however, that the data base for the above values
is rather limited (horizontally and vertically) in terms of actual explora-
tion. For example, astronauts were able to obtain core samples only about
60 cm deep (Williams and Jadwick 1980, p. 61).

Of main interest here is that mechanically Tunar soils behave similarly
to terrestrial soils of comparable particle size, even though composition may
be different (Smith and West 1982, p. 3-24). In particular, both astronaut
footprints and lunar rover tracks penetrated the regolith to depths ranging
between 0 and 15 cm (Williams and Jadwick 1980, pp. 61 and 62). The majority
of Tunar slopes have angles <20 degrees (Smith and West 1982, pp. 3-18 and
3-19), so the 30-degree rover climbing Timit will restrict travel very little.

- -
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4.2 ROVER PROPULSION REQUIREMENTS

The rover propulsion power requirements include a combination of accel-
eration, climbing, and horizontal motion in soft soil. Each of these are
described separately below, then integrated into the overall requirements.

4.2.1 Acceleration

Since acceleration is defined by Newton’s first law (F = m a), in order
for the 8000-kg rover to reach its top speed of 10 km/hr in 5s, 12.3 kW of
power is required, at near-maximum velocity.

4.2.2 Climbing

For the Tunar gravity, which is one-sixth that on Earth, 18.2 kW is
required to maintain the 10-kﬁ/hr top speed while climbing a 30-degree slope
with firm soil. At lower speed on the same slope, power would drop
proportionately.

4.2.3 Horizontal Motion on Regolith

The rolling resistance of a wheel is a function of wheel and ground
deformation. Given the soft lunar regolith, it appears reasonable to ignore
wheel deformatinn and use the standard equation to calculate power require-
ments. In the equation P = W b/r (English units), P = force, W = vehicle
weight, b = coefficient of rolling resistance, which is a dimension somewhat
less than one-half the maximum distance of the wheel segment penetrating into
the soil, and r = wheel radius (Beer and Johnston 1962, p. 300). Given a
1.2-m diameter wheel that experiences a b of 12.5 cm (typical of soft soil),
the power required to maintain forward motion is 7.54 kW, which is the force

multiplied by the vehicle speed. This implies that the wheel penetrates into
the regolith to a depth >1.7 cm.

Assuming that the wheel will penetrate the full 15 cm experienced during
the Apollo 16 rover missions, then b is approximately tripled and the power
requirement rises accordingly. Alternately, given constant power, one could
elect to reduce speed from 10 to 3.3 km/hr over the softer regolith.

14



4.2.4 Propulsion Power Requirements Summary

The previously calculated power requirements are summarized in Table 4.1.
The third column shows an increased requirement after incorporating an

assumed 75% overall drive-train efficiency, which is a conservative
assumption.

Thus it appears that if an average power of 15 kW were made availabie to
the rover drive via power beaming, the assumed acceleration and steady hori-
zontal speed criteria could be readily met, or nearly met. Climbing would
have to be done at <10 km/hr, and horizontal travel in soft regolith would
also be at slower speeds. Alternately, additional power could be produced
from an onboard energy storage system. A specific mission profile would be
required to calculate the tradeoffs necessary for mission optimization.

4.3 DRIVE-TRAIN DESIGN
The following sections describe the components of the drive train.
4.3.1 Electric Motors

Recent developments in high-efficiency, low-mass electric motors can be
used to advantage in a rover vehicle. For example, a journal article
(Aerospace America 1988) describes a research motor that produces 10.5 kW at
20,000 rpm and weighs 14 kg. Similar, somewhat smaller motors are currently
available from Unique Mobility (1991). The DR086x motor produces 7.5 kW at
10,000 rpm, and weighs 4.3 kg; a somewhat more powerful and heavier motor,

[ABLE 4.1. Propulsion Power Requirements

Power Requirements (kW)

100% 75%
Mode Efficiency Efficiency
Acceleration 12.3 16.4
Climbing 18.2 24.3
Steady speed/horizontal 7.5 10.1
Maximum!?) 38.0 50.8

(a) Implies acceleration on a 30-degree slope covered
with soft soil, and speed near maximum.

15



the DR127x, produces 15 kW at 8,000 rpm, and weighs 6.7 kg. It will be
assumed here that four of the smaller motors will be adequate for rover
propulsion. These motors, plus associated gear reduction, braking, and heat
rejection systems, are mounted in complete units, with one assembly per wheel.
Motor controllers are also one per wheel, but will reside within the cabin and

reject heat into it.. Other relevant motor characteristics are summarized in
Table 4.2.

4.3.2 Gear Reduction

The 1.22-m diameter wheels turn at about 43 rpm at a maximum speed of
10 km/hr. A double-reduction fixed gear of about 250:1 should be readily
achievable to match the motor to the desired speed range.

