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What the hell, it works on Star Trek.
Skroob in Spaceballs (1987)



Abstract

A thermal control architecture design study is conducted on a novel robotic
planetary and lunar (sub-)surface exploration paradigm. The concept is based
on the deployment of a large number of small spherical fuel cell powered robots
over vast areas, which employ hopping, bouncing and rolling as locomotion
mode. The aim of the research is to prevent freezing and overheating of the
robots, without compromising mechanical and thermal reliability and stability.
A first order thermal model approximation is evaluated for all possible mission
locations and predictions with respect to expected heat loss and lifetime are
made. The proposed thermal control architecture, relying on a low emissive
silver coating surface finish and low conductive silica aerogel insulation layer,
enables a single design to be employed on all envisioned mission destinations, as
the projected heat loss never surpasses internal heat generation. The effects of
a thermal control heat rejection mechanism, composed of a variable emittance
coating and heat switch, in order to increase mission flexibility, are also studied
from a thermal standpoint.
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Chapter 1

Introduction

When Science (2005, [1]) announced its Breakthrough of the Year in 2005, plane-
tary and space scientists and engineers found themselves awarded the runners-up
position because they “outdid themselves (. . . ) in mounting exploratory expedi-
tions beyond Earth”.

1.1 The Vision for Space Exploration

Much of this work is based upon the United States National Aeronautics and
Space Administration’s (NASA) The Vision for Space Exploration (2004, [2])
in addition to projects from the European Space Agency (ESA) and the Japan
Aerospace Exploration Agency (JAXA).

The Vision for Space Exploration is a framework for exploring our solar
system, seeking answers to profound scientific questions, responding to recent
discoveries and implementing revolutionary technologies. Today spacecraft are
at or on their way to the Moon, Mercury, Venus, Mars, a comet, an asteroid,
Saturn, Pluto and the very edge of the solar system.

To encourage outside thinkers and researchers to take part in this enterprise,
NASA created the NASA Institute for Advanced Concepts (NIAC), which seeks
proposals for revolutionary aeronautics and space concepts that could dramati-
cally impact how NASA develops and conducts its missions.

1.1.1 NASA Institute for Advanced Concepts (NIAC)

While NIAC (2004, [3]) seeks advanced concept proposals that stretch the imag-
ination, these concepts have to be based on sound scientific principles and at-
tainable within a 10 to 40-year time frame.

To achieve this goal NIAC calls for proposals pursuing these aims and is
entitled to fund studies based on acceptance. In a first phase, lasting 6 months,
$75˙000 are granted for a more in depth study of the proposal. If the concept
proves to be promising, in a second phase, lasting as long as 2 years, up to
$400˙000 can be granted before the project is handed over from NIAC to NASA.

Since its establishment in 1998 through 2005, NIAC has received a total of
1˙016 proposals and has awarded 115 Phase I grants and 32 Phase II contracts
for a total value of $22.5 million.

1



Introduction 2

1.2 Robots for Celestial Body Surface and Sub-
surface Exploration

A new mission concept for celestial body exploration, based on the deployment
of a large number of small (meso-scale) spherical mobile robots over vast areas
of a celestial body’s surface and subsurface, is being investigated by Dubowsky
et al. (2005, [4]) and is funded as a NIAC Phase II project.

This strategic exploration architecture enables large-scale in situ analysis of
scientifically interesting properties, thus enabling a new paradigm for solar sys-
tem wide exploration, mapping and scientific study. The approach is an impor-
tant alternative to current rover and lander-based planetary exploration, which
is limited to studying small areas of a celestial body surface. Once developed,
robot units can be custom-tailored to specific mission targets.

In the study, a detailed mission scenario will be developed, enabling tech-
nologies for actuation, power, sensing and communication surveyed and funda-
mental research on the robot mobility mechanisms undertaken. This includes
the manufacturing of a small number of prototypes which will be tested in field
conditions. Work will be conducted by a multi-university team of engineers and
scientists at MIT, New Mexico Institute of Mining & Technology and Stanford.

Research objective

The focus of this work lies in the thermal control architecture design of these
exploration robots, to enable autonomous operation without risking freezing or
overheating damage of robot components in harsh space mission conditions.



Chapter 2

Literature Review

2.1 Robot System Description

The proposed mission concept (Dubowsky et al. 2005, [4]) is based on the
deployment of a large number (hundreds to thousands) of cm-scale mobile robots
over very large areas of a celestial body’s surface and subsurface by orbital craft,
from aerial platforms or a lander. The exploration robot is a self-contained
spherical robot equipped with power and communication systems, a mobility
system that enables it to move via hopping, rolling and bouncing, and a suite
of miniaturized sensors such as imagers, spectrometers and sensors for chemical
analysis. A first conceptual design is seen in Figure 2.1.

Figure 2.1: Conceptual design of exploration robot

Since many robots will be deployed, the overall system is highly redundant
and robust. Significant losses of units will not jeopardize mission goals.

3
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2.1.1 Mobility

By combining hopping, rolling and bouncing, an effective displacement method
for small devices in low gravity is found. This locomotion mode will allow the
robots to travel through extremely rough terrain and access sites of interest that
are beyond the reach of ordinary rovers and orbital or aerial platforms, such as
icy terrains on polar Mars, various gas giant moons, rough and vertical relief
landscapes and caves or other subsurface areas.

Basic robot mobility is provided by a bistable mechanism activated by dielec-
tric elastomer actuators, also known as electroactive polymer muscle actuators
(EPAM). The device allows a continuous transducer charging with an instant
energy release. EPAMs have shown to be potentially highly efficient, low cost,
light weight and inherently simple. The operating principle is based on the
Maxwell (electrostatic) pressure, generated by a strong electric field applied
across a soft elastomeric material and is shown in Figure 2.2.

Figure 2.2: Dielectric elastomer actuator operating principle

The bistable mechanism enables the robots to achieve mobility via directed
hopping and they are weighted so that after one locomotion cycle of hopping,
rolling and bouncing they will return to a posture with their “foot” on the
ground. An overview of the bistable system concept is given in Figure 2.3.

Figure 2.3: Bistable actuator mobility system concept
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2.1.2 Power

The units will be powered by a miniaturized fuel cell concept, developed in
connection with O’Hayre et al. (2003, [5]) from Stanford University, as they
lack the surface area for conventional photo-voltaic cells on remote celestial
bodies and would not qualify for subsurface missions in that case. Analyses have
shown that fuel cell powered robots offer significant mass reduction advantages
for long range missions over similar battery powered units. The use of bistable
mechanisms for the EPAM actuators, which lowers peak power consumption
necessary for hopping, justifies the use of high efficiency - low power devices
such as fuel cells.

2.1.3 Sensors

Sensors are the heart of the exploration robots as they perform all aspects
of scientific exploration, tailored to specific mission objectives. Additionally,
the robots will also require sensors related to navigation, localization and lo-
comotion, such as accelerometers and gyroscopes. Ideally all sensors are to be
incorporated into Micro Electro-Mechanical Systems (MEMS), to reduce size,
weight, cost and power consumption.

2.1.4 Communication

Science data will be transmitted via low-power communication to a lander plat-
form or an orbiting spacecraft, which then relays the data to Earth. Individual
robots will cooperate semi-autonomously to share information, collaboratively
explore science targets and relay commands and data in caves. Individual units
form a local area network (LAN) to allow communication by a low-power trans-
mission/receiver system.

2.2 Reference Missions

2.2.1 Surface Reference Mission

The surface reference mission envisions exploration of a body having solid ter-
rain. The surface roughness is assumed to be very high, consisting of dense rock
distributions, steeply sloped terrain features such as gullies and escarpments,
loose drift material with hazardous mobility characteristics and small-scale un-
evenness caused by small rocks, pebbles etc. Such terrain is often of primary
interest to planetary scientists, due to the possibility of exposed volatiles in
wind or water-formed geological features. Targets include lava flows, chaotic or
fractured terrain, cliffs, rock overhangs, tafoni, impact fracture fields, dunes and
polygonal or other periglacial terrain (Dubowsky et al. 2005, [4]).

2.2.2 Subsurface Reference Mission

The subsurface reference mission envisions exploration of cave-like subterranean
regions, formed by volcanic action (i.e. lava tube caves). The cave floor is
assumed to be relatively flat in its interior, due to the nature of its volcanic
formation. Near surface entrances, rubble from collapsed rock formations that
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created the entrances, has been leveled by layers of sediment, accumulated over
millions (or even billions) of years. The cave profile will include both inclined an
declined slopes that the exploration robots must traverse. Lava tubes are found
on Mars, the Moon, Venus and Io. Icy caves are thought to exist in Martian
poles, icy moons and sublimation cavities in comet interiors.

These targets are valuable since natural caves and other subsurface voids
provide a radically different set of conditions than the overlying surface. Such
areas serve as repository for trapped materials from a planet’s past and yield
materials that may shed light on past climate history and past solar activity.
They can also provide a suite of environments for an enormous diversity of ex-
tremophile organisms and have been suggested as the last refuge of life on planets
like Mars, where surface conditions have become significantly less hospitable to
life over geological time (Dubowsky et al. 2005, [4]).

2.3 Possible Mission Locations

NASA’s The Vision for Space Exploration (2004, [2]) cites several goals and ob-
jectives for space exploration beyond low Earth orbit. They include in particular
the exploration of the following celestial bodies:

- The Moon
- Mars
- Jupiter’s Galilean moons Io, Europa, Ganymede and Callisto
- Saturn’s moon Titan
- Asteroids and other bodies

The aim is to understand the history of our solar system, to search for
evidence of life and to develop new technologies for power generation, propulsion,
life support and other key capabilities required to support more distant, more
capable and longer duration exploration missions. All these bodies appear to
be the most promising in reaching these ambitions and intentions.

2.4 Demands and Conditions on Probable Mis-
sion Locations

So far, no choice of definite mission destinations has been made for the proposed
exploration robots. In a first step it is therefore important to know the near
surface conditions of all possible mission locations in order to evaluate their
suitability as potential robot exploration object.

The factors that determine the qualification of a celestial for body being
in principle eligible as robotic exploration mission destination are temperature,
pressure and gravitational acceleration. The maximum temperature may not
exceed allowable temperatures of any robot component, which in a first approach
is considered to be in the order of 50◦C. The highest acceptable pressure may
not differ substantially from Earth atmospheric pressure of 1 bar. Gravitational
acceleration must further be high enough to meet mobility demands and exceed
at least 0.7–1 m/s2. All numbers are referenced to traditionally designed, non
cooling low cost robots, as proposed in the project.
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The information collected for each in question coming celestial body is de-
scribed in Tables 2.1 to 2.16. A first useful number is the radius of the body
to get an impression on its size. Gravitational acceleration is stated next. The
rotation period of the celestial body accounts for the length of a day. The respec-
tive units of hours and days are related to Earth. From this value the average
solar irradiation duration can be estimated. The intensity of solar irradiation is
derived from the distance to the sun, also known as semi-major axis. It is given
in Astronomical Units (AU), which are defined in Equation 2.1.

1 AU= 1.4960 · 1011 km (2.1)

This equals the distance from the sun to Earth.
The observed temperature, along with any additional observations made re-

garding temperatures on the celestial body, are mentioned in the following. Fi-
nally the atmospheric pressure, together with its major elements of composition
and knowledge on surface material and morphology is given.

All data is found in Weismann et al. (1999, [6]), unless noted elsewise. In
this case it is taken from McBride and Gilmour (2004, [7]).

The general framework for a specific robot thermal control architecture de-
sign is based upon the conditions prevailing in the operation area. This allows
a model to be simulated and evaluate robot behavior in different conditions, in
order to infer its applicability in the investigated surroundings.

Before though advanced robotic missions are conducted to study various
celestial bodies, specific knowledge for mission planning related purposes is re-
quired, which only can be gathered through a prior orbiting spacecraft mission.
This aspect will be covered in more detail in Section 6.2.

2.4.1 Planets

Only planets in our solar system made up of a solid surface without a dense
atmosphere come into question to serve as exploration destination for the robots.

First planet of the solar system is Mercury and its information of interest
for thermal design considerations is written down in Table 2.1.

Mercury
Radius: 2439 km Gravity: 3.7 m/s2 [7]
Rotation Period: 58.6 days Semi-major Axis: 0.39 AU
Temperature Range: 90–725 K Poles: <135 K
Atmospheric Pressure: fbar Composition: H, He, O2

Surface Material and Morphology: Regolith, heavily cratered

Table 2.1: Mercury surface conditions

Extremely high temperatures in equatorial areas, resulting from Mercury’s
short distance to the sun, prohibit the use of traditionally designed robots for
exploration purposes. Much lower temperatures on the poles however allow
these regions to be envisioned for mission destinations.

Data for Venus, the closest planet to Earth, is noted in Table 2.2.
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Venus
Radius: 6051 km Gravity: 8.9 m/s2

Rotation Period: 243 days Semi-major Axis: 0.72 AU
Mean Temperature: 730 K (green house effects)
Atmospheric Pressure: 90±2 bar Composition: CO2, N2

Surface Material and Morphology: Mosaic of volcanic planes

Table 2.2: Venus surface conditions

Due to high temperatures, caused by atmospheric green house effects, and
high atmospheric pressures, Venus does not qualify for exploration by the pro-
posed types of robots.

For reference purposes and considerations to be made during the design and
manufacturing of a prototype, the same relevant data for Earth is given in Table
2.3.

