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Abstract: This study aims to validate the three-phase heat
and mass transfer model developed in the first part (Three
phase heat and mass transfer model for unsaturated soil
freezing process: Part 1- model development). Experimen-
tal results from studies and experiments were used for
the validation. The results showed that the correlation co-
efficients for the simulated and experimental water con-
tents at different soil depths were between 0.83 and 0.92.
The correlation coefficients for the simulated and experi-
mental liquid water contents at different soil temperatures
were between 0.95 and 0.99. With these high accuracies,
the developed model can be well used to predict the water
contents at different soil depths and temperatures.
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1 Introduction

Computational methods have emerged as powerful tech-
niques for investigating and exploring the physical and
chemical phenomena and solving practical engineering
problems. Based on fluid dynamics, computational fluid
dynamics (CFD) methods have been widely used in study-
ing the operation performances [1, 2], reaction mecha-
nisms [3, 4], distribution fields [5, 6], and transfer pro-
cesses [7, 8].

In 1988, the Lattice Boltzmann method (LBM) was in-
troduced by McNamara and Zanetti [9] to overcome the
drawbacks of the lattice gas cellular automata. Since then
the LBM emerged as an alternative powerful computa-
tional method for solving fluid dynamics problems [10-
12]. In traditional computational fluid dynamics meth-
ods, Navier-Stokes equations (NS) solve mass, momentum
and energy conservation equations on discrete nodes, el-
ements, or volumes. In other words, the nonlinear partial
differential equations are converted into a set of nonlinear
algebraic equations, which are solved iteratively. In LBM,
the fluid is replaced by fractious particles, and these par-
ticles stream along given directions (lattice links) and col-
lide at the lattice sites. The LBM can be considered as an ex-
plicit method, and the collision and streaming processes
are local. Hence, it can be programmed naturally for par-
allel processing machines. Another beauty of the LBM is it
can handle complex phenomena such as moving bound-
aries (multiphase, solidification, and melting problems),
naturally, without a need to face tracing method as it is
used in the traditional CFD. Due to the advantages of LBM
mentioned above, LBM has been widely used for solving
fluid dynamic problems [13, 14].

Recently, some models using LBM for the simulation
of soil freezing have been developed [8, 15]. Generally,
pre-melted temperature and fluid flow drive force (caused
by ice formation) were usually not considered. If the pre-
melted temperature is considered, it would be easier for
a model to predict the water content at different tempera-
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tures. Also, the considering of fluid flow drive force caused
by ice formation gives a good prediction for water content
distribution along depth in unfrozen zone.

In the first part (Three phase heat and mass trans-
fer model for unsaturated soil freezing process: Part 1 -
model development), a three-phase heat and mass trans-
fer model using the LBM was developed for unsaturated
soil freezing process. The model is based on both the Shen-
Chen model and the mechanisms of heat and mass trans-
fer in unsaturated soil freezing. The pre-melted film was
taken into consideration, and the relationship between
film thickness and soil temperature was used to calculate
the liquid water fraction in both frozen zone and freezing
fringe. The force that causes moisture migration was calcu-
lated by the sum of several interactive forces. The suction
in the pre-melted film was regarded as an interactive force
between the ice and water. Two kinds of resistance were
regarded as a kind of body force related to the water films
between the ice grains and soil grains. A block force in-
stead of gravity was introduced to keep balance with grav-
ity before soil freezing. This model is capable of predict-
ing the water content distribution along soil depth and the
variations in water content and temperature during soil
freezing process. However, it should be evaluated using ex-
perimental data before its applications [16, 17]. Firstly, the
water content distribution due to the water migration by
suction force needed to be validated at different freezing
times. Secondly, because of the introduction of pre-melted
temperature, the water content variation with temperature
needs to be validated for different soil depths and soil sat-
urations.

Consequently, in this study, we tested the validity of
the model. We compared the model predictions with the
experimental results obtained from the previous studies
on water content distribution along soil depth. Experi-
ments were also developed to test the water content varia-
tions with temperature in different zones (unfrozen zone,
freezing fringe and unfrozen zone).