4.3.3 Braking

The Unique Mobility motors can be operated as generators (personal com-
munication with S. Meyer 1991). Typically, this provides 30% energy recovery
over a complete duty cycle on Earth. A disc brake system similar to one that

was proposed for a rover vehicle (Price et al. 1990) will be employed here
also.

4.3.4 Heat Rejection

Surface temperatures on the moon present extremes. For example, at the
Apollo 17 site, temperatures ranged from 384 K during the day to 102 K just
before sunrise (Smith and West 1982, p. 3-26). The moon reflects about 7% of

JABLE 4.2. Electric Motor Specifications

Characteristic ount

Voltage 50 to 100 DC
(with higher
voltage preferred)

Dimensions 122 mm diameter

x 133 mm long
Efficiency (over 70% of speed range) 90 %
Operating Temperature (continuous) 422 K
Vacuum Operation Not a problem
Over-Torque Rating (short term) Up to 300 %

Source: Clark et al. 1991
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incident 1ight, with the brightest areas exceeding the darkest by 3.5:1 (Smith
and West 1982, p. 3-26). These conditions create a challenging temperature-
control problem.

At full power and with an efficiency of 90%, 3.33 kW of heat needs to be
rejected from the electric drive motors (transmission efficiency should be
high enough that Tittle heat will be generated there). At 422 K motor-
operating temperature, 1.83 m® of radiator surface would be required to reject
this amount of heat to space. Rejection of heat to the Tunar surface at 384 K
would require 5.84 m?, so this is also a feasible option although a difficult
one to implement given the soil’s albedo and temperature variabilities. It
will be assumed here that a shrouded heat pipe panel radiator that views space
only, with a view factor of about 0.2, will be mounted on the rover body.

Thus about 10 m® of (projected or actual) radiator area will be required in
this design.

The radiator will consist of metal/ceramic fabric heat pipes using water
as the working fluid and having a specific mass of 3 kg/m* (Antoniak et al.
1991). The flexible heat pipes would expand and contract in length ("party
favor") with the heat load to match motor needs. Coolant loops at the motors
and heat exchangers at the radiator panels will serve to transfer the heat
from the motors to the radiators. The heat-transfer medium in the loops could
be pressurized water, or an oil-type organic fluid at lTower pressure than the
water would require. Test results have shown that metal/ceramic fabric heat
pipes can be effectively started while frozen (Antoniak et al. 1991).

4.3.5 Control

A full range of variable speed control is available via the CR10-100
Unique Mobility controller (Unique Mobility 1991). This controller weighs
about 2.7 kg (personal communication with S. Meyer) and attains efficiency up
to 97%. It also provides energy recovery by means of regenerative braking.

4.4 DRIVE-TRAIN MASS SUMMARY

The masses of the drive-train components, as well as total mass, are
given in Table 4.3.
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TABLE 4.3. Drive-Train Mass Summary

Mass (kq)

Component Number Unit Total
DRO86x Motors 4 4.3 17.2
Gear Reduction 4 5.0 20.0
Control 4 2.7 10.8
Brakes 4 5.0 20.0
‘Radiator 1 (3 kg/m?) 30.0
Heat Exchangers 4 5.0 20.0
Miscellaneous 50.0
Wheels and Suspension 4 50.0 200.0
Complete Drive System 368.0
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5.0 HABITAT AND LIFE SUPPORT SYSTEM

The vehicle will provide shirt-sleeve accommodations for as many as
4 crew members on 30-day lunar exploration missions. In each of the following
sections the requirements for the designated Life Support Subsystem (LSS) are
first established, then followed by a discussion of the required subsystems.

5.1 GENERAL

The vehicle LSS design is open, using regenerable subsystems based on
state-of-the-art physicochemical technologies. This means there will be fewer
expendables and the capability to recharge the vehicle’s subsystems for
repeated exploration trips. The level of operation of the various subsystems
has been set to meet the technology road map and milestones of the Exploration
Technology Program in NASA’s Office of Aeronautics, Exploration and
Technology. The LSS technologies were also chosen to be as compatible as
possible with those foreseen for the Initial Lunar Outpost (ILO) in its
emplacement and consolidation phases. |

There is not unanimous agreement on the volume and weight requirements
for food, air, and materials necessary to support crew members on space mis-
sions. One can estimate as high as 32 kg/day of supplies to maintain a person
in a totally open LSS, which would require 1 metric ton of supplies/person-
month for the rover. Most of the estimated weight is water for personal
hygiene, washing clothes, and flushing. The weight requirement can be reduced
to about one-third of this figure if less water is used.

