45th International Conference on Environmental Systems
12-16 July 2015, Bellevue, Washington

ICES-2015-247

Preliminary Thermal Design of the Japanese Mars Rover
Mission
Ryuta Hatakenaka1, Kazuhisa Fujita2, Taku Nonomura3, Moto Takai4, Hiroyuki Toyota5,
Takehiko Satoh6, Hiroyuki Sugita7
Japan Aerospace Exploration Agency, Chofu, Tokyo, 182-8522 Japan
Genya Ishigami8
Keio University, Yokohama city, Kanagawa prefecture, 223-8522, Japan
Akihiko Yamagishi9
Tokyo University of Pharmacy and Life Science, Hachioji city, Tokyo, 192-0392, Japan
Hideaki Miyamoto10
University of Tokyo, Bunkyo, Tokyo, 113-0033, Japan.
Kazuhiro Umetani11
Okayama University, Okayama, Okayama prefecture, 700-8530, Japan.
A Mars surface exploration working group in JAXA has been planning its first
attempt to send a rover to the Martian surface for a technological demonstration and to
engage in direct search for living organisms in Martian soil at Recurring Slope Lineae
(RSL), where liquid water is believed to exist underground and flow out to the surface in
the summer. A 150kg-class, stand-alone-type rover (without any mother lander or rover
responsible for some roles such as communication) has been designed as a “clean rover”
that excludes any radioisotope energy. This paper describes the mission overview and
the results of the preliminary thermal design and analysis to show that the mission plan
remains sufficiently feasible.
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I. Introduction

he planet Mars has continually attracted the interest of human beings since the dawn of time. In the past few
decades, Mars programs have been implemented with extensive science missions dedicated to
understanding the geological and climatological characteristics of the planetary bodies, as well as seeking
microbes of extraterrestrial life. It is true that many successful rovers, landers and orbiters have been established
previously and in present, but rather than quelling our curiosity, any data obtained simply stimulates it more. For
example, the Mars Reconnaissance Orbiter (MRO) provides us with many high-resolution images of the Mars
surface on a daily basis, taken with the “HiRISE” camera. When a special geological formation is found
somewhere on Mars, unfortunately it is impossible to visit using the currently operated rover unless the location
is very close to its current position. By sending a new rover, which can compensate the landing accuracy of a
few to tens of kilometers, we can visit and closely observe such sights and even sample some soil or rock for insitu measurements or experiments.
Considerable technological progress is still needed to design and develop a Mars rover in our own country to
achieve scientific progress on Mars and hopefully participate in future international manned Mars exploration
programs, as proposed by National Aeronautics and Space Administration (NASA) and scheduled for the 2030s.
Accordingly, a working group called the “Mars surface exploration working group”1,2 has been planning a Mars
rover mission to demonstrate the technology and made a proposal as a middle-class mission of the Institute of

Figure 1 Mission scenario
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Figure 2 Configuration of the spacecraft
Space & Astronautical Science (ISAS), Japan Aerospace Exploration Agency (JAXA) in 2015 (currently under
selection). Figure 1 shows the mission scenario. According to the current schedule, the spacecraft will be
launched in August 2020 and will arrive on Mars in February 2021. The spacecraft comprises an interplanetary
cruise module (ICM), an aeroshell module (AM), a landing module (LM), and a rover as shown in Figure 2. In
this mission, technologies such as deep-space telecommunications, precise orbit determination and trajectory
correction maneuvers toward the target planet, atmospheric entry-descent-landing (EDL), and highlyautonomous mobility systems on the Mars surface for long-range traversability3,4 will be demonstrated.
Hypersonic aero-assist guidance toward the target landing point, optical navigation and guidance for landing site
risk aversion, lightweight flexible solar cells5 and lightweight lithium ion batteries6 will also be demonstrated in
other programs prior to this mission. Those technologies will allow us flexible and unaided exploration on the
Martian surface.
This mission also incorporates a scientific aspect – a direct search for living organisms in the Martian soil
using a fluorescent life detection microscope (LDM)7,8 and an observation of underground liquid water using
ground penetration radar (GPR).9 It is essential that those meacurements are performed at the most probable site
based on the most recent knowledge in order to allow discussion on whether there is or was any life on Mars.
The recurring slope lineae (RSL) is a geological formation that is considered to have been formed by liquid
water and is repeatedly observed during the period between spring and summer from MRO/HIRISE. RSL is the
only phenomenon on Mars where liquid water is deemed highly likely to exist based on current knowledge.
Melas Chasma (at 11.47 degrees south latitude), which is an RSL located in the deepest region of Valles
Marineris, has been chosen as the first target point candidate considering the probability of liquid water
existence on its surface and beneath the ground. Access to the RSL is a major engineering challenge, given the
fact that it has a precipitous slope with an inclination of 20 to 30 degrees, hence the sampling from the RSL is to
be achieved by a small detachable rover. In addition, a hibernation operation during winter is needed to observe
the RSL, since the rover arrives at Mars just before winter, while the RSL emerges during spring and summer.
Hibernation at this site is a challenge due to the eccentricity of the Mars orbital path; winter comes at
aphelion in the Southern hemisphere. In addition to limited solar power resources and a lower overall
temperature, the adoption of radioisotope technology is also difficult in Japan due to conservative public opinion
and restricting safety standards at the launch site, which further complicate this challenge. Remarkable
progresses of active thermal control technologies, e.g., mechanically-pumped fluid loop (MPFL), loop heat pipe
(LHP) and heat switch (HS), do not solve the problem alone, as the heat source is very limited in an extremely
cold environment. Thermal insulation should be the first area to tackle, despite volume and mass restrictions.
This paper describes the result of the conceptual thermal design and analysis of the Mars rover and discusses the
feasibility of this mission scenario.

