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Abstract: To provide reliable input information for the load design and extraction of lunar soil water
ice samples, it is necessary to study the water content distribution and water migration of simulated
lunar soil water ice samples. On this basis, the temperature field model and the hydrothermal
coupling relationship are proposed. The temperature field model was constructed by combining
energy conservation and Fourier’s heat transfer law. The coupling relationship was established, and
the hydrothermal coupling model was obtained by testing the unfrozen water content using the
nuclear magnetic resonance method. Finite element software was used to solve the model numerically,
and the water migration rule of the soil water ice samples at different ambient temperatures were
analyzed. Thin-wall drilling tests were carried out on the simulated lunar soil water ice samples to
obtain water content data for different locations, and the simulation results were verified. Due to the
migration effect of the cold end of the water, the closer we tested to the edge of the sample, the higher
the water content was. The higher the ambient temperature was, the more pronounced the water
migration phenomenon of the whole sample was. These research results provide a basis for sampling
scheme design.

Keywords: lunar soil water ice sample; water migration; hydrothermal coupling model; thin-wall
drilling test; cold end migration effect

1. Introduction

Scientific loads for in situ exploration should be designed based on the mechanical,
thermal, and electrical properties of lunar soil water ice. However, the difference in water
distribution in simulated lunar soil water ice samples and additional unknown deviations
in the test results of samples and feedback information under different target points affect
the analysis results of test data. Therefore, it is necessary to explore the law of water
migration of lunar soil water ice samples during the freezing process to ensure the specific
water content requirements of the samples extracted and the accuracy of the test results.

The amount of near-surface water released into the outer layers of the Moon can be de-
tected by probing the response of water molecule abundance to fluctuations in its 18 water
channels per charge mass via neutral mass spectrometry (NMS) [1]. The water content of
ice in soil was assessed using NMR methods to manipulate the decay rate of H-nucleation
in water by means of an external magnetic field [2]. The alternating stratification of ice and
soil layers was discovered as early as 1930 in an open system experiment [3]. The capillary
theory can explain the driving form of this phenomenon [4]. Measuring the movement of a
frozen front in frozen soil through the ray attenuation method and calculating the change
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in chemical potential in the frozen soil, it was observed that its migration is based on an
unfrozen water film under the action of a temperature gradient [5]. The measuring device
for the characteristics of water migration in saturated frozen soil can be used to explore the
influence of temperature gradient on the level of migration and water recharge [6]. The
freezing process of frozen soil is divided into the early stage and the late stage, and the
whole sample is divided into upper and lower layers. In one study, the upper layer of
frozen soil always showed an increasing trend at the beginning of freezing and gradually
decreased in the second half, while the opposite was true for the lower layer [7]. The
finding in this study on volatile matter measurement was that the simple addition of liquid
water to the simulation resulted in soil agglomeration, which prevented water from being
evenly distributed throughout the sample [8]. A preliminary analysis of the means of
affecting water migration found that migration in vapor and liquid forms was predomi-
nant, while the migration of solid forms occurred when external loads were applied. The
mineral particle diameter, water supply conditions, and cold source temperature affect
the degree of water migration [9]. By studying the migration characteristics of water in
undisturbed soil and soil reshaped during the freezing—thawing process, we found that
cracks and water accumulation occurred under the same conditions, and the greater the
initial water content was, the greater the accumulation was [10]. Through a correlation anal-
ysis between the unfrozen water content and temperature in frozen soil, a hydrodynamic
hydrothermal coupling model applicable to the frozen soil field was established. However,
this solution is difficult to implement due to limited means [11]. Based on Fick’s law, a
water—-thermal coupling model for chalk and sand soils was experimentally constructed
and calibrated to predict the coupling of heat and moisture in soils at transient boundary
temperatures [12]. Constructing a larger-scale migration test device, it was clear that the
influence of temperature potential during moisture migration is relatively weak in a study
where the phenomenon of layered ice coalescence was analyzed and the moisture field
was coupled with the temperature field based on the finite element method to provide a
basis for frost heave control [13]. Other authors built a frost-heaving model containing
external loads to solve the inadequacy of the Harlan model for frost heaving caused by
water migration [14]. In this study, we mainly studied the water content distribution of
simulated samples of lunar soil water ice, established a temperature model through heat
transfer mechanism and the energy conservation law, and tested the dynamic parameters
and supplementary conditions to be set for the model through corresponding experiments,
thus obtaining a hydrothermal coupling model. The heat and water distribution of lunar
soil water ice samples under different temperature conditions were obtained by solving the
hydrothermal coupling model through simulation analysis. Finally, the simulation analysis
results were verified using sampling tests with thin-wall drilling.