5.2 ATMOSPHERE

Vehicle atmosphere will be 20% 0, and 80% N at 14.7 psi, with minimal CO,
and trace contaminants. This will require 0.8 kg 0, and 0.7 kg N/person/ day.
For a 30-day, 4-person crew mission, the weight requirements are 100 kg 0, and

80 kg N. This does not include air lost in airlock operations or spare
capacity.

A two-bed molecular sieve will be used for air scrubbing for CO, removal,
replacing the four-bed molecular sieve developed for SSF. This will eliminate
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two desiccant beds upstream of the two CO, beds in that model with concomitant
weight and space savings. The CO, can be vented or reduced.

CO, can be reduced using the well-known Sabatier or Bosch processes. The
Sabatier process has significant mass, power, and volume advantages over the
Bosch process, but produces methane which must be vented or otherwise
processed. The SSF will use a Bosch process which produces solid, elemental
carbon. This vehicle and the lunar base could most profitably use the
Sabatier process if the methane could be successfully used as a fuel or
otherwise reduced to its carbon and hydrogen components.

5.3 WATER

Since water constitutes over 90% of the consumable loss of a LSS, it is a
high priority to reduce this loss. SSF estimates are as high as 22 kg of
water/person/day for total us2. Estimates of water requirements vary widely
across sources, mostly due to uses of water for other than drinking. Most
agree that each crew member wi'l need 2 to 5 kg of drinking water daily
depending on their activity level. For a 30-day, 4-person crew mission,
weight requirements for drinking water are from 240 to 600 kg.

The vehicle will carry two kinds of water: potable water used for
drinking and food preparation, and laboratory water for onboard analytical
use. The potable water loop will be partially closed by recovering condensate
water (humidity) from the atmosphere and purifying it by multifiltration to
remove dissolved organic vapors and metal ions. The laboratory water will
probably have to be deionized if it is used in chemical tests. Lab residues
will be stored onboard for later disposal or recovery at the lunar base.

Onboard the vehicle, no water will be used for bathing or washing clothes
or dishes. Tissue wipes will be used for bathing. Potable water will be used

to brush teeth with residues stored with other wet residues from food
preparation.

The crew will wear disposable undergarments and outer clothes that will
be changed at regular intervals. Undergarments, and perhaps some other
clothes, can be made of degradable materials which can be combined and eventu-
ally recycled with other solid wastes after the mission is complete.
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Food storage, preparatidn, and serving materials will be combined in
degradable packaging which will be compacted and returned to the Tunar base
for recycling with other solid waste. (Food packages create about haif of the
solid trash weight produced daily on the Space Shuttle.)

5.4 FOOD

The reviewed Titerature shows strong agreement for food requirements for
space crews, ranging from 1.0 to 1.5 kg/person/day. For a 30-day, 4-person
crew mission, this would be about 150 kg of food. Food volume depends on
packaging and food type, but 0.015 m’/person/day appears adequate for solid
foods. Total food volume for storage would then be about 1.8 m®.

Food could be all dehiydrated, or mixed dehydrated and frozen depending on
the thermal management subsystem of the vehicle. Food will be prepared by
reconstituting with water and heating via microwave and/or solar cook unit.

5.5 WASTE.

A crew member produces 0.113 kg of water weight and 0.024 kg of solid
weight in feces every day and 0.7 to 0.9 kg of urine. This translates into
16 kg of fecal material and up to 108 kg of urine for a crew of 4 on a 30-day
mission. These wastes should be kept separate and either treated or stored
for treatment in a manner compatible with waste recovery for the Tunar base.

The minimum waste treatment scheduled for the ILO is recovery of water
from urine and from solid wastes, both for nonpotable uses. SSF will recover
water from urine for noningestive uses only.

Solid waste recovery is the least well developed of LSS technologies, and
development of a long-term system for water recovery from urine for the SSF
has been shown to be extremely difficult due to the corrosive nature of urine.
This vehicle is therefore planned to store urine and fecal materials onboard
in separate storage tanks for transfer and subsequent recycling treatment.
Fecal materials can be collected and stored in degradable ’baggies,’ which
will save use of water for flushing, while urine can be collected directly
into a special holding tank as aboard the Space Shuttle.
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5.6 TRASH

Current Space Shuttle experience indicates that a space crew generates
1.0 to 1.1 kg of trash/person/day. The (noncompacted) volume formation rate
is approximately 0.015 uﬁ/person/day. Food containers account for about half
of this by weight (0.47 kg/person/day) with the remainder being mostly paper
and biomedical wastes (0.13 kg each), leftover food (0.09 kg), plastic bags
(0.06 kg), and tape, aluminum cans, and miscellaneous (0.10 kg).

Because tape is used mainly for securing people in weightless conditions,
biomedical wastes will probably be minimal; and aluminum cans will Tikely be
replaced by different packaging for lunar missions, thus trash generation
aboard this vehicle should be kept below the nominal 1 kg and 0.015 m®/person/
day formation rate. For a 4-crew member, 30-day mission this amounts to
120 kg of trash by weight and 1.8 m® by volume that could be compacted and
stored aboard the vehicle for later treatment or disposal at the lunar base.