3
International Conference on Environmental Systems

II. Mission and System Overview of the Rover
A. Mission Plan
The variation in the solar power resources on the Martian surface has been presented by Crisp et al.10 and the
mission plan for the rover is shown in Figure 3. Based on the orbit design, the launch date has been chosen as
August 4, 2020 and the arrival time and date as approximately 2 pm (local time) and February 27, 2021,
respectively, which corresponds to an areocentric longitude Ls = 9.6. The first candidate landing point (Melas
Chasma) is located at 11.47 degrees south latitude and 68.52 degrees west longitude. Note that the X-axis of
Figure 3 is not longitude on the Mars surface, but the orbital longitude of the Mars orbit corresponding to the
time or season. Each Martian day (=sol) is approximately 25.66 h and one Martian year lasts approximately 687
Martian days (Ls = 0 to 360). Due to the relatively large eccentricity of the Mars orbit, the annual change in
solar power is larger in the Southern hemisphere than that in the Northern hemisphere. As shown in Figure 3,
the arrival date is just before the onset of winter (Ls = 9.6), while RSL tends to emerge during summer.
Another consideration when evaluating solar power resources is the potential for local and global dust
storms. The optical depth , which represents the dust level in the atmosphere, has a background level of around
0.1 to 1.0 to be conservative, and increases further ( = 1 to 6) in the event of a dust storm. 11 In case of = 5.0,
solar power resources become less than one third10 compared with that in the case of = 1, which has a great
impact on the rover system design. Local dust storms may develop anywhere on Mars and at any time of year
and typically last a few days, while global dust storms tend to occur during spring and summer in the Southern
hemisphere and last several months. Considering these tendencies, the effect of dust storms is not considered for
solar array sizing, while batteries are designed to survive a few days under dust storm conditions.
In the preliminary design of this mission, the size of the solar array is set at 1.5 m2 through the layout design
of the rover and the solar power resource is calculated on the basis of solar power variations estimated with the
Dennou-Club Planetary Atmospheric Model Project (DCPAM, see Section IIIA) for each Ls, presuming an
optical depth at each Ls based on the MGS dust scenario. Note that the enlargement of the solar array panel by
adopting a multi-stage deployable mechanism is possible, but the risk of failure is increased. An operation plan
has been determined considering solar power resources, the electrical power consumption of the components
and the heaters and the success criteria of the mission before hibernation. Accordingly, the result of the thermal
design (required amount of heater power of each Ls and operation plan) has already been taken into account in
the plan. The full-success criteria of this mission, comprising the arrival at the target point (RSL) achieved by
traversing the 10 km that accounts for the dimension of the landing ellipse 20km×14km, the successful
operation of mission instruments including soil sampling (not in RSL) and so on, is going to be accomplished in
70sols before Ls =45, whereupon the rover attempts extra successes comprising hibernation and sampling from
the RSL using a small detachable rover.

Landing Date:

2/27/2021 2pm (Ls=9.6)