2. Construction of Temperature Field Model and Coupling Equation
2.1. Construction of Temperature Field Model in Sample Freezing Process

The variation in the water component field in the freezing process is based on the
driving force of the temperature field. The construction of the temperature field is similar
to that of the water field. This paper describes the temperature field based on the Fourier
heat transfer law and energy conservation relationship. A temperature field model was
constructed considering the effect of latent heat on heat change.

Based on the Fourier heat transfer principle, the expression of heat flux q can be seen
in Equation (1):

[ A(al + al
1= dx Ay

where T is the temperature of the microelement (K) and A is the thermal conductivity coeffi-
cient of the sample (W/(m-k)). From the perspective of water variation in the microelement,
it can be seen that part of the heat absorbed by the microelement is used to change the
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temperature of the microelement, and the other part is used to balance the latent heat of the
phase transition between the water and ice. The equilibrium equation is shown as follows:

oT T  9*T.  9A  0A 9T 9T 96;

Py = AGE Tt ayz)'f‘(g'f‘@)(g'f‘@)"'@ig 2
where Cp, is the volumetric heat capacity of the sample, p; is the density of ice, 6; is the vol-
umetric ice content of the sample element, and L is the latent heat of phase transformation
J/kg).

The governing equations of the water field and temperature field can be obtained based
on the Fourier heat transfer principle and the micro-element heat balance equation. With
the introduction of the Hamilton operator V = % + %, the equation can be summarized

as follows: 26 -
{ B+ = VKOV ()] -
G = VINV(D)] + Lo %

where A is the comprehensive thermal conductivity coefficient; 6; and 6; are the saturated
volume moisture content and volume ice content for the sample, respectively; and p; is
the density of ice. The presence of three dependent variables, 61, 6;, and T, for the three
independent variables x, y, and t resulted in no solution to the control equation. Therefore,
the coupling relationship between the moisture field and the temperature field needs to
be considered.

2.2. Determination of Unfrozen Water via Nuclear Magnetic Resonance

To establish the coupling relationship between the water field and the temperature
field and identify the main temperature interval of water migration, it is necessary to test
the unfrozen water content in the samples. In this study, the unfrozen water content in
samples at different temperatures was tested using the nuclear magnetic resonance method
to quantitatively express the relationship between the unfrozen water and temperature in
the model element.

(1) Test equipment composition and temperature control principle.

The NMR instrument used in this experiment is shown in Figure 1, which mainly
comprises a temperature control system, test system, and data acquisition system. The
controllable temperature of the system itself can be as low as —30 °C. In this study, the
minimum required temperature was —196 °C, and the temperature control box could
control the samples within the temperature range of —80 °C-30 °C. In the temperature
range of —80 °C to —196 °C, the samples need to be cooled using liquid nitrogen. The
whole sample was placed in an insulated sample barrel. In order to prevent the disturbance
of the simulated sample caused by the insertion of the temperature sensor probe into the
simulated sample, it is necessary to prepare the samples with the same conditions as the
simulated sample, i.e., the companion parts, and place them in the same environment
with the simulated sample. The temperature sensor can reflect the temperature of the real
simulated sample by detecting the temperature of the companion parts. A liquid nitrogen
bath was used for this process. The results are shown in Figure 2. With the help of the
thermal insulation characteristics of the sample barrel, the high heat flux caused by the
large temperature difference was weakened, thus slowing down the overall temperature
drop rate. Due to the high test efficiency of the nuclear magnetic resonance device, the
temperature fluctuation was small, meeting the test requirements.
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Figure 1. Nuclear magnetic resonance instrument.
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Figure 2. Extremely low-temperature drop system.

(2) Test process and parameter design.