5.7 RADIATION ENVIRONMENT AND SHIELDING

The two sources of life-threatening radiation are Galactic Cosmic Rays
(GCRs) and Solar Flares (often called Solar Proton Events or SPE). GCRs are
high-energy heavy and light ions. Solar flares are high-energy proton bursts.
GCR exposure on the lunar surface is a constant 25 to 35 mrads/day. Solar
flares are much more dangerous and variable, occurring in an 11-yr cycle.
Within each cycle there are 1 to 2 major events of ~5000 rads (considered
lethal), 2 to 5 moderate events of 500 to 1000 rads, and 20 to 30 minor events
of 50 to 100 rads each. Current radiation limits for astronauts are set at
200 rems for a cumulative 1ifetime career, 50 rems/yr and 25 rems/mo. A rem
is a biological radiation dose which includes a measure of relative biological
effectiveness for specific radiation types.

To convert rads to rems, multiply the dose in rads by the relative bio-
logical effectiveness of the type of radiation exposure. These multipliers
range from 1 for direct X and gamma rays to 1 to 10 for solar flare protons
from 100 MeV to 0.1 MeV, and 15 to 20 for alpha particles from 5 to 1 MeV.

Prediction of solar flare events is notoriously poor, making protection
from these events the prime consideration of vehicle shielding. The vehicle
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should be at least as protective as an EVA suit, which would result in an
unacceptable exposure of 130 rems/mo to the arms and legs of an explorer.

More reasonably, the rover vehicle should be able to shield its occupants to a
maximum 25 rem/mo exposure under solar minimum situations. Some ancillary
shielding strategy will be necessary (hiding behind protective terrain,
deployable shielding, or an internal flare shelter) to protect the crew from
major SPEs up to 500 rads.

 There appears to be agreement that 1 to 3 m of loosely packed lunar
regolith would be sufficient to shield a lunar base.

The apprdximaté shielding for a 50 rem/yr dose 1imit from GCR would
require 2.3-cm thickness of Al at a density of 60 kg/m?. The dose equivalent
curves for GCR and SPEs show a rapid drop with increasing thickness of Al up
to 10 cm. The curves break noticeably after this point, indicating decreasing
marginal benefits with increasing thickness.

Keeping weight of the vehicle down while providing adequate radiation
protection for a 30-day mission will be problematic. Water may be used as
shielding (3.6 cm H,0 = 2.3 cm of A1) but it is only as effective as methane,
which has Tess than half its density. Methane would be produced as part of
CO, reduction under the Sabatier process, and would make excellent shielding
if it could be safely stored. Using water as shielding implies that it should
also be recirculated for nonpotable uses such as cleaning, but this adds to
the mass and LSS complexity of the vehicle.

The rover design uses a combination of water, methane, and waste water
storage in the overhead bulkhead to augment 1.6 cm of aluminum shielding.

5.8 INTERIOR VO'UME AND SPATIAL ARRANGEMENTS

Many studies over the past 30 years have looked at volume requirements
for crews of space vehicles (see Wise 1985, for a review). They are in
agreement that proficiency of the crew is directly related to the free volume
available, and that when space is limited, normal housekeeping and hygienic
chores consume large portions of the working day.
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5.8.1 ac n

Davenport et al. (1963) propose an approximate minimum of 3.1 m3/person
for a 4-person, 30-day space mission.

The Lunex simulator used 4.4 m* free volume for a 2-man, 14-day mission,
which included an airlock space which was rarely used. This would be in
keeping with the guidelines set by Davenport et al. (1963). But this study
also noted severe problems with housekeeping and hygiene as the crew simply
tried to stay out of each other’s way and get things done. The small volume
here was also partially due to a lower overhead height of just 1.7 m.

Wise (1985) found, after an extensive review of all available literature,
that "It’s not how large you make it, but how you make it large." Interior
free volumes can be kept at or below 4.25 m*/person for up to 30-day missions
as long as the available space and interior layouts are designed to meet the
crew’s functional needs, and certain treatments are employed to make the
available volume appear as spacious as possible. It is relatively easy, for
example, to make a space apﬁear up to 25% larger than it actually is simply by
using an angled bulkhead.

5.8.2 Basic Design

The Tunar rover is designed to make functional use of airlock space and
incorporates a highly functional interior design. The interior free volume is
30 m’. The design uses a "three-box" concept that includes ’cockpit’ (cab),
'lab/work space,’ and ‘airlock’ areas in sequence from fore to aft.