Start of hibernation(Ls=45)
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Figure 3 Mission plan of the Rover and map of solar power generation per area
[Wh/m2sol] at optical depth = 0.5 for latitude and orbital longitude(10)
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B. Rover Configuration
Figure 4 shows the baseline configuration of the rover. Its external shape is relatively flat in order to
optimize the layout inside the capsule and maximize the solar array area. A solar array panel featuring a
peacock-like deployable mechanism is chosen to ensure minimum solar power, even in the event of deployment
failure. Due to the absence of a radioisotope heater unit (RHU) or radioisotope thermoelectric generator (RTG),
the power system tends to become very large. To minimize the mass of the power system, two newly developed
technologies have been adopted: a flexible solar cell specially designed to optimize energy density under the
solar spectrum on Mars surface5 and a compact high energy density battery made of stainless laminated film.6
The mobility system is designed to meet the design requirement of maximum speed (7.5 cm/s), maximum
slope angle (15 degree at sandy soil), and ability to climb up a rock with the height 200 mm, which results in
wheels of diameter 260 mm and a minimum height of 200 mm between the bottom of the rover body and the
ground. These dimensions of the mobility system were the result of a trade-off study between the rover
mobility12 and the stowed configuration of the rover. Long-range traversability,3,4 whose target value (10 km in
70 Martian days) is quite challenging compared with previous NASA rovers, is to be realized by reducing the
thinking time using a highly-autonomous mobility system, and by minimizing mission instrument operations
before arrival at the destination.
he rover has two separate communication lines: an X-band for direct communication with the Earth and a
UHF-band for transmitting large quantities of mission data via a foreign Mars orbiter. The sampling hole of the
LDM (the main mission instrument) is located on the top of the rover rear side, while a robotic arm is attached
to the rear panel. The front side of the rover is covered with two antennas for the GPR, while an X-band hi-gain
antenna (XHGA) and a navigation camera (NavCam) are located at the top of the mast to share the gimbal
mechanism. Other mission payloads, e.g., equipment for meteorological observations, are located at the top of
the mast or the outer surface of the rover body, but are not shown in the figure. A detachable small rover is
attached to the bottom of the rear side; it function as rear wheels in nominal operation and only comes away
when direct sampling from RSL is performed (see Figure 1). Electrical power will be supplied from the rover
system to the detachable rover via a reel wire. The small rover can be returned to its original position by reeling
up the wire, which enables the mother rover to move as it could. The detailed design of the small rover and the
sample delivery procedure from the small rover to the LDM is still under consideration.
The component layout inside the rover is shown in Figure 5. Since the rover will be suspended with wire in
the touchdown phase, the upper deck of the rover body should feature a rigid panel. Accordingly, the component
panel is designed to be suspended from the upper deck via a thermally insulated support structure, to which all
electronics, including electronic boxes for cameras, the locomotion system, and mission components, are
attached. The gaps between the component panel and external panels are approximately 60 mm as the baseline,
wherein a gas-gap separation layer is also inserted. To minimize the heat transfer area and structural mass,
components are aggregated as far as possible.

Figure 4 Schematic view of rover (Main body size: approximately 940 mm × 650 mm × 300 mm)

Figure 5 Layout of internal components
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III. Thermal Design
A. Thermal Environment on the Mars Surface
Precise estimation of the solar flux, sky IR flux, air temperature, and ground temperature are essential for
successful thermal and electrical power design. Despite the existing engineering tools such as the Mars-GRAM
developed by NASA, it is crucial to establish an in-house tool to forecast the environment and correlate it with
data taken by our new rover. Leveraging the DCPAM,13 the science team has prepared a database of the Mars
surface environment. DCPAM has been calibrated using past observational data from the Viking and Mars
Pathfinder meteorological data. 14 In addition, agreement with the Mars Analysis Correction Data Assimilation
(MACDA) has been confirmed for some landing sites. 15
Figure 6 shows the thermal environmental conditions used for thermal design and analysis, the results of
which are presented in Section IV C. The MGS dust scenario16,17 is an annual variation pattern of optical depth
based on the observation result of NASA’s Mars Global Surveyor, where is between 0.1 and 0.5. When the
optical depth is large, the ground and air temperatures decline while the sky temperature increases. Direct solar
flux depends on both the optical depth , corresponding to the amount of atmospheric dust and the optical path
length, which expands geometrically in the early morning and late afternoon. Note that the cosine of the solar
incident angle into each face should be multiplied by the values on the graphs when heat input is calculated.
Diffuse solar flux, which is defined in this paper as a non-directional insolation term, changes intricately
depending on optical depth and solar-zenith angle. 11 Since this value is expressed assuming the upper face of
the horizontal plane in this paper, heat input should be calculated by multiplying the sky view factor of each
face.
Note that solar array degradation (10 %) due to dust deposition onto the array itself is considered in addition
to the effect of optical depth. Dust deposition also affects the optical properties (by increase the solar
absorptance s) of the other exposed surfaces, especially for low s surface such as white paint. In this study,
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since the outer surface of the rover body is planned to be CFRP surface (with high
s due to dust deposition is neglected.

s

and high ), the change of

B. Thermal Control Method
Table 1 shows a comparison of the thermal control method between past NASA Mars rovers and the future
“ExoMars” European Mars Rover, all of which feature the use of radioisotope energy. For the unit used in past
missions,18 each RHU generates 1 watt of heat, is 26 mm in diameter and 32mm high and weighs only 40 g
icluding the container, without including the size and mass of the heat spreader and attachment structure. If the
heat generation of one RHU through the night (12 Wh) is compensated for by a battery and solar power, it
weighs as much as 150 g for the battery given common energy density of 80 Wh/kg and additional area of solar
array is necessary to recharge it in day time. In addition, RHU plays crucial role in case of dust storm when solar
power generation and internal power consumption significantly decrease. Although it is obvious that the
Japanese rover should accept these disadvantage by not using RHU, this can be mitigated by adopting a
lightweight battery and flexible solar cell panel as well as improving insulation performance (see next section).
Active thermal control devices, such as MPFL, LHP and HS do not improve the situation without a constant
heat source or excellent thermal insulation. They can help enhance heat rejection in daytime, but they cannot
eliminate heat leakage at night. Since winter comes soon after landing in the current mission timeline,
survivability in winter has a higher priority than heat rejection enhancement. Therefore, the adoption of these
technologies are regarded as options (Section II.H) in this study.
The basic thermal control strategy is basically the same as the Mars Explocation Rover (MER). All of the
electronics will be piled into a small area to share their heat generation and heat capacity and minimize the
diurnal temperature swing. The thickness of the insulation layer is maximized as far as space permits, while the
operation of components should be limited in hot cases unless the options (Section II.H) are added. External
components are designed to tolerate the cold Mars night without a heater while in the non-operating state, while
heated beyond the lower operational temperature limit just prior to the time it operates.
C. Insulation Material
Gas-gap insulation23,25 is a novel idea utilizing low-conductive and abundant CO2 gas. Table 2 shows a
comparison of the insulation material for the Mars environment. Aerogel has a lower thermal conductivity than
CO2 gas itself, since its pore dimension is smaller than the mean free path of CO2 gas under Mars conditions and
it reverts to a free molecular condition. However, bulk-type aerogel is so fragile that it cannot be handled
Table 1 Comparison of thermal control method of Mars rovers
Name

