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Abstract

The goal of the ESA Luna 27/PROSPECT instrument [I] is to extract and
characterize a regolith sample from the lunar south polar region, investigating
its physical and chemical properties. The main target is to characterize the
abundance and distribution of water ice and other volatiles so the challenge is
to preserve volatiles in samples during the drilling transfer and analysis. In
this work we provided numerical simulations in order to predict the expected
ice sublimation rates and inform the system’s development. Simulations are
characterized by different initial boundary conditions as well as thermodynamic
parameters and carried out on a cylinder representing a lunar regolith sample
of the south polar region.
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1. Introduction

The Moon represents a potential source of ice for its cold trapped water at
the poles [2]. However, there is a great uncertainty linked to the distribution
and abundance of this ice as well as the local environment associated with it.

Neutron measurements from orbit [3] have revealed an hydrogen enhancement,
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compatible with the presence of water within 1 meter (approximately) from
the surface and also bolometric temperature measurements indicate that the
water ice is stable within 1 meter from the surface. These peculiarities sug-
gest the depth at which the ESA PROSPECT system will analyze material,
arriving down to 2 meter beneath the surface at the poles [I]. The principal
aims to achieve for PROSPECT are [I]: the drilling and extracting of sam-
ples from depths of up 2 meters, extracting water, oxygen and other elements
of interest from a resource point of view; the identification of these elements,
quantifying the abundances of these species and characterizing the isotopes.
The PROSPECT package consists of the drill (ProSEED) and of a chemical
laboratory (ProSPA) in which the sample taken by the drill is heated to extract
cold trapped volatiles that will be analysed [4]. The launch of PROSPECT to
the Moon will be on the Russian Luna 27 mission and the landing site will be
the south polar region [I]. The flight is scheduled in 2022-2023 time frame.

It is very crucial to estimate the expected ice sublimation rates and establish
if the volatiles are preserved or not during the drilling transfer and analysis. Nu-
merical simulations are here carried on to provide an answer to these questions.
By applying a 3-D finite element method (FEM), we performed simulations on
a cylinder representing a lunar regolith sample in the south polar region. The
paper is structured as follow: a discussion about the numerical method with
the initial and boundary conditions adopted in Section II, the discussion of the

results in Section IIT and finally the conclusion of the work in Section IV.

2. Numerical Method

2.1. Geometry and Initial Conditions

The lunar sample modeled in this work is a cylinder of 3 mm of diame-
ter and 6 mm height [5] (see Figll), approximating the expected sizes of the
PROSPECT oven of the chemical laboratory (ProSPA). The sample is covered
with a triangular mesh (864 triangular elements), whose maximum element size

is 0.048 mm. The number of degrees of freedom is 9188. All sides have fixed tem-
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Model Water ice content [vol.%] Boundary Temperature [K]

Al 0.1 148
A2 0.1 173
A3 0.1 223
B1 1 148
B2 1 173
B3 1 223
C1 10 148
C2 10 173
C3 10 223

Table 1: Scenarios analyzed in this work, differing in water ice content and boundary temper-

atures.

perature during all the time of simulation: this boundary temperature ranges
from 148 K to 223 K. The choice of these temperatures as boundary conditions
have been suggested by the thermal designer of the oven. The sample is initially
at 123 K and is modeled as a mixture of ice (0.1 to 10 vol.%) and regolith. In

Table 1 we report the models under study.
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Figure 1: Cylindrical sample with a mesh made of free triangles. The radius of the cylinder

is 1.5 mm while the height is 6 mm. The ice is lost only through the bottom side.
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Physical Quantity Value Unit Reference

Porosity 0.5 - - this study
Regolith specific heat 760 J kg ! Kt [6]
Regolith thermal conductivity 0.1 Wm~! K~!  this study
Regolith density 1660 kg m~—3 [6]
Ice specific heat 7.037 T + 185 J kg7t K1 [7]
Ice thermal conductivity 567/T Wm! K! 8]
Ice density 950 kg m—3 this study
Entalphy of sublimation 51983.9 - 20.0904T J mol~* [9]

Table 2: Physical parameters used in the simulations of this work.

