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Rovers of successful missions to Mars made use of active and passive thermal control
options. However, in order to survive the night, all of them relied on a heat source such as
electrical energy stored in batteries or from radioactive decay. In this paper, we want to find
an optimum point for a minimalistic rover design such as Mars Exploration Rovers that
relies mainly on passive thermal control but might also include a small heat source, either
RHU or electrical. A thermal model consisting of ten nodes allows varying the size of the
rover in the range from Sojourner up to the size of MSL rover. We calculate the heat
exchange of the internal components with the environment for each size of the rover and
compare the influence of parameters such as body volume and insulation. Due to the
different mechanisms of heat transfer, namely convection, conduction, and radiation, the
ratio between heat loss and available solar energy on solar cells increases with the size of a
rover necessitating usage of RTG (as in MSL rover) for heating or better insulation of the
inner components. Investigated worst case cold environmental conditions include latitudes
from 0°N to 40°S with wind speeds ranging from 0 m s-1 up to 15 m s-1.
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I. Introduction

M

ars has always been a longing goal for humankind since the dawn of the space age. Missions like Viking, the
Mars Exploration Rovers (MER), the Mars Science Laboratory (MSL) and many more have contributed
valuable scientific data in order to extend our knowledge about Mars. Still, there are many things to learn and this
can be done best by sending robotic or manned exploration missions to Mars. Such missions have to cope with a
highly different environment than on Earth. The atmosphere is mainly composed of CO2 (~95 %) with atmospheric
temperatures near the ground ranging from 150 K to 273 K whereas surface temperatures on Mars range from 150 K
to 295 K with a diurnal variation of up to 90 K. These varying conditions are difficult to handle for a technical
system. During daytime, temperatures are not allowed to rise above their requirements and during Martian night,
temperatures may not fall below them.
Early rovers utilized a passive thermal design, which mainly consist of insulations, surface coatings, and a small
constant heat source with power of only a couple of W. Increasing size, power and mass of later rovers lead to the
necessity of thermal control systems that provide higher heat power in the range of hundred W. As examples,
following paragraphs describe two rovers on Mars that are still operational: Opportunity, one of the Mars
Exploration Rovers (MER) and the Mars Science Laboratory (MSL).
MER has a size of 1.4 m x 1.2 m x 1.54 m in length, width, and height with a weight of about 177 kg1. Its top
panel is a solar cell array, which is about twice as big as the chassis box underneath that contains the electronic
boxes, batteries, and RHUs. The solar cells provide power for operation and storing energy in the batteries. Because
of the mild operational temperature range2 of 233 K to 323 K (-40°C to +50°C), it is called warm electronic box
(WEB). The main task of the thermal design is to ensure temperatures of all components within this WEB remain
within their requirements. It is insulated from the environment by aerogel but thermal switches can couple certain
components of the WEB to the environment for cooling, if necessary2. The idea behind the thermal concept is to
survive the night by thermal capacity and a small amount of constant heat provided by 8 RHUs 2 with about 1 W
each. One of the MER, Opportunity, is still operational on Mars proving the maturity of that thermal design.
MSL is a much bigger vehicle with dimensions of about 3 m length, 2.8 m width, and about 1.1 m height without
the instrument mast. Its total weight is about 900 kg. One common thing between MER and MSL is that both use a
nearly rectangular box as the main compartment for temperature sensitive parts. The name of this box is WEB on
MER and Rover Avionics Mounting Panel (RAMP) on MSL. However, the volume of the MSL RAMP is much
bigger, requiring more heat for keeping temperature above their limits during night. Because of that, the power
system uses a radioisotope thermoelectric generator (RTG) that provides a huge amount of waste heat (up to approx.
1700 W), which can be used for heating. An active control can lead this heat to the interior when temperatures fall
below certain limits.
In the following section we want to determine the correlation between heat transfer and the size of a Martian
rover. We introduce our concept for the calculation of the heat transfer mechanisms on Mars with equations and give
a description of a minimalistic rover model.