Earth
Radius: 6378 km Gravity: 9.8 m/s2

Rotation Period: 23.9 hours Semi-major Axis: 1.00 AU
Temperature Range: 223–323 K Mean: 288 K
Atmospheric Pressure: 1 bar Composition: N2, O2

Surface Material and Morphology: Continents and oceans

Table 2.3: Earth surface conditions

Mars, the fourth planet of our solar system is by far the best studied planet,
due to numerous missions flown there. Very detailed information for near surface
conditions in known, as published by Martin et al. (2003, [8]) and even an
atmospheric circulation model developed by Haberle et al. (1999, [9]) exists.
All necessary information for present purposes is found in Table 2.4.

Mars
Radius: 3396 km Gravity: 3.7 m/s2

Rotation Period: 24.6 hours Semi-major Axis: 1.52 AU
Temperature Range: 180–290 K Poles: 150 K
Atmospheric Pressure: 0.3–14 mbar Composition: CO2, N2

Surface Material and Morphology: Crust with deformations

Table 2.4: Mars surface conditions

It is needless to say, that Mars is suitable and remains a target of high
interest for planetary exploration.

The giant gas planets of the solar system Jupiter, Saturn, Uranus and Nep-
tune possess a much too dense atmosphere for robotic exploration missions, as
their reference name anticipates.

Information for Pluto, the last planet of the solar system is contained in
Table 2.5.
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Pluto
Radius: 1170 km Gravity: 0.7 m/s2

Rotation Period: 6.4 days Semi-major Axis: 39.48 AU
Temperature Range: 40–60 K
Atmospheric Pressure: <60 mbar Composition: N2

Surface Material and Morphology: Variegated surface, polar regions

Table 2.5: Pluto surface conditions

At first sight, Pluto appears to be suited for a robotic exploration mission.
The large distance from Earth and low gravity must however be taken into
account during mission planning.

2.4.2 Natural Satellites

Neither Mercury, nor Venus posses any natural satellites.
The Earth’s Moon has emerged as a site of interest for robot surface ex-

ploration missions due to the renewed desire to conduct human exploration
missions there. The envisioned robotic missions should prepare and support
future human exploration activities. Relevant data is collected in Table 2.6.

Moon (Earth)
Radius: 1738 km Gravity: 1.6 m/s2 [7]
Rotation Period: 27.3 days
Temperature Range: 104–390 K
Atmospheric Pressure: fbar Composition: H, He, Ne
Surface Material and Morphology: Regolith (Moon soil)

Table 2.6: Moon surface conditions

Even though maximal temperatures may be considered too high at certain
latitudes, the long rotation period allows exploration missions to be exclusively
conducted at a specific time of day. On latitudes closer to the poles the maximal
temperatures are also considerably lower.

Phobos and Deimos are the two moons of Mars and their respective infor-
mation is found in Tables 2.7 and 2.8.

Phobos (Mars)
Radius: 11 km [7] Gravity: 0.3–0.6 m/s2

Rotation Period: 7.6 hours
Temperature Range: n/a
Atmospheric Pressure: n/a Composition: n/a
Surface Material and Morphology: Similar to Moon and asteroids

Table 2.7: Phobos surface conditions
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Deimos (Mars)
Radius: 6 km [7] Gravity: 0.2–0.3 m/s2

Rotation Period: 30.3 hours
Temperature Range: n/a
Atmospheric Pressure: n/a Composition: n/a
Surface Material and Morphology: Similar to Moon and asteroids

Table 2.8: Deimos surface conditions

Due to their small size and resulting low gravity, Phobos and Deimos do not
qualify for this type of mission, because the mobility of the hopping robots can
not be sufficiently controlled.

Jupiter has at least 63 moons. The four largest moons, known as “Galilean
Moons” are Io, Europa, Ganymede and Callisto in order from closest to farthest
away from Jupiter.

Io, the innermost of the Galilean moons, is of high interest for space explo-
ration, due to its volcanic activity and extremely high localized temperatures.
Information related to Io is in Table 2.9 and some data stems from NASA’s Jet
Propulsion Laboratory (JPL) (2005, [10]). Because of colder areas apart from
volcanos, it can be envisioned to dispatch probing missions there.

Io (Jupiter)
Radius: 1821 km Gravity: 1.8 m/s2

Rotation Period: 1.8 days
Temperature Range: 135–300 K [10] Volcanos: 1800 K
Atmospheric Pressure: nbar, pbar Composition: SO2, SO
Surface Material and Morphology: Volcanic plains, SO2 frost

Table 2.9: Io surface conditions

The other Galilean moons, known as Icy Moons, are also suitable for robot
exploration. Their data is summarized in Tables 2.10 to 2.12. Some data sources
are again provided by JPL (2005, [11], [12], [13]).

Europa (Jupiter)
Radius: 1560 km Gravity: 1.3 m/s2 [11]
Rotation Period: 3.5 days
Temperature Range: n/a
Atmospheric Pressure: 100 nbar Composition: O2

Surface Material and Morphology: Smooth ice, dirty geysers

Table 2.10: Europa surface conditions

NASA’s Jupiter Icy Moon Orbiter, which is in the early stages of planning,
will be designed to circle each Galilean moon for up to a year, to allow detailed
investigations of these worlds. This mission is a first step for advanced robotic
missions to study the habitable environments of the outer moons in detail.
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Ganymede (Jupiter)
Radius: 2634 km Gravity: 1.4 m/s2 [12]
Rotation Period: 7.1 days
Temperature Range: 117–156 K [12]
Atmospheric Pressure: “thin” Composition: O2

Surface Material and Morphology: Cratered dirty ice

Table 2.11: Ganymede surface conditions

Callisto (Jupiter)
Radius: 2409 km Gravity: 1.2 m/s2 [13]
Rotation Period: 16.7 days
Temperature Range: 128–168 K [13]
Atmospheric Pressure: n/a Composition: n/a
Surface Material and Morphology: Cratered dirty ice

Table 2.12: Callisto surface conditions

All other Jovian moons are not qualified for traditional robot exploration
because of their small sizes.

Titan is the largest of Saturn’s so far confirmed 47 moons and the second
largest natural satellite in the solar system. It is the only moon in our solar
system to have a dense, fully developed atmosphere that consists of more than
just trace gases. In 2005 a first probe Huygens, deployed from the Cassini
orbiter, reached Titan and delivered valuable information regarding mainly its
atmosphere. The moon remains a site of high interest for space exploration,
as it is believed to contain complex, pre-biotic chemistry. An overview of its
characteristics is given in Table 2.13.

Titan (Saturn)
Radius: 2575 km Gravity: 1.3 m/s2

Rotation Period: 15.9 days
Temperature Range: 71–94 K
Atmospheric Pressure: 1.44 bar Composition: N2, CH4

Surface Material and Morphology: Mostly solid, atmospheric debris

Table 2.13: Titan surface conditions

Triton is Neptune’s largest moon, of its known 13. It has a complex geo-
logical history with a relatively young surface and its therefore of interest for
exploration. Triton’s attributes are referred to in Table 2.14.

All other natural satellites in our solar system are too small for the envisioned
type of mission.
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Triton (Neptune)
Radius: 1352 km Gravity: 0.8 m/s2

Rotation Period: n/a
Mean Temperature: 38 K
Atmospheric Pressure: 14 µbar Composition: N2, CH4

Surface Material and Morphology: Even, icy

Table 2.14: Triton surface conditions

2.4.3 Comets and Asteroids

A comet is a small body in the solar system that orbits the sun and exhibits a
coma (or atmosphere) and/or a tail, both due primarily to the effects of solar
radiation upon the comet’s nucleus, which itself is composed of rock, dust, and
ices. A summary with relevant information is given in Table 2.15.

Comet
Diameter: few km
Temperature: Dependent on solar irradiation
Atmosphere: Continuously looses gas, dust
Surface Material and Morphology: Frozen gases, silicate dust

Table 2.15: Comet surface conditions

The small size of comets prevent them from being targets for traditional
robot surface exploration missions, as they not even gravitationally contain their
own gasses.

An asteroid is a small, solid object in our solar system, orbiting the sun and
is an example of a minor planet (or planetoid), which are much smaller than
planets. A summary with relevant information is given in Table 2.16.

Asteroid
Diameter: 200–1000 km and smaller
Temperature: Dependent on solar irradiation
Atmosphere: None
Surface Material and Morphology: Crust of dust and rock

Table 2.16: Asteroid surface conditions

Again, sizes are too small to ensure a controlled robotic operation on the
celestial body surface.
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2.5 Thermal Control Architecture of Mars Ex-
ploration Rovers

To gain a deeper understanding of the challenges faced in space application
thermal design paradigms, a detailed analysis of the most recent robot sur-
face exploration mission was conducted, the Mars Exploration Rovers (MER),
launched in June and July of 2003. Both rovers have well exceeded their design
lifetime by more than a factor of 8 and a robust thermal design of the rovers
has contributed significantly to their longevity and science productivity.

2.5.1 Flight Mission Description

The MER spacecraft was designed to take a rover and lander from the Earth
to Mars (during the cruise phase), through the Mars atmosphere and onto the
surface (during the entry descent and landing phase), where the rover conducts
science investigations of the Mars geology (during the surface phase). In order
to accomplish these varied functions, the flight system consisted of a a cruise
stage, an aeroshell entry vehicle, a tetrahedral lander structure and a rover.

2.5.2 Thermal Design Drivers

Hickey et al. (1996, [14]) broke down 5 distinct environments, which the rovers
must endure. They are ground operations before and after the integration of
the Radioisotope Heater Units (RHU), the cruise stage inside the lander, the
first day on Mars when the rover is still attached to the lander and the mission
phase of the exploration phase on the Martian surface. These five phases of
operation drove the design and characteristics of the Mars rovers.

The thermal design of the rovers was influenced by a number of factors. The
primary thermal design drivers identified by Novak et al. (2003, [15]) are the
Mars external environment, hardware temperature limits, electrical energy usage
limitations levied by the power system and high and low energy operational
scenarios devised by mission planners.

Mars surface environment The Mars surface thermal environment defines
the ultimate thermal sink for the rovers. It is driven by such factors as landing
site latitude, time of year, ground characteristics, the amount of dust in the
atmosphere and landing site elevation.

Hardware temperature limits Hardware temperature limits play a major
role in determining the appropriate rover thermal control design. Items that
are highly sensitive to extreme cold Mars nighttime temperatures and to wide
temperature swings must be shielded from the Martian environment.

Power system constraints and operational scenarios Rover operational
scenarios were defined by mission planners and translated into power profiles.
A worst-case hot and cold profile were so determined.

2.5.3 Rover Thermal Design Description

The MER thermal design is described by Novak et al. (2005, [16]).
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Internal Thermal Design Sensitive electronics which have to be protected
from freezing in the Martian environment are housed inside the Warm Electron-
ics Box (WEB). A primary focus of the WEB thermal design is to maximize
its thermal time constant, by maximizing the thermal resistance. This is done
by means of carbon-opacified silica aerogel insulation and low emissivity surface
finishes.

All hardware inside the WEB is protected against under-temperature condi-
tions by survival heaters that are switched on by mechanical thermostats. Two
paraffin-actuated heat switches, developed by Pauken et al. (2002, [17]), prevent
the electronics from overheating by rejecting heat to a pair of radiators on the
outside of the rovers.

Non-electrical Radioisotope Heater Units (RHU) are used to help keep the
rover electronics module and battery warm at night. The RHUs dissipate ap-
proximately 1.0 W apiece and weigh 40 g. A a system level description is
provided by Rinehart (2001, [18]).

External Thermal Design The principle hardware items located outside
the WEB that require thermal control are the cameras, actuators and bearings,
and they are equipped with warmup heaters. All of the rover external hardware
can survive in a non-operation condition without any survival heat and thermal
insulation.

2.5.4 Analytical Thermal Model

An analytical thermal model of the rover was created to provide rapid thermal
evaluations of operational profiles during flight operations. The mission oper-
ations model is correlated to data obtained in thermal vacuum testing of the
flight vehicles.

One of the critical functions of the flight rover thermal model is to predict
how long external mechanisms need to be heated prior to use. 5◦C of margin is
held in heating estimates and temperature predictions, even though results are
often better (Novak et al. 2005, [16]).

2.5.5 Operations Flight Experience

The MER thermal design has proven itself to be very robust on the Martian
surface. During the hottest times of the mission it allowed full functionality of
the rover without overheating. During the coldest times of the mission, the rover
was able to function with only a minimal amount of electrical survival heater
power. The rover thermal design, by maximizing the thermal time constant for
electronics inside the insulated WEB, minimized potentially damaging depths
of temperature cycles and the amount of energy needed to accomplish thermal
control of the vehicle.

2.5.6 Lessons Learned

Nonetheless, lessons were learned during MER operations.
A passive thermal design should be biased to protect against the cold envi-

ronment, i.e. minimize heat leaks. Transient hot problems are usually solved
with a duration or time-of-day operations constraint on the rover. Transient cold



Literature Review 15

problems will need to be solved by survival heaters, costing valuable electrical
energy that could be used for science.

Testing hardware at qualification temperature limits having significant mar-
gin beyond Allowable Flight Temperature (AFT) limits is also extremely im-
portant.

On a more general basis, the European Space Agency (ESA) (2004, [19])
released a document listing the lessons learnt and recommendations made for
future robotic exploration missions on Mars after the mission failure of the
Beagle 2 lander in 2003. These are however based primarily on organizational
and managerial considerations.