2.2. Equations
We used a 3-D finite element method (FEM) with the software COMSOL

Multiphysics (www.comsol.com) in order to solve a modified version of the heat
equation, in which we introduced a term (Q(r,T)) related to the energy needed
for water ice sublimation from the sample [10} [T}, 12} 13}, T4} [15] 16} [17]:

p(r)e(r, T)%f = V- (K(r,T)VT) + Q(r,T) (1)

where T is the temperature, ¢ the time, p(r) the density, ¢(r, T') the specific heat,
and K (r,T) the thermal conductivity. Heat transfer occurs only by conduction
since convection is negligible due to the small temperature gradients involved
as well as the characteristic size of the sample. Radiation is also neglected. A

mass conservation equation controls the water vapour emission:

o _

where Q(r, T) is the gas source term due to sublimation process. By using the

=

Fick law, the diffusion flux vector (J) can be expressed as

-

J=—D(T)VP, (3)

which is valid in a quasi-stationary regime and where P is the partial pressure

of the water vapor and D(T) is the gas diffusion coefficient. By evaluating
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the Knudsen number we can define the appropriate diffusion coefficient. The
definition of Knudsen number is (e.g. [10} 14]):

A

K, =—
n 2Tp,

(4)

where 7, is the pore radius and X is the mean free path, defined as [I8]:
A= ()

V(2)rd2Nap

where p is the water molar mass (0.018 kg per mole), d is the water molecular

diameter, Na is the Avogadro’s number, and p is the density of the water vapour.

If we assume d = 5 x 10719 m [10] and r, = 10~* m [14], the mean free path is

of the order of 107! m and the diffusion regime is the Knudsen regime in which

the escaping velocity of the gas is simply the mean thermal velocity:

8RT
v= ”W' (6)

Using the Equation we can write the Equation as:

% -v. (D(TWP) +Q(r,T). (7)

The diffusion coefficient is defined as:

D(T) =r,, /2/;%T' (8)

Assuming the water vapour as a perfect gas, we can deduce an expression for

Q(r, T). So from the Equation :

~ P . .
O(r,T) = RS;CT;; -v. (D(T)VP) , 9)

where R is the specific gas constant defined as the ratio between the universal

gas constant (R) and the molar mass (u). This term is linked to the energy

absorbed by the sample (Q(r,T)):

Q(r,T) = —oL(T)Q(r, T), (10)

where ¢ is the porosity and L(T) is the latent heat of sublimation. Finally, using
Equations (9) and we can write the heat equation in the form (assuming
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local thermodynamic equilibrium):

¢L(T) aR‘;at(T) aT _
(p “TTRr ot ) ot

Density, specific heat and thermal conductivity are weighted as follow:

2 (K(TWT) FOL(T)V- (D(T)ﬁpsat) . (11)

Pmixz = Uficepice + vfregpregv (12)
Cp,mix = m.ficecp,ice + mf'regcp,regv (13)
K’miz = UficeKice + UfregKT€g7 (14)

where v fice and v frc4 are the volumetric percentage of ice and regolith (porosity
corrected), while mfi.. and mf.., are the mass percentages. The water ice

saturation pressure is defined as [19]:

5723.265

Poot = exp (9.550426 - +3.53068[n (T) — 0.00728332T> . (15)

valid for 7" > 110 K. In order to estimate the water ice sublimation rate, we use

the following classical expression [9]:

1%
I' =P\ =—== 1
sat 27TRT7 ( 6)

2571, In Table 2 the principal physical parameters

where T is expressed in kg m™

adopted in this work are reported.

3. Results

In the following sections we will report the results of our numerical simulation
for the different physical cases under investigation. We start with the scenario
A, characterized by the lowest value of ice volume percentage (0.1 vol.%) and
then we will discuss how the results change with increasing ice content (scenario
B - 1 vol.%, scenario C - 10 vol.%). For each case we will report the sublimation
rate as a function of the time of simulation. The rate of sublimation is computed
by using the Equation calculated with the mean temperature at each time
step and by considering that the ice is loss only through the bottom side of the

sample, i.e. the side where the drill works.
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Figure 2: Scenario A: ice loss plot vs simulation time expressed in minutes. Horizontal green
dash line represents the available water mass and the intersection between this line and the
sublimation curve (ice loss during the simulation) gives an estimation of the time needed to

consume all the available water ice.
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Figure 3: Scenario B: ice loss plot vs simulation time expressed in minutes. Horizontal green
dash line represents the available water mass and the intersection between this line and the
sublimation curve (ice loss during the simulation) gives an estimation of the time needed to

consume all the available water ice.
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Figure 4: Scenario C: ice loss plot vs simulation time expressed in minutes. Horizontal green
dash line represents the available water mass and the intersection between this line and the
sublimation curve (ice loss during the simulation) gives an estimation of the time needed to

consume all the available water ice.