Mass

Radioisotope Energy

Active TCS in Surface Phase

Insulation

Mars Pathfinder/Sojourner19,20

12kg

RHU 3W

NA

Silica Aerogel

180kg

RHU 6W for Battery
RHU 2W for System

Parrafin HS x2 for Battery

Carbon-opacified
Silica Aerogel

900kg

RTG

Mechanically pumped fluid loop

Gas Gap

ExoMars Rover24

350kg

RHU 8.1W for Bus
RHU 4.5W for Mission

Current baseline of Japanese
Mars Rover

150kg(TBC)

NA

Loop heat pipe with by-pass
valve
NA (Parrafin Heat switch or
Loop heat pipe for option)

Mars Exploration Rover/
SPIRIT, OPPORTUNITY 21
Mars Science
Laboratory/Curiosity22,13

Gas Gap
Gas Gap
(two layers)

without a rigid enclosure, which increases the mass and heat leak. Another candidate is a vacuum insulation
panel, which has been widely used in household refrigerators recently. Creating a vacuum seems the only way to
improve insulation performance other than aerogel and gas gap. Vacuum insulation panel is flat in shape and
features inner fiberglass insulation supporting the pressure load from the outside. Using a gas absorption agent
allows any decline in thermal performance to be suppressed over several years. Tolerance of sterilization
temperatures is supposed to be obtained using film for high temperature, but since the density is more than ten
times larger than aerogel, vacuum insulation panel is unsuitable for rovers whose mass directly affects their
mobility.
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Accordingly, the best method to improve insulation performance is presumed to be increasing the thickness
of the gas gap to optimally exploit the gas-gap method. Since our current baseline thickness 60 mm is equivalent
to the maximum value to neglect the free convection effect (50-60 mm), a film layer known as a “gas-gap
separation layer (Figure 5)” is included. Note that free convection may be negligible on Mars, even when the
gap is 60 mm thick, due to the lower gravity compared with that on Earth, but it is difficult to verify the thermal
design by testing on Earth. The current gap thickness of 60 mm is mainly restricted by volume constraints
affecting the reentry capsule, hence a challenging “gas-gap extension” method option plan, wherein the
thickness of the gas gap increases after landing on Mars using a hold and release mechanism, is also under
consideration.

Table 2 Candidate insulation materials
Material

Heritage on Mars

Approx. value of thermal
conductivity@-80deg.C,
10Torr, CO2 (Effect of
casing is not included)

Foam insulations
Huygen probe
20mW/mK 25
(Eccofoam, Basotect)
Fibrous insulations
Viking Lander, ''98
15-20mW/mK 25
(Fiberglass batt insulation)
surveyor Lander
Bulk Aerogel
(pure silica Aerogel,
Sojourner(25-32mm thick), 5-6mW/mK(10mW/mK
Resorcinal-Formaldehye(RF) SPIRIT/OPPORTUNITY(20
when casing is included)25
Aerogel, Carbon opacified
-25mm thick)
aerogel)

Mass
(w/o casing)

System
Impact

8-11kg/m3

Small

3

5-25kg/m

Small

20kg/m3

Medium

Note

Maximum size of
production, Very Fragile,
Prevention of particle

Crashed Aerogel
(Pyrogel, Cryogel)

NA

(15mW/mK25)*
*under Earth atomosphere
@-73.3deg.C

150-180kg/m3

Small

Heavy, Prevention of
particle

CO2 Gas Gap 23, 25

CURIOSITY, INSIGHT

9mW/mK

No additional mass

Low

Maximum thickness
<50mm (on Earth) for
conduction -only regime

CO2 Gas Gap extension

NA

same as above
(more spac e - savin g
be fore lan din g)

TBD

Large

Hold&release mechanism
and separation film are
needed

Vacuum Insulation Panel(VIP)

NA

1 - 2 mW/ mK (Estimation)

Small

Heavy. Large edge effect,
Tolerance of sterization
process(125deg.C)

300kg/m3 (vacuum shell is
included, in case of
500mmx800mmx5mm for each)

D. Other heat leak sources
Heat leaks are also caused by structural supports and electrical wires between component panels and other
panels. The thermal conductance of the former is estimated as approx. 60 mW/K in total, assuming a glass fiber
reinforced plastic bracket 60 mm high. That of the latter, meanwhile, can be roughly calculated as 2.2 mW/K
per line for AWG22, 0.54 mW/K per line for the AWG28 and 24.9 mW/K per line for semi-rigid coaxial cables,
the outer conductor of which is 3.58 mm in diameter for a normal copper cable and the length of which is
assumed to be equal to the insulation thickness 60 mm. This heat leak is significant, so cryogenic wire is to be
adopted depending on usage: manganin wire, with minimal thermoelectric force against copper, is for signal
lines, while phosphate bronze wire, with electric resistance smaller than manganin (but exceeding copper), is for
power lines carrying moderate current. Concerning the coaxial cable for antennas, a low thermal-conductivity
line comprises a stainless outer conductor and a beryllium copper inner conductor. Those cables are widely used
in cryogenic applications both in space and on the ground, while the effect on the signal due to the usage of
cryogenic wires should be carefully discussed and tested. In this paper, the thermal conductance of wires is
estimated as 73 mW/K in total; assuming 18 lines of AWG22 copper wire, 100 lines of AWG28 phosphate
bronze wire, 100 lines of AWG28 manganin wire and five lines of stainless-beryllium copper coaxial cable with
a 3.58 mm diameter.
Thermal conductance can be decreased by mounting techniques such as wire routing to increase the length
(e.g. spiral routing) and intelligent thermal anchoring,21, 28 and this will be discussed in future. The value
stimated above is conservative since the conductive length is set at a minimum value that is equal to the gas gap
thickness.

8
International Conference on Environmental Systems

E. Selection of surface optical properties
Optical properties (the solar absorptance s and the hemispheric infrared emissivity H) of the outer surface
have a significant effect on both heater power in cold case and the maximum temperature in hot case. In the case
of low s / low surface such as vapor-deposited metal surfaces used in the Mars Pathfinder (MPF) and MER,
the heat leak at nighttime is minimized, while the heat input due to solar radiation during the day is also small.
The drawback of this surface is its high sensitivity to two uncertain parameters: wind speed and the increase in
surface such as the white paint used in the
s due to dust deposition. Another candidate is a low s / high
Mars Science Laboratory (MSL). This utilizes relatively stable radiation heat rejection and has a lower
sensitivity to wind speed, while solar heat input is still uncertain.
In this study, a high s/high surface (CFRP bare surface) is selected from sensitivity analysis (Section IIF),
aiming to minimize the heater power in the cold case or in the case of dust storm. Consequently, the maximum
temperature of the internal component increases, but still remains beneath the upper limit in the case of the
nominal operation plan. Note that this selection is based on current insulation performance (with a gas-gap
thickness of 60mm) and the current mission scenario.
F. Sensitivity Analysis using quasi-static one-node analysis
Figure 7 shows a schematic diagram featuring Excel-based simple one-node analysis, performed to define a
baseline thermal design. Heat inputs due to direct solar flux, diffuse solar flux, sky IR and ground IR are
calculated at every time step, while the total heat generation of internal components (Figure 8) is modeled as a
sine curve with a peak value that varies depending on the available solar power and the operation plan of
components. Heater power is added to the internal dissipation when the component temperature is between two
set points (lower limit +2 deg.C ON, +4 deg.C OFF). Thermal conductance between the insulation and
component nodes is calculated based on the thermal conductivity of the insulation material (15 mW/mK,
temperature dependancy is neglected), the effect of the structural support and electrical wires and the component
box dimensions (800 mm × 700 mm × 300 mm, enlarged depending on the insulation thickness).
The air temperature is defined as a boundary and the convection heat transfer coefficient is set as 0.1
W/m2K for all cases (both hot and cold cases) assuming natural convection. Note that the coefficient becomes as
large as 1.68 W/m²K when assuming the maximum wind speed (20 m/s, in this study). However, in the case of
high emissivity surface and sufficient gas gap thickness, the surface temperature of the rover at night tends to
become higher (more moderate) than that in the case of no wind due to the radiation effect. Although maximum
wind case becomes the worst cold case for some cases with small gas gap thickness, no wind case is adopted in
common for simplicity in this study.
The surface temperature of the insulation material is calculated based on the heat balance in each step by
assuming quasi-static. The time step of the calculation is set at ten mins, while the thermal enviromental
parameter is as shown in Section III A.Examples of the calculation results are shown in Figure 9 and the results
of the sensitivity analyses against insulation thickness and the lower limit of allowable temperature are shown in
Figure 10. Note that the Y-axis is the collective power consumption of the components and heater output. For
example, where the Y-value is 350 Wh and internal components consume 10W at night (approx. 14 h), the
required heater output can be calculated as 350-10×14=210 Wh. The overnight temperature levels vary little in
all cases as shown in Figure 6, but internal power consumption varies significantly due to variation of the solar
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power budget, which has a significant influence on the required overnight power consumption as well as
differences in air temperature.
The amount of heat leak between components and the external insulation surface is inversely proportional to
insulation thickness, which leads to a saturating trend in Figure 10(a). Note that there are two effects: delay of
9
International Conference on Environmental Systems

Minimum power consumption /day [Wh]