Implications for Study

Many aspects and reflections made during the design process of the MER rovers
can be adopted in the present study. One must however note, that since a semi-
autonomous operating mission is planned, temperature regulation by taking
influence on the operation status should be avoided as much as possible.
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Thermal Design Framework

3.1 Requirements on Design

For the successful thermal design of any object, a detailed analysis of require-
ments must be conducted, taking all aspects into consideration. The harsh space
environment and unusual life cycle of space applications lead to very challenging
constraints in the design process, which have to be fulfilled at all times to ensure
reliable operation. These include in the most general case extreme dimensional
stability of the spacecraft and instrument, typically with very tight and stable
temperature control, as noted by Swanson and Birur (2003, [20]).

3.1.1 Heat Loss Minimization

Due to the limited amount of fuel on board each exploration robot, it is of utmost
importance to limit the external heat loss, e.g. during flight cruise or a possible
hibernation state. The available fuel should be used as little as possible for active
survival heating purposes since this relates directly to the robot lifespan, which
is considerably limited if fuel is used for other than mission specific operations.

3.1.2 Active Thermal Control

To guarantee a smooth and continuous operation of the robots, an active thermal
control must be provided to prevent the possibility of overheating. This may
occur when the robots are highly insulted to limit external heat loss under
prolonged use. The robot body temperature is controlled either by limiting
the amount of produced heat through operational adjustments or adapting the
heat loss rate. This is achieved by means of a thermal control heat rejection
mechanism, which must be operated with as little external energy input as
possible.

3.1.3 Thermal Robustness

The thermal design architecture must further be very robust, i.e. only small
thermal stresses are allowed. This includes the pursuit of a high thermal in-
sulation and shielding, which limits the effects from external influences, and
the minimization of stresses imposed on components resulting from different

16
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material thermal expansion coefficients. First is related to the required tight
temperature control and second to the mechanical structure durability.

3.1.4 Mechanical Robustness

In addition to the thermal robustness, the robots must also be mechanically
robust. This is necessary to meet structural requirements for spacecraft launch
loads and impact landings on celestial bodies. Hickey et al. (1996, [14]) report
these to be as high as 60 g on Mars for example. No damage to the struc-
ture is tolerated in these conditions and will be thoroughly tested in a mission
qualification test plan as described by Biter et al. (2005, [21]).

3.2 Pursued Approach

Different technologies, established or in development, help meet the require-
ments stated above and contribute in finding a fundamental design philosophy
for the paradigm.

3.2.1 Low Emissivity Coating

Due to the frequent absence of an atmosphere in space applications, radiation,
which does not require a propagating medium, is often the major source of heat
loss. The only way to limit this is by low emissive surface finishes for external
facings, as well as internal components.

Surface coatings reach emissivity values as low as 0.01 (silver), according to
Lienhard and Lienhard (2005, [22]), and silver or gold coatings have proven to
be very effective in minimizing heat loss in space missions.

3.2.2 Thick Insulation Layer

A high thermal insulation and shielding of an object, to protect it against exter-
nal temperature swings, is achieved by an effective insulation layer in addition to
the low emissivity coating. Besides this thermal robustness, the mechanical ro-
bustness can also be controlled by this means if the insulation layer’s mechanical
properties allow it to do so.

In the event of an atmosphere presence, the insulation layer further limits
convective heat losses.

Silica Aerogel

Of all available insulation materials, silica aerogel claims the lowest conductivity.
At the same time it possesses the lowest density of any solid (ρ < 0.1 g/cm3)
due to porosity rates of over 98%, as reviewed by Akimov (2003, [23]). It is a
solid state substance, similar to gel where the liquid component is replaced with
gas.

The reason for the extremely low conductivity, which reaches less than
20 mW/(m·K) in air, is due to the fact that the interstitial space between
material of the aerogel (whether it be voids, particles or fibers) becomes smaller
than the mean free path of the gas. The mechanism for gas transport then
shifts from the continuum regime to free molecular conduction in the Knudsen
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regime. Effective gas conduction is then dominated by the conductive-radiative
component of the silica aerogel structure. Direct conduction is however mini-
mized by the low density of the material (Hickey 1996, [14]). An image showing
the structure of silica aerogel is shown in Figure 3.1 (Akimov 2003, [23]).

Figure 3.1: Silica aerogel structure

As gas pressure decreases, so does the conductivity of the aerogel, which
reaches values of even less than 10 mW/(m·K) in nitrogen vacuum chambers,
simulating a space environment. By adding carbon into the silica aerogel struc-
ture, to block the infrared component of radiant heat transfer within the aerogel,
Lee et al. (1995, [24]) were able to further improve the thermal properties. The
results are seen in Figure 3.2.

Figure 3.2: Total apparent thermal conductivity of silica aerogel samples against
gas pressure at 20◦C

Silica aerogel is a very fragile and brittle material, it is however capable to
sustain comparably high compressive pressures. As Parmenter et al. (1998, [25])
showed, it and can be reinforced by fibers to improve its mechanical properties.
Granulated silica aerogel, as investigated by Reim et al. (2004, [26]), is also
used to pursue identical goals. The fact that silica aerogel is incorporated in
the thermal control architecture of the Mars Exploration Rovers shows that it
is able to withstand mission qualification testing for purpose of insulation.
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3.2.3 Variable Emittance Coating

To control the body temperature of the robots without influencing the fuel cell
heat generation, ways must be found to vary their external heat loss. Variable
Emittance Coatings (VEC) are one way to influence radiative heat loss according
to the exigencies. Two prototypes of this adaptive thermal control system,
one based on micro-machined louver technology and the other on electrostatic
switches, will be tested on NASA’s upcoming ST-5 spacecraft satellite mission,
scheduled for launch early 2006. Other devices of the same purpose make use
of electrochromic and electrophoretic technologies.

Micro Electro-Mechanical Switched Radiator

Osiander et al. (2004, [27]) devised a Micro Electro-Mechanical System (MEMS)
switched radiator. The system consists of MEMS arrays of gold-coated slid-
ing shutters and allow an overall device apparent emittance range of over 40%
change when exposing the underlying high emissive silicon. Results are further
improved significantly when revising certain prototype specific characteristics.
Figure 3.3 illustrates the operating principle of the device.

Figure 3.3: Micro Electro-Mechanical switched radiator operating principle

Electrostatic Switched Radiator

An electrostatic switched radiator (ESR) designed by Biter et al. (2002, [28])
functions in essence as a thermal switch and changes the mode of heat trans-
fer between the spacecraft skin and radiator film from radiation to conduc-
tion, as a cover film is attracted to the spacecraft surface electrostatically. The
progress made over several years of development can be witnessed in Biter et
al. (2004, [29]) as apparent emittance changes of up to 80% were reached. The
mode of operation is sketched in Figure 3.4.
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Figure 3.4: Electrostatic switched radiator (ESR) operating principle

Control

Electric control units are responsible for operating the different devices. Farrar
et al. (2003, [30]) describe the test and evaluation approach for the specific
application on the ST-5 spacecraft mission, yet the information also provides a
guideline for future experiments regarding thermal applications on the exterior
structure of spacecrafts.

3.2.4 Heat Switch

A further approach to take influence on the interior temperature of the robots is
to use a heat switch and conduct heat from the robot inside to the outside shell,
shunting the silica aerogel insulation layer. The excess heat is rejected either to
the surface of the celestial body or the surrounding atmosphere, which provide
the final heat sink. Because of the largely unknown celestial body thermal
characteristics, possible large variations between sites and generally low thermal
conductivities, interaction with the atmosphere is however favored, as it is much
more predictable. The robot shell surface has to be highly conductive in this
case, to distribute all heat evenly around.

Desired properties of the thermal switch device are high thermal resistance
at rest, high thermal conductance when activated and low power consumption.
Additionally the switch must be small and low weight, possibly MEMS embed-
ded. Several approaches exist to meet the requirements.

Paraffin Actuated Switch

A paraffin actuated heat switch was designed for the thermal control of the
batteries used in the Mars Exploration Rovers. Above 18◦C the paraffin wax
inside the switch melts, expands and mechanically closes the switch for heat
rejection to a radiator to prevent overheating (Pauken et al. 2002, [17]).

Bi-Metal Switch

Milanez and Mantelli (2003, [31]) developed a passively actuated bi-metallic heat
switch for space applications in cryogenic systems of satellites. The working
principle is based on the differential thermal expansion of distinct metals. An
illustration of the device is seen in Figure 3.5.
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Figure 3.5: Bi-metallic heat switch for space applications

Electrostatic Switch

Similar to the ESR, Slater et al. (1996, [32]) devised a switch to control heat flow
between two thermally isolated surfaces by bringing the surfaces into intimate
mechanical contact, using active electrostatic actuation. The two plates are
separated by thermal insulators (polyimide), between 10 and 20 µm thick, to
minimize conductive heat transfer.

Figure 3.6: Side view of electrostatic switch

3.2.5 Implementation

To this date, no thermal control components exist which could be readily incor-
porated in the exploration robots to meet specific needs and exigencies. Once
the thermal architecture design stage is therefore accomplished, a detailed spec-
ification process must be taken up to define the requirements of the necessitated
parts which are to be developed. The realization is however most likely to be
based on presently emerging technologies, as previously described.



Chapter 4

Thermal Model

4.1 Model Description

Based on all considerations made in Chapter 3, a fundamental thermal control
architecture can be devised and incorporated into a model for first heat transfer
analyses.

The model consists of a spherical shell, representing the robot shape, with a
low outer emissivity coating (εs) and a thick inner insulation layer (λin). Fur-
ther it provides a contact area to the supporting surface and a homogeneous
spherical body which contains all components of a single robot. Variable Emit-
tance Coatings on the shell and a heat switch are optional. Figure 4.1 shows a
schematic of this configuration.

λin

εs

   Tb
 ρ,  cp

Figure 4.1: Thermal model schematic of exploration robots

Imposed constraints on the dimensions are according to the robot specifica-
tions of Plante (2005, [33]) the diameter D and mass m. Table 5.1 in Chapter
5 includes these values. All other design parameters are still influenceable.

This first model will disclose which provisions regarding thermal control have
to made in the final design stage of the robots.

22
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4.2 Model Assumptions

For any model to be successful and useful, approximations and assumptions
must be made.

Spherical Shapes All shapes in the model, shell and body, are considered to
be spherical. Convection correlations are also related to spherical bodies. The
aim is to simplify geometric properties, to be able to work with analytical heat
transfer equations to reach first approximations in a timely manner.

Isothermal Body The robot body temperature is assumed to be identical
in all locations, an assumption which can be made when considering the thick
thermal insulation layer which surrounds the body.

Homogeneous Body All properties of the body are considered to be homo-
geneous. This favors isothermal body conditions.

Uniform Heat Production Internal heat production of the robot fuel cell
is taken as uniform, without fluctuating elements, to simplify simulations.

Uniform and Constant Outer Temperature Outer temperatures are re-
garded as being time independent and identical in any point.

Outer Temperature Equal to Supporting Surface Temperature Due
to the robot’s small size compared to the planetary or lunar terrain, the sup-
porting surface temperature is the major external temperature influence on the
robot heat transfer.

Inner Insulation Surface Temperature at Body Temperature To fa-
cilitate modeling, the inner insulation temperature is assumed to be at body
temperature. This would represent an upper-bound scenario, where all heat
from the body is directly released to the insulation material without additional
insulation or shielding from low emissive component surface finishes.

Steady State for Heat Transfer Analyses Heat transfer analyses, to esti-
mate the heat loss of the robots, are all conducted under steady state conditions.
Calculations were simplified this way, but results also easier to interpret.

Surface Contact Area Temperature Identical to Outer Temperature
This upper limit is used in a first approach. The celestial body however repre-
sents a semi-infinite slab in a more accurate heat transfer model and must be
taken as such into account when ground losses prove to be significant.

Switch Either “On” or “Off” The heat switch to control heat rejection
from the robot body can only be influenced in its state of being conducting or
non-conducting. No gradual transition changes are considered.
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4.3 Heat Transfer Modes

With the exploration robots being located on the surface of a planet or moon
containing an atmosphere, all heat transfer modes play a role in heat exchange.
Namely conduction through the insulation layer (Q̇cond,s) and into the ground
(Q̇cond,g), as also radiation (Q̇rad) and convection (Q̇conv) from the shell surface,
as seen in Figure 4.2.

λin

εs

T∞

   Tb
 ρ,  cp

Qcond,g˙

Q̇cond,s

Q̇rad

Q̇sun

Q̇conv

Figure 4.2: Modes of heat transfer involved in robot heat loss

To derive the contribution of the different heat transfer modes to the overall
heat loss, they will be broken down below.