II. Methods
A. Simulation approach
Mars rovers come in different shapes and sizes. Nevertheless, they have one thing in common which is a
compartment for electronics that resembles a box shape. Because of that, we simplify the shape of the investigated
geometry to a box representing the WEB. That has the additional advantage that we can use empirical equations for
rectangular plates in order to calculate convective heat transfer. All calculations rely on equations described
hereafter. We place the box shaped rover in an artificial environment on Mars within which heat transfer occurs via
radiation and convection. Figure 1 depicts the modeled situation with a detailed description of the thermal model in
section C. We define a worst case condition representing the coldest case with a constant high wind speed of
u = 15 m s-1 blowing along direction x2. Additionally, we modeled no wind and a constant wind speed of 5 m s-1 in
order to assess the influence of wind speed. The environmental details are outlined in section D.
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Figure 1 Schematic of scene with rover
B. Heat transfer
1. Convection
We model the atmosphere as a pure CO2 fluid. The National Institute of Standards and Technology (NIST)
provides a database for fluid properties including CO2. Bhandari et al.3 developed curve fits based on NIST for
temperature dependent fluid properties at a pressure of 1000 Pa. Properties include the density ρ in kg m-³, absolute
viscosity μ in Pa s, thermal conductivity k in W m-1 K-1, and specific heat cp in J g-1 K-1 which equations (1) to (4)
describe. The temperature at which fluid properties shall be quantified has to be set to T ref = (Tfluid + Twall) / 2
according to literature4. It represents the mean temperature between object and atmosphere in the vicinity of the
object.

 T   2 E  07  T 2  0.0002  T  0.06, R 2  0.9995

(1)

 T   2 E  11  T 2  6 E  08  T  1E  06, R 2  0.9999

(2)

k T   5E  08  T 2  5E  05  T  0.002, R 2  0.9999

(3)

c p T   1E  06  T 2  0.0017  T  0.4401, R 2  0.9999

(4)

In general, the convective heat transfer ΔQ in W between two nodes is modeled according to equation (5). Here,
h is the heat transfer coefficient in W m-2 K-1, A the surface in m², and T temperatures in K. T fluid stands for the
temperature of the fluid, whilst T wall is the temperature of one of the side surfaces of the box.



Q  h  A  Twall  T fluid



(5)

The calculation of the convective heat transfer coefficient relies on empirical equations mainly taken from
Polifke5 for usage in this paper. The characteristic number for calculating convective heat transfer is the Nusselt
number (Nu). It is possible to determine the heat transfer coefficient h by rearranging equation (6), with the
characteristic length L in m and the thermal conductivity of the fluid k.

Nu 

h L
k
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Another number needed for calculation of convection is the Prandtl number Pr. It is defined as in equation (7)
where a is the thermal diffusivity in m2 s-1 and ν the kinematic viscosity in m2 s-1.
Natural convection:
Natural convection occurs on all sidewalls of the box but we make a distinction between horizontal plates and
vertical plates. Equations (9) to (11) are valid for a vertical, flat plate. Equation (9) is valid for 0.002 < Pr < 8 ∙ 103
and 1 ∙ 10-4 < Ra < 1 ∙ 109 representing laminar flow. The turbulent regime can be calculated with equation (11)
which is valid for 0.002 < Pr < 8 ∙ 103 and 1 ∙ 109 < Ra.
g Tw  T   L3a

(8)

Nu  0.68  0.668 f (Pr)Ra 0.25

(9)

Ra  Gr Pr 





f (Pr)  1  2 Pr 9 / 16



4 / 9

Nu  0.15 f (Pr)4 / 3 Ra1 / 3

(10)
(11)

We consider two different conditions for natural convection at a horizontal plate; a heated surface with upward
heat transport or cooled surface with downward heat transport and both vice versa. In the calculation process, a
distinction is made between the bottom and upper side of the box and equations are applied accordingly to occurring
temperatures. The characteristic length L is the area divided by its perimeter L = l ∙ b / (2 ∙ (l + b)).
For a horizontal plate with heat emission upwards or heat absorption upwards Nu 6 has to be calculated dependent
on the developed flow state given in equations (12) and (13) which is either laminar for Ra f2(Pr) < 7 ∙ 104 or
turbulent for Ra f2(Pr) > 7 ∙ 104 with f2(Pr) calculated by equation (14).

Nu laminar  0.766Ra  f 2 Pr 1/ 5

(12)

Nu turbulent  0.15Ra  f 2 Pr 1/ 3

(13)

  0.322 11 / 20 
f 2 Pr   1  


  Pr 


20 / 11

(14)

The case of heat emission downwards or heat absorption downwards is considered with the following
equation(16)7. It is valid for laminar flow 103 < Ra ∙ f1(Pr) < 1010 but used over the entire range in the results of this
paper.
  0.492 9 / 16 
f1 Pr   1  


  Pr 


16 / 9

Nu  0.6Ra  f1 Pr 1 / 5
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(15)

(16)

Forced convection
For forced convection, we have to calculate the dimensionless Reynolds number (Re) as defined in equation (17)
with the velocity of the fluid u in m s-1, the characteristic length L, and the kinematic viscosity of the fluid ν. Our
tool calculates forced convection on the top, bottom, front and side panels, but not on the back panel where only
natural convection occurs. For laminar flow we calculate Nu with equation (18) as a combination of Pr and Re
which is valid for 10 < Re < 5 ∙ 105 and 0.01 < Pr < 1000. The equation incorporates a correction factor f(Pr) for Pr
which is defined in Table 1 and interpolated linearly for Pr values in between.
Table 1 Correction factors for Pr
Pr
0.01
0.10
f(Pr)
0.72
0.91

0.70
0.99

1
1

Re 

10.000
1.012

uL

100.000
1.027

1000.000
1.058

(17)



Nu  0.664 Re 3 Pr f (Pr)

(18)

If the Reynolds number gets bigger than 5 ∙ 105, a turbulent flow is assumed and two different equations are
valid. If 0.6 < Pr < 5 equation (18) is true for 5 ∙ 105 < Re < 1 ∙ 107 whereas for equation (19) the Reynolds number
hast to be 1 ∙ 107 < Re < 1 ∙ 109.

Nu  0.185

Re Pr1 / 3

log10 Re 2.584

(19)

For the sides, the top, and the bottom panel the characteristic length is the same as the length of the WEB. As
already mentioned we assume no forced convection on the backside of the box. On the front, we calculate the forced
convection as on the side panels but define a different characteristic length, which is the larger of the dimensions of
the front sides divided by 2. The reason for this assumption is the lack of correlations for impinging flow on a
vertical plate in the investigated Re and Pr range available.
2. Radiation
Heat transfer through radiation depends on the fourth power of the temperature difference between two objects,
as equation (21) describes. Σij is the radiation coupling term in W m-2 K-1 that highly depends on the two bodies that
exchange heat.



Q  ij  Ai  Ti 4  T j4



(21)

In general, the radiative heat transfer depends on the thermo-optical properties of the surfaces in the infrared
waveband and on the geometry of the bodies. In this paper, we consider only flat, rectangular surfaces, which
simplifies radiative calculation. The surfaces of the box shaped rover can exchange heat by radiation with either the
Martian surface, its atmosphere, or deep space or a combination of them. Equation (22) defines the radiation
coupling term for two flat surfaces with σ being the Stefan Boltzmann constant, ε the infrared emissivity of the
respective surface, A the surface area, and F the view factor between both surfaces. In combination with Figure 2
and Table 2 the radiation coupling term can be calculated and put into the simulation

ij 


1 i

i



1   j Ai

 j Aj



1
Fij
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(22)

The optical depth τ of the atmosphere determines
how much of that radiation is absorbed by the
atmosphere, not reaching space anymore. A good
approximation for an average value of optical depth is
0.2 on Mars. Hence, the radiation heat exchange to the
atmosphere hast to be multiplied by (1- exp-τ), whilst the
radiation heat exchange to space is multiplied by exp-τ.
In addition to infrared radiation, the rover also
receives heat flux from the Sun. With a specified date,
we can calculate the solar constant at Mars and the
optical depth τ of the atmosphere determines the solar
flux reaching the surface of Mars. The sun elevation
angle is also an output of the calculations assumed over
an ideal sphere at certain position (i.e. latitude) on Mars.
We assume that only the top panel sees the sun directly,
because on rovers such as MER the top panel is of a
foldable type that extends beyond the WEB underneath
shading the side panels.
Modelling of the radiative heat transfer is depicted in
Figure 2 View factor of rover to environment
Figure 2. The top panel exchanges heat with deep space
and the atmosphere. We define the ratio of radiation heat
exchange between deep space and the atmosphere with the optical depth. The four side surfaces see a share of the
Martian surface as well as deep space. We assume an even share of 50 % each on the view factor. In contrast to that,
the bottom surface can only transfer heat by radiation with the Martian surface.
MER have a solar cell panel mounted on the top, which is roughly twice the size of the top side of the WEB. For
assessment of how much energy the rover can receive from the sun, we doubled the solar flux absorbed by the top
surface of the WEB and multiply it with an efficiency of ηsolarcell=0.3.
Table 2 Thermo-optical properties used in model
top (solar cells)
0.9
αsolar
0.86
εinfrared

