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ARTICLE INFO ABSTRACT

Keywords: Environmental chambers are used to test the expected performance of space instrumentation and to investigate
Mars certain processes which are relevant in space or other planetary environments. In this study, a computational
3D model model of an existing Martian experimental facility is investigated numerically using COMSOL Multiphysics. For
Space chamber . . . .

Vacuum this purpose, we simulate the near surface water cycle under Martian temperature and pressure experimental

conditions as tested inside the chamber and we compare the simulations with the experimental data. The model
shows good agreement with experiments on the equilibration time scales and thermal gradients. Due to the
imposibility to place sensors at multiple locations inside the chamber, we use the model to extrapolate the one-
point relative humidity of the experimental data to each grid points in the simulation. This model gives an
understanding of the gradient in atmospheric water relative humidity to which the experimental samples such as
deliquescent salts and Martian regolith simulants are exposed at different time intervals. The of the performance
of HABIT instrument during the tests, of the ESA/IKI ExoMars 2022 robotic mission to Mars, when compared
with the model shows the existence of an extra internal heating source of about 1 W which can be attributed to
the hydration and deliquescence of the salts exposed to Martian conditions when in contact with atmospheric
moisture. In addition, the presented model is used to predict the thermal gradients and understand the time
response when the chamber is heated in vacuum conditions. Our analysis shows that for thermal vacuum tests,
the chamber will take about 2.5 h to reach the test temperature of 420 K.

Heat transfer
Test facility

and perform research related to its application to astrobiology
[1,2,3,4,5]. These chambers are used to perform qualification tests such
as Thermal Vacuum Tests (TVT), and outgassing and sterilization
through the Dry Heat Microbial reduction (DHMR) tests as defined in the
standards [6,7]. These tests have a significant role in validating the
integrity and thermal performance of the components.

1. Introduction

The design and testing of instruments, hardware, and materials for
space is strongly constrained by the required environmental conditions

of operation, namely high vacuum, radiation exposure and varying
extreme temperatures. Thus, before launching any spacecraft platform
to space, every component or scientific instrument must be tested to
demonstrate that it survives through this thermal dynamic process and,
when applicable, its functionality must be shown through different
thermal ranges within dedicated chambers. Space simulation chambers,
capable of reaching high levels of vacuum to simulate the low-pressure
environment in deep space, have been developed since the 1960’s, and
numerous space simulating facilities have been built for planetary and
space research. They have been used for simulating different planetary
environments mainly under Martian conditions to test instrumentation

* Corresponding author.

The boom of space exploration and the potential to demonstrate and
investigate in-situ Resource Utilization (ISRU) methods for Mars explo-
ration requires developing new instruments that can operate at the
surface of such planetary environment. Mars has a very low-density
atmosphere with a surface pressure of 6-10 mbar [8] which mainly
consists of carbon dioxide (CO3) gas and traces of water vapor, but the
relative humidity (RH) at the surface can vary from 0 % RH to 100 % RH
in a single day due to the large diurnal thermal oscillations [9]. The
surface temperature can be as low as 142 K [10] on the southern polar
caps while the maximum surface temperature can reach up to 300 K
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Nomenclature

Cp Heat capacity at constant pressure [J/(kg*K)]

Dgas Kinetic diameter of the gas considered (m)

ewjyry  Saturation partial pressure over liquid water at given
temperature

ew;(r) Saturation partial pressure over ice at given temperature

Volume force field [N/m?3]
Thermal conductivity [W/(m*K)]
Boltzmann constant
Characteristic length

Fluid pressure (mbar)

Heat source [W/m3]

Heat flux [W/m?]

o oTEE R

RH Relative humidity (%)

RH, Air relative humidity (%)

RH, Ground relative humidity (%)

T Temperature [K]

Ta Air temperature [K]

Text External temperature [K]

Ty Ground temperature [K]

u Velocity field [m/s]

vmr Volume Mixing Ratio in parts per million (ppm)
w Water mass mixing ratio

€ Emissivity

7 Fluid dynamic viscosity (Pa.s)

bs Mean free path between the gas molecules
c Stefan-Boltzmann constant

[11]. Simulating these representative conditions in the laboratory
environment gives us a better means to evaluate the responses of the
scientific payloads which can provide us a valuable support while
interpreting the mission data and planning the operation of instruments.
But considering the spatial constraints in the simulation chambers to
mount sensors at multiple locations is not a feasible idea. Hence most of
the chambers rely on one-or two-point measurements from the sensors
to interpret the data of the entire system.

Previous works have documented similar simulation studies for
various facilities, and where possible, certain measured variables are
compared with the simulations. For instance, recently a simulation
based on FLUENT software has been implemented and validated at a
pressure of 1500 Pa, (15 mbar) to predesign a potential future wind
facility box operating under Martian pressures. The preliminary results
have been presented in the form of conference proceedings [12]. In
another work, numerically solved finite element technique written using
the Buongiorno’s nano liquid approach of a cubical cavity containing a
cylinder and a heat source is studied for the convective energy transport
within the chamber saturated by nanofluids by comparing the 2D and
3D analysis with the experimental data [13]. The foreseen fluid flow and
heat transfer characteristics for horizontal and vertical CO5 enclosures
on the surface of Mars have been investigated by numerical studies using

FLUENT 14.0 software [14]. A Monte Carlo 3D simulation has been done
to study the radiative heat exchange inside vacuum furnaces [15]. A
conjugate heat transfer study using FLUENT has been used to predict the
transient temperature fields of a rocket combustion chamber and has
been compared with the experimental results [16]. Several finite
element method (FEM) software’s such as COMSOL Multiphysics,
ANSYS FLUENT and other packages have been used to study the heat
transfer characteristics of different instruments for mass gauging, vali-
dation with experimental results for testing facilities and for other
purposes [17,18,19,20,21,22,23,24,25]. COMSOL has also been used to
simulate, the thermal environment in large rooms with specific thermal
insulation and heat transfer for different external conditions [26].