2 Water content along soil depth

2.1 Experimental

The laboratory experiment data performed by Mi-
zoguchi [18] in 1990 are classical, and they were cited
in various studies [15, 19, 20], they were also used for the
validation of our model in the prediction of water content
distributions along the depth. In his research, Kanagawa
sandy loam soil was used. Soil was packed in four iden-
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tical cylinders which were 20 cm long with an internal
diameter of 8 cm. Three specimens were used for perform-
ing freezing tests while the fourth was used to measure
the initial condition. The side faces and bottom faces of
the cylinders were thermally isolated. The specimens were
prepared with the same initial temperature distribution (a
uniform temperature of 6.7°C) and the volumetric water
content was 0.33. The top faces of the specimens were set
to be a fixed lower temperature of -6°C. Then the samples
were divided into 1 cm slices for obtaining water content
distributions after cooling for 12, 24 and 50 h.

2.2 Simulation settings

According to the experiment conditions mentioned above,
the corresponding initial conditions and boundary con-
ditions for the simulation in prediction of water content
distributions along the depth were obtained. The porosity
of sandy loam soil was between 0.4 and 0.5 [21], and 0.45
was adopted in the current research. the computational
domain was given a uniform temperature of Ty = 6.7°C, the
initial water content was set to be 0.35, which was initial-
ized by providing a density ratio of p,,/p, = 1.59 : 0.41 to
the fluid lattices of each phase, and the adjustment coeffi-
cient for suction force was given by G, = 0.5.

2.3 Results and discussion

Due to the suction of pre-melted film in the frozen front,
water migrated from unfrozen zone to frozen zone. As
shown in Figure 1 (a), after the soil freezing for 12 hours,
the soil freezing fringe located nearly at the soil depth of
6.5 cm, the water content in the frozen zone decreased
slightly along depth from 0.425 to 0.39, and then it in-
creased from 0.29 to 0.33 (initial water content) along
depth in the unfrozen zone. As shown in Figure 2 (a), af-
ter the soil freezing for 24 hours, the water content in the
frozen zone varied in the range from 0.42 to 0.39 along the
soil depth from O cm to 9 cm, and it increased from 0.27 to
0.32 with soil depth from 9 cm to 20 cm. As shown in Fig-
ure 3 (a), after the soil freezing for 50 hours, in the frozen
zone with depth from O cm to 14 cm, the water content
decreased slightly from 0.41 to 0.37, while in the unfrozen
zone with depth from 14 cm to 20 cm, the water content
increased from 0.25 to 0.30. The correlation coefficients
between the predicted values and experimental data af-
ter freezing 12, 24 and 50 hours were 0.92, 0.83 and 0.92
as shown in Figure 1 (b), Figure 2 (b) and Figure 3 (b), re-
spectively. The high correlation coefficients indicated that
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Table 1: Characteristics of the glass particles prepared

Iltem Value
Diameter of larger particle (um) 26
Diameter of smaller particle (um) 11
Dry powder density (g/cm?) 1.316
Water content (g H,0/g SiO,) 0.151

the developed model can be well used to predict the water
content distribution along soil depth.

3 Liquid water content variation
with soil temperature

3.1 Experimental

The porous medium used in the experiments consisted of
silica glass particles. Table 1 shows the basic characteris-
tics of the sample. The particle size distribution was ob-
tained by the mixture of larger particles with smaller par-
ticles, and the quality ratio between larger particles and
smaller particles was fixed at 20:1. Porous medium with
expected water content was prepared by placing the glass
particles in a desiccator, dried for hours, added a certain
quality of liquid water according to the expected quality
ratio between water and glass powder, and it allows the
system to equilibrate for a day.

The schematic diagram of the experiment apparatus
is shown in Figure 4. The whole experimental apparatus
consists of a cooling system, a sampler, three sensors and
a water tank. The sampler is an important part, as shown
in Figure 5. To help the sensors move with the reconstruc-
tion and frost heave, the sensors were inserted into the soil
through the hole in slider blocks, the slider blocks were
stacked together along the slip way, so that, the sensors
can move up and down freely, and at the same time, as
shown in Figure 5, due to the special geometry of slider
blocks, the slider blocks can also keep the sampler sealed.

The sensors used were temperature and water con-
tent coupled meters (5TE, Decagon devices, Washington,
DC, USA), The accuracy for measurement of soil volumet-
ric water content (VWC) by Decagon device 5TE was + 0.03
m3/m3, while the resolution was 0.0008 m3/m> (0.08%
VWC) from 0 to 50% VWC. The value of water content was
gained by the indirect measurement of permittivity of soil.
The sensors use capacitance to measure the dielectric per-
mittivity of the surrounding medium. The volume of wa-
ter in the total volume of soil significantly influences the
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dielectric permittivity of the soil because the dielectric of
water is much greater than the other constituents of soil
(mineral soil, €s = 4.15; air, €5 = 0.99; ice, €; = 3.27).
Thus, when the amount of water changes in the soil, the
sensors will measure a change in capacitance (from the
change in dielectric permittivity) which can be directly cor-
related with a change in the water content.