The prepared water-containing simulated lunar soil was placed in the sample container,
and the sample was cooled down in a gradient using a low-temperature temperature control
box and liquid nitrogen. Subsequently, the temperature of the sample was controlled
through the insulation bucket. When the temperature of the sample reached the point to be
measured, it was quickly taken out for testing.

In this experiment, the dry density range of 1.30-1.70 g/cm? was selected, and the
mass moisture content of the samples was controlled at 5% and 10%, respectively. Research
shows that the most drastic change in the moisture content of a sample ranges from —5 °C
to 0 °C; thus, the layout of the temperature measuring points was assigned the most focus
here, with an overall normal distribution. The acquisition of the temperature points in the
normal temperature range and the extremely low-temperature range was reduced, and
22 temperature measuring points were finally selected (20 °C, 15 °C, 10 °C, 5 °C, 2 °C,
-02°C, -05°C, -2°C, -3°C, —4°C, -5°C, -9°C, -15°C, =20 °C, -30 °C, —50 °C,
—80°C, —100 °C, —130 °C, —150 °C, —180 °C, —196 °C).

(3) Analysis of test results.

Deviation occurs in the preparation process of samples. The final sample dry density
distribution is shown in Table 1, and the volume moisture content can be calculated
accordingly. By analyzing the characteristics of the paramagnetic curve, the linear fitting
formula of the paramagnetic curve can be obtained based on the distributed scatter data
as follows:

A= —0.09T + 5115 4)

where A is the strength of the nuclear magnetic signal (a.u), and T is the sample temperature

°O).
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Table 1. Distribution of sample density and water content.

Number NMR-1 NMR-2 NMR-3 NMR-4 NMR-5 NMR-6 NMR-7 NMR-8
Density (g/cm3) 1.29 1.35 1.39 1.43 1.55 1.59 1.61 1.70
Moisture content (%) 12.9 6.75 13.9 7.15 7.75 15.9 16.1 8.50

According to the analysis of the test results, it can be concluded that the change in
unfrozen water content presents the following characteristics:

The change in unfrozen water content presents a zonal feature, and the initial moisture
content with the obvious difference of 10% was used for analysis. The variation in the mass
moisture content of the samples with temperature for different dry densities is shown in
Figure 3. According to the distribution characteristics of the moisture content, the whole
process of change is divided into four main regions. The right side of 0 °C is the subcooling
stage. In this region, the nuclear magnetic signal intensity changes with the decrease
in temperature, but the actual water content does not change. Therefore, the positive
temperature area in this section should be approximated as a straight line. Then, the rapid
freezing stage occurs around —30 °C to 0 °C with a linear decrease in the water content,
followed by a gradual stabilization. After the slow freezing stage, the stable freezing
stage occurs.
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Figure 3. Moisture content changes with temperature under different dry densities.

2.3. Construction of Hydrothermal Coupling Model

The coupling relation is the key to supplementing the solution of the above hydrother-
mal coupling equation. The coupling relation adopted in this paper is based on the relation
between the unfrozen water content and temperature, and the influence of the unfrozen
water content on the sample dry density and initial volume water content should be con-
sidered. Therefore, it is necessary to build a hydrothermal coupling model of lunar soil
water ice considering the effects of the initial volume water content and dry density and
perform linear fitting to obtain the final unfrozen water content distribution model with
the relationship between the initial volume water content A, sample dry density S, and
temperature D, as shown in Equation (5):

o _ {’ma(—:r)ﬁ T < Ty -
) T > Tf

where « and f are the fitting parameters of the model; 05 is the saturated volume moisture
content of the sample; ps is the dry density of the sample (g/cm?); and py, is the density
of water at room temperature (g/cm?). In the process of processing the fitting curve,
it is found that the fitting parameters & and f in the unfrozen water content model are
linearly correlated with the initial volume of the water content. x = —18.74026, + 1.0421 and
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B = —6.1989 6) + 0.1456. Equation (5) is the hydrothermal coupling relationship connecting
the water and temperature fields. Therefore, the hydrothermal coupling model for the
water migration problem of lunar soil water ice during gradient refrigeration is complete.
The three variables correspond to three equations, and the model can be solved.