In this work we use the SpaceQ facility, which was developed at the
Luled University of Technology, Sweden, to test the performance of
hardware and certain products under vacuum and Martian conditions
[27]. We implement and validate a heat-transfer simulation to investi-
gate the thermal behavior and provide insight into the expected relative
humidity within the chamber under different operating scenarios, see
Fig. 1. The SpaceQ chamber operates in the pressure range from <10~°>
mbar (high vacuum) to ambient pressure and in a temperature range
from 163 K to 423 K. It is mainly used to mimic the plausible near
surface Martian water cycle by injecting minute amounts of water

Fig. 1. Internal view of the SpaceQ chamber, a 300x300x300 mm? cubical chamber, with its volume of 27 1, showing the working table (200 mm squared plate
with a thickness of 18 mm) used to refrigerate and the Vaisala Relative Humidity probe used to measure temperature and relative humidity of the air.
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through a syringe into the chamber. The temperature of the chamber is
controlled by two means: (i) cooling of the chamber is performed by
passing liquid nitrogen through the working plate with a proportional
integral derivative (PID) controller which is in feedback through a
temperature sensor; and (ii) heating is performed by an external jacket
wrapped on the chamber walls that can operate from ambient temper-
atures up to 423 K. The SpaceQ has been mainly designed for (i) simu-
lating Martian conditions and (ii) to test and qualify instrumentation
and materials for space with varying thermal, water content and/or
pressure changes. The chamber can also be used to qualify components
for space operations by performing TVT, outgassing, and sterilization
through DHMR tests.

This paper introduces and validates a computational model to
investigate the transient temperature field of this test facility. Here we
have used the COMSOL Multiphysics Heat transfer module’s Conjugate
Heat Transfer Laminar Flow model to solve the heat-flux and the Navier-
Stokes equations under certain given boundary conditions and compare
the simulation temperature control points with temperature sensors
from experiments to understand the equilibration time scales and ther-
mal gradients. The computational results will then be used to increase
our understanding of the existing thermal gradients in our laboratory
facility and to understand the implications and limitations for the
practical applications of the chamber for tests and experiments. For
example, one of the cases where thermal gradients may affect the ex-
periments is when water is incorporated as a minor component of the
atmospheric composition. As the SpaceQ chamber is subjected to a
temperature difference produced either by cooling or heating locally,
while being immersed in a laboratory environment at room tempera-
ture, a thermal gradient will inevitably be developed. And this will in-
fluence the local relative humidity (RH), which is strongly dependent on
temperature. The existing, unavoidable, temperature gradients may thus
have an influence on the planning and interpretation of the experiments.
Water may condense where the temperature is very low and there is
saturation, while it may be in gaseous phase elsewhere. Since in the
SpaceQ chamber the relative humidity (RH %) is only monitored at one
point with a dedicated probe, its extrapolation to the rest of the chamber
using the model must be inferred through the local temperature (T) and
pressure (P) field. Pressure equilibrates within the full chamber, and
thus a single point measurement is sufficient. However, the temperature
can be only measured at a few spots within the chamber due to the
natural room limitations of this closed facility. Computer thermal sim-
ulations can be used to extrapolate this field to other points.

This work is, to our knowledge, the first report devoted to simulating
an existing Martian environment experimental facility. The heat transfer
simulation study may serve for the space and engineering community, to
be applied in their own facilities in the previous phases of designing
chambers and experiments. Without loss of generality, we will illustrate
the usefulness of this kind of simulations with a few specific applications
for the SpaceQ chamber facility.

2. Materials and methods
2.1. Summary of the SpaceQ chamber facility

To simulate the space and Mars environment for different research
and technological applications, the SpaceQ chamber (Fig. 1) has been
developed [27 28]. It can cover a range of environmental conditions,
from ambient pressures to <10 > mbar and temperatures between 163 K
and 423 K which are reached by cooling the working plate with liquid
nitrogen or heating the walls with an external heating jacket. We use a
Vaisala HMT 334 sensor to measure the ambient air temperature and
relative humidity at one spot of the chamber. This sensor can measure
the temperature in the range of 203.15 K to 453.15 K with an accuracy
of £+ 2 K and the relative humidity from 0 to 100% RH with an accuracy
of + 1% RH. A KD Scientific stainless-steel syringe with a capacity of 20
ml from Fischer Scientific fitted on toa % Swagelok connector is used to
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inject water into the chamber. It has several utility ports including two
view ports (Zero-Length,4-1/2"” UHV), thermocouple feedthroughs,
pressure control Pirani gauge (range of 1x10~° mbar to 1000 mbar), gas
inlets, rotary and molecular turbo pump ports, USB connections, and
DB25 to read the instrumentation data in real time.