The relationship between permittivity and tempera-
ture for various water contents needs to be calibrated,
and the calibration curves are shown in Figure 6. It is ob-
served that, the permittivity decreased gradually when the
temperature dropped from a high temperature to a tem-
perature near the bulk water freezing point, which was
caused by the increasing water permittivity with decreas-
ing temperature when temperature was above freezing
point. Then, when the temperature passed the bulk water
freezing point due to the formation of ice, the permittivity
dropped rapidly. Finally, the permittivity decreased grad-
ually again after passing the bulk water freezing point,
which was caused by the decreasing ice permittivity with
decreasing temperature.

The relationship between water content and soil per-
mittivity is [22]:

0= \/PWSDa (er —€qa) - Os(es — €q)

€pw ~ €i

T >0°C (1a)

9 = \/prDa (er — €a) — Os (€s — €a) — Otot (€ — €a) (1b)
€pw ~ €j

T <0°C

where 0 is the calculated water content, €, is the mea-
sured permittivity of soil, p,, is the water density, sis the
specific surface area which is about 119.5 m?/ g, Dy is a
length in which the surface force will influence the water
permittivity. According to the van der Waals force, which
affects dielectric properties of the media, it is steeply de-
creased from soil surface to about 5 nm, then it gradually
decreased in the range of dozens nm [23]. In some models,
the dielectric properties of water drastically changed in the
length from the surface to 3-10 nm and asymptotically ap-
proached to those of bulk water [24, 25]. Here, based on the
van der Waals force, we assume D4 = 5nm. €}, is the water
permittivity, and it can be calculated as:

€pw = 88.216 - 0.4701T +0.0024T> -3 x10°T> (2)

The calculated water content based on the permittiv-
ity was compared with the initial water content, a good
agreement was observed between them, and the values are
shown in Figure 7.
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Figure 2: Experimental and numerical results of water contents after 24 h freezing
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Figure 3: Experimental and numerical results of water contents after 50 h freezing
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Figure 4: Soil freezing system

The prepared sample was placed into the sampler with
an inner diameter of D = 50 mm and a height of H = 200
mm, three temperature-moisture coupled sensors were in-
serted into the sample through the hole in slider blocks ~Figure 5: Sampler
from side of the sampler with an interpret of 300 mm. The
sampler was then put into a temperature gradient device,
and the temperature gradient can be controlled by the up
and down cooling system. Initially, the top and down walls
of sampler were set to the high temperature (278 K) for two

days. Then, the top wall of the sampler was set at a fixed
low temperature (258 K). The temperature and liquid wa-
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Figure 7: Water contents at different permittivities

ter content of each test point were recorded at 20 min in-
tervals.

3.2 Simulation settings

In the simulation of water content at different tempera-
tures with soil saturation of 0.32 and 0.16, based on the
experiment conditions mentioned above, the correspond-
ing initial conditions and boundary conditions were given.
0.45 was adopted for the porosity of sandy loam soil. The
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computational domain was given a uniform temperature
of Tp = 5°C, providing density ratios of p,,/p, = 1.46 :
0.54 and p,,/p, = 0.73 : 1.27 for soil saturation of 0.33
and 0.16, respectively. The adjustment coefficient for suc-
tion force is given by Gy, = 1.5.

3.3 Results and discussion

The experimental data of liquid water content variation
with temperature were obtained from the experiments
conducted in this study. The liquid water contents and soil
temperatures were measured simultaneously at two points
for soils with two kinds of saturation (0.33, 0.16). The first
point was 30 mm away from the top (up) wall, and the in-
terpret between the two points was 30 mm.