3.1. Scenario A

Scenarios A are characterized by a low volumetric percentage of ice of 0.1
vol.% and boundary temperatures ranging from 148 K to 223 K. In Fig we
report the results concerning this scenario. The total time of simulation is 120
minutes. The blue (model Al), red (model A2) and yellow (model A3) curves
represent the ice loss during the simulation, while the black vertical lines refer to
1, 10 and 100 min from the beginning of simulation. The intersection with the
ice loss curve gives an estimation of the volumetric percentage of ice lost at those
times. The horizontal green line indicates the initial available water mass of ice,
which in this case is 2x1078 kg. The results of this scenario are summarized in
Tab.3. We observe that a boundary temperature slightly higher than the sample
temperature lead to a very negligible ice mass loss, even after 100 minutes from
the beginning of the simulation. The mass loss begins to be significant in the A2
case, characterized by 173 K on the sides, when a 7% of the total is lost after 100
minutes from the beginning of the simulation. If the boundary temperatures are

increased to 223 K, the complete loss of the water ice is reached in a very short
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Model Mass loss [kg] after 1 min Mass loss [kg] after 10 min Mass loss [kg]| after 100 min

Al 3.9x107"° 4.8x107'% 4.2x107"% [0.02%]
A2 5.6x107"° 1.3x107° [1%) 1.5%107° [7%)]
A3 2.3x1071° [1%] TOTAL TOTAL

Table 3: Scenario A: Mass of ice loss (in kilograms) after 1, 10 and 100 minutes from the
beginning of the simulation. In brackets the percentage loss (only for the cases with an ice
loss > 0.01%). Boundary temperatures range from 148 K (Al) to 223 K (A3). Available

initial mass of ice is 2x10~8 kg.

time, about 3 minutes from the start. The change in curvature in each model
output plot reflects the behaviour of the mean temperature (see Appendix), in
particular it occurs when an uniform temperature is reached inside the whole
domain. Due to the very reduced time of existence of the ice, it would be very
difficult to analyse the volatiles in such a sample. The time needed to sublimate
the whole ice content is identifiable as the intersection between the sublimation
curve and the horizontal green line. In the last phase of the simulation we have

a quasi flat plot, since the steady loss state is reached.

3.2. Scenario B

Models of Scenario B are characterized by a volume percentage of ice of 1%
which means an available ice mass of 2x1077 kg. In the case of the lowest
boundary temperatures (B1, 148 K) the sublimation rate is negligible after the
total time of simulation and this is very similar to what happens in the case
of a boundary temperature of 173 K (B2) after 10 minutes of simulation. In
this last case (B2) a very small quantity of ice (~1% of total) is lost after 100
minutes. As expected, the situation changes as the temperatures of the sides
are increased (B3, 223 K): after 1 minute, the loss is of 15% until it becomes
total after 3.5 minutes from the beginning of the simulation. Results are shown

in Fig[J] and summarized in Table 4.

3.3. Scenario C
The last models considered in our simulations are characterized by an ice

volume percentage of 10% which corresponds to an available initial mass of ice
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Model Mass loss [kg] after 1 min Mass loss [kg] after 10 min Mass loss [kg]| after 100 min

B1 3.8x1071 4.6x107" 4.1x107"12
B2 1.7x107* [0.01%)] 1.9x107%° [0.1%) 1.5%107° [0.8%)]
B3 3.7x107® [15%)] TOTAL TOTAL

Table 4: Scenario B: Mass of ice loss after 1, 10 and 100 minutes from the beginning of the
simulation. In brackets the percentage loss (only for the cases with an ice loss > 0.01%).
Boundary temperatures range from 148 K (B1) to 223 K (B3). Available initial mass of ice is
2x10~7 kg.

Model Mass loss [kg] after 1 min Mass loss [kg] after 10 min Mass loss [kg]| after 100 min

C1 3.6x1071 5.1x107"% 4.2x10712
Cc2 1.5x107 1.5x1071° 1.5x1077 [0.07%]
3 4.3x107% [2%) 4.6x1077 [23%) TOTAL

Table 5: Scenario C: Mass of ice loss after 1, 10 and 100 minutes from the beginning of the
simulation. In brackets the percentage loss (only for the cases with an ice loss > 0.01%).
Boundary temperatures range from 148 K (C1) to 223 K (C3). Available initial mass of ice is
2x1076 kg.

of 2x107% kg. As in the previous case, a temperature of the sides of 148 K
(C1) or 173 K (C2) does not lead to very significant loss of ice during all the
simulation time. Only in case C3, a temperature of 223 K on the sides, leads
to a loss of ice of 2% after 1 minute, 23% after 10 minutes, and reaching the
complete loss after 30 minutes from the beginning of our simulation. Results

are shown in Fig[4] and summarized in Table 5.