A Martian atmosphere is created by vacuuming the chamber to 103
mbar and then 100% pure CO;, gas is injected from a cylinder until the
pressure inside the chamber reaches 7 mbar (average pressure range on
Mars). Trace amounts of water are injected into the chamber through a
stainless-steel syringe. Then liquid nitrogen (LN>) is used to refrigerate
the working plate that acts as ground surface. For some experimental
conditions, saturation is reached at the cooling table. When liquid ni-
trogen is turned off the temperature raises by equilibration with the
external laboratory conditions. If frost has been formed, as the tem-
perature of this plate increases slowly, water is released slowly back to
the atmosphere, thereby producing a near surface water cycle.

Under vacuum conditions (i.e., without CO, or water injection), this
chamber can also be used to perform Thermal Vacuum Test (TVT)
(ECSS-Q-ST-70-02C), outgassing, and sterilization through dry heat
microbial reduction (DMHR) tests (ECSS-Q-ST-70-57C).

2.2. Governing equations, boundary conditions and COMSOL
implementation

To simulate the system, we assume the fluid flow to be continuous
inside the chamber with Knudsen number K;, = /L. <0.1, where A is the
mean free path between the gas molecules and L. is the characteristic
length [29 30 31]. The average number of mean free path gas molecules
inside the chamber is calculated with the equation 1

kgT
A= \/ED;ISP 1)
where, kg is the Boltzmann constant,

T is the air temperature,

P is the air pressure,

Dy is the kinetic diameter of the gas considered.

The kinetic diameter Dc,» is assumed to be 3.9x1071% m according
to [32]. The average mean free path of the CO; molecules inside the
chamber according to the calculation is found to be 8.3144x10~% m for
the air temperature of 285 K and air pressure of 7 mbar. So, the Knudsen
number is of the range 1.662x10~*, this shows the fluid flow inside the
chamber is continuous and hence the Navier-Stokes equation is appli-
cable for this study. We consider laminar flow because in low vacuum
conditions during the experiments the gas particles are assumed to be in
the layers constantly parallel to each other, this might change into tur-
bulent flow only when the pressure is manipulated during the gas pump
down processes (or venting). So, for simplicity, in this model of the
SpaceQ chamber we use COMSOL’s conjugate heat transfers laminar
flow model.

The geometry of the chamber is shown in Fig. 2, which shows a
wireframe of the model dimension 300 x 300 x 300 mm?® cubical chamber
fitted with the working plate of dimensions 200x200x18 mm? and an
external heating jacket. When we simulate Mars conditions, we disabled
the heating jacket option (which is only used for thermal heating tests
under vacuum conditions). The simulating materials are taken from the
in-built COMSOL library, as shown in Table 1. This library takes into
account the changes of properties with respect to temperature. The
external walls of the chamber are stainless steel, the working plate is
aluminum, the heating jacket is made of glass wool and the internal gas
is COy for Martian and air for vacuum simulations. To compare the
temperature profile with the experimental results, the temperature is
monitored at two control points: at 162 mm above the working table and
on the working table, see Fig. 2c.

In this study, we use time dependent heat transfer equation (2) and
the Navier-Stokes equations for the motion of fluids in the case of
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Fig. 2. Geometrical model of the SpaceQ chamber built in COMSOL (a) wire frame model showing the working table and the external wall of the chamber
covered with a heating jacket and the point probe for air temperature measurements (b) overview of the 3D model of the chamber (c) 3D model of the chamber with

the front boundary disabled showing the temperature monitoring probes.

Table 1

Model parameters value used in the COMSOL simulations.
Parameters Value Unit
Conditions for Mars simulations
Pressure of CO, gas 7 [mbar]
Initial CO air temperature 285 [K]
Ambient external temperature 295.15 [K]

Conditions for Vacuum simulations

Pressure of air 1073 [mbar]
Initial air temperature 293.15 [K]
Ambient external temperature 295.15 [K]
Aluminum

Density 2700 [kg/m?]
Emissivity 0.07

Thermal conductivity 238 [W/(m*K)]
Heat capacity at constant pressure 900 [J/(kg*K)]
Stainless Steel

Density 7850 [kg/m?]
Emissivity 0.6

Thermal conductivity 44.5 [W/(m*K)]
Heat capacity at constant pressure 475 [J/(kg*K)]
Acrylonitrile butadiene styrene (ABS)

Density 1050 [kg/m>]
Thermal conductivity 0.13 [W/(m*K)]
Heat capacity at constant pressure 1400 [J/(kg*K)]
Glass wool batt

Density 22 [kg/m?]
Heat capacity at constant pressure 850 [J/(kg*K)]

compressible Newtonian flow to study the fluid density in response to
pressure change (3) solved together with the continuity equation (4).
The equations that describe this system are

T
pc,,%t +pCuNT = V.(kVT) +Q ®)

P (‘;—’;Jr u.Vu) = —Vp. + V.(u(Vu + (Va)") - %ﬂ(v.u)l) +F 3)
.y (pu) =0 4
o pu) =

where,

p is the fluid density [kg/m°],

Cp, is the heat capacity at constant pressure [J/(kg*K)],

T is the temperature [K],

u is the velocity field [m/s],

k is the thermal conductivity [W/(m*K)]

Q is the heat source [W/rns],

u is the fluid velocity field [m/s],

p is the fluid pressure [Pa],

p is the fluid dynamic viscosity [Pa.s],

F is the volume force field [N/m3],

Heat flux through external natural convection is applied on (i) the 4
vertical walls, with a length of 304 mm, and (ii) the upside horizontal
plate, with a characteristic length of 304 mm, of the chamber. This is
represented by Robin’s boundary condition as in equation (5)

q:h(Tex 7T) (5)

Here, in this study, the heat flux through the bottom surface is neglected
as this bottom external surface is attached to a steel frame on which the
entire chamber is mounted. We have not included the frame which
supports the chamber in this version of the model, but this will be
implement in the future study.

where, q is the inward heat flux [W/mz],

h is the heat transfer coefficient

Text is the external temperature [K],

T is the temperature at the boundary [K].