4.3.1 Radiation

Heat radiation plays a major role in all space applications due to the frequent
absence of an atmosphere. According to Lienhard and Lienhard (2005,[22]) heat
radiation of a sphere in a large enclosure is modeled the following way:

Q̇rad = σ · Fs∞ ·As ·
(
T 4

s − T 4
∞
)
, (4.1)

with the transfer factor Fs∞ approaching the shell surface emissivity εs

Fs∞ ≈ εs , (4.2)

because the enclosure area is considered to be much larger than the object area

As

A∞
≈ 0 . (4.3)

σ is the Stefan-Boltzmann constant and equals:

σ = 5.670 · 10−8 W
m2 ·K4 . (4.4)

As the shell surface area, A∞ the enclosure area, Ts the shell surface temperature
and T∞ the surrounding temperature.
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Solar Irradiation When knowing the distance from the sun r, a maximum
heat flux from incoming solar irradiation can be derived by making use of radi-
ation heat exchange principles, as presented by Modest (2003, [34]):

Isun = σ ·
(rs

r

)2

· T 4
sun , (4.5)

where rs is the radius of the sun

rs = 0.696 · 109 m (4.6)

and Ts the black body temperature of the sun

Tsun = 5780 K. (4.7)

When considering, that only half of the robot surface is exposed to incoming
solar radiation, the amount of absorbed irradiation by the exploration robots is
then after Siegel and Howell (2002, [35]) equal to:

Q̇sun = εs ·
As

2
· Isun . (4.8)

From Equations 4.5 and 4.8 an equilibrium temperature for gray diffuse
bodies solely submitted to solar radiation is determined, if they are merely
subject to radiative heat loss:

Thot = Tsun ·
√

rs

r
. (4.9)

This value is considered to be the highest achievable temperature on a planet
or moon if no internal heating takes place from the core (geothermal gradient)
and no atmosphere is present to favor heating by greenhouse effects. No object
on such a surface, exposed to solar radiation, can surpass this temperature.

4.3.2 Conduction

Conduction through the insulation layer of the robots is described by solving the
conduction equation (Fourier’s law) for spherical bodies as shown in Incropera
and DeWitt (1996, [36]):

Q̇cond,s =
4 · π · λin · (Tb − Ts)

1

(D
2 −x) −

1

(D
2 )

, (4.10)

where λin is the conductivity of the material, Tb the body temperature and x
the insulation layer thickness. The contact area Acont between the robots and
the supporting surface is not taken into consideration.

Heat loss into the ground is described in its easiest manner by a one dimen-
sional heat conduction equation (Incropera and DeWitt 1996, [36]):

Q̇cond,g = λin ·Acont ·
Tb − T∞

x
. (4.11)

If heat loss into the ground though substantially adds to the overall heat
loss, the supporting surface must be modeled as a semi-infinite slab and not
isothermal, as most celestial bodies are made up of low conductivity surfaces.
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4.3.3 Convection

Continuum Requirement In order for convection to play a role in heat
transfer, continuum conditions must be satisfied. As Chen (2005, [37]) shows,
the Knudsen number is used to verify this:

Kn =
l

D
, (4.12)

where l is the mean free path of a particle in the surrounding atmospheric gas.
If Kn � 1 continuum conditions are verified.

From kinetic gas theory for an ideal gas, as presented in Kestin and Dorf-
mann (1971, [38]), the mean free path of a particle is computed as:

l =
R · T∞√

2 · π · d2 ·NA · p
, (4.13)

where R is the universal gas constant

R = 8.314
J

mol ·K
(4.14)

and NA the Avogadro Number

NA = 6.022 · 1023 . (4.15)

d is the particle diameter and p the atmospheric gas pressure.

Convective Heat Loss Heat convection is determined by the following equa-
tion if it plays a role in heat transfer (Incropera and DeWitt 1996, [36]):

Q̇conv = h ·As · (Ts − T∞) , (4.16)

where h is the heat transfer coefficient

h =
λ ·NuD

D
. (4.17)

λ is the thermal conductivity of the surrounding gas which works out for an
ideal gas according to Kittel (1980, [39]) to:

λ =
n · c · l · cv

3 ·NA
, (4.18)

with n being the number of particles particles per unit volume in an ideal gas

n =
p ·NA

R · T∞
, (4.19)

c the mean particle velocity for a Maxwell-Boltzmann distribution function

c =

√
8 ·R · T∞

π ·M
(4.20)

and cv the specific heat capacity at constant volume

cv = cp −R , (4.21)



Thermal Model 27

where cp, the specific heat capacity at constant pressure, is a function of tem-
perature

cp ∼ f (T ) . (4.22)

M is the molar mass of the gas molecules.
For a non ideal gas, the thermal conductivity may however be approximated

as a function of temperature and tabulated correlations exist for most common
gasses.

Free Convection If there is no wind, free convection is the prevalent form
of convective heat transfer and the dimensionless Nusselt number NuD, which
describes the gas temperature gradient at the solid surface, is described the
following way for spherical objects (Incropera and DeWitt 1996, [36]):

NuD,free = 2 +
0.589 ·Ra

1/4
D[

1 + (0.469/Pr)9/16
]4/9

, (4.23)

where RaD is the Rayleigh number, the product of the Grashof number GrD

and Prandtl number Pr

RaD = GrD · Pr =
g · β · (Ts − T∞) ·D3

ν · α
, (4.24)

with g representing the gravitational acceleration, β the expansion coefficient,
equal to

β =
1

T∞
(4.25)

and ν being the kinematic viscosity

ν =
µ

ρ
. (4.26)

The dynamic viscosity µ for an ideal gas is (Kittel 1980, [39]):

µ =
1
3
· ρ · c · l , (4.27)

where ρ is the density of the gas

ρ =
p ·M
R · T∞

. (4.28)

For a non ideal gas, the dynamic viscosity may however again be approximated
as a function of temperature and tabulated correlations exist for most common
gasses.

α is known as the thermal diffusivity and is defined by (Incropera and DeWitt
1996, [36]):

α =
λ

ρ · cp
. (4.29)
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The Prandtl number Pr describes the ratio between momentum and thermal
diffusivity (Incropera and DeWitt 1996, [36]).

Pr =
ν

α
(4.30)

It provides a measure of the relative effectiveness of momentum and energy
transport by diffusion in the velocity and thermal boundary layers.

The previously mentioned Grashof number GrD describes the ratio of buoy-
ancy to viscous forces in the velocity boundary layer. Its role in free convection
is much the same as that of the Reynolds number ReD, which is the ratio of
the inertia and viscous forces in the velocity boundary layer, in the subsequent
treatment of forced convection.

Forced Convection When wind is present in an atmosphere, an alternate
correlation for the Nusselt number NuD must be employed, taking wind heat
transfer effects into consideration. For spheres this is best quantified by the
following equation (Incropera and DeWitt 1996, [36]):

NuD,forced = 2 +
(
0.4 ·Re

1/2
D + 0.06 ·Re

2/3
D

)
· Pr0.4 ·

(
µ

µs

)1/4

, (4.31)

where ReD is the Reynolds number with u as wind speed

ReD =
u ·D

ν
(4.32)

and µs the dynamic viscosity of the gas at surface temperature

µs = µ (Ts) . (4.33)

4.4 Thermal Control Mechanisms

For a thermal control mechanism design, as introduced in Sections 3.2.3 and
3.2.4, to be effective, it has to be able to release at least as much heat as
internally produced at any time of operation, under any circumstances. This
infers that some parameter must be influenced to vary the heat loss rate.

This type of active thermal control is therefore only applicable in a specific
environment where material properties allow it to do so. The aim is to expand
this environment as much as possible, preferably to the entire operation range
of the robots.

4.4.1 Variable Emittance Coating Emissivity

In Variable Emittance Coatings the apparent surface emissivity εs,vec influences
the robot radiative heat loss according to Equation 4.34, where Avec is the VEC
surface area.

Q̇rad,vec = σ ·
[
εs ·
(

1− Avec

As

)
+ εs,vec ·

Avec

As

]
·As ·

(
T 4

s − T 4
∞
)

(4.34)

Figure 4.3 shows this situation, where an additional heat loss term is added
to the model.
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A minimum value of apparent emissivity is derived this way for different
environments, to ensure that heat loss takes place at the desired rate. If this
value surpasses 1 the limits of the control mechanism are reached and not all
internally produced heat can be radiated off the surface of the robots. This will
ultimately lead to overheating.

Since only the apparent emissivity of a coating is of relevance in steady state
heat radiation, the variable emittance coating can make use of a mechanism
which solely provides a low and high emissive state. These states are then
alternated by an electronic control system to match the desired properties of
apparent emissivity.

εs,vec

Qrad,vec˙

Figure 4.3: Thermal model with Variable Emittance Coating

4.4.2 Switch Conductivity

In the case of the heat switch control device, the parameter of relevance is the
thermal conductivity of the switch λsw, as this limits the maximum heat to
be transported through the switch. A one dimensional conduction equation
describes this situation in its most fundamental manner, as seen in Equation
4.35, where Asw is the switch contact area and xsw the switch length. Figure
4.4 illustrates the setup on the thermal model.

Q̇cond,sw = λsw ·Asw ·
Tb − T∞

xsw
(4.35)

Only if materials are employed which have a thermal conductivity higher
than the minimum value prescribed from solving the above equation, enough
heat is rejected from the body. Highly conductive materials reach conductivities
close to 500 J/(m·K) (Lienhard and Lienhard 2005, [22]).

As a switch only has a binary “on” or “off” state, the overall heat loss must
be regulated by a mechanism which opens and closes the switch as required.
This is either actively controlled by an electronic control system or passively,
for example by a bi-metal or wax switch, as elaborated on in Section 3.2.4.
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λsw

Figure 4.4: Thermal model with heat switch

4.5 Thermoelectric Generator

Because all internally produced heat leaves the exploration robots in one way or
another, it is of interest to consider integrating thermoelectric technologies into
to the robot design, able to generate electricity from a temperature gradient.
The principle of operation for a semiconductor thermocouple is shown in Figure
4.5 (Rowe 1991, [40]).

Figure 4.5: Schematic of a semiconductor thermocouple

The overall energy efficiency of the robots increases when a thermoelectric
device is installed and the mission duration is consequently prolonged. Figure
4.6 schematically illustrates the system incorporated into the model.

Thermoelectric energy generation, making use of the Seebeck effect, has a
long history in spacecraft engineering, especially Radioisotope Thermoelectric
Generation (RTG). A technology development review of this field over the past
4 decades was conducted by Rowe (1991, [40]).

The major advantages of the technology are, that it requires no moving
parts, making it very reliable, and only very small temperature differences to
operate. Conversion efficiencies are however quite low and do not not exceed
10% presently.
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VTE

Figure 4.6: Thermal model with thermoelectric heat generator

The theoretical maximum conversion efficiency of a thermoelectric generator
according to Rowe (1995, [41]) is:

ηte =
Tb − T∞

Tb
·

 Mte − 1

Mte +
(

T∞
Tb

)
 , (4.36)

where Mte is equal to

Mte =

√
1 + Z · Tb + T∞

2
(4.37)

and Z is the Figure of Merit. The Figure of Merit is a characteristic of a
thermoelectric couple, making up the energy producing device, and varies from
material to material. Thermocouples based on bismuth telluride possess the
highest figure of merit reported and reach values of up to Z = 3.3 · 10−3 K−1

according to Nolas et al. (2001, [42]).
Technical applications however only reach about half of the ideal conver-

sion efficiency values (Rowe 1995, [41]) and would still have to be specifically
developed for this particular case.
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4.6 Complete Model

Figure 4.7 shows an image of the modeled robots including all heat transfer
modes, thermal control provisions and the thermoelectric generator to provide
an overview of all aspects considered in the model.

εs,vec

Qrad,vec˙

+Qcond,sw˙

λsw

VTE
λin

εs

T∞

   Tb
 ρ,  cp

Qcond,g˙

Q̇cond,s

Q̇rad

Q̇sun

Q̇conv

Figure 4.7: Schematic combining all considerations made to thermal model



Chapter 5

Thermal Model
Performance Predictions

5.1 Involved Parameters

Table 5.1 regroups all fixed parameters relevant to the robot modeling. They
are essential to successful model predictions.

D = 10 cm Robot diameter
m = 100 g Robot mass
Db = 5 cm Body diameter
Tb = 300 K Average body temperature
(ρ · cp)b = 3 · 106 J/(m3·K) Body density – specific heat product
x = 25 mm Insulation layer thickness
λin = 0.005 W/(m·K) Thermal conductivity of insulation
εs = 0.01 Shell surface emissivity
Acont = 1 cm2 Robot contact area with surface
Q̇fc = 1 W Fuel cell energy production
ηfc = 0.65 Fuel cell efficiency
ηtot = 0.02 Heat to mechanical energy efficiency
Z = 3.3 · 10−3 K−1 Thermoelectric Figure of Merit
Avec/As = 0.75 VEC area on shell
xsw = 3 cm Heat switch length
Asw = 1.5 mm2 Contact area of heat switch

Table 5.1: Fixed robot parameters for thermal simulations

As body diameter, a value was chosen which could realistically fit all com-
ponents at an appropriate density (1500 g/cm3). The thermal conductivity of
the insulation layer corresponds to the range for silica aerogel in vacuum and
the shell emissivity represents a silver coated surface. The Figure of Merit for
the thermoelectric device fits numbers for bismuth telluride. Fuel cell relevant
information was extracted from the robot specification sheet (Plante 2005, [33]),
as the robot diameter and mass. All other values are based on educated guesses.