3. Analysis of the Hydrothermal Characteristics of Omnidirectional Frozen Samples
3.1. Temperature Characteristics of Omnidirectional Frozen Samples

The temperature distribution of the simulated samples in the omnidirectional freezing
process was analyzed. Compared with the unidirectional freezing method, the initial setting
of thermal boundary conditions needs to be changed. In addition, the two-dimensional
axisymmetric model is more suitable for studying sample conditions, which has a faster
solution speed than simple two-dimensional conditions. The grid division and boundary
conditions of the model are shown in Figure 4.
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Figure 4. Grid and boundary diagram.

3.2. Water Characteristics of Omnidirectional Frozen Samples

According to the above setting of the thermal boundary conditions of the simulated
samples, the simulated samples were placed in an omnidirectional freezing environment in
which the heat transfer characteristics and temperature distribution conditions affected the
water distribution. The final three-dimensional view of the water distribution of the output
samples is shown in Figure 5.

(1) There is a “shell” region: The macroscopic distribution of moisture shows that the
outer wall of the sample forms a “shell”-like structure at different cold source temperatures.
This thin layer is the main zone of moisture increase, while the corresponding inner “core”-
like structure exists, which is the main zone of moisture decrease.

(2) The cryogenic zone advances in a ring: The freezing process can be summarized as
the four main stages shown in Figure 6. In freezing stage 1, the lowest temperature point
appears at the bottom corner. There are two directions of cold input here, which first cause
freezing, and the water migrates to this location. With time, the dark part of the water
decreases and shows a circular trend, which will also be the direction of subsequent water
migration. As the low-temperature area advances to the center in a “ring”-like manner,
the water freezing will inevitably present the corresponding characteristics, as shown in
stage 3. As the water decreases, the water will be replenished in the central area.

The simulated slice analysis of the sample is shown in Figure 7. The sample was cut
into 10 sections in the axial direction with a thickness of 20 mm to explore the distribution
characteristics of the axial water content. Similarly, the samples were divided in the radial
direction, and the radii of each layer were r; = 60 mm, r = 45 mm, r3 = 35 mm, ry = 25 mm,
r5 = 15 mm, and rg = 5mm, and the variation characteristics of the radial water content
were analyzed.
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Figure 5. Sample water distribution. (a) Cold source temperature —10 °C. (b) Cold source tempera-
ture —30 °C. (c) Cold source temperature —50 °C. (d) Cold source temperature —80 °C.
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Figure 6. Freezing process schematic.
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Figure 7. A 3D schematic diagram of a sample simulation section.
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Figure 8 shows the change in axial water content. Under different cold source tempera-
tures, the two cold source directions are still the main directions of water migration. Similar
to the unidirectional freezing test, the water migration phenomenon is more obvious under
higher cold source temperatures. The area with the most drastic change in the water is
approximately 30 mm away from the cold source. The uneven distribution of water in the
middle is also very strong at —10 °C. In contrast, the radial distribution of the water is
shown in Figure 9. The macroscopic distribution tends to migrate toward the cold source,
but the radial size is smaller than the axial size, making the variability between working
conditions relatively small.

20.3 —= -10°C -17.5%
—- -30°C -17.5%
195 —- -50°C -17.5%
—v -80°C -17.5%

18.8 |

Volume moisture content (%)

- - -

o N ®

(8, ] w o
T

0 30 60 90 120 150 180

h (mm)

Figure 8. Distribution of axial water slices.
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Volume moisture content (%)

16.0[
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Figure 9. Radial moisture distribution in layers.

4. Sampling and Detection Test of Profile Samples
4.1. Drilling Sampling to Detect Sample Water Loss

(1) Test equipment selection and scheme design.

The sampling drill bit was used as the main sampling tool in this experiment. The
upper surface of the prepared simulated lunar soil water ice sample was drilled with a
reaming drill bit. After drilling to a certain depth, the circular thin-wall sample was taken
out. The sampling schematic diagram is shown in Figure 10.