For the soil with saturation of 0.33, the experimental
and numerical results of liquid water contents at differ-
ent temperatures are shown in Figure 8. Due to the tem-
peratures of the top and bottom walls, which were fixed at
258 K and 278 K, respectively, a temperature gradient from
the bottom to the top was formed, and this temperature
gradient caused a heat flow coupled with water migration
during the soil freezing process. When the temperature de-
creased from 278 K to the freezing point due to the suction
of freezing fringe, the liquid water content decreased grad-
ually from the initial value to about 0.30 for both point
1 and point 2. When the temperature decreased from the
freezing point to 268 K, the liquid water content decreased
rapidly due to the freezing of pore water, then, the liquid
water content decreased gradually due to the formation of
pre-melted film. In the temperature variation range from

0.35 T T T T
| @  Experiment Point 1 _,_.--"
03k O  Experiment Point 2 1
| = Simulation Point 1 |
——- Simulation Point 2 :
S 025 i
— 1
= i
z i
g 02+ I l
@] !
5 I
£ 015 |
I
I
1
]

iFreezing point

005
268 270

Temperature (K)

Figure 8: Simulated and experimental liquid water contents at dif-
ferent soil temperatures (initial saturation is 0.33)



90 — Y.Zhangetal.

035 T :
Saturation 0.33, Point |
03 .
025+ .
E 0.2 .
o
=
g
a 0.15}
0] B lo] =
Correlation coefficient: 0.97
0.05
0 » L 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35
Observed
(a) point 1

DE GRUYTER

0.35 ' - ' ' '
Saturation 0.33, Point 2

Predicted

&~ "

0.1 2
0.95

Correlation coefficient:

0.05

0 | i 1 i 1 i 1 i i 1
0 005 0.1 015 02 025 03 035
Observed
(b) point 2

Figure 9: Correlation coefficients for simulated and experimental liquid water contents (initial saturation is 0.33)
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Figure 10: Simulated and experimental liquid water contents at
different soil temperatures (initial saturation is 0.16)

278 K to 258 K, the liquid water content decreased from 0.33
to 0.08 in both experimental and numerical results. The
correlation coefficients of the predicted and observed lig-
uid water contents were 0.97 and 0.95 for point 1 and point
2, respectively, as show in Figure 9. These high accuracies
may be attributed to (a) the consideration of pre-melted
film, and the existence of pre-melted film permitted the
unfrozen water in the frozen zone, and (b) the lower freez-

ing point of water in thinner pre-melted film, and this rela-
tionship made the liquid water content decrease gradually
with soil temperature in the frozen zone. What’s more, ac-
cording to Figure 8, the decrease in liquid water content
at point 2 was a little fast than that at point 1, this was
caused by the different temperature gradients in the freez-
ing fringe.

For the soil with saturation of 0.16, the experimental
and numerical results of liquid water contents at differ-
ent temperatures are shown in Figure 10. The liquid water
content variations were similar to those of soil with satu-
ration of 0.33. When the temperature decreased from 278
K to the freezing point, the liquid water content decreased
gradually from the initial value to about 0.14 for both point
1 and point 2. When the temperature decreased from the
freezing point to 268 K, the liquid water content decreased,
then, gradually to 0.06. Figure 11 shows the correlation co-
efficients of the predicted and measured liquid water con-
tents. It is observed that the correlation coefficients are
0.99 for both point 1 and point 2, indicating that the de-
veloped model can be well used to predict the liquid water
contents at different soil temperatures.
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Figure 11: Correlation coefficients for simulated and experimental
liquid water contents (initial saturation is 0.16)

4 Conclusions

The water contents at different soil depths and tempera-
tures were used to validate the model developed in the first
part. Some conclusions were obtained.

The simulated and experimental water contents at dif-
ferent soil depths varied in the ranges of 0.425-0.26 and
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0.425-0.25, respectively, and the correlation coefficients
were between 0.83 and 0.92.

For the soil saturation of 0.33, when the temperature
decreased from 278 K to 258 K, both the simulated and ex-
perimental water contents at different soil depths ranged
in 0.33-0.08, and the correlation coefficients were between
0.95 and 0.97.

For the soil saturation of 0.16, when temperature de-
creased from 278 K to 258 K, both the simulated and exper-
imental water contents at different soil depths ranged in
0.16-0.06, and both the correlation coefficients were 0.99.

The developed model can be well used to predict the
water contents at different soil depths and temperatures.
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Nomenclature

6 calculated water content (dimensionless)

S specific surface area (m?/m?)

T temperature (K)

G/ parameter control the suction force between ice and
fluids (dimensionless)

D4 alength in which the surface force will influence the
water permittivity (nm)

D inner dimeter of sampler (mm)

H height of sampler (mm)

Subscripts

i ice

a air

w water
s solid
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