33
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Mars an Titan are the only celestial bodies, which are being considered as
possible mission locations, to contain a notable atmosphere. Their respective
atmospheric conditions and other related data is grouped in Tables 5.2 and 5.3.
These values are sufficient for first free- and forced convection approximations.,
when assuming the atmospheric gas to behave like an ideal gas.

gmars = 3.71 m/s2 Gravitational acceleration
pmars = 750 Pa Atmospheric pressure
umars = 2 m/s Maximum wind velocity
MCO2 = 44 g/mol Molar mass of dominant gas component
dCO2 = 3.32 · 10−10 m Diameter of dominant gas component
cp,CO2 Heat capacity at constant pressure

Table 5.2: Mars atmospheric conditions

gtitan = 1.35 m/s2 Gravitational acceleration
ptitan = 144 kPa Atmospheric pressure
utitan = n/a Maximum wind velocity
MN2 = 28 g/mol Molar mass of dominant gas component
dN2 = 1.10 · 10−10 m Diameter of dominant gas component
cp,N2 Heat capacity at constant pressure

Table 5.3: Titan atmospheric conditions

Gravitational acceleration and atmospheric pressure values are taken from
tables in Chapter 2 describing the various celestial bodies which come into ques-
tion as mission location. Maximum wind velocities in surface area for Mars are
reported in Kaplan (1988, [43]). No data for wind speeds on Titan’s surface was
found. The gas molecule diameter is derived from the respective bond lengths
written down in Lide (2004, [44]). Linear molecules are assumed to be spherical
with a diameter equal their length.

Correlations for the temperature dependancy of specific heats at constant
pressure are found in Yaws (1999, [45]) and are summarized in Table 5.4 for
carbon dioxide and nitrogen. The correlations are valid to a lower limit of 50 K
and T∞ is in Kelvin.

cp,CO2 = 27.437 + 4.2315 · 10−2 · T∞ − 1.9555 · 10−5 · T 2
∞

+ 3.9968 · 10−9 · T 3
∞ − 2.9872 · 10−13 · 104

∞ J/(mol·K)
cp,N2 = 29.342− 3.5395 · 10−3 · T∞ + 1.0076 · 10−5 · T 2

∞
− 4.3116 · 10−9 · T 3

∞ + 2.5935 · 10−13 · 104
∞ J/(mol·K)

Table 5.4: Specific heat at constant pressure temperature correlations

Approximations for an ideal gas were used, because no correlations for the
thermal conductivity and dynamic viscosity temperature dependency exist for
the gasses in question with a lower limit validity up to 50 K. Due to the small
sizes of the gas molecules, approximations for an ideal gas work quite well though
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in both cases, as comparisons with experimentally obtained gas characteristics
show in coinciding temperature ranges (ca. 200 K) (Yaws 1999, [45]).

5.2 Investigated Parameters

With the developed model, made assumptions and fixed variables, parameters
deemed as important and relevant for heat transfer analyses are determined.
They are consequently of greatest influence for considerations to be made during
the robot design process and are summarized in Table 5.5.

Q̇loss = Q̇cond,s + Q̇cond,g

[
+Q̇cond,sw

]
[W]

Ts [K]
ηinc = ηfc+ηte/2

ηfc
− 1 [/]

∆Tb [K]
εs,vec [/]
λsw [W/(m·K)]

Table 5.5: Investigated parameters in study

Heat Loss Q̇loss describes the overall steady state heat loss from the robot
body to its shell and surroundings. It is composed of conduction heat losses
through the insulation layer Q̇cond,s and into the celestial body surface Q̇cond,g.
A component for the thermal control mechanism related heat loss by means of a
heat switch (Q̇cond,sw) must also be included when incorporated into the model.

Shell Temperature Ts is the robot shell temperature and is an important
value to estimate the thermal stress on the robot components and give a first
approximation on thermoelectric generation efficiencies.

Efficiency Increase ηinc specifies the robot fuel cell efficiency increase in
electricity generation if a thermoelectric generator is added. The value is used
for lifespan considerations and the correlation is found in Table 5.5. Half of the
ideal thermoelectric efficiency ηte is used in the equation to simulate technical
applications (cf. Section 4.5).

Body Temperature Increase ∆Tb describes the robot body temperature
increase during a one hour heating period and is needed for dynamic overheating
analyses. This is the only value being computed under transient conditions.

VEC Emissivity εs,vec represents the minimum value of apparent emissivity
a Variable Emittance Coating must possess to be able to reject all internally
produced heat from the robot fuel cell.

Switch Conductivity λsw represents the minimum value of thermal conduc-
tivity a heat switch must possess to be able to reject all internally produced
heat from the robot fuel cell.
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5.3 Physical Relationships

In order to determine the parameters introduced, several additional dependen-
cies and physical relationships must be followed to obtain unique and correct
solutions.

For the energy balance of the system to be valid, heat conduction through
the insulation layer must equal heat radiated and convected off the robot shell
surface. If a VEC is installed, its influence must also be considered in heat
radiation. Further, incoming solar radiation (Q̇sun) has to be considered when
necessary and required. The mathematical formulation is given in Equation 5.1.

Q̇cond,s = Q̇rad[,vec] + Q̇conv

[
−Q̇sun

]
(5.1)

Equation 5.2 describes the steady state case, where all heat produced by
the robot fuel cell is rejected to the exterior. This relationship is fundamental
for thermal control considerations, since these mechanisms have to be able to
release all internally produced heat.

Q̇heat,fc = Q̇loss (5.2)

Fuel cell heat production is governed by Equation 5.3. All energy which is
not effectively converted into mechanical energy is released as heat. A mission
scenario is adopted where one tenth of the electrical power is supplied to the
electronic components of the system and the other part to the bistable EPAM
actuator mechanism. All factors are already included in ηtot and are taken from
system level performance calculations (Plante 2005, [33]).

Q̇heat,fc = (1− ηtot) · Q̇fc (5.3)

The robot body temperature increase during heating is inferred from the
transient heat transfer equation, as noted in Equation 5.4. All heat non-
evacuated from the interior of the robots contributes to a body temperature
increase.

(ρ · cp)b ·
4
3
· π ·

(
Db

2

)3

· dTb

dt
= Q̇heat,fc − Q̇loss (5.4)

5.4 Parametric Study

The results of an undertaken parametric study are presented in the following.
The study investigates the average heat loss of the exploration robots in a given
environment and determines the requirements thermal control components must
fulfill to reject all internally produced heat in the objective to avoid overheating
during continuous operation. Further the potential of thermoelectric energy
generation is analyzed.

The same identical robot design, with the specified parameters in Section 5.1,
is used in each case to produce comparable results for all different situations, in
the aim to determine the effects and coherence of varying surroundings on the
robots. They consist namely of celestial bodies without a notable atmosphere
one the one side and two separately treated environments for Mars and Titan.
Both are enclosed by an atmosphere and convective heat transfer phenomena
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is included in the respective calculations, as the two atmospheres contribute to
the continuum regime of heat transfer effects.

The primary goals of the study are to ensure that freezing and overheating
of the robots is prevented. First is the case if the average heat loss does not
exceed internally produced heat and second if provisions in the design enable
the average heat loss to equal the dissipated heat when needed. Equation 5.5
illustrates the requirements analytically.

Q̇loss 6 Q̇heat,fc = 0.98 W (5.5)

The intention of the study is to obtain first order approximations and de-
termine the feasibility of the concept. In a later stage, more elaborate heat
transfer models are employed to ameliorate results, especially once the interior
robot components are clearly defined.

All calculations were conducted with help of a Mathematica code, who’s
source file is found in appendix A.3.

5.4.1 Passive-Cold Scenario

A so-called passive-cold scenario simulates the robot maximum heat loss under
a given outer temperature T∞ and constant body temperature Tb. These values
are vital for freezing and minimal lifespan considerations.

The robot body temperature is kept constant at Tb = 300 K during the
simulation and no additional heat is produced by the fuel cell to ensure steady
state conditions. This represents a minimum robot hopping rate, or a possible
hibernation or inoperative state in the exploration mission. In this case no
energy is used for mobility purposes and all generated power is dissipated into
heat (Q̇heat,fc = Q̇fc). Further, incoming solar irradiation is not taken into
account, simulating a cave or night time environment.

Results of this analysis include the maximum robot heat loss Q̇loss in a
passive-cold case situation, the corresponding shell surface temperature Ts, im-
portant for thermal stress considerations, and the robot fuel cell efficiency in-
crease ηinc if a thermoelectric generator is added to the setup.

The goal is to ensure as little as possible overall heat loss to increase the
robot lifetime and inhibit freezing of components that can not be heated up
anymore.

Celestial Bodies without Atmosphere

In a first approach, only conditions are considered where no convection takes
place. This is true for all planets and natural satellites looked at as possible
mission locations, except Mars and Titan, as they are not surrounded by a dense
atmosphere.

Overall heat losses, governed by radiation, are comparably small in this
scenario due to the low emissive shell surface finishes. The determined shell
temperature is fairly close to the body temperature, which has a limiting effect
on the thermoelectric efficiency as is seen in Table 5.6.

The reason for this observation is related to radiation governing heat transfer
effects. As this equals conduction through the insulation layer, the temperature
difference between insulation boundaries adapts to the required value, which in
this case of low overall heat loss is very limited.
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T∞ [K] Q̇loss [W] Ts [K] ηinc [/]
50 0.10 270 1.23%
100 0.10 270 1.22%
150 0.09 272 1.15%
200 0.08 276 0.98%
250 0.05 285 0.62%

Table 5.6: Passive-cold scenario for celestial bodies without notable atmosphere

Mars

On Mars, a planet of highest interest for robotic surface and subsurface explo-
ration, both free and natural convection have to be taken into account in the
simulation. First simulates a cave situation and second robots located on an
open surface exposed to wind. Only the Martian temperature range of roughly
100–300 K is considered for the simulation.

Free Convection Forced Convection
T∞ [K] Q̇loss [W] Ts [K] ηinc [/] Q̇loss [W] Ts [K] ηinc [/]

100 0.52 135 6.94% 0.62 105 8.27%
150 0.39 177 5.12% 0.46 154 6.13%
200 0.26 218 3.39% 0.31 203 4.04%
250 0.13 259 1.68% 0.15 251 2.00%

Table 5.7: Passive-cold scenario for Mars

Heat loss values collected in Table 5.7 are significantly higher in both condi-
tions compared to the previous analysis, as the governing external heat transfer
component is now convection. It is however limited by conduction through
the silica aerogel insulation layer, which confines convective heat loss due to a
substantial decrease in shell surface temperature. With the shell temperature
dropping, the efficiency increase from thermoelectric energy generation on the
other side rises.

Forced convection losses are as expected higher than natural or free convec-
tion losses.

Titan

No near surface wind data is available for Saturn’s moon Titan, the only known
moon to contain an atmosphere. Therefore only free convection is simulated on
the model. Its remote distance from Earth makes observations of this type much
more challenging than on Mars. The corresponding free convection results are
found in Table 5.8 for Titan’s temperature range of about 50–150 K.

The data set is analogous to the Mars case for identical reasons. Only
absolute heat loss values are higher due to differing atmospheric compositions,
mainly pressure and composition elements. Robot shell surface temperatures
are consequently slightly lower, implying thermoelectric efficiency increases on
the other side.
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Free Convection
T∞ [K] Q̇loss [W] Ts [K] ηinc [/]

50 0.78 53 10.62%
100 0.62 103 8.38%
150 0.47 152 6.20%

Table 5.8: Passive-cold scenario for Titan

5.4.2 Active-Hot Scenario

A so-called active-hot scenario simulates the robot minimum heat loss under a
given outer temperature T∞ and continuous operation. As this does not nec-
essarily compensate for internal heat production, a thermal control mechanism
must adapt the heat transfer rate, so overheating is avoided.

In a first step the transient temperature increase of the robot body ∆Tb

during a one hour period is determined, if the fuel cell is operating continuously
under full capacity (Q̇fc = 1 W) and no thermal control provision is installed to
reject excess heat. An impression on the required reaction speed of the thermal
control system is gained that way. The initial temperature of the body is Tb =
300 K.

In a second step the demands on the thermal control system are specified,
namely the minimum conductivity of the heat switch λsw and the minimum
emissivity value of the Variable Emittance Coating εs,vec, to ensure that no net
energy exchange takes place between the robots and their surroundings. All heat
rejected by the heat switch is bridged through the silica aerogel insulation layer
onto the robot shell, as described in Section 3.2.4. For all Variable Emittance
Coating considerations, the shell surface temperature therefore equals the robot
body temperature of Ts = Tb = 300 K. In the occurrence of an atmosphere
presence, heat convection must also be considered at the increased rate when
the robot surface temperature equals its body temperature.

The aim is to reach this result of no net heat exchange described in Equation
5.2 with an emissivity of less than 1 for the Variable Emittance Coating and a
thermal conductivity of less than 500 W/(m·K) for the switch. First corresponds
to a physical boundary and second to the highest material thermal conductivity
value known, silver (Lienhard and Lienhard 2005, [22]).

Temperature Relationships with Atmosphere Absence

The effects of an active-hot scenario on body temperature and thermal control
system requirements are first identified in conditions laking an atmosphere and
not submitted to incoming solar radiation, such as a cave. They are presented
in Table 5.9.

The resulting body temperature increase, when heat is accumulated in the
robot, is quite low due to the high robot thermal mass with respect to the
fuel cell heat production. Heat rejection by means of a coupled heat switch and
VEC is extremely effective, as is seen by the very low required surface emissivity
values to allow all heat to be radiated off the robots. This is because of the large
temperature difference between the surroundings and the robot shell at body
temperature.
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Thermal Control
T∞ [K] ∆Tb [K] λsw [W/(m·K)] εs,vec [/]

50 16 47 0.09
100 16 59 0.09
150 16 79 0.09
200 16 120 0.11
250 17 248 0.17

Table 5.9: Active-hot scenario for celestial bodies without notable atmosphere and
solar irradiation

Conditions on Celestial Bodies

In order to consider incoming solar irradiation on a celestial body in the sim-
ulation, the distance from the sun must be known. For all considered mission
locations this is noted in the tables of Section 2.4. In Table 5.10 the respective
values of maximum equilibrium temperature Thot resulting from incoming solar
irradiation Isun are summarized for these planets and moons.