bottom
na
0.1

sides
na
0.1

Martian ground
na
0.95

C. Rover model
As already mentioned in section A, we chose a rectangular box as the representation of the rover WEB. MER
dimensions act as reference for this box with 0.9 m in length, 0.6 m in width and 0.35 m in height. We use ten nodes
in order to simulate the rover and the environment as depicted in Figure 1. Figure 3 shows the nodal representation
of the thermal model derived from the geometry in Figure 1. The environmental nodes T Atmosphere, TSky, and TGround
are boundary nodes with a fixed temperature behavior over a Martian day that we extracted as described in section
D.
One node with the name WEB combines all internal parts and a constant temperature of 233 K, which allows us
to calculate heat fluxes into and out of the WEB for comparison. A conductive heat path connects the WEB to the
outer box which is made out of aluminum. We assume aerogel insulation with a conductivity of 0.012 W m-1 K-1 and
a thickness of 0.025 m on all walls. Additionally, we implemented a parallel heat loss due to mounting struts and
through harness going to external components. Novak et al. 2 state that the additional heat loss parallel to the
insulation amounts to roughly the same as through the insulation itself in the case of MER. We modeled with a
conductivity of 1 W m-1 K-1, a cross sectional area of 5% of the wall area, and the same thickness as the insulation.
The simulation code calculates temperatures for each side of the outer box individually, depending on the heat flow
path to the environment. We chose a length width and height resembling the shape of MER as the baseline.
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Figure 3 Nodal network of thermal model
D. Environment
For the environment, we chose five different scenarios each representing a different location on Mars. Ground
and atmosphere temperatures were taken from the Mars Climate Database (MCD) 8,9. This tool provides both
temperature curves with respect to the position of Mars on its orbit around the Sun (solar longitude Ls) and the
geographic position on the surface of Mars defined by latitude and longitude. The elliptic orbit of Mars results in
significant changes in the solar power reaching Mars throughout a Martian year. For our study we chose Ls=90°
representing summer solstice on the northern hemisphere. Although the aphelion being at Ls=70°, differences are
minor. Southern hemisphere seasons tend to be more extreme and due to the obliquity and eccentricity of the orbit of
Mars10 minimum temperatures also coincide with the chosen orbital position. For this reason we only considered
southern latitudes. The temperature curves show to be highly dependent on the thermal inertia of the chosen
location, complicating the selection of a representative longitude. Based on maps of the thermal inertia by Putzig et
al.11, we chose 130°E as longitude, because here the thermal inertia has less variation over the latitudes compared to
most other longitude.
We chose latitudes from -40°N to 0°N in a 10° interval and the temperature curves were extracted from the
MCD based on the previously mentioned parameters. The curves for all latitudes are shown in Figure 4. The
atmosphere temperatures range from 152 K to 236 K, while ground temperatures vary between 150 K and 263 K.
MCD is not the only tool that can simulate environmental conditions on Mars. Novak et al. 12 used data by
Vasavada10 taken from the Mars General Circulation Model (MGCM) at Gale Crater (30°S) at L s=90° in order to
model worst case cold conditions for the Mars2020 rover. Here, atmosphere temperatures vary between 154 K and
202 K and ground temperatures between 150 K and 219 K. These conditions are about 10 K colder than predictions
from MCD presented in Figure 4. One has to consider that both simulations tools are bound to uncertainties and real
temperatures on Mars can deviate from predicted ones in the range of 10 K to 20 K.