5.8.3 Cockpit (Cab)

The cockpit is sized to fit all four crew members in 2 x 2 supportive
seats while driving, as the ride will be rough. An EVA-suited crew member
will be able to occupy the driver’s station. Each fore-aft pair of seats are
convertible to a sleep berth so that two crew members can sleep in the cockpit
and two more in the lab space via "jungle hammocks" suspended from the
overhead. The four seats also allow the cab to be reconfigured as an
impromptu wardroom, probably through addition of a lightweight folding round
table that would fit between the seats. This could be a smailer version of
the one designed at NASA-ARC for the SSF. The cab would be the preferred
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place to eat and relax because it is the only place that would allow a window
view out from the vehicle.

Thinking of the cab as a ’'four-workstation’ space suggests that approxi-
mately 0.7 to 0.9 m® minimum free volume should be allocated per crew member.
This would be in keeping with using the cab as a minimum habitable volume for
four crew members. Assuming two space suits carried aboard the rover, the cab
should also allow two suited crew members to operate within it in an emer-
gency. Each suited crew member requires approximately 1.5 m® to operate
controls. Thus minimal cab free volume appears to be resolving around
3.25 m®>. For comparison, a current large American automobile allots about
1.5 m® each to front and rear passenger spaces.

The cab may be a separately shaped volume, as in the Boeing rover study,
or incorporated into the same cylinder as the lab space. But the Tatter
wastes space because the 3-m interior width is not needed for driving, and a
cab does not need to have full standing height throughout. A cab interior
free width on the order of 1.5 to 1.8 m is more reasonable as this would allow
two EVA-suited crew members to operate side by side. The design tapers the
cylinder of the lab to form the cab. Further shaping of the cab requires

consideration of whether operable probes and manipulators will be added to its
capabilities.

Depth of the cab’s free volume aft of the driving console should be at
least 2 m to allow the four crew members to gather around a center deployable
table approximately 100 cm in diameter, and for conversion of fore and aft
seats to sleep berths. A curved cab overhead proceeds from overhead console
height over the driver to the full 2 m interior height toward the rear of the
cab. This results in a full cab free volume of approximately 4.0 m’, with an
overall length of 2.5 m.

5.8.4 Lab Space

The '1ab/work space’ would be furnished with international racks as used
aboard the SSF. International SSF racks are 156 cm high, (189 cm with mounts)
60 cm deep (76 cm with frame), and can be configured in varying widths (use
approximately 1 m wide for planning purposes). For comparison, U.S. SSF racks
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are 203 cm high, 90 cm deep, and 107 cm wide. Both U.S. and international
racks can be subdivided into half-width segments.

This mandates a minimum interior height of approximately 2 m. This
height would also accommodate the ta]]est‘crew‘members while providing room
for an overhead bar that would assist crew movement through the interior.
Studies on movement under simulated one-sixth lunar gravity suggest such an
aid is appropriate.

For safety, EVA suit access throughout the vehicle must be allowed. A
95th percentile male in an EVA suit requires 192-cm height, 85-m width, and
69-cm depth. Note that this is for the current soft suit. A more 1ikely hard
suit for surface operations might require more in width and depth.

There is now a tradeoff to be made between designing a vehicle with a
single- or a double-loaded central lab space (i.e., racks on one or both sides
of the vehicle). For balance purposes, double-loaded racks are preferred.

For a vehicle with a double-loaded central corridor using international racks,
the minimum interior volume dimensions would be 200 cm high, 238 cm wide, and
long enough to accommodate whatever number of racks is required.

Adding shielding and hull easily puts the vehicle at 3 m wide. The
Boeing lunar rover uses a horizontal cylinder for its airlock, which is 3.4 m
in width (Griffin 1991). Accordingly a 3.0 to 3.4-m wide cylinder for the
central lab space appears feasible.

The length of the lab space cylinder depends on the number and types of
rack instruments and equipment. A minimum would seem to be five racks
(approximately 500 cm) on a side, for an overall lab length of about 5 m.

5.8.5 Airlock

Standard airlock design houses the EVA suits within it and allows enough
room to doff/don suits. However, a suitport concept explored at NASA-ARC for
SSF has much to recommend it for adaptation to a rover (Cohen 1985).

The suitport concept places AX-5 type hardsuits outside the pressurized
interior volume, attached directly to life support charging and checkout sys-
tems. Entry is through a backpack door on the suit that locks tight against
the pressurized bulkhead. The suit itself can be shielded from the external
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environment by a form-fitted cover that closes over it. This suitport has the
highest volumetric efficiency of any type tested so far, meaning minimal loss
of interior atmosphere during pumpdown for entry and exit. It also prevents
contamination of the interior by lunar dust that will adhere to the suits.