3.4. Influence of Thermal Conductivity

By using B3 model as test case, we analyzed the influence of the thermal
conductivity on the sample temperature and consequently on the sublimation
rate. For this purpose, we tested three values of regolith thermal conductivity,
which is the main component of our sample: 0.1, 0.01 and 0.001 W m~! K~1!.
What we note from the Figlh|is that the three curves after an initial different
behavior, converge in the same plot due to the fact that the stationarity is
reached quickly in such a small sample. So the time needed to remove all the

initial available ice is the same for the three simulations.

10
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Figure 5: Model B3: Influence of the thermal conductivity on the sublimation rate.

8.5. Validation of the numerical model: a comparison with an experimental case

Even though the literature concerning sublimation of water ice of lunar re-
golith sample is limited, in order to validate the numerical model adopted for the
simulations of this work, we developed a numerical simulation that reproduces
the experiment conducted by [20], discussed in the Section 6 of their paper.
They prepared a pure ice sample in a cylindrical container (13 x 8 cm) held at
a temperature between 203 K and 206 K, at a pressure of (4 + 1) x 104 Torr
with a run time of about 12 h. They measured a mass loss of 37.5+0.7g. We
performed two simulations in which the pure ice cylinder, of the same size of
[20], is heated at 203 K and 206 K. In Fig@ the numerical results are reported,
i.e. the ice loss (in grams) during the simulations. At the end of the simulation,
in the lowest temperature case (203 K) the ice loss is of 58 g, while in the highest
temperature case (206 K) the ice loss is of 78 g. We are assuming the ice loss
only through one side of the cylinder, since in [20] it is not specified the emitting
area. As discussed also by [21], if the ice is "dirty”, mixed for example with
regolith, we note a lowering of the vapor pressure and consequently a slowing
of the sublimation rate. Another test to validate our model is to reproduce

one of the experiment of [22], which analysed the sublimation of water ice (and

11
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the D/H fractionation) at low temperatures in vacuum. We simulated a pure
water ice cylinder (0.5 cm of radius and 2 cm height), approximately the volume
occupied by the water ice in the glass u-shaped trap of the experiment of [22].
The temperature is set at about 200 K and the pressure at 10~3 mbar. Our
simulations suggest that the water ice that sublimates after 1 minute is about
3% (against the 5% of [22]) while after 10 minutes the loss by sublimation is
about 40% (against the 33% of [22]). In Fig[7]we show the sublimation curve vs
time of this simulation. We note a good agreement between these experimental

results and our numerical predictions.

1024

1014

10°4

Ice Loss [g]

10-14

10724

T T T T T

0 2 4 6 8 10 12
Time[h]

Figure 6: Results of the numerical simulations that reproduce one of the experiment found in

[20]. Two boundary temperatures (203 K and 206 K) are adopted.

4. Conclusions

The numerical simulations carried out in this work show that small temper-
ature gradients between the sample (at temperature of 123 K) and the lateral
sides do not lead to a significant loss of water ice after 100 minutes. This fact
is independent of the initial available volumetric concentration of water ice. No
preservation, after 100 minutes, of water ice is obtained if the temperature of

the boundaries is 223 K. In this last case, the mission sampling process should

12
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Figure 7: Results of the numerical simulations that reproduce one of the experiment found in

[22]. A temperature of about 200 K at the boundaries is applied.

not exceed 10 minutes in order to have an available significant quantity of water
ice. Water ice loss is influenced by the thermal conductivity only in the very
early stages of the simulations. We can observe that after 1 minute, no changes
in the sublimation rate occur if we use different values of thermal conductivity
for the sample. As also suggested by the experiments of [22], the PROSPECT
working temperature guideline of about 128 K is such to not have a major loss
of water ice during the drilling and the analysis phase. Our numerical results
are also in agreement with the analytical calculations of previous studies (e.g.
[21]). The preservation of water ice on lunar subsurface could represent a very

important in-situ resource for future space missions.
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Appendix: Temperature Profiles

In Figl§] we report the mean temperature vs time profiles for each scenar-

ios we analyzed. Black vertical lines marks 1, 10 and 100 minutes from the

beginning of simulations.
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Figure 8: Mean temperature vs time profile for the three scenarios analyzed: (A) Scenario A;

(B) Scenario B and (C) Scenario C. 18