The surface-to-surface radiation condition is applied to all bound-
aries to account for the shading and reflection between radiating sur-
faces as represented in equation (6)
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q=eo(T* - T:mb) (6)

where,

q is the heat flux [W/m?],

¢ is the emissivity,

o is the Stefan-Boltzmann constant

T is the temperature of the boundary [K],

Tamp is the ambient temperature [K].

The external boundary was considered at room temperature of 295 K
and the working table that is used to simulate Martian surface temper-
atures was refrigerated to 200-250 K, which is a typical Martian surface
night-time temperature, with pressure in the fluid domain at 7 mbar of
CO». Notice, that for simplicity, for the experiments with minor amounts
of water (8 ml) we disregard the thermal properties of water in the at-
mosphere and the phase state changes under Martian conditions, i.e., we
assume a pure CO, atmosphere. For the simulation studies presented in
section 3.2 with HABIT instrument configuration we shall use similar
conditions as mentioned above to simulate Martian temperatures and
pressure, adding to the simulation in this case only the heater that is
fitted to the instrument. The initial temperature of the HABIT instrument
is set initially at 243 K and the simulated heater activates as the tem-
perature goes below 240 K. This simulation is done to understand the
energy dissipation when heaters are activated and to quantify the effect
of salts hydration in the thermal equilibration of the system. For the
studies under vacuum conditions, presented in section 3.3, we consider
the external domain as the heat source with 700 W power and the fluid
domain inside the chamber as air with a pressure of 10”2 mbar and the
temperature as ambient initially.

2.3. Simulation setup

A simplified 3D model of the chamber was built to reduce the
number of elements and avoid possible errors during meshing. So, all the
flanges, nuts and bolts were not modelled. The model was setup in
COMSOL Multiphysics 5.6 on a computer with 64-bit operating system,
Intel® Core ™ i7-7700 CPU 3.6 GHz processor and 16 GB RAM.

A model with a good mesh should aim for high element quality
(>0.01), sufficient resolution and low computational cost but each of
these factors are codependent. Keeping these factors in mind we have
modelled a 3D coarser mesh (Fig. 3) with 112,185 tetrahedra, 754
pyramids, 20,866 prisms with others a total of 133,805 elements where
each of the elements are measured by a skewness quality with a

200
mm

100

200

100 mm

200

100

mm
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minimum element quality of 0.01059 and an average element quality of
0.5691. The initial model for 3D was done with two types of mesh to
compare the results as shown in Table 2. The extra coarse mesh had a
total of 63,693 elements and a minimum element quality of 0.008234,
this is considered as a low quality hence a coarser mesh was imple-
mented to obtain a better result. Finally, another coarse mesh with
313,779 elements and minimum element quality of 0.01684 was also
generated. This later mesh requires too long computational times, and it
was not practical for simulations in standard personal computers. The
comparison of the result of the different meshes, to obtain the temper-
ature at 7 mbar pressure under Martian conditions at two control points,
shows a small variation: the coarser mesh with a maximum error value
of 3.72% had an overall average percentage difference of 0.05% when
compared with the experimental measurement of the table temperature
(Tg) for one specific experimental setup under representative Martian
conditions, see Fig. 4. As we shall see, the main temperature error
sources are not attributable to the computational mesh but to the
simplified simulation setup where certain elements, like the nitrogen
pipe whose influence dominates at the beginning of the experiment, are
not included. We conclude that beyond this level of resolution the model
produces similar results, and therefore we use the coarser mesh model
which, given all the uncertainty sources in our model, is sufficiently
good for our studies.

The time step used in our studies is automatically selected using the
implicit backward differentiation formula (BDF) time stepping method
because of its accuracy to provide tolerances at low computational cost
and maximum robustness. This solver uses backward differentiation
formula with a variable discretization order and selects the step size
automatically. These step sizes are adapted based on the local error
estimates in relation to the tolerances and the solution of the output
times are computed by interpolation between the steps taken by the
solver.

Table 2
Comparison of different mesh parameters.

Mesh Number of Minimum Computational time required for
elements element quality 400 min of simulation
Extra 63,693 0.008234 47 min
coarse
Coarser 133,805 0.01059 4h
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Fig. 3. Meshed model (left) sketch of the 3D coarser mesh (right) inside view of the meshed chamber model.
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Fig. 4. Comparison of the evolution of the experimental and simulated temperature profile under Martian conditions at 7 mbar pressure for different mesh types,
compared for the table temperature (Tg) and air temperature (Ta). This experiment is further described in Figs. 5 and 6.