1000.0
800.0
600.0

Current
Baseline

Too much insulation
for passive thermal control

400.0
200.0
0.0

1,000

Miminum power consemption/ a night[Wh]

Hot@Ls=226
Cold@LS=45
Hibernation@Ls=83
Dust Storm Survival@LS=360

1200.0

900
800

Hot@Ls=226
Cold@Ls=45
Hibernation@Ls=83
Dust Storm Survival@Ls=360

Typical
Component

700
600
500
400

Current baseline
(same as MER)
Lower Limit
of MIL parts

300
200
100
0
-60℃ -55℃ -50℃ -45℃ -40℃ -35℃ -30℃ -25℃ -20℃ -15℃ -10℃

Insulation Thickness

Lower limit of Allowable temperature

(a) Insulation thickness vs. heart power/day
(b) Lower limit of allowable temp. vs. heater power/day
Figure 10 Result of sensitivity analysis using one-node model
the heater ON timing (transient effect) and decrease in heater power for heat balance. In the dust storm survival
case, since daytime power consumption is extremely small and the temperature rise of components is very
limited, it approaches a quasi-static state each time and the transient effect becomes relatively smaller.
Conversely, the heat leak is propotional to temperature difference between components and external surfaces.
By expanding the lower temperature limit, the temperature difference decreases linearly, which leads to a linear
trend in Figure 10(b).
G. Extension of the allowable temperature range of components
To minimize cost and risk, off-the-shelf components should generally be used without modification as far as
possible. In the current plan, the rover components are selected from off-the-shelf and (if possible) Japan-made
components, but using them “as-is” does not seem advisable considering the result shown in Figure 10 (b).
Most of the MIL spec. electrical parts are qualified from -55 to 125 degrees C for operating temperature and
from -65 to +150 degrees C for non-operating (storage) temperature. In general, while the upper limit of
component allowable temperature depends on the thermal design in the component, the lower limit is simply
due to the limits of parts and materials (adhesive, soldering), or restrictions applying to the component test
facility. It seems possible to expand the lower limit to -55 degrees C by substituting the MIL-part and
conducting additional qualification tests. Table 3 shows a list of target values of allowable temperature of
components in this mission. Since these values have significant sensitivities on the necessary heater power, it
Table 3 Target value of allowable temperature range of components
External Compo.

Operating
-55 to +60deg.C

Non-operating
-110 to +125deg.C*2

Semi-External*1 Compo.
Internal Compo.

-40 to +60deg.C
-80 to +125deg.C*2
-40 to +60 deg.C
-55 to +125 deg.C*2
Charge: -10 to +30deg.C
Battery
-20 to +30 deg.C
Discharge: -20 to +30deg.C
*1 Mission component attathed to the outersurface of rover body
*2 Temperature for sterilization (Planetary Protection)

will be tackled as a high priority issue.
H. Options for high power operation in summer
As discussed in detail in Section IV, all components are estimated to be below the maximum allowable
temperature with an adequate temperature margin in the worst hot case under a nominal operation pattern of
components. However, since electric power is abundant in the summer, a more extensive, high power operation
of the components should be initiated to maximize the mission value. To manage both hibernation and high
power operation, two optional plans are under consideration (Figure 11), though they are not included in the
baseline design considering mass and volume constraints.
1) Phase change material (PCM)
2) Active thermal control device (LHP or MPFL)
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The major advantage of PCM is the absence of an increase in the heat leak
from the component panel to the external structural panel. Another advantage is
that the excess heat dissipation is not exhausted but stored, and can then be
utilized for keeping the components warm in the following night. The major
disadvantage is the mass increase, though the conductive fin structure can be
light weight since it requires no precise temperature control.
In the case of the second idea, it should be noted that the efficiency of the
radiator is quite poor during daytime in the worst hot case due to the relatively
warm environment (air, ground, and sky). In addition, the switching
temperature should be carefully chosen so as to never to switch on in daytime
in cold case, as this can cause the heater to switch on earlier in the following
night. Consequently, to stop or decelerate temperature increases, a relatively
large heat transport capacity, a large radiator, and the in-plane heat diffusion of
the radiator are necessary, which leads to a total mass increase. LHP and MPFL
seems to be more suitable than HS for this purpose. A selection and detailed
design of these option plans should be performed in the future.

Figure 11 Options for high
power operation in summer

I. Consideration of cruise-phase and reentry-phase thermal control
Some components of the rover operate in cruise-phase aiming to minimize the total weight and total cost of
spacecraft, and thus heat rejection from the component panel toward the outside of AM is necessary. The first
candidate for heat rejection system is the flight-proven single-phase, mechanical pumped fluid loop used for
MPF, MER and MSL. The adoption of the same system seems to be the minimum risk option, as Japan lacks a
sufficient technological heritage in this area and the components are not available. The second is an LHP, which
has the possibility of reducing the total weight and cost of the heat rejection system as well as high reliability
due to the absence of moving parts. LHP is under development in Japan, and therefore, the adoption of LHP
could be beneficial in terms of technological advancement in our own country. However, the start-up
characteristics of LHP should be evaluated to ensure that it gathers heat dissipation from a broad area. Another
concern is the assembly procedure with the spacecraft, as the pipes of LHP are completely welded to avoid noncondensable gas incorporation. Therefore the assembly of the loop using mechanical pipe coupling after jointing
modules (ICM, AM, LM and Rover) is expected to be difficult. The possibility of using LHP is to be considered
in the future.
Note that the fluid transfer pipes are to be cut off at the exit of the re-entry capsule and the exit of the rover
body just before the re-entry phase just as the past rovers of NASA (MPF, MER and MSL) have done, and only
a section of the pipes (low conductive stainless tubes are used in general) remains in the gas-gap insulation layer,
which increase the heat leak. Since the conductance through the pipe can be estimated as approximately 0.001
W/m2, it is neglected in this paper.