These should be major considerations for repeated lunar surface EVAs from a
rover,

The two suitports proposed for this rover could be housed at the aft end
of the lab space. The area adjacent to the suitport could house a receiving
station for surface materials on one side and an enclosed hygiene facility on
the other. This would occupy one rack width each, with another rack width
6pen behind the suitports, adding another 200 cm to the lab cylinder length.
Total exterior lab cylinder length would now be approximately 7.5 m.

Within the 2.4-m interior diameter of the lab cylinder, two suitports

could be positioned side by side, leading to an exterior ’'porch’ on the aft of
the rover.

5.8.6 Summary

The entire rover is 10 m lTong, making it suitable for launch in the Space
Shuttle cargo bay. The rover could even be designed as an independent ‘cab
plus lab trailer’ vehicle, and kept to under 14 m, the 1imit for the Space
Shuttle. This would be in keeping with the Rover First concept, which
visualizes a rover taking the place of the ILO. There could be detachable
‘trailer’ cylinders of different kinds that would eventually be 1inked
together in the first permanent lunar base.
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6.0 CABIN HEAT REJECTION SYSTEM

‘ Power-beaming is a mission-enabling technology for the lunar rover. It
will provide high levels of continuous power, thereby expanding the list of
potential mission objectives. However, the energy beamed to the rover must
ultimately be dissipated as heat. |

6.1 DAYTIME OP ION

Waste heat rejection in the Tunar environment introduces some unique
challerges. The heat must be rejected through radiation to space and to/from
the Tunar surface. Depending on the time of ’‘day,’ the location on the lunar
surface, and the design heat rejection temperature, the lunar surface may be a
net heat source or a net heat sink. The sink temperature for radiation can be
relatively high because of the high daytime lunar surface temperatures, up to
384 K (Smith and West 1982). Ewart and Clark (1991) calculate an available
daytime he-% sink temperature of 322 K for a vertical unshaded radiator at the
lunar equator.

A simple heat balance allows calculation of the required radiator temper-
ature as a function of heat load and lunar and radiator physical properties

4 4 0.25
T = QrojtFe®pOATs +Fr€,0n0AL Ty
re] ARERO
where T,,; 1is the radiator operating temperature

Qre; 1s the heat load
F, is the radiator view factor to space
F. is the radiator view factor to the Tunar surface
o, is the absorption capability of the radiator
a is the Stefan-Boltzman constant
Ap is the radiator area
T, is the space (sink) temperature
T, is the lunar surface temperature
€, is the lunar surface emissivity
€p is the radiator emissivity.
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Figure 6.1 shows the relationship between radiator area and temperature
for a heat rejection load of 30 kW, and for the properties and temperatures
specifiedlin‘the legend (the absorption capability and emissions are assumed
to be constant). The practical 1imit on radiator area will result from the
reduirement that the system be mobile. The 1ikely design approach would be to
design the largest practical radiator for a mobile rover and then select and
size the heat pump system to accommodate the requisite heat 1ift. A 30-m?
radiator was assumed, based on an overall vehicle length of 10 m and cylinder
width of 3 m. The fabric heat pipe radiator is estimated to have a specific
mass of 3 kg/m’, which gives a radiator mass of 90 kg (Antoniak et al. 1991).

There have been a number of studies to determine the viability of using
heat pumps to upgrade waste heat for space applications in order to reduce
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radiator mass and volume (Edwards and Richards 1989; Grossman 1990). These
studies have typically looked at orbital applications where a very low radia-
tive heat sink is available. The general consensus is that for these applica-
tions a heat pump system would be marginally beneficial.

The high heat sink temperature that a lunar rover would have available,
combined with the need to maintain a livable temperature in the module, neces-
sitate the use of an active temperature control system since a shirt-sleeve
environment of 300 K is cooler than the peak heat sink temperature available
for an unshaded radiator. From Figure 6.1 a 30-m* radiator is required to
reject 30 kW at 420 K. Radiator shielding and heat storage capacity may be
used to mitigate the heat rejection requirements, and to optimize the heat
rejection system (Ewart and Clark 1991; Parrish et al. 1991).

The in-cabin waste heat rejection system would consist of cold plates
coupled to a thermal bus to collect waste heat and a heat pump to upgrade the
waste heat. The radiator has a selective coating to minimize insolation.

A promising concept for a heat pump system is proposed by Grossman
(1989), in which an absorption heat pump using lithium bromide and water is
used to upgrade the waste heat. The primary advantage of the absorption cycle
is the Tack of moving parts (except for a small pumping device). The cycle
employs two working fluids. The temperature 1ift is obtained when one sub-
stance is absorbed into the other. Thus the heat pumping action is provided
without compression. Grossman estimates 12.2 kg/kW specific mass for the
generator, evaporator, recuperator, and auxiliary parts of the absorption heat
pump.