3. Results and discussion
3.1. Near surface Mars conditions

3.1.1. Dry simulations

The time evolution of the temperature and heat transfer inside the
chamber filled with 7 mbar CO5 gas were investigated. We take two
thermal control points, one on the working table and the other 162 mm
above the working table, to compare with the experimental data of
“ground” temperature (Tg) and air temperature (Ta). The time depen-
dent evolution of the system is investigated for a period of 400 min (6.7

h), as this is the time taken in the experiment to equilibrate with the
ambient temperature once the liquid nitrogen cooling of the table has
been switched off. The total time taken for the 3D model to compute the
results is approximately 3 h. The temperature evolution comparison in
3D and a 2D cross-section is shown in Fig. 5 at different time intervals of
0, 200 and 400 min. At the start of the simulation the working plate is set
to 250 K. As the system is allowed to evolve the temperature increases
slowly to 290 K due to the contact with the ambient laboratory
environment.

Fig. 6 shows the time evolution of the temperature profile of this
simulation, at the two thermal control points, and the temperatures

290|

L~

293

() (b)

(©)

Fig. 5. Time evolution of the temperature inside the chamber (Top) 3D model of the chamber (Bottom) 2D cross section view model of the chamber (a)
shows the overview of the temperature distribution inside the chamber at 0 min with the working plate close to 250 K (b) temperature at 200 min (c) at 400 min,

almost reaching ambient temperature conditions.
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Fig. 6. Comparison of the time evolution of the table temperature (Tg) and air temperature (Ta) under Martian conditions at 7 mbar from COMSOL simulation and

experimental measurements.

measured in the experiment. The ground/working table temperature
(Tg) and the air temperature (Ta) of both simulation and the experiment
follow a similar trend. We observe how the temperature of the working
table increases over time from 250 K to 290 K until it reaches equilib-
rium. The observed differences are attributed to parts that have been
omitted in the simulation. For instance, at the beginning, there is some
discrepancy between the temperature of the simulation and the mea-
surements, probably due to the thermal inertia of the liquid nitrogen
pipe which is not simulated in the model. This shows that the COMSOL
simulation that has been designed can be used to plan different exper-
imental setups and estimate thermal gradients and thermal equilibration
times.

3.1.2. Water cycle simulation:

In this study, we validate the simulation results with the experi-
mental data during an experiment that simulates the near surface water
cycle of Mars. In the experiment [33], we consider the working table as a
Martian ground assuming no regolith (a layer of dust, soil or broken
rock) or salts exists, simulating a non-porous Martian bedrock. We
consider a Martian environment condition to simulate a plausible night-
day transition where the initial surface temperature is minimum while
the air above is warmer. The experiment is started by evacuating the
chamber with a rotary pump to a pressure of 10> mbar and is filled with
pure CO; gas till the pressure reads 7 mbar. Next using a stainless-steel
syringe, we inject 0.5 ml of water into the chamber in multiple steps
while the relative humidity of the air is monitored. Then, the liquid
nitrogen is passed through the pipes to refrigerate the working table
which acts as a cold sink simulating the Martian surface. As the tem-
perature cools down from ambient to 250 K the water vapor in the air
condenses rapidly on the table by reducing the atmospheric water mass
mixing ratio and in turn the atmospheric relative humidity, once we
observe the frost formation on the table then the LN supply is switched
off. During the experiment, the air and surface relative humidity were
significantly different due to the thermal gradient between the air and

the ground. For this amount of water and this range of temperatures, as
we shall see, at the table, saturation conditions are met for ice and liquid
water formation. As the temperature of this plate increases slowly, the
water was later released slowly back to the atmosphere, allowing for the
air relative humidity to increase again. This is how we have simulated
the plausible near surface water cycle during the night-day transition on
Mars. Here, in this heat transfer study we simulate the temperature and
pressure conditions similar to that of the experiment except that, for
simplicity, we do not include the small amounts of water vapor in the
fluid parameters. Instead, we use the one-point measurement of relative
humidity from the experimental data (RHa), and we derive its value for
each grid point of the rest of the chamber using the obtained tempera-
ture and pressure values from the simulation. This helps us under-
standing the relative humidity distribution inside the chamber. We
calculate the relative humidity using equations 6-10 [9], see Fig. 7. In
this experiment, we injected a total of 8 ml of water, maintaining the P
between 7 and 8 mbar. In our simulations, however, we keep a constant
pressure of COy of 7 mbar, and we ignore water phase state changes.
Also, we have not included the water vapor condensation and subli-
mation, which should also contribute to the heat-transfer problem. Our
results indicate that water should first condense on the refrigerated
table, at 250 K, where the relative humidity is saturated, and frost
should form. As the temperature increases to 290 K or computational
simulation shows that water will be redistributed and at the end the full
chamber will be almost saturated, see Fig. 7. For instance, in this
configuration the atmospheric relative humidity is below 80% beyond
40 mm at 200 min and falls below 80% beyond 50 mm at 400 min above
the refrigerated table. This shows that at the end, at ambient tempera-
ture the water has been released from the table and the full chamber is
almost saturated. Our experimental observations confirm this trend.
Fig. 8 shows the time evolution of the relative humidity of the working
table in the simulation model shows saturation as expected at the
beginning, as the table is refrigerated at 250 K and covered with frost in
the experiment. This frost disappears as temperature increases and
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Water droplet formation

(b)

Water droplet evaporation

©

Fig. 7. (Above) 2D cross-section of the time evolution of the relative humidity RH inside the chamber in percentage (%). The atmosphere is saturated for
values above 100 % (Below) Images of the water on the refrigerated table of the chamber during the experiments, at the corresponding time. (a) shows the
overview of the relative humidity inside the chamber at 0 min when there is over saturation at the working table which for these conditions shall lead to frost
formation (b) RH at 200 min, at this RH frost is no longer stable and should sublimate or be transiently stable as liquid, (c) RH at 400 min, at this time the table-

condensed water has completely been released to the ambient.
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Fig. 8. Calculated relative humidity of the ground (RHg) from the simulation and the experiment showing over saturation (>100%) at the start due to frost for-
mation. This slowly converges towards 100% as water droplets form on the table. While water sublimates and evaporates from the table, the relative humidity of the

air (RHa) increases.

water is released to the atmosphere. Through some transient time, a few
droplets of water are formed on the surface. Notice that the working
table is made of aluminum and is hydrophilic with droplet contact angle
<90°. To derive the relative humidity of a given point inside the
chamber we use the 31,647 random generated exported data points for
different grid point temperature (T), one point air temperature (Ta) at
the spot where the RH probe is measuring, pressure (P) values from the
simulation which is constant at 7 mbar throughout the simulation. Then

we use the measured relative humidity of air (RHa) from the experiment
at one point to calculate the overall relative humidity (RH). Fig. 8 shows
how this is applied to calculate the relative humidity at the table RH
(Tg).

P v

L %100 6)

RH(T) = —— x ———
ewry 1+ vmr
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T —273.14159
o = 6.112x e[ 17.62
Wigr) = 0-112 e( 1O A (T = 273.14159)) 7
273.14159
eWice(r) = 6.112 x e(22.5 x 1 —f) 8)
¢ (P — B xewir) )xlOOO
My
M ML xWx1000 (10)

Here RH' represents the relative humidity with respect to ice, whereas
RH' represents the relative humidity with respect to liquid.

P: Pressure in mbar

vmr: volume mixing ratio in parts per million

T: Temperature in K

ewjig(r) © saturation partial pressure over liquid water at given tem-
perature

eWicy(r) : Saturation partial pressure over ice at given temperature

M,, = 18.0160 (molecular weight of water)

Mq4 = 43.3400 (molecular weight of dry air on Mars)

W = water mass mixing ratio

3.2. Thermal behaviour with an instrument with internal heating: HABIT
for ExoMars

This study investigates the expected thermal distribution when a
simplified model of the HabitAbility: Brines, Irradiance and Tempera-
ture (HABIT) instrument is placed inside the chamber at Martian con-
ditions [34]. HABIT is one of the two European payloads on the Surface
Platform Kazachok that is part of the ExoMars 2022 mission to Mars
[34]. HABIT consists of two modules (i) Container unit (CU) and (ii)
Electronic unit (EU), the main objective of this instrument is to char-
acterize the habitability and demonstrate the in-situ resource utilization
(ISRU) on Mars. The CU unit has six different containers fitted with
electrodes in each container. This unit will carry four different deli-
quescent salts in four different containers and two empty containers will
collect airborne dust. These salts are known to exist on the surface of
Mars. It has been hypothesized that upon exposure with the small
amounts of water contained in the Martian atmosphere, these salts
would hydrate or deliquesce allowing for an active present-day atmo-
sphere-regolith interaction. The electronics in the instrument is pro-
tected from the extreme temperatures through the heaters in the EU
which are activated when the temperature drops below 240 K and is
disabled if it raises above 243 K. Additionally, there is a heater on the CU

HABIT
containerunit

Insulating
material
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which can be activated upon command to dehydrate the salts and restart
the experiment.

In this present study, we model only a simplified version of the CU of
HABIT Engineering Model (EM), shown in Fig. 9. This unit is made of
aluminium, it has 6 different containers, the container unit measures
150 mm x 63 mm x 43 mm and has an insulating base made of ABS
plastic. We shall compare the simulated results with the results obtained
in the experiment with the full HABIT instrument (i.e. both EM and CU)
[34]. Since we have not included the EU to simplify the complexity of
the simulation, we assume here that the heating of the EU is directly
applied to the CU (which represents 40% of the total mass of HABIT
instrument).

In our simulation, the heater works with a power of 8.8 W which
activates when the temperature drops below 240 K and is disabled when
temperature reaches 243 K. Along with this, to mimic the real operation,
in our simulation we also supply a continuous power of 0.44 W to the CU
for the sensors and electronics to function and record the data. This
modelled CU is subjected to the Martian night to day simulation as done
in the 3.1.2 section to study the thermal distribution of the instrument
when placed inside and apply the heating resistance at the nominal
night-time temperature and compare it with the experimental data. The
initial temperature of the table is set to 200 K and the container unit is
set initially to an arbitrary low temperature of 243 K, which is similar to
the first registered temperature of the HABIT-CU temperature in our
experiment. In the simulation, we observe as time evolves the CU warms
up and maintains the temperature above 240 K (this is the requirement
for the electronics to operate on Mars) and the trend is similar to the
previous experiment (Fig. 10). But we see a thermal offset between the
experimental and simulation temperatures of the CU. We hypothesize
that this temperature difference is because the CU in the experiment is
filled with 6 g of salts. When the upper layers of these salts interact with
the atmospheric moisture there is an exothermic reaction that produces
heat.