IV. Thermal Analysis
A. Overview of the thermal mathematical model
A mathematical model of the rover is prepared using Thermal Desktop/SINDA Fluint (CRtech INC.) as
shown in Figure 12. This software provides a function to calculate the heating rate at the Mars surface, including
the variation in solar direction versus time, diffuse solar flux, diffuse sky IR, ground IR and ground albedo by
inputting the latitude, longitude date and value of each heat source. The result of DCPAM is used to determine
the value of each heat source.
In addition to the radiation and conductive conductors in solid material, convection heat transfer for the
entire external surface and conductive heat transfer through the gas gap inside the body are also included. An air
node is defined as a boundary and connected to all external nodes with a convective heat transfer coefficient.
Although the support structures of the component panel and electrical harness are not modeled, node-to-node
conductors, where the values calculated in Section IIID are used, are included between the component panel and
external structural panels. The thermal conductivity of the CO2 gas-gap layer is set the same as the CO2 property,
where temperature dependency is included.
The ground temperature very close to the rover should differ from the estimation result due to the shadow of
solar flux and the view factor between the sky and ground, while the estimation of it is a complicated task due to
the existence of convection terms and interaction with the rover itself. The local ground temperature tends to be
moderated (becomes higher temperature) in cold case compared with the estimation by DCPAM due to the
existence of the rover. In this paper, the difference of those is ignored for simplicity. Note that heater power
estimation for external components has not been conducted using this thermal model since they have not yet
been designed in detail. At present, the power consumption for the heat-up is roughly estimated with the mass of
the components and the difference between the minimum allowable temperature and air temperature. Although
no external component is used in hibernation mode and the heating-up operation is not necessary for the worst11
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Figure 12 Appearance of Thermal Desktop Model and example analytical result
(Front, lower, and side panel are not shown to reveal the component panel inside)
case in terms of survivability, it should be a key factor for power and time management during actively
operating phases. The local ground effect should be considered when discussing this in detail. A selection of
external materials (e.g., lubricant), parts, and components is one of the main future topics, as well as the heater
power estimation and their management.
B. Analysis cases
Table 4 shows the analysis cases used in this paper, whereby a summary of heater power consumption per
night (a result of thermal analysis) is also provided.
Convective heat transfer coefficient is set at 0.1 W/m²K for the hot case assuming only natural convection.
For cold case, it is confirmed that the difference of heater power consumption between the maximum wind case
(1.68 W/m2K assuming wind speed 20 m/s) and the no wind case (0.1 W/m2K) is small. Since it depends on the
cases which case results in the larger heat consumption, both cases are calculated and the result with larger
heater consumption was selected. In general, the minimum temperature of outer surface of rover body is smaller
in the no wind case than the maximum wind case, while its temperature declination from the peak is slightly
sharper in the maximum wind case than the no wind case resulting in earlier start of heater operation. Note that,
in Section III.F, the no wind case yielded larger heater power consumption with sufficient gas gap thickness,
where thermal mass of the surface (structure panel) and existence of neighboring parts, such as solar array
panels and GPR antennas, were neglected.
Among many electrical power consumption patterns, the locomotion mode, where the majority of electrical
power is consumed by motors located outside, is chosen as a worst cold case during the nominal operation phase.
The worst hot case should be the operation case of the internal components and there are basically no
differences in terms of thermal design with total power consumption. In this paper, the LDM operation case is
chosen as the representative case. Note that this hot case operation is somewhat restrained despite the relative
abundance of solar power resources. As discussed in Section III.H, adoption of PCM or an active thermal
control device enables higher power operation and leads to an enhancement of the mission value. In hibernation
mode, one on-board computer and heater controller operates throughout the day and X-band telecommunication
is performed for only 1 h to send health keeping data. In survival mode, only the heater controller operates
Table 4 Analysis case and resulting heater power consumption per night
No.
1
2

Ls

Wind
Optical depth
(Dust Condition) speed*1

Ls=10
0m/s
(just after landing)
Ls=45(After 70Sol, the
MGS dust senario 20m/s
last day before
(Approx. =0.15)
hibernation mode)

3

Ls=83 (Worst Cold)

4

Ls=226(Worst Hot)

MGS dust senario
(Approx. t=0.35)

0m/s

5

Ls=360(the coldest
day during high-dust
season)

=5.0

0m/s

Heat Generation
inside the Rover
Body
Minimum
(Locomotion
mode)