The body temperature increase under the described conditions with solar
irradiation then follows with the requirements of the thermal control system.
For Mars and Titan atmosphere presence is taken into account and the corre-
sponding natural convection heat loss Q̇conv is added for when the heat switch
is closed and the shell surface temperature equals body temperature.

Thermal Control
Thot [K] ∆Tb [K] λsw [W/(m·K)] εs,vec [/] Q̇conv [W]

Mercury 634 59 / / /
Moon 394 25 / / /
Mars 319 20 / / /
Gal. M. 173 16 95 0.10 /
Titan 128 8 35 n/a 88
Triton 72 16 52 0.09 /
Pluto 63 16 50 0.09 /

Table 5.10: Active-hot scenario for celestial bodies with solar irradiation and con-
vective heat loss when applicable

On Mercury, the Moon and Mars the maximum equilibrium temperature is
above the average body temperature, so no cooling can take place by means
of a passive thermal control mechanism. By deploying the robots though on
the poles of Mercury, this issue is circumvented as temperatures there do not
exceed 135 K. On the Moon, the long rotation period of the natural satellite
allows mission scenarios to be solely conducted during a specific time of day, in
order to avoid maximum insolation. Missions on latitudes more distant to the
equator also avoid the issue.

The comparably low maximum temperature on Mars does not present a
drawback in mission planning, as it can easily be incorporated in the robot
Allowable Flight Temperature (AFT) limits.

The Galilean Moons, Triton and Pluto compare very much to the previously
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treated situation in Table 5.9, as solar irradiation does not play a major role in
heat transfer because of their remote distance from the sun.

On Titan natural convection governs the robot heat loss once the heat switch
bridges excess heat to the shell surface and increases its temperature to body
values. Therefore no maximum emissivity values for the Variable Emittance
Coating are reported. The high rate of convective heat transfer only proves the
effectiveness of the system. Once all necessary heat is rejected, the switch opens
and convective heat loss values drop back to rates determined in Titan’s passive-
cold case situation (cf. Table 5.8). The notable reduction in body temperature
increase, compared to the other planets and moons, is also related to convective
heat transfer effects, as it increases overall heat loss.

In general solar insolation does not have a significant influence on the robot
body temperature increase, due to the low emissivity surface finishes of the
robot shell.

5.5 Model Observations and Conclusions

Primary results of the previously made parametric study are that robot freezing
is avoided in all environments and that overheating is efficiently prevented by
the designed thermal control mechanism under all circumstances.

Beyond this, additional observations and conclusions are summarized in the
following.

Limited Convective Heat Loss When convective heat losses are present
in the system, they account for the majority of the heat loss. The effects of
convection are however alleviated by the silica aerogel insulation layer which
covers the inner side of the robot shell. Due to the coupled heat transfer,
the robot surface temperature is reduced by the conductive heat loss, which
approaches surrounding temperatures. Radiation only plays a marginal role in
this situation and convective heat transfer is limited due to a small temperature
difference between the surroundings and robot surface.

This setup allows the exploration robots to be employed in Martian and Ti-
tan environments, restricting overall heat loss below the actual heat generation
rate, as is seen in Tables 5.7 and 5.8.

Limited Radiative Heat Loss Analogous to the way the silica aerogel in-
sulation layer limits convective heat loss, the same is the case for radiative heat
loss in the event where surface emissivity values may be increased by dust or
other deposits on the exploration robots.

This underlines the robustness of the thermal control architecture and shows
the silica aerogel insulation layer importance in assuring this reliability.

Inefficient Thermoelectric Energy Generation Efficiencies of thermo-
electric power generation are based upon the temperature difference between
the robot body and shell surface. Even when considering the shell surface tem-
perature to approach surrounding temperatures in environments where convec-
tion takes place, the fuel cell efficiency increase in this situation does not exceed
10%. If radiation governs the external heat loss, shell temperatures are much
closer to body temperatures and efficiency increases do not exceed 2%.
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This limited efficiency increase therefore probably does not value the extra
complexity of installing such a system.

Substantial Thermal Stress In the event of convection presence, when the
shell temperature drops close to ambient temperatures, thermal stress becomes
an issue as temperature differences of over 200 K may be occur between the
robot shell and its body. This must be taken during the robot design phase into
account.

On planets or moons without an atmosphere, this is not as much of a concern
as temperature differences within the robot are smaller.

Coupled Heat Switch and VEC Only when both thermal control mecha-
nisms, the heat switch to bridge excess heat through the insulation layer and
the Variable Emissive Coating to radiate it off, are switched in series, an effec-
tive thermal control for the exploration robots is provided and heat rejection
assured.

Elsewise, without the heat switch presence, the robot surface temperature is
not sufficiently increasable to ensure required heat transfer rates due to the silica
aerogel insulation layer. Because of the largely unknown celestial body surface
characteristics it is also not recommended to rely on the planet or moon as
ultimate heat sink, as they are often made up of low conductive, unpredictable
regolith soil.

Unnecessary VEC on Titan Titan is the only mission destination where a
Variable Emittance Coating can be omitted in the robot design, as free convec-
tion governs heat exchange from the robot shell surface. Once the heat switch
is closed, the conducted heat is immediately convected off the robot surface, as
the high convection values show in Table 5.10, and radiation is negligible in this
case.

Upon opening the switch, shell surface temperatures drop back to the pas-
sive-cold scenario, thus limiting heat losses.

Necessary VEC on Mars On Mars, as exterior temperatures approach body
temperatures in warmer surroundings, convection alone is not able to remove all
waste heat and needs to be supported by an increased radiation rate, adjusted
by Variable Emittance Coating, to prevent component overheating, as is seen
in Table 5.11.

Thermal Control
T∞ [K] ∆Tb [K] λsw [W/(m·K)] εs,vec [/] Q̇conv [W]

225 14 140 n/a 1.3
250 15 227 0.03 0.8
275 17 488 0.19 0.4

Table 5.11: Active-hot scenario for Mars without solar irradiation

Below a critical value, the same situation as on Titan occurs and radiation
is not required to support natural convection for heat loss control.
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High Emittance Surface Area In the aim to reduce complexity of the
overall system, one can envision to provide a highly emissive area on the robot
shell instead of the Variable Emittance Coating. It would be connected to the
heat switch and able to substantially vary radiation rates, depending on its
temperature.

If the switch is open, radiative heat loss is limited due to the low temperature
of the high emittance area, approaching surrounding temperatures, because it
is insulated by the silica aerogel layer. If the switch is closed, the temperature
of the area in question rises to body values, thus increasing heat transfer. An
apparent emissivity is so deducted, which has to match values determined in
Tables 5.9 and 5.10 to satisfy thermal control demands.

Rudimental Heat Switch Model The heat switch is described analytically
by a very simple first order model. Many options exist on how to influence
conductive heat transfer through the switch, predominantly by contact area,
switch mechanism design and choice of materials.

The presented values merely show the feasibility of the concept and give an
impression on the loads to be handled.

Low Internal Temperature Rises The comparatively weak heat source of
the robots, with respect to their thermal mass, induces a small temperature rise
during the course of an hourlong continuous operation. This allows the thermal
control system time to adapt to the new environment and so decreases the risk
of overheating.

The critical thermal control reaction time is herewith long enough to allow
maintainable time constants.

Negligible Heat Conduction Into Ground Due to the small contact area
between the exploration robots and their supporting surface, simulations have
shown that conductive heat loss into the ground, when considered isothermal,
is very restricted.

This justifies the isothermal approximation in a first approach and the ce-
lestial body surface must not be modeled as semi-infinite slab, as additional
accuracy is not required at this point.

Upper-bound Conductive Heat Loss In the undertaken study an upper-
bound conduction through the silica aerogel layer is examined because the in-
terior surface temperature is set to body values. This can however be notably
reduced when providing the robot components with low emissive surface finishes
and limiting fixture contacts. An additional shield comparable to a thermos bot-
tle is hereby created.

During the final design phase, this should definitely be the pursued approach
when adding and attaching components to the robot interior.

Single Design For All Missions With the proposed thermal design, essen-
tially one uniform structure can be used to be deployed on every considered
mission location.

Parallel missions, reducing development costs and increasing collected sci-
ence data, could thus be conducted.
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Reference Mission
Description

6.1 Validity of Results

Even though very simplified models were used to simulate heat transfer on the
exploration robots, such as spherical approximations for the robots and their
components, ideal gas assumptions for atmospheric environments, convection
correlations for spherical bodies and rudimental thermal control models, the
results can still be claimed to be valuable for a first design phase. It is important
to know the order of magnitude of the numbers one is dealing with, to determine
the feasibility of a concept. After this is ensured more detailed analyses can
take place, such as Finite Element Modeling (FEM) studies, once all internal
components are exactly known.

As the present study is deemed as feasibility study of the project, the ob-
tained results are considered valid for current needs. Obviously the numbers
may vary throughout the design and construction phases, the order of magni-
tude should however be preserved.

6.2 Implications for Possible Mission Locations

The acquired results allow for a more detailed examination of possible mission
locations. The requirements for the operation environment inside the robots are
that temperatures may not exceed or fall below Allowable Flight Temperatures
(AFT) of the robot components, to avoid overheating and freezing. First is
inferred from the Tables in Section 2.4 and second from results in Chapter 5.
The general condition is given in Equation 6.1.

0 < Q̇loss 6 Q̇heat,fc (6.1)

It is however clear that for all designated mission locations detailed sur-
face environment information is required prior to the deployment of any robots.
Exact information on surface near temperature ranges and atmospherical condi-
tions (wind and pressure) with respect to landing site latitude, time of year and
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day, and landing site elevation must be known, in addition to ground charac-
teristics, such as conductivity and morphology. This data can only be collected
by means of an orbiter mission, launched before the actual in situ surface ex-
ploration mission.

From this information individual design requirements for the exploration
robots are deducted with respect to their mission site. The design takes the
corresponding hot and cold environment limits into account to deduce an ar-
chitecture which satisfies the needs of low heat loss and effective active thermal
control. By sticking with the structure introduced in Chapter 3 thermal and
mechanical robustness are further ensured in the design.

6.3 Implications for Possible Mission Scenarios

With a given average mission heat loss Q̇loss,av different operation scenarios
can be envisioned for the exploration robots, depending on the mechanism of
internal temperature adjustment.

Temperature Adjustment by Hopping Rate A first possible way to ad-
just the body temperature of the robots is by setting the hopping rate equal to
the required internal heat generation to keep the robots warm. In this case, a
ratio γ is determined which describes the inoperative passive cooling state to
the operative hopping and subsequently heating state. It is defined in Equation
6.2.

γ =
Q̇heat,fc

Q̇loss,av

(6.2)

Temperature Adjustment by Thermal Control Provision Rejecting
heat by the means of a thermal control mechanism, brings much more flexi-
bility to the robot activity, as no considerations during operations regarding
overheating have to be made. Due to the same amount of fuel on board though
as in the previous case, a decrease in mission duration χ is observed, when all
available energy is employed at once. This is described by Equation 6.3.

χ =

(
1− Q̇loss,av

Q̇heat,fc

)
· 100 (6.3)

Maximum Allowable Heating Time A further noteworthy value is the
time required to heat the robot body temperature from its minimal Allowable
Flight Temperature, to its maximal AFT at a constant average heat loss without
additional heat rejection. This value tmax is of relevance for transient consid-
erations, but also to determine the required reaction speed of thermal control
mechanisms. The differential equation governing the phenomena is given in
Equation 6.4 along with the boundary conditions in Equations 6.5 and 6.6.

(ρ · cp)b ·
4
3
· π ·

(
Db

2

)3

· dTb

dt
= Q̇heat,fc − Q̇loss,av (6.4)
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Allowable Flight Temperatures are taken from the robot specification sheet
(Plante 2005, [33]).

Tb (t = 0) = Tb,AFTmin = −40◦C (6.5)

Tb (t = tmax) = Tb,AFTmax = 40◦C (6.6)

Table 6.1 lists the previously introduced values for different average heat
losses. These numbers allow a first impression on the mission scenario influence
of different environments on the exploration robots.

Q̇loss,av [W] γ [/] χ [/] tmax [h]
0.05 19.6 94.9% 4.7
0.1 9.8 90.0% 5.0
0.2 4.9 79.6% 5.6
0.3 3.3 69.4% 6.4
0.4 2.5 59.2% 7.5
0.5 2.0 49.0% 9.1
0.6 1.6 38.8% 11.5
0.7 1.4 28.6% 15.6
0.8 1.2 18.4% 24.4

Table 6.1: Mission scenario influence for varying average heat losses

6.4 Mission Profile

The prognosticated mechanical energy released per robot hop is 0.6 J (Plante
2005, [33]). When considering the overall efficiency of the system ηtot = 0.02, a
total energy of Ejump = 30 J must be provided by the fuel to allow the robot
to hop at the requested intensity.

The bistable EPAM mechanism (presented in Chapter 2) enables the actua-
tor to be gradually charged and release the stored energy almost instantaneously
at the moment of desire. With a fuel cell energy production of Q̇fc = 1 W it
takes 30 seconds to charge the bistable actuator. This is considered to be the
maximum hopping rate of the robots and the graph of this function is seen in
Figure 6.1 for an exemplary overall average heat loss rate of Q̇loss,av = 0.2 W.