Indeed, previous research on the equivalent power produced by the
hydration or deliquescence of certain salts has demonstrated that, for
instance, the hydration of KoCO3 and MgCl,-2H50 at 7.5 mbar produces
a peak power of 0.31 W/g at 32 °C and 0.3 W/g at 42 °C respectively
[35]. Similarly, the hydration of pure CaCl; reaches an average power of
0.5 W/g at 80 °C [36]. In our study, we can qualitatively match the
thermal behaviour if we increase the continuous power supply to the CU
from 0.44 W to 1.5 W (arbitrary value). We conclude that the extra 1.06
W power can be produced by the hydration and deliquescence of the
upper layers of the 6 g of the four deliquescent salts in the HABIT
container. An example of such exothermicity is clearly observed in the
experimental measurements shown in Fig. 10, as a sudden rise in tem-
perature at 370 min. Although this simulation is not fully representative
of the experiment as we have not modelled the EU and not included the

Fig. 9. Schematic and meshed view of the chamber with the HABIT container unit placed inside.
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Fig. 10. Comparison of the time evolution under Martian conditions of the table temperature (Tg) and container unit temperature (Tcu) from COMSOL simulation
and experimental measurements. The CU temperature is simulated for two different continuous power levels of 0.44 W and 1.5 W to compare with the experi-

mental data.

salts inside and the CU, this simplified study can help us understand the
heat exchange processes and be used to interpret qualitatively the
calorimetric studies of experiments under Martian conditions with water
hydration. In the simulation, after 400 min the CU with 0.44 W and the
table temperature equilibrates around 289 K and 285 K, respectively.
Fig. 11 shows the overall thermal distribution inside the chamber at
different time intervals where we can observe how the table and CU
equilibrates at the end of the simulation. As the water vapor is not
simulated in this model, we use this simulation of HABIT CU to calculate

numerically using equations 6-10. At each grid point using the tem-
perature and pressure from the simulation and the one-point air relative
humidity from the experiment. Fig. 12 shows the 2D cross section and
evolution of relative humidity inside the chamber at different intervals
of time. We observe that water first condenses on the table, at 200 K,
where the relative humidity is saturated, and frost formations starts. As
the temperature increases the water redistributes and the full chamber
will be almost saturated by the end of 400 min. The time evolution of the
relative humidity of the table in the simulation shows saturation at the

290|
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293
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288

287

()
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Fig. 11. Time evolution of the temperature profile under Martian conditions with container unit of HABIT inside the chamber (Top) 3D model of the
chamber (Bottom) 2D cross-section view model of the chamber (a) shows the overview of the temperature distribution inside the chamber at 0 min with the
working plate close to 200 K (b) temperature distribution inside the chamber at 200 min (c¢) temperature distribution inside the chamber at 400 min.
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Fig. 12. (Above) Calculated relative humidity of the ground (RHg) and air (RHa) from the simulation and the experiment. (Below) 2D cross-section of the
time evolution of the relative humidity RH under Martian conditions inside the chamber with the CU placed on the table in percentage (%). (left) shows the
overview of the relative humidity inside the chamber at 0 min which shows over saturation at the working table which for these conditions shall lead to frost
formation (middle) RH at 200 min, at this RH frost is no longer stable and should sublimate or be transiently stable as liquid, (right) RH at 400 min. The chamber has

reached an almost uniform level of 80-90% RHa.

beginning, similar to the table refrigerated at the start and covered with
frost in the experiment. As the time evolves the temperature increases
and the water droplets start to appear on the table, later on these
droplets release slowly back to the atmosphere as water vapor, allowing
for the RHa to increase which is in turn captured by the salts in the
container.

3.3. Qualification conditions at vacuum

In the case of heating in vacuum the chamber has an option to be
fitted with an external heating jacket of 700 W input power made of
glass wool with a thickness of 15 mm. The aim of this qualification test is
to perform Thermal Vacuum Tests (TVT), or outgassing studies or to
apply sterilization through the Dry Heat Microbial reduction (DHMR)
procedures. These tests play a significant role in validating the integrity
and thermal efficiency of the components. High vacuum, radiation
exposure and changing temperatures are the predominant atmospheric
conditions in space. Thus, any component or scientific instrument must
be checked to demonstrate that it survives through this thermal dynamic
phase before launch. Before subjecting the chamber to such high levels
of temperature in vacuum and to understand the thermal distribution

11

inside along with time to reach 420 K (limit to perform TVT and DHMR
test) we use this COMSOL model. The external domain of the model
(Fig. 2) is applied as the heat source with 700 W power and the fluid
domain inside the chamber is Earth air with a pressure of 10> mbar.
In this section we simulate the expected behaviour of the chamber at
the upper temperature limit of the chamber by heating the external walls
at vacuum conditions using a heating jacket. For this purpose we use the
model as in the previous section, in addition we apply a heating jacket
with a input power of 700 W on the outer walls and instead of CO5 gas
we replace it with air at 1072 mbar (vacuum conditions). The required
computational time of the 3D model for each study case is around 2 h.
We observe in Fig. 13 the temperature profile of the chamber, at the start
of the experiment we see that the chamber is at ambient temperature
conditions at 295 K. As the time increases the external walls where the
jacket is fitted, heat up and the temperature dissipates inwards to the
table. We observe that it takes around 150 min to heat the working table
to 420 K. It is in this plate where instruments would be mounted and if
we consider the mass of the instrument, this upper temperature limit
will probably be reduced once the instrumentation is set inside the
chamber. This information is essential to plan the duration of experi-
ments and know in advance the thermal stress that the hardware or
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Fig. 13. Time evolution of the temperature profile inside the chamber under vacuum conditions (Top) 3D view of the chamber and (Bottom) 2D cross-
section when the heating jacket is operating at the external boundaries (a) shows the overview of the temperature distribution of the chamber at 0 min at
ambient 295 K, (b) at 75 min, (c) at 150 min as the temperature of the table reaches 420 K.