To upgrade the waste heat to 420 K, the ideal Carnot coefficient of
performance is 3.5, (thermal watts moved for each watt consumed by the heat
pump). Assuming 60% of Carnot efficiency is achievable for a real system, the
coefficient of performance becomes 2.0. Thus, to reject 20 kW of cabin waste
heat at 300 K, 10 kW is consumed by the thermal management system resulting in
30 kW radiated at 420 K.

Combining the absorption heat pump with a metal/ceramic fabric heat pipe
system will provide a very reliable, relatively low mass heat rejection sys-
tem, with a total estimated system mass of 477 kg.
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6.2 NIGHTTIME OPERATION

During night operation there is no solar heat radiation and the Tunar
surface temperature drops significantly, to about 100 K. With this reduced
sink temperature, the radiator can operate at a much lower temperature to
reject the heat generated in the rover. Figure 6.2 shows the necessary radia-
tor temperature required to dissipate various heat loads versus the lunar
surface temperature, which is 375 K for a 30-kW load. Although the heat pump

is used to remove the heat, less power is required than during daytime
operation,
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6.3 EMERGENCY OPERATION

During a contingency event, it may be necessary to operate the thermal
management system under emergency conditions. Assuming a loss of'power, in
which the rover must rely solely on emergency energy storage, all non-
essential electrical consumption will be curtailed, thereby significantly
reducing the thermal load for the thermal management system. During the day
this will not pose a significant problem, since the radiator reaches equilib-
rium at 300 K with a heat load of 3 to 5 kW. During the night, very low power
dissipation causes the radiator temperature to drop significantly below room
temperature. However, if the radiator is isolated from the cabin (by turning
off the thermal management fluid loop), sufficient rover insulation would keep
the rover warm enough with minimal heat dissipation within the cabin.
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7.0 MISSION SUMMARY AND HARDWARE REQUIREMENTS

Lunar rover exploration expeditions are designed to enhance activities
conducted at the base. Capability must be provided to permit exploration over
a significant distance from the base with equipment for conducting a wide
range of research experiments over a period of one Tunar day (28 Earth days).
To determine the types of experiments and hardware necessary for remote
exploration, manifests based on the NASA 90-day study and proposed Space
Exploration Initiative science payloads (Budney et al, 1991) were evaluated to
determine the mass, volume, and power requirements for exploration activities.

The scenario assumed for this lunar rover mission provides astronauts the
freedom to observe and evaluate phenomena without the need to perform
significant manual labor. Small rovers and robots developed during other
missions are incorporated and adapted to this exploration mission. Tele-
operated minirovers will be availabie to collect samples in the vicinity and
transport them back to the main rover for analysis.

7.1 MISSION CLASSIFICATIONS

Many classes of lunar-based science experiments are planned to investi-
gate planetary science, astrophysics, space physics, exobiology, life
sciences, and resources and materials use. From these experiment classes,
planetary science experiments to determine resources and materials use are
significantly enhanced by being conducted as a part of rover expeditions.
These investigations are based on evaluation and use of lunar materials.
Exploration of large Tunar areas, via a series of lunar rover expeditions to
characterize the resources and terrain, will significantly improve selection
of sites for bases, outposts, and in situ resource development facilities.

7.1.1 Geophysical Investigations

These investigations allow astronauts to conduct geologic field work such
as mapping and sample collection. Samples will be collected near or on the
lunar surface. The amount of supplies necessary for these investigations is
based on two fully equipped teams of two astronauts collecting a wide variety
of samples in the field, including regolith cores to 10 m long, rock cores to
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15 cm long, bulk rocks, rock fragments, pebbles, soil, and regolith. As a
result of these investigations, astronauts will analyze samples and construct
geologic field maps.

7.1.2 Geophysical Ground Sample Archival

These activities will allow astronauts to return lunar samples to Earth
for analysis in terrestrial laboratories or archive unreturned samples on the
moon.

7.1.3 Geophysical Mapping

These activities allow astronauts to measure a variety of geophysical
parameters in the field to provide information to the Earth about the lunar
subsurface structure, local gravity and magnetics, and ranging.

7.1.4 Lupar Environmental Monitoring

These activities allow continuous monitoring of the lunar atmosphere and
geophysical parameters such as heat flow, seismicity, gravity, magnetic field,
and space physics conditions.

7.1.5 Lunar Geoscience Measurements

These activities will allow detailed assessment of collected samples to
perform preliminary analyses or advanced scientific analyses of samples that
cannot be returned to Earth in pristine condition.

7.1.6 Minirover

The minirover will provide extended mobility to manned exploration. The
rover will perform remote sensing and collect and analyze samples. The rover
is designed to carry up to 5 kg of scientific instruments and sampling equip-
ment and travel up to 100 km on the surface at speeds up to 400 m/hr.