In this case a thermal control provision must however be present in the
system to reject excess heat and avoid overheating. Slower hopping rates can
also be thought of which require a regulated heat control. This is represented
by the red shaded area in the graph. Decreased hopping rates enable a longer
mission duration, as the generated power is used for internal heating purposes
and not entirely rejected.

If passive cooling of the robots is considered, without making use of a thermal
control mechanism, the fastest hopping rate to avoid overheating is much slower.
It is represented by the dotted line in the graph. γ visualizes the ratio between
both cases and is determined by Equation 6.2. χ illustrates the reduced mission
duration between both extreme cases for the same amount of fuel on board.
Below the dotted line, no thermal control mechanism is necessary to ensure safe
and reliable operation of the robots.
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Figure 6.1: Hopping rates mission profile for Q̇loss,av = 0.2 W

From Figure 6.1 it is observed, that a heat rejection system has a large
influence on the robot mission profile. This allows a very time flexible robot
deployment, without loosing any of the envisioned hops or science data. The
influence of varying average heat losses on the robot mission scenario can be
extracted from Table 6.1. If this mission flexibility however values the additional
system complexity, cost and weight of a thermal control mechanism for heat
rejection, must be evaluated in a separate study.

Almost identical mission results are obtained if the robots are passively op-
erated and do not rely on a thermal control provision. A silver coated shell
with a silica aerogel insulation layer would prevent the robots from freezing and
by adjusting the locomotion speed overheating issues are avoided. Only mis-
sion deployment flexibility would be slightly compromised as mobility velocity
is restricted in the dynamically envisioned semi-autonomous mission scenarios.

6.5 Mission Duration Considerations

The first specification phase of the exploration robots envisions them to carry
30 g of net fuel to power their fuel cells (Plante 2005, [33]). This corresponds
to about one third of the robot total mass.

The water producing chemical reaction which takes place in the fuel cell is
shown in Equation 6.7.

H2 + 0.5 ·O2 → H2O (6.7)

From the 2 : 1 hydrogen oxygen mixture ratio and by taking the respective
molecular masses into account (MH2 = 2 g/mol and MO2 = 32 g/mol), the
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required hydrogen mass mH2 = 3.3 g and oxygen mass mO2 = 27.7 g for the
robots are determined.

Based on the hydrogen higher heating value (HHVH2 = 142 MJ/kg) a maxi-
mum robot mission duration for a given average heat loss is derived by Equation
6.8, depending on how much heat it takes to keep the robots warm.

tmission =
HHVH2 ·mH2

Qloss,av
(6.8)

Table 6.2 illustrates the maximum mission duration for different average heat
losses with a fixed amount of fuel.

Q̇loss,av [W] tmission [days]
0.05 104.2
0.1 52.1
0.2 26.0
0.3 17.4
0.4 13.0
0.5 10.4
0.6 8.7
0.7 7.4
0.8 6.5

Table 6.2: Mission duration for different average heat losses with 30 g of fuel on
board

Equation 6.9 allows the maximum number of jumps for a given mass of fuel
to be determined.

Maxhops =
HHVH2 ·mH2

Ejump
≈ 15·000 (6.9)

This value naturally depends on exactly how much energy is required for the
robot’s electrical components, a number which should though remain limited in
comparison to the required energy for hopping locomotion.

6.6 Mars Deployment Study

In the following, a so-called warm Mars mission scenario, where average mission
temperatures are slightly above Martian mean temperatures of 210 K, is con-
sidered. This corresponds a situation with an average heat loss of Q̇loss,av = 0.2
W. The high thermal mass, effective shielding and high thermal insulation of
the robots allow to neglect transient external temperature and internal fuel cell
heat generation changes, and solely take the mission average into consideration.

Figure 6.2 shows the situation where a fixed amount of fuel is assumed to
be carried by the robots and consequently only a limited number of hops is
available. For this particular case the fuel mass is 30 g, which corresponds to
15˙000 hops, as derived in Section 6.5.

As the hopping rates continue to decline, more and more energy is required
for active heating, so the robots do not freeze. This denies the system to make
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use of all of its energy for hopping and to keep the robot operable, less hops are
performed. The blue shaded area represents this effect of active heating.

A maximum mission duration is reached when all energy carried along is
required for heating purposes, and is defined by Equation 6.8.

The sharp decline in the active heating slope is explained through the fact
that the majority of the internally produced energy is converted to heat, due
to the very low overall efficiency. Only very little of the fuel cell generated
electricity is not dissipated in the long run.
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Figure 6.2: Warm Mars reference mission profile with Q̇loss,av = 0.2 W and 30 g
of fuel on board

6.7 Lifespan Increase by Radioisotope Heating

The scientific, engineering and economic issues at stake for reducing or extending
a complex system’s design lifetime must be examined from an operator’s and
manufacturer’s perspective, as elaborated by Saleh et al. (2006, [46]). A detailed
reference mission has to be defined, taking all aspects into consideration, from
development demands to the required manpower which has to run operations, in
order to evaluate the optimal design lifetime. Lifetime has a significant impact
on the overall cost of the spacecraft and mission.

There exists one option though which increases the robot lifespan almost in-
definitely if desired. The use of Radioisotope Heating Units (RHU) compensates
the constant robot heat loss and fuel cell heat is no longer required for heating.
With this system lifetime is extended without altering the amount of energy on
board necessary for mobility and science data gathering purposes. These tasks
can consequently be covered over a much longer period of time.

Figure 6.3 shows a schematic of a Light Weight Radioisotope Heating Unit
(LWRHU) as it is used in the MERs to reduce its overall mass, as it lowers
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the required battery energy for heating means. The dimensions reported by
Rinehart (2001, [18]) are a length of 3.2 cm, diameter of 2.6 cm and mass of 40
g. 2.67 g of 238PuO2 fuel, with a half-life of 88 years, provide a constant heat
source of 1 W during the course of the mission.

Figure 6.3: Light Weight Radioisotope Heating Unit (LWRHU)

The use of new generation Coated Particles Fuel Compact (CPFC) instead
of traditional fuel pellets offer performance increases in the thermal power of
RHUs by a factor of 2.3–2.4 and are investigated by El-Genk and Tournier
(2004, [47]). This allows a decrease in size, weight and contamination risk for
future RHU generations.

The utilization of radioisotope heating sources however entails the instal-
lation of a thermal control mechanism in the exploration robots, which conse-
quently increases complexity, weight and cost of the system, as the possibility of
overheating must be antagonized. Radioactive contamination risk in the event
of an accident, or on the installed sensors (e.g. radiation sensors), must also be
evaluated.



Chapter 7

Summary and Conclusions

In the present study the feasibility of a proposed thermal control architecture for
planetary and lunar (sub-)surface exploration robots is demonstrated. The first
order proof of concept relies on a low emissive surface finish to limit radiation
heat losses and a low conductive insulation layer to limit convection heat losses
when necessary and increase structure stability.

This enables a single, unique design to be employed for all envisioned mis-
sion destinations, as the projected heat loss never surpasses the internal heat
generation. The universal architecture allows the robots to be deployed in a
very flexible manner and thus reduces development costs.

Further observations and conclusions of the developed first order approxi-
mated numerical model are found in Section 5.5.

With one third of the robot mass being made up of fuel, which is a reasonable
amount for space applications, long enough mission durations for viable mission
scenarios are obtained.

The Moon is looked at as a first possible mission site for the exploration
robots, as funding appears to be most easily acquirable due to a need in re-
connaissance and mapping in view of future planned human deployment. The
proposed mission concept would allow several advantages compared to a tradi-
tional rover mission, mainly due to less restricted mobility restraints, especially
in caves and heavily cratered terrain. Such a mission would set the stage for
later life detection missions, for example on Mars or Jupiter’s Galilean Moons.

The decision on a thermal control mechanism installation must be carefully
evaluated. As the majority of the proposed concepts and components must still
be developed to meet specifications, in essence a curved Variable Emittance
Coating surface and a small lightweight heat switch, a thorough analysis must
be conducted. Because the use of a thermal control provision has a direct
influence on system cost, weight, complexity, energy requirement and mission
flexibility, all these effects must be included in the study to see if such a system
is worthwhile installing and pursuing.

7.1 Outlook

In addition to a future study on the necessity of a thermal control mechanism,
other suggestions for the pursuit of a realizable thermal control architecture are
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enumerated in the following. In view of the 10 to 40-year project time frame
and the early mission development stage, solely the most relevant are listed.

- The advantages and disadvantages resulting from the installation of a
Radioisotope Heating Unit to increase the robot lifespan must be evaluated
with respect to system cost, weight, complexity and science data gathering
mission achievement.

- Once all internal robot components are exactly known, namely mobility
actuators, energy generators and sensors, a detailed heat transfer model
must be developed taking all into account. By means of a Finite Element
Modeling (FEM) simulation the exact robot heat loss is determined in all
imaginable and probable conditions. Potential holes in the shell structure
and insulation layer for sensors, as well as robot modularity for individual
configuration, must also be accounted for. After this, the exact specifica-
tions for the robots are defined.

- The cruise stage of the mission must further be analyzed. Particularly on
how to keep the robots warm during a months or years-long cruise phase
before reaching the designated planet or moon for exploration. A robot
hibernation state during this time would make the most sense, to save fuel
cell fuel. Heat can be provided during this time from the robot containing
exterior.

- In particular on the Moon, and eventually on Mars, solar cell technology
can be envisioned to provide additional energy to the exploration robots.
On all other mission locations solar irradiation is too faint. Solar energy
could be used on the Martian or lunar surface for mobility purposes and
save fuel cell energy specifically for cave environments. Effects of increased
complexity, high surface emissivities, time of day operation restrictions and
required energy generation must however be studied in detail to assess the
concept.

- In general, future technology developments also have to be kept an eye
on, such as for example low temperature die attachments in electronics,
researched by Kirschman et al. (2001, [48]), to increase Allowable Flight
Temperatures (AFT).
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Appendix

A.1 List of Symbols

α Thermal diffusivity
β Expansion coefficient
γ Ratio inoperative to operative state
∆Tb Body temperature increase after 1 hour of heating
εs Robot shell surface emissivity
εs,vec Apparent Variable Emittance Coating surface emissivity
ηfc Fuel cell efficiency
ηinc Fuel cell efficiency increase with thermoelectric generator
ηte Maximal thermoelectric generator efficiency
ηtot Overall robot heat to mechanical energy efficiency
λ Thermal conductivity of surrounding gas
λin Thermal conductivity of insulation layer
λsw Switch thermal conductivity
µ Dynamic viscosity of surrounding gas
µs Surrounding gas dynamic viscosity at shell temperature
ν Kinematic viscosity of surrounding gas
ρ Density
(ρ · cp)b Density and heat capacity product of robot body
σ Stefan-Boltzmann constant
χ Mission duration reduction by thermal control provison
A∞ Enclosure area
Acont Contact area of robot with supporting surface
As Robot shell surface area
Asw Heat switch contact area
Avec Variable Emittance Coating surface area
c Mean particle velocity
cp Specific heat capacity at constant pressure
cp,CO2 Specific heat capacity at constant pressure for CO2

cp,N2 Specific heat capacity at constant pressure for N2

Table A.1: List of symbols (Part I)
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cv Specific heat capacity at constant volume
d Particle diameter in atmospheric gas
D Robot diameter
Db Robot body diameter
dCO2 Carbon dioxide molecule diameter
dN2 Dinitrogen molecule diameter
Ejump Fuel energy required for one hop
f Arbitrary function
Fs∞ Configuration factor from robot shell surface to enclosure
g Gravitational acceleration
gmars Gravitational acceleration on Mars
GrD Grashof number for spherical body
gtitan Gravitational acceleration on Titan
h Heat transfer coefficient
HHVH2 Hydrogen higher heating value
Isun Incoming solar radiative flux
Kn Knudsen number
l Particle mean free path
m Robot mass
M Molecular mass
Maxhops Maximum number of robot hops
MCO2 Carbon dioxide molecular mass
MH2 Dihydrogen molecular mass
mH2 Hydrogen mass
MN2 Dinitrogen molecular mass
MO2 Dioxygen molecular mass
mO2 Oxygen mass
Mte Variable in thermoelectric efficiency calculation
n Particles per unit volume
NA Avogadro number
NuD Nusselt number for a spherical body
NuD,forced Nusselt number for a spherical body in forced convection
NuD,free Nusselt number for a spherical body in free convection
p Pressure
pmars Pressure on Mars
Pr Prandtl number
ptitan Pressure on Titan
Q̇cond,g Conductive heat loss to ground
Q̇cond,s Conductive heat loss through insulation layer to shell
Q̇cond,sw Conductive heat loss through heat switch
Q̇conv Convective heat loss
Q̇fc Fuel cell energy production
Q̇heat,fc Fuel cell heat production
Q̇loss Overall robot heat loss to surroundings
Q̇loss,av Average overall robot heat loss
Q̇rad Radiative heat loss

Table A.2: List of symbols (Part II)
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Q̇rad,vec Radiative heat loss with Variable Emittance Coating
Q̇sun Absorbed solar irradiation
r Distance from celestial body to sun
R Universal gas constant
RaD Rayleigh number for spherical body
ReD Reynolds number for spherical body
rs Radius of sun
t Time
T Temperature
T∞ Surrounding temperature
Tb Body temperature
Tb,AFTmax Minimum body Allowable Flight Temperature
Tb,AFTmin Maximum body Allowable Flight Temperature
Thot Maximal celestial body surface temperature
tmission Robot mission duration
tmax Maximum heating time within AFT limits
Ts Shell surface temperature
Tsun Sun temperature
umars Maximal wind velocity on Mars
utitan Maximal wind velocity on Titan
x Insulation thickness
xsw Heat switch length
Z Thermoelectric Figure of Merit