materials will experience. In particular, at the latest stages, the table
(and any element mounted on it) is heated at a rate of 3 K/min. We see
the time evolution of temperature in Fig. 14 of the working table tem-
perature and air temperature in 3D model.

Fig. 15 shows that heat transfer mode is dominated by conduction as
the external walls of the chamber are heated up. The maximum intensity
of the heat flux through conduction is around 2300 W/m? at the walls
where the heating jacket is in close contact. This heating jacket can
provide a maximum heat flux up to 6500 W/m? The blackbody radia-
tion intensity (Fig. 16) heat transfer mode is the next dominant source

which is maximum at 800 W/m? at the bottom of the chamber as the
walls slowly radiates the heat inwards into the chamber. The convective
mode of heat transfer is minimal as the air inside is in vacuum and does
not affect the model in any significant way.

5. Conclusions and future work
We have performed 3D model thermal simulation studies of the

SpaceQ experimental facility using COMSOL to model the time evolu-
tion of temperature distribution within the chamber during its
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——Ta simulation
1
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Fig. 14. Comparison of the time evolution of the table temperature (Tg)
heating jacket.
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and air temperature (Ta) from simulation under vacuum condition with an external
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Fig. 15. Conductive heat flux magnitude inside the chamber under vacuum condition with an external heating jacket (Top) 3D view of the chamber and
(Bottom) 2D cross-section when the heating jacket is operating at the external boundaries (a) shows the overview of the conductive heat flux inside the
chamber at 0 min (b) conductive heat flux inside the chamber at 75 min (c) conductive heat flux inside the chamber at 150 min.
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Fig. 16. Blackbody radiation intensity inside the chamber under vacuum condition with an external heating jacket (Top) 3D view of the chamber and
(Bottom) 2D cross-section when the heating jacket is operating at the external boundaries (a) shows the overview of the radiation intensity inside the chamber
at 0 min (b) radiation intensity inside the chamber at 75 min (c) radiation intensity inside the chamber at 150 min.

operation. Accurate knowledge of the actual temperature, its evolution
and gradients, and the heat-flux sources and sinks are critical to design
and upgrade the chambers, to plan experiments and to interpret obser-
vations. This study gives a full representation of the system and com-
pares the results with our experimental data. We simulate some of the
different experimental conditions which are routinely tested inside the
chamber (i) near surface water cycle at Martian temperature and

pressure (ii) thermal behaviour when HABIT is operated under Martian
temperature, pressure and water content conditions (iii) heating in
vacuum for qualification or sterilization tests.

In the first condition, we have modelled and simulated the near
surface water cycle with Martian temperature and pressure inside the
chamber. This study condition was to create a plausible night-day
transition as on the near surface of Mars. We have validated the
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simulation results with the experimental data by comparing the thermal
control points of the table and air temperature inside the chamber which
shows good agreement on the equilibration time scales and thermal
gradients. This model is further validated by the extrapolating the one-
point relative humidity of the experimental data to each grid points in
the simulation using temperature and pressure values. This calculated
relative humidity for simulation model shows correlation with the
appearance of frost and liquid water droplets as observed in the studies
associated with the Martian water cycle experiment. We have also
modelled a simplified version of the hydration tests of the ExoMars
HABIT (HabitAbility: Brine Irradiation and Temperature) instrument
container unit (CU). This model shows that, in addition to the contin-
uous effect of the externally applied electronics power, there is an extra
internal heating source of about 1 W which can be attributed to the
hydration and deliquescence of the salts in the CU when exposed to
Martian conditions and contact with atmospheric moisture.

Our third study case simulates the heating of the chamber walls to
evaluate the thermal hotspots and the time needed for the chamber to
reach the targeted upper limit temperature (420 K) of the qualification
tests under vacuum. This study shows that the chamber requires
approximately 2.5 h to reach 420 K without any instruments placed
inside for testing. If we consider the mass of the instrument the time
required will probably increase, this is an important information to plan
the duration of experiments. Further analysis of the model shows the
conductive heat flux is predominantly observed at the external walls as
it heats up and then at the bottom wall of the chamber close to the
working table.

The simulation study that we have presented may be used by engi-
neers and scientists to simulate their own space simulating facilities.
Future studies will focus on simulations including the two units of
HABIT inside the chamber to compare with actual observations during
operations on Mars. In the future, we will include other materials like
regolith emulant, solid rock cores and dust to understand the thermal
behaviour of these materials exposed to Martian surface environmental
conditions. Also, an additional temperature sensor will be added in the
future experiments, in particular on the outer shell, to compare with the
simulations and further characterise these strong thermal gradients.
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