7.1.7 Lunar Gas Extraction Experiment

The purpose of this system is to demonstrate the extraction from and
determine the composition of gases emitted from the lunar regolith. The sys-
tem has the capability to collect gases such as hydrogen, helium, nitrogen,
and carbon components for potential usé at the lunar outpost. If He-3 is
collected, it would be exported to Earth for use as a possible fusion fuel.
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7.2 HARDWARE REQUIREMENTS

The cohponents of the payloads for these investigations are summarized in
Table 7.1. |

7.3 IN SITU RESOURCE UTILIZATION DEMONSTRATION

To prepare for in situ resource utilization, small demonstrations must be
conducted. The preferred processes to be considered are summarized in Table
7.2. No power requirements were supplied for these activities; however,
increased power to the Tunar surface could significantly enhance the timing
and the magnitude for demonstrating these capabilities. This increased power
availability would enhance developing the manufacturing capacity of the moon
to support future space exploration.

[ABLE 7.1. Mission-Related Equfpment Manifest

Mass Vo1ume Power
Experiment (ka) () (W)
Astronaut Field Package 115 0.5 890
Sample Return Containers 145 0.3 N/A
Geophysics Package ‘ 330 0.2 50
Environmental Station 70 0.1 80
Geoscience Laboratory 105 0.2 320
10-meter Drill 305 0.2 6120
Minirovers (5) 75 0.5 20
Contingency 60 0.1 380
Total 1205 2.1 7860

Source: Budney et al. 1991
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TABLE 7.2.

Activity

In Situ Resource Demonstration Activities

Preferred Process

Application

LLOX generator

Metals co-product extractor

Ceramic by-products unit

Volatiles unit

ITmentie

Carbonyl

Consolidate/sjnter

Thermal
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Water, life support,
emergency
repressurization

Powder metallurgy, rods,
zeolite

Sintered shades, glass
fibers, radiation
protection walls

Helium, hydfogen,
carbon, nitrogen




8.0 CONCLUSIONS

The present lunar rover study, although using a different power resource
approach, has otherwise been quite conventional. That is, it has been implic-
itly assumed throughout that minimization of average power used will result in
the optimal (lowest weight) rover. However, the issue of an optimal rover
design acquires a new perspective with the use of power beaming. At a small
incremental cost in the beam receiver antenna and related electronics, the
rover could potentially have available what is now termed maximum power--but
continuously, if required, with no time 1imit on its use. Given the many
unknowns that a junar rover may encounter during its missions, it would seem
prudent to provide it with extended power capabilities and to design for
maximum power use to cover unforeseen events and opportunities.

The laser beam-powered rover design presented in this paper has the
following specific characteristics:

« With only a total mass of 8000 kg, the rover can take a crew of 4 on 30-
day lunar exploration missions, traveling at speeds of up to 10 km/hr
with very Tittle restrictions with respect to maximum incline and soil
composition.

« No constraints on when, how long, or how far the vehicle can travel,
within the 30 day mission duration, and no restrictions on day or night
operations.

« Drive system has inherent reliability with four separate drive motors,
and employs a lightweight fly-by-wire approach.

« An onboard energy storage system uses fuel cells to account for routine

power consumption variations, which can be used for backup emergency
power.

+ Space Station Freedom international racks are used for mounting equipment
and instrumentation and for storage. This provides commonality with
available flight-qualified hardware.

« Redundant systems are included to ensure crew safety.

« An open life support system is used to minimize mass, complexity, and
cost.

-+ Water, waste water, and methane storage (from atmospheric CO, removal)
are used to augment aluminum radiation shielding.
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« The vehicle is relatively spacious, with 30 m’ of free volume.

+ An advanced thermal management system provides the necessary heat
rejection with minimum mass.

» A multitude of mission-related devices and instrumentation, rivaling the
capability envisioned for an initial Tunar outpost, are included in the
manifest. ’

+ Mission activities are enhanced by a fleet of battery-powered mini-rovers
capable of performing remote exploration missions.

+ Abundant energy availability allows potential reduced mass designs for
systems and equipment onboard the rover.

Several other features of power beaming that. enhance rover capabilities
should be mentioned. Because power is not generated onboard the rover, use of
a heat pump to increase radiator temperature and effectiveness is a credible
option. Furthermore, when rover power requirements are lower than available
in the power beam, some form of defocusing could be used to match the incoming
power with rover requirements. This would serve to minimize thermal radiator
mass and area, as heat only from active components and equipment would need to

be rejected.

The power-rich environment available allows the mission planners the
flexibility to include a wide variety of missions, which may be both heavy and
power intensive. The capabilities of the beam-powered rover are enhanced to
the degree that it can outperform even the planned conventional Tunar base
concepts. Consequently, such a rover would be‘an excellent candidate for a
Rover First architecture, in which the early lunar outpost is a manned rover.
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