In order to explore the distribution law of the water content of the whole sample, it is
necessary to sample different points of the whole sample. Through drilling sampling at
different points of the whole sample, the water content at different positions of the sample
was measured to speculate the water content distribution of the whole sample. The drilling
locations of the entire sample are shown in Table 2.
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Figure 10. Schematic diagram of drilling and sampling.

Table 2. Grouping of test drilling points.

Number of Test Groups Distribution Mode

DRILL POINT DISTRIBUTION

The first group Axial distribution

Drilling depth:
@ 10 mm; 2 60 mm;
(®140 mm; @ 200 mm.

The second group Radial distribution

Distance from the center:
@ 30 mm; 2 35 mm;
® 40 mm; @ 45 mm;

® 50 mm.

The whole sample was drilled at different points to obtain the distribution rule of the
water content of the whole sample. The whole drilling test scheme is shown in Figure 11.
After each drilling, the middle position at the bottom of the whole cylindrical sample block
was selected as the sampling detection point for water content detection.

[OF]
x Sample point
Y 1

120mm :

Ief

|E

Sample center| @, f%_ /
~ 50m E I} | i

£ I g Samp ; point

A 3 s
® E \@/ | v / Sample point

y amplin =

Upper surfac @ po?nt ¢ I§

of sample 'y

Figure 11. Schematic diagram of layered sampling.

The drilling, extraction, and weighing process of the entire sample is shown in

Figure 12.
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Figure 12. Sample drilling, extraction, and weighing. (a) Sample drilling. (b) Sample extraction.

After weighing, the moisture content of the sample was calculated using the thermo-
gravimetric method.

In order to estimate the moisture distribution of samples under different temperature
conditions, the drilling test was carried out in a —30 °C refrigerator and a —85 °C ultra-

low-temperature refrigerator, and the drilling test was carried out at different points at two
temperatures, respectively.

4.2. Comparative Analysis of Test Results and Simulation

(1) Influence of sample temperature on moisture content.

Figure 13 shows the test results generated through group tests conducted by setting
different bit sizes and drilling rate parameters.

6.5
 [Ca- -30°C 5% . = -30°C 5‘@ »rs
O |+ -soc 5% L gﬁ-ﬂ- o -80°C 54 /¥
e /
Aspl Esst o
b Yeo = f
gma- I|l| 501 o
| -
3 [ Llru ga5r "
=150+ -"‘*«..__’-——-.,._h_\_ E e o
a = r200 Baof o —
200 T = —
' i i i i i 3.5 i - .
35 40 45 50 55 60 65 0 10 20 30 4 %0
Mass moisture content (%) Radial distance (r)

(a) (b)
Figure 13. Results of drilling test. (a) Axial water slice distribution. (b) Radial moisture distribution.

Figure 13a shows that the volume moisture content of the samples in the axial direction
at the top detection point and the bottom detection point is higher than the original
moisture content by 5.7%. The highest point’s moisture content is 6.22%, and the lowest
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50

Axial distance (mm)
)
S

200.-

water contents of the samples at the axial depths of 60 mm and 140 mm are 3.7% and
3.5%, respectively.

Figure 13b shows the radial water distribution of the whole sample. The water content
of the five sample points is ryp < r35 < rg9 < rs5 < r59. As the radial distance gradually
increases, the volume of the water content of the whole sample gradually increases. When
the radial distance r = 0 mm, the moisture contents of the sample point are 3.5% and 3.8%
at the lowest point, and the maximum value is 6.27% when the radial distance r = 50.

As shown in Figure 13a, the moisture content of the highest point is 6.22%, and that
of the lowest point is 3.5%, with a difference of 2.72% at —30 °C. At —80 °C, the content
of the highest point is 5.8%, and that of the lowest point is 3.53%, with a difference of
2.27%. Figure 13b shows that the difference in moisture content at the sampling points is
2.79% at —30 °C and 2.19% at —80 °C. According to the above data, the higher the ambient
temperature of the sample is, the greater the difference in the entire water content is.

The water content distribution of the whole sample should be consistent with the
trend of the broken line in Figure 13, and the fitting curve should be made according to all
the data points in Figure 13. The trend of the fitting curve should be consistent with that
of the water content of the whole sample. The average water content is the average value
of the water content of the sample at —30 °C and —80 °C. The change law of the water
content of the whole sample was analyzed with the increase in the radial and axial distance.
The curve of the water content is shown in Figure 14.