Figure 4 Temperature of surface and atmosphere calculated with MCD
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III. Parametric studies
The first study is a variation of the size of the rover. We define a scale factor that is applied as a multiplier to
each dimension of the rover box. Hence, a scale factor of 2 increases the volume by 2 3 = 8. As a rough orientation
point, a scale factor of 1 resembles the size of MER and a scale factor of about 2 is similar to the size of MSL by our
assumption because we could not find precise numbers for dimensions of the MSL RAMP.
Figure 5 a) to c) show the energy loss over one Martian day (blue line) with a constant WEB temperature of
233 K at latitudes of 0°N, -10°N, -20°N, -30°N, and -40°N and with different constant wind speed of 0 m s-1,
5 m s-1, and 15 m s-1. The red line represents the corresponding energy that could be used from solar insolation and
gathered by solar cells over one Martian day. Please bear in mind that this energy already considers an area of the
solar cells that is twice the size of the top panel of the box alone as described at the end of section II.B.
A common trend at all wind speed is that the energy loss increases exponentially with the scale factor due to the
fact that the surface area and the volume of the WEB increase exponentially as well. Another trend visible at all
wind speeds is that the exponential increase in solar energy delivered from solar cells over body scale factor
diminishes with higher latitudes while the behavior of the energy loss is vice versa. Higher latitudes lead to lower
solar elevation angles with the consequence of less solar insolation, hence the slower increase of the converted solar
energy over body scale factor. Less solar insulation implies lower environmental temperatures as well as lower heat
flux reaching the rover. Because of that the energy loss of the WEB increases with higher latitudes.
The design of MER in the modeled simplified configuration would work without wind up to latitudes slightly
above -20°N, with wind speed of 5 m s-1 to latitudes above -10°N but below -20°N, and with wind a wind speed of
15 m s-1 only up to slightly above -10°N. In our modeling approach we did not include additional heater power such
as RHU which is used on the real MER system where 8 RHUs add about 200 W h per day. Adding this power to the
graphs below would shift the maximum latitude at which the design still works to higher values by a couple of
degrees.
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Figure 5 Total diurnal energy loss at wind speed of 0 m s-1 (a), 5 m s-1 (b) and 15 m s-1 (c) and
total diurnal energy harvest from sun over Body Scale Factor
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Figure 6 Total Diurnal Energy Loss in [W h m-2], wind speed of 15 m s-1 over Body Scale Factor
Looking at the diurnal energy loss in W h m-2 shown in Figure 6, the diurnal heat loss decreases with bigger
scale factor and the decrease is more pronounced at higher latitudes. However, this decrease is less than the increase
in surface area, resulting in an exponential increase of diurnal energy losses as shown in Figure 5. The curve also
indicates that the total energy loss in W h m-2 approaches asymptotically to a boundary value with higher scale
factors.
The next parameter we varied is the insulation thickness. The baseline value is set to 0.025 m as described in
section II.C. Figure 7 displays resulting diurnal energy losses in dependence of the thickness of the insulation, which
ranges from 0.005 m to 0.05 m in steps of 0.005 m. Two trends can be identified and seen in Figure 7. One trend is,
that the influence of the thickness is higher with increasing body scale factor, because of the reduced energy loss.
The second trend is, that an increase in thickness is most effective on thin layers, since the relative increase in
thickness diminishes with thicker layers. It seems that a thickness of 0.025 m which is used on MER is already a
well-chosen thickness for an insulation with aerogel. The thickest insulation of 0.05 m could enable the MER design
to work at a latitude up to -30°N, because the convertible solar energy amounts to 500 W h whereas the energy loss
amounts to 690 W h and with the RHU energy of 200 W h added, there would be enough energy for heating.

Figure 7 Total diurnal energy loss in [W h] over body scale factor with variation of
insulation thickness, wind speed of 15 m s-1
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IV. Conclusion
In this paper, we present a method for the calculation of heat transfer of a box shaped rover on Mars with the
thermal and system design based on MER. We use this approach in order to estimate the influence of the size of the
rover on the heat transfer. Calculations show that the design works for a maximum latitude between -10°N and
-20°N with worst case assumptions.
The calculation of the heat loss and the potential convertible solar energy show that the absolute difference
between both increases with the size of the rover. This is true for all investigated latitudes ranging from 0°N up to
-40°N. Therefore, we conclude that the design works for all sizes of the rover if it works for one dedicated size and
the other way round. If the design does not work at the desired latitude, one could think of adding additional heat
power from RHUs, for example. However, the additional energy for heating has to increase as well with the size of
the rover which could be partially compensated by the bigger volume of the rover. The results indicate that there has
to be a maximum latitude at which heat loss can be compensated by solar energy converted to heater power.
Additionally, we conclude from the results that the size of the rover does not have an influence on the maximum
latitude but we would expect a small influence in the range of 1° to 5°. Nonetheless the reason for that could be the
simplified model of the rover.
Another application of our tool is the estimation of the maximum latitude feasible with an adjusted design. A
thermal engineer could quickly implement changes in the model and produce updated results indicating the working
range of the design.
The investigation of Aerogel insulation thickness revealed that an increase in thickness beyond 0.03 m does not
improve insulation significantly. Hence, 0.025 m as used on MER seems already to be a sweet spot in terms of
insulation versus mass. Only if better insulation is necessary for the success of the mission, a thicker insulation
should be used.
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