20m/s Hibernation mode

Component power
Heater Power
Solar Power
consumption
Consumption per Generation per a day
*2
daytime
nighttime
a Night
(SAP area = 1.5m2)

Power
Margin

47.5Wh

(Abundant)

Sufficient

315Wh

1063Wh

+24Wh

383Wh

958Wh

+234Wh

37Wh

(Abundant)

Sufficient

326Wh

406Wh

-35Wh

668Wh
(382Wh for
internal)
285Wh(all for
internal)

Maximum
668Wh(530Wh
(LDM operation) for internal)
Survival mode

59Wh(all for
internal

56Wh

*1: Both 0m/s case and 20m/s case are calculated, and the case with larger heater consumptin is chosen. Note that the difference between two cases is small for all cases.
*2: Heater setpoint is lower limit + 2deg.C for ON, +4deg.C for OFF. Power for Heating-up external compo. in daytime and design margin are not included.
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throughout the day.
C. Results and discussion
The analytical result for each analysis case is shown in Figure 13. These results correlate well with the onenode analysis in Section III D, while the internal heat dissipation conditions are not identical. As previously
stated, these results are considered in the mission plan and electrical power system design; hence, the value of
heater power consumption is available.
The battery is insulated from the component panel via plastic insulative collars and controlled separately
using the battery heater. In the current design, the battery is placed at the center of the component panel to reuse
the power of its heater to heat the component panel before rejection toward the outside. Note that the heat
rejection from the battery itself is negligible, since the charge or discharge current is minute compared to usual
spacecraft for the Mars rover. In addition, the maximum temperature of Mars is still lower than the battery upper
limit temperature, which would eliminate the need for the radiator and heat path for cooling the battery.
Temperature distribution in the component panel is small (virtually uniform temperature) except for XSSPA
the (X-band solid state power amplifier) which generates significant heat within a short period. Although the
actual rover operation pattern is supposed to be complex, the thermal design is unaffected since two extreme
conditions are used here in terms of internal dissipation.
Figure 13(a) shows the critical phase operation case just after touching down on the Mars surface. The initial
temperature of the components is set at 20 degrees C, which is considered a conservative value, since the rover
tends to become hot in recent capsules given the absence of a radiator and heat rejection system (both of which
detach 3 h beforehand in recent practice). Although component power consumption should be larger during
critical phase than in nominal operation, the minimum heat generation case (locomotion) is used to be
conservative.
The summery of heater power consumption for each analysis case is presented in Table 4 along with
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Figure 13 Result of thermal analysis for each analysis case (Case No. corresponds to Table 4)
component power consumption, solar power generation and power margin per a day. The current baseline of
battery power capacity is approximately 720 Wh, which is designed to have the maximum depth of discharge
under 50 % for Nos. 1, 2, and 4, and under 80 % for No.3. On the other hand, the size of the solar array panel
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(1.5 m2) is designed to manage each operation pattern of components that is necessary for achieving the success
criteria and recharging battery for all of Nos.2-3.
In the case of a dust storm survival operation, it is not realistic to balance power generation with power
consumption in winter since solar radiation power significantly decreases compared with the MGS dust scenario.
The survivability in a dust storm is the biggest disadvantage of not using RHU or RTG, and some risk has to be
accepted if no RHU design is chosen. However, there seems to be a solution that provides a high probability of
survival in a dust storm by considering seasonality and duration. It is known that global dust storms tend to
develop during spring and summer in the southern subtropics,11 when the solar power is relatively strong and the
temperature of air, ground, and sky are relatively high. The Ls of case No.5 (Ls = 360) is chosen as the worst
case during Ls = 180-360 in terms of electrical power and thermal design, and it is confirmed in the thermal
analysis that the power consumption for survival slightly exceeds the power generation when assuming optical
depth = 5.0. It is considered that the rover should survive a long-duration dust storm in this Ls, and the solar
array area is to be increased so that the power margin becomes plus with a sufficient margin. On the other hand,
local dust storms, which typically last a few days, are known to occur at anywhere and at any time, 11 with
varying from the background level (MGS dust scenario) to the maximum level (in this paper, we assume it is =
5.0). The maximum number of days for survival depends on the difference between power consumption and
power generation, which largely depends on the value of . For example, if severe dust storm occurs at Ls = 83
(the worst cold day) and increases to = 5.0, the heater power consumption per night becomes 629 Wh and the
depth of discharge of the battery reaches 90 % in approximately one day. By increase of battery capacity or
extending the lower limit of allowable temperature of the components, the survival time can be extended. The
duration, the value of , and the event probability of local dust storms are to be evaluated, and risk assessments
are to be performed in future studies.

V. Conclusion
A preliminary thermal design of the Japanese Mars rover is presented in this paper. By extending the
allowable temperature and further improving thermal insulation, the thermal design will become sufficiently
feasible, even if no radioisotope heat source is used throughout the full Martian year except when solar power
generation is significantly limited due to extended dust storms. Further improvements of the thermal insulation,
the adoption of active thermal control, the extension of the allowable temperature range of the components, and
the risk assessments of dust storm survivability are to be studied in the future.
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