Table A.3: List of symbols (Part III)
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A.2 List of Abbreviations

AFT Allowable Flight Temperature
AU Astronomical Units
CPFC Coated Particles Fuel Compact
EPAM Electroactive Polymer Actuator Muscle
ESA European Space Agency
ESR Electrostatic Switched Radiator
ETH Eidgenössische Technische Hochschule, Zurich
FEM Finite Element Modeling
JAXA Japan Aerospace Exploration Agency
JPL Jet Propulsion Laboratory
LAN Local Area Network
LWRHU Light Weight Radioisotope Heating Unit
MEMS Micro Electro-Mechanical System
MER Mars Exploration Rover
MIT Massachusetts Institute of Technology
NASA National Aeronautics and Space Administration
NIAC NASA Institute for Advanced Concepts
RHU Radioisotope Heating Unit
RTG Radioisotope Thermoelectric Generator
VEC Variable Emittance Coating
WEB Warm Electronics Box

Table A.4: List of abbreviations



Appendix 57

A.3 Mathematica Source Code

Thermal Design Architecture
--- Modeling

Assumptions
- Spherical Shapes
- Isothermal Body
- Homogeneous Body
- Uniform Heat Production
- Uniform and Constant Outer Temperature
- Outer Temperature Equal to Supporting Surface Temperature
- Inner Insulation Surface Temperature at Body Temperature
- Steady State for Heat Transfer Analyses
- Surface Contact Area Temperature Identical to Outer Temperature
- Switch Either "On" or "Off"

Variables

ü Outer Temperature

Tinfty = 50;

ü Distance Celestial Body - Sun

r = 1.52366;

ü Atmospherical Conditions on Celestial Body

ü Gravity

g = 3.71;

ü Atmospheric Pressure

p = 750;

ü Wind Speed

u = 20;

ü Gas Molecular Weight

M = 44* 10-3;

ü Particle Diameter

d = 3.32* 10-10;

Figure A.1: Mathematica Source Code (Page 1)
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ü Specific Heat

cp = 27.437 + 4.2315* 10-2 * Tinfty - 1.9555* 10-5 * Tinfty2 + 3.9968* 10-9 * Tinfty3 - 2.9872 *10-13 * Tinfty4;

Set Variables

ü Diameter of Shell

Ds = 0.10;

ü Diameter of Body

Db = 0.05;

- Required density for 100g: ca. 1500 kg/m3

ü Body Temperature

Tb = 300;

ü Body AFT Limits

Tminaft = 233;
Tmaxaft = 313;

ü Body Density and Heat Capacity Product

rcp = 3 * 106;

ü Insulation Thickness

x = 0.025;

ü Thermal Conductivity of Insulation

lin = 0.005;

ü Emissivity of Shell 

es = 0.01;

ü Contact Area with Surface

Acont = 0.012;

ü Fuel Cell Heat Production

Qfc = 1;

ü Fuel Cell Efficiency

hfc = 0.65;

ü Overall Energy Effiency

htot = 0.02;

Figure A.2: Mathematica Source Code (Page 2)
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ü Required Energy per Hop

He = 0.6;

ü Maximum Amount of Hops

Hmax = 15000;

ü Relative Area of VEC on Shell

Avec = 0.75;

ü Thermoelectric Figure of Merit

Z = 3 *10-3;

ü Length of Thermal Swich

xsw = 0.03;

ü Contact Area of Thermal Switch

Asw = 0.00152;

ü Configuration Factor

F = 1;

Constants and Operations
<< Graphics`Graphics`

ü Reset Variables

Ts =.

ü Constants

s = 5.67 * 10-8;
R = 8.314;
NA = 6.022 * 1023;
Vb = 4 ê 3* p * HDbê 2L3;
As = 4 * p * HDsê 2L2;
AU = 1.4959787006* 1011;

ü Semimajor Axis Length

r = r * AU;

ü Radiation Heat Loss

Qrad = s * es* As* HTs4 - Tinfty4L * F;

Figure A.3: Mathematica Source Code (Page 3)
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ü Conduction Heat Loss

Qconds = 4 * p * lin * HTb - TsL ì i
k
jjj 1

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Dsê 2 - x

-
1

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Dsê 2

y
{
zzz;

Qcondg = Acont* lin* HTb - TinftyLê x;

ü Convection Heat Loss

r = Hp* ML ê HR* TinftyL;
c = HH8* R * TinftyLê Hp * MLL^H0.5L;
l = HR* TinftyL ë Iè!!!!

2 * p * d2 * NA* pM;
m = 1 ê3 * r * c * l;

rs = Hp* ML ê HR* TsL;
cs = HH8* R * TsLê Hp * MLL^H0.5L;
ls = HR* TsL ë Iè!!!!

2 * p * d2 * NA *pM;
ms = 1 ê 3* rs* cs* ls;

n = m êr;
cv = cp - R;
l = Hpê HR* TinftyLL* c * l *cvê 3;

cpsi = cpê M;
cvsi = cvê M;
a = l êHr * cpsiL;

b = 1 êTinfty;
Ra = Hg* b *HTs - TinftyL*Ds3L ê Hn * aL;
Pr = n ê a;

Nufree = 2 + H0.589* Ra0.25L ë H1 + H0.469 êPrL9ê16L4ê9;
hfree = Nufree * l ê Ds;
Qconvfree = hfree * As* HTs - TinftyL;

Rey = u * Dsê n;

H*Nuforced=2+H0.4*Rey0.5+0.06*Rey2ê3L Pr0.4  I mÅÅÅÅÅ
ms

M0.25;*L
Nuforced = 2 + H0.4* Rey0.5 + 0.06* Rey2ê3L Pr0.4;
hforced = Nuforced* lê Ds;
Qconvforced = hforced* As* HTs - TinftyL;

Qconv = If@u == 0, Qconvfree, QconvforcedD;
Qconv = If@p < 10, 0, QconvD;

Qconvapp = Qconv;

ü Qloss

eq1 = Qs ã Qconds;
eq2 = Qs ã Qrad + Qconv;
res = NSolve@8eq1, eq2<, 8Qs, Ts<D;
Qshell = If@Hu == 0 && p > 10L, Qs ê. res@@3DD@@1DD, Qs ê. res@@4DD@@1DDD;
Ts = If@Hu == 0 && p > 10L, Ts ê. res@@3DD@@2DD, Ts ê. res@@4DD@@2DDD;
Qloss = Qshell + Qcondg;

ü Thermoelectrics

Qheatfc = H1 - htotL * Qfc;
M = H1 + Z HTb + TsLê 2L^H0.5L;
hte = 0.5* HTb - TsL êTb* HHM - 1LêHM + HTsê TbLLL;
Wte = hte * Qheatfc;
hinc = HHhfc + hteL ê hfc - 1L* 100;

Figure A.4: Mathematica Source Code (Page 4)
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ü Thot

rs = 0.696* 109;
Tsun = 5780;

Thot = Tsun *$%%%%%%%%%rs
ÅÅÅÅÅÅÅ
r

;

ü Solar Irradiation

Isun = s * Tsun4 * J rs
ÅÅÅÅÅÅÅ
r

N
2

;

Qsun = es* 0.5* As* Isun;

ü Transient Body Temperature Increase during Heating

Tin = 300;

Qcondst = 4 * p * lin * Hw@tD - TstL ì i
k
jjj 1

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Ds ê2 - x

-
1

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Dsê 2

y
{
zzz;

Qradt = s * es* As* HTst4 - Tinfty4L* F;

Rat = Hg* b * HTst - TinftyL* Ds3L ê Hn * aL;
Nut = 2 + H0.589 *Rat0.25L ë H1 + H0.469ê PrL9ê16L4ê9;
ht = Nut* l ê Ds;
Qconvt = ht * As* HTst - TinftyL;
Qconvt = If@p < 10, 0, QconvtD;

eq1 = Qst ã Qcondst;
eq2 = Qst ã Qradt + Qconv;
res = NSolve@8eq1, eq2<, 8Qst, Tst<D;
Qshellt = Qst ê. res@@3DD@@1DD;

Qcondgt = Acont* lin *Hw@tD - TinftyLê x;

Qlosst = Qshellt + Qcondgt;
Qlosssunt = Qshellt + Qcondgt - Qsun;

solution = NDSolve@8w'@tD == HQheatfc - QlosstLê Hrcp* VbL, w@0D == Tin<, w, 8t, 0, 7200<D;
solutionsun = NDSolve@8w'@tD == HQheatfc - QlosssuntL ê Hrcp* VbL, w@0D == Tin<, w, 8t, 0, 7200<D;
deltaT = Hw@tD ê. solution@@1DD ê. t Ø 3600L - Tin;
deltaTsun = Hw@tD ê. solutionsun@@1DD ê. t Ø 3600L - Tin;

ü VEC 

Qradvec = As* s * Hes*H1 - AvecL + esvec * HAvecLL* HTb4 - Tinfty4L * F;
eres = FindRoot@HQradvec + Qcondg + QconvL == Qheatfc, 8esvec, 0.02<D;
emin = esvec ê. eres;
eressun = FindRoot@HQradvec + Qcondg + Qconv - QsunL == Qheatfc, 8esvec, 0.02<D;
eminsun = esvec ê. eressun;

ü Ratio Inop/Op State

g = Qheatfcê Qlossav;

ü Mission Duration Reduction by Thermal Control Provision

c = H1 - Qlossavê QheatfcL*100;

Figure A.5: Mathematica Source Code (Page 5)
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ü Maximal Heating Time within AFT Limits

solution = DSolve@8waft'@tD == HQheatfc - QlossavLê Hrcp* VbL, waft@0D ã Tminaft<, waft, tD;
Tfunc@tD = waft@tD ê. solution@@1DD;
solution = Solve@Tfunc@tD == Tmaxaft, tD;
taft = t ê. solution@@1DD;
taft = taft ê3600;

ü Mission Range

Ht = Heê HQfc* htotL;
lmin = Hmax *Htê H3600* 24L;
lmax1 = lmin ê H1 - c ê100L;
lmax2 = Hmax * Htê Qlossavê H3600 * 24L;

Passive-Cold Case

Assumptions
- No Solar Irradiation (Cave, Night)
- Tb kept at 300K
- Qfc=0 (inop state)
- Max Output for TE

=>Goal: Qloss,max<Qheat,fc

Convective Heat Loss 
Qconv

Radiative Heat Loss
Qshell - Qconv

Conductive Heat Loss into Ground
Qcondg

Total Heat Loss to Surroundings
Qloss

Surface Temperature
Ts

Efficiency Increase
hinc

Figure A.6: Mathematica Source Code (Page 6)
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Active-Hot Case

Assumptions
- Tb start at 300K
- Qfc=1

=>Goal: Qloss=0, esvec<1, lsw<500

Maximal Temperature
Thot

Solar Irradiation
Isun

Qsun

Free Convection Heat Loss
Qconv

Transient Body Temperature Increase during Heating

Approximation: Convection Heat Loss constant over all times 
(no further refinement supported by Mathematica in DE solution algorithm)

ü In cave

deltaT

ü In sun

deltaTsun

VEC - Radiative Heat Loss into Atomosphere

ü Plot

Plot@Qradvec, 8esvec, 0.01, 1<, AxesLabel Ø 8"@eD", "@QD"<, ImageSize Ø 400D;

ü VEC Emittance Specifications without Sun Influence

emin

ü VEC Emittance Specifications with Sun Influence

eminsun

Figure A.7: Mathematica Source Code (Page 7)
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Thermal Switch - Conductivity Specifications

ü Mathematical Operations

linv =.;
linres = Solve@Hlinv* Asw *HTb - TinftyLêxswL + Qloss == Qheatfc, linvD;
linmin = linv ê. linres@@1DD;
linressun = Solve@Hlinv * Asw * HTb - TinftyLê xswL + Qloss - Qsun == Qheatfc, linvD;
linminsun = linv ê. linressun@@1DD;

ü Minimal Value of lin to Ensure Cooling without Sun Influence

linmin

ü Minimal Value of lin to Ensure Cooling with Sun Influence

linminsun

Mission Scenarios

Variables
Qlossav = 0.2;

Ratio Inop/Op State
g

Mission Duration Reduction by Thermal Control Provision
c

Maximal Heating Time within AFT Limits
taft

Maximal Duration
lmax2

Mission Range

ü Plot

DisplayTogether@Plot@Hmaxê lmin* th, 8th, 0, lmin<,
AxesLabel Ø 8"@DaysD", "@HopsD"<, ImageSize Ø 400D, Plot@Hmax, 8th, lmin, lmax1<D,

Plot@-Hmaxê Hlmax2 - lmax1L *th + Hmax ê Hlmax2 - lmax1L * lmax2, 8th, lmax1, lmax2<DD;

Figure A.8: Mathematica Source Code (Page 8)
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A.4 Moon Deployment Study

Analogous to the Mars deployment study in Section 6.6, the same can be done
for the Moon, where an average heat loss of Q̇loss,av = 0.1 W is assumed. The
results are found in Figure A.9.
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Figure A.9: Moon reference mission profile with Q̇loss,av = 0.1 W and 30 g of fuel
on board
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