6.5 |
eeoeee____Coldsource : s
Sample upper boundary " . 60l ! ol
o — c ' o
e [T} L i
= Ascending zone € 5.5 & g:i
S 3! Steady ri ; o
@ .2: eaday rise zone g ::
Stable region z 50rat %::(o:
g % ‘:’ii z:in.
. g 45 g! £
. —~— Ascending zone § a.0l E ____——High speedrising 358
— s : L zone i
Lower sampleboundary .~ - !
. . Codsource o I R P
40 45 50 55 6.0 0 10 20 30 40 50 60

Mean moisture content (%) Radial distance (mm)

(a) (b)

Figure 14. Variation in sample moisture content. (a) Axial water distribution. (b) Radial moisture
distribution.

According to the above variation in the volume water content in axial and radial
directions, it can be seen that:

1.  According to Figure 14a, when the axial distance of the samples gradually increases,
the average moisture content of the whole sample first decreases at high speed,
subsequently becomes stable in the middle, and rises rapidly at the bottom.

2. From the perspective of radial direction, since the water content of the five sampling
points in Figure 14 all increases with the increase in the distance from the sample
center, it is inferred that the trend of the water content of the whole sample is as
shown in Figure 14b. As the radial distance of the whole sample increases, the water
content of the sample shows a gradually increasing trend. In the area near the center,
the increasing trend of the sample moisture content is relatively stable, while near the
measurement boundary, the sample moisture content is in a high-speed rising area,
and the rising rate of the moisture content gradually increases.

3.  Figure 14a,b shows that the sample moisture content near the upper and lower
boundaries and the side boundary changes significantly, and the water content of the
sample at the boundary is higher.

(2) Comparative analysis with simulation results.
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In order to explore the similarity between the test results and the simulation results,
it is necessary to calculate the average water content of each drilling sample at different
temperatures and compare the test results of this test with the simulation results. The
comparison of the data results is shown in Figures 15 and 16.
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Figure 16. Comparison of drilling radial data. (a) Test data. (b) Simulation data.

The data points in Figure 15a,b are the average test and simulation data of the axial
moisture content of the samples. In Figure 15, with the increase in the depth of the test point,
the volume of the water content of the whole sample first decreases and then increases,
and the trend of the simulation data is similar to that of the test data. The data points in
Figure 16a,b are the experimental and simulation data of the radial water content of the
sample. It can be seen from Figure 16 that the mean value of the test data and the mean
value of the simulation data have a similar variation, and the volume water content of the
sample sampling point increases with the increase in the distance between the sampling
point and the sample center. The sample water migrates in the direction of the sample
boundary close to the cold source, and the closer the measured sample point is to the cold
source, the higher the volume of the water content is.

5. Conclusions

In this study, based on the hydrothermal coupling model, the water content distribu-
tion and water migration rule of all the water-bearing simulated lunar soil samples under
the omnidirectional freezing condition were simulated and analyzed. The results were
verified through experiments. The following conclusions were obtained:
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(1) When drilling the simulated lunar soil water ice samples at different points through
thin-wall drilling, the water content distribution law of the simulated lunar soil samples
was obtained, and the simulation results were verified. The water content of the simulated
lunar soil samples was mainly distributed at the edge of the sample, and the closer we
tested to the edge of the sample, the higher the water content of the sample was, indicating
that the water in the whole sample had a migration effect towards the cold end.

(2) The temperature has a certain influence on the water migration effect of the whole
sample, and the degree of water migration is more significant at a higher-boundary cold
source temperature.

(3) According to the water distribution of the whole sample, the closer the sample is to
the cold source, the less uniform the water content distribution is.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Meaning

NMS Neutral mass spectrometer

NMR Nuclear magnetic resonance technique

T Trace element temperature

A Sample thermal conductivity

Cp Volumetric heat capacity of the sample

0i Density of ice

6; Volumetric ice content of the sample element
L Latent heat of phase transformation

A Strength of the nuclear magnetic signal

0 Saturated volume moisture content of the sample
Os Dry density of the sample

Ow Density of water at room temperature
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