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In this paper, the quartet structure generation set (QSGS) was used to establish a wet saturated soil
model which is similar to the real soil internal structure. And using the lattice Boltzmann method
(LBM), the two-dimension case of groundwater seepage with the same depth of equivalent temperature
distribution of the soil around equivalent buried pipe was simulated. The influences of porosity,
seepage velocity, soil looseness, thermal conductivity of soil skeleton and thermal conductivity of
backfill material on temperature distribution were studied. The simulation results show that with the
increase of porosity and seepage velocity, the existence of seepage can effectively reduce the average
soil temperature, and the effect of seepage can be almost ignored when the solid thermal conductivity is
higher than 5.5 W/ (m-K). Meanwhile, the average soil temperature and the degree of soil looseness

have irregular changes.
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1. INTRODUCTION

As an air conditioning technology that utilizes
shallow geothermal energy to achieve regional
cooling and heating, ground source heat pump
(GSHP) plays a significant role in reducing the use
of fossil energy and protecting the environment, and
it has been highly valued by many countries in the
world. The vertical buried pipe ground source heat
pump is widely used as one of the forms of ground
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source heat pump. The working efficiency of the
ground source heat pump system largely depends
on the heat exchange between the buried pipe heat
exchanger and the soil. Studies have pointed out
that the thermal physical properties of the soil and
the heat transfer process of groundwater seepage of
ground heat exchanger can produce certain
effect!!"3], but the soil as a typical porous medium,
the

microstructure of the soil, so the flow and heat

physics properties greatly depends on

transfer in the treatment of the related problems are



very important while there are two difficulties: on
the one hand, it is difficult to get close to the real
internal structure of soil; on the other hand, the
internal structure of porous media is complex, and
the boundary conditions of traditional CFD method
are complex and programming is difficult.

Wang et al.l® proposed the Quartet Structure
Generation Set (QSGS) method, and obtained the
Structure of porous media close to the real through
computer simulation!”®), thus solving the problem
of modeling of porous media. Lattice Boltzmann
Method (LBM) has attracted much attention in
recent decades. Compared with traditional methods,
the Lattice Boltzmann Method has advantages such
as good parallelism, easy boundary processing and
clear physical meaning. It is often used to deal with
multiphase flow, seepage and heat transfer in
porous media, chemical reaction flow and other
fields where traditional methods are limited in
research. Shao Baoli et al.'"used LBM to conduct
three-dimensional simulation of fluid flow in
porous media, and analyzed the seepage law of
fluid flow in Darcy zone, weak inertia zone and
Forchheimer zone in porous media. The simulation
results were compared with the basic seepage
formula, which was in good agreement. Gao et al.[!!]
proposed a modified lattice Boltzmann model for
conjugate heat transfer in systems considering both
porous and other media. It has been verified that
this model can be used as a feasible tool for
studying conjugate heat transfer in porous media.
Xu et al.l'” proposed a lattice Boltzmann model for
infiltration of unfrozen water in saturated soil in the
freezing process. By simulating the unfrozen water
content and water conductivity of sandy soil and
silty loam soil, and comparing the results with the
experimental results, the two are in good agreement,
indicating that the model is reliable.

In this paper, first using the method of QSGS
structure model of two-dimensional ground heat
exchanger, and then through the establishment of
double
function based on Boussinesq hypothesis lattice
model(DDF-LBM), of
different seepage velocity, porosity, soil particle

incompressible  coupling distribution

Boltzmann simulation

size distribution, soil coefficient of thermal
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conductivity of circumstances such as ground heat
exchanger heat transfer situation, analysis the soil
internal pore water seepage velocity, and the change
trend of soil temperature. By comparing and
analyzing the heat transfer situation with that in the
case of no seepage, the heat transfer law of buried
pipe heat exchanger in the case of seepage is
revealed. It would provide theoretical guidance for
the optimization of the design of buried pipe ground
source heat pump.

All the simulation calculations in this study are
programmed by MATLAB software.

2. LBM THEORYANDVERIFICATION

(1) LBM model

This paper uses the incompressible coupled
lattice Boltzmann model with double distribution
function based on Boussinesq hypothesis, which
was first proposed by Guo et al'3! in 2002. The
contains two distribution functions of
The
temperature field and velocity field is realized by

model

velocity and temperature. coupling of
adding an external force term to the right of the
equal sign of velocity distribution function. In this
study, the D2Q9 model is used to simulate the
velocity field and temperature field.

The evolution equation of the velocity field
and the velocity equilibrium distribution function
are shown in Equations 1 and 2 respectively.
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The temperature field evolution and the temperature
equilibrium distribution function can be written as:
To(r+ eyt +6;) — Tp(r,t) =

1
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Since the velocity field and temperature field are
both D2Q9 models,
wqand lattice sound velocities have the same values,

their weight coefficients

they are defined as:

eq =
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By Chapman-Enskog expansion of Eq. (1) and (5),
the Navier-Stokes equations can be obtained, and it
can be proved that the model has second-order
accuracy. The macroscopic parameters of the whole
flow heat transfer process are given by:

P =2afa (92)
pu = Za fa €q (9b)
p = pc§ (9¢)
T=Yo=1Ts (10a)
v=2c%(z-3) 6 (10b)
=le(e-da aw

Since the model studied contains two different
media, fluid and soil particles, the relaxation time in
the temperature distribution function cannot be
expressed by a unified value, but consists of the
relaxation time of fluid and the relaxation time of
soil solid particles, which is a matrix corresponding
to the physical model. According to Wang et al., the
above two types of relaxation time can be defined
as:
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(2) Verification of algorithm

The closed square cavity natural convection is
a classic example of computational fluid dynamics
and computational heat transfer. This problem
involves the coupling of velocity field and
temperature field, and the flow situation will
change with the change of Rayleigh number. The
overall situation is relatively complex, so it can be
used to verify the correctness of the DDF-LBE
model of incompressible flow and programming.
The physical model of natural convection in closed

square cavity is shown in Fig.1:

L

'

Fig.1Physical model of closed square cavity natural convection

The temperature on the left wall of the square
cavity is Ty, and the temperature on the right wall
is T;,Ty > T;. The temperature on the two walls is
kept constant, and the upper and lower walls are
insulated. The inside of the square cavity is filled
with homogeneous and uniformly warm air, B. =
0.71, which is only affected by gravity and is in the
negative direction of the axis. The initial conditions
and boundary conditions are taken to be:

Initial conditions: u = 0,T,, = LotTy (12)
Boundary conditions:
aT
u=0, Tiert = To, Trigne = Th, 2y =0 (13)



The natural convection in a closed square cavity
with a lattice of 200 X 200 and R, = 103~10°
was simulated by programming, and the
temperature distribution in the cavity under
different conditions was obtained.

It can be seen from the Fig.2 that, with the
increase of, the isotherms around the left and right
boundary remain vertical, while the other isotherms
change from vertical to horizontal direction. This
phenomenon is consistent with the simulation of He
Yaling!'*. The reason for this phenomenon is that
the heat transfer in the square cavity is mainly heat
conduction when it is small. With the increase, the
convective heat transfer gradually increases and
finally dominates. At the same time, the flow field
in the square cavity is constantly elliptical, which
leads to the constant trend of the internal isotherm
to the level.

Tablel Comparison of Nuy 4y in literature and

simulation
R Literature This paper Relative
a

N Ucol,ave N Ucol,ave error/%
103 1.118 1.106 1.1
10 2.2448 2.2027 1.9
10° 4.5216 4.5863 1.4
10° 8.8251 8.8039 0.2

Tablel compares the average Nusselt number
of the simulated cold wall surface with the literature
[15-161 to further verify the correctness of the
simulation. As can be seen from Tablel, the relative
errors between the simulation results and the
literature results are all within 5%, which further
proves the accuracy of the simulation.
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Fig.2 Diagram of internal cavity isotherms under different Ra



3. PHYSICAL MODEL AND BOUNDARY

CONDITIONS

(1) Physical model

According to the research of Li Jialin et all'7l,,
U-shaped buried pipes can be equivalent to
equivalent diameter buried pipes for research, so as
to simplify the model. At the same time, the
temperature in the simulation process is expressed
as the dimensionless excess temperature. The

equivalent diameter and dimensionless excess
temperature can be calculated as:
D, = /2D,Lg (14)
T, = ——Tmin_ (15)

Tmax—Tmin

Fig. 3 shows the simplified buried tube heat
exchanger of equivalent diameter and its horizontal
section diagram, this study will simulate the
physical model shown in the figure and carry out
in-depth research. The soil porous media generated
by QSGS method is used inside the simulated area,
and the groundwater flow in the soil only considers
the flow from left to right in a single direction, that
is, it enters from the left boundary at a speed,
percolates to the right, flows through the buried
pipe heat exchanger, carries on heat exchange with
it, and finally flows out at a speed. During the
the
simulation area and the buried pipe are kept

simulation, surrounding boundary of the
constant temperature, Tpand T; respectively.

To simplify the physical and mathematical
model, the following assumptions are made:
a) The soil is an isotropic porous medium, and the
magnitude of macroscopic tensor does not change
with direction;
b) The soil is a saturated porous medium, the pores
are full of fluid and the fluid in the pores does not
undergo phase transformation;
¢) the deformation of soil pore structure during soil
stratification and flow heat transfer is ignored;
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d) Thermophysical parameters of soil will not
change in the process of flow heat transfer;

e) satisfies the local thermal equilibrium
hypothesis;

) The buried pipe is a constant heat source.
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Fig.3 Physical model diagram

(2) Initial conditions and boundary conditions
the initial
temperature of the underground soil and fluid to
288.15 K, buried pipe temperature is 300.15 K,
fluid density is 999.10 kg/m?, the motion of fluid
viscous coefficient of 1.141 x 10° m? / s, the
specific heat at constant pressure fluid is 4.2 x 103

In numerical simulation, sets

j/(kg - K), soil coefficient of thermal conductivity



of the solid skeleton is 1.5 W/(m K), the hole

diameter is 150 mm, equivalent buried pipe
diameter of 50 mm, for the coefficient of thermal
conductivity of backfill materials, did not do so in
the case, both to set the value equal to the
coefficient of thermal conductivity of soil skeleton.
Because the outer diameter of the buried pipe is
only 50mm, the grid area of the 1mx1m simulation
area is small and can be clearly expressed. If the
simulation area is too large, the buried pipe is
difficult to be clearly expressed in the model.
Although the large grid number can improve the
the
computational efficiency will be greatly reduced.
According to the study of Tian et al''®], the 200200

grid number can

computational accuracy to some extent,

improve the computational
the
computational accuracy. Therefore, the actual size
of the and the
corresponding grid number is 200%200. The time

efficiency on the premise of ensuring

simulated area is ImxIlm,
step and lattice step are both 1, and the lattice
density is also 1. As mentioned above, in order not
to violate the requirements of phase interface
and heat the

volumetric heat capacities of different media can be

temperature flow continuity,
made the same to solve the conjugated heat
problem between different phases. In this study, the
volumetric heat capacities of fluids are collected.
The non-equilibrium extrapolation scheme is used
to simulate the boundary of the model, and the
standard rebound boundary scheme is used to
simulate the boundary between the fluid and the
soil particles and the heat exchange tube. In order to
simplify the physical model, this paper only studies
the heat transfer law between pore water in wet
saturated soil and buried pipe heat exchanger.
Therefore, without any explanation, the default
porosity of the soil is 0.6, the growth and
distribution probability of solid particles is 0.01,
and the fluid in the pores is water.
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4.SIMULATION RESULTS AND

ANALYSIS

(1) Effect of porosity on heat transfer in buried pipes
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Fig.4 Velocity distribution in soil with different porosity

Fig. 4 shows the velocity distribution diagram
of the seepage in the soil with porosity of 0.6 and
0.8. It can be seen from the figure that the number
of pore channels has increased a lot and the width
of channels has also increased. With the increase of
porosity, the number and width of pore channels
also increase the flow velocity of pore water. When
the porosity is 0.6, the average flow velocity is
2.8753x1077, while when the porosity is 0.8, the
average flow velocity is 9.92x10°. Therefore, the



increases a lot

water

flow velocity of pore
relatively.
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Fig.5 Cloud image of temperature distribution at different

porosity

Fig. 5 shows the temperature distribution in the
simulated area when the porosity is 0.6 and 0.8. It
can be seen from the figure that when the porosity
is 0.6, the temperature distribution is approximately
circular, and the isotherm spacing at the seepage
passage on the right side of the buried pipe
increases, and the temperature change slows down.
0.8, the
distribution is approximately fan-shaped, and the

When the porosity is temperature
buried pipe only has heat exchange with the soil in
a small range on the left side, while there is an
obvious temperature distribution on the right side of
the buried pipe, and the distance between isotherms

and isotherms is large. Appear this kind of

111

phenomenon the reason is that with the increase of
porosity, pore channel number increasing, the
seepage velocity of pore water, pore water
proportion increase, more pore water with relatively
greater seepage velocity and convective heat
transfer of buried pipe, and the pore water is along
the flow direction will be away from heat, cause
inverse seepage flow in the direction of heat

transfer.
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Porosity
€

Fig.6 The relationship between regional average temperature

and porosity is simulated

Fig. 6 shows the relationship curve between
the average temperature and porosity in the
simulated area with and without seepage. As can be
seen from the figure, with the increase of porosity,
the average temperature in the simulated area
without seepage keeps rising. When there is
seepage flow, the average temperature first rises and
then
decreases.

stays basically unchanged, and finally
of

temperature curve can also discover that in the

By comparing the two cases
range of porosity of 0 ~ 0.5, the average
temperature of the inside of the seepage on soil size
have little impact, when the porosity is higher than
0.5, the average temperature of the soil without
seepage is relatively higher, with increasing of the
temperature difference between seepage. Average
temperature appear this kind of change is because in
0 ~ 0.5 the scope of low porosity, soil internal little
throughout the entire simulation area around the



border of the seepage channels or pores little and
narrow, cause pore water seepage rate is extremely
low, no seepage velocity or the heat exchange
between soil and ground heat exchanger is still
conductivity. With the
increase of porosity, the proportion of pore water

predominantly thermal

increases, and because the thermal conductivity of
water is lower than that of soil solid particles, the
average temperature in the region is gradually rising
regardless of the existence of seepage, and the

change of average temperature is basically the same.

When the porosity is higher than 0.5, both the
number and width of seepage channels in the soil
increase with the increase of porosity. At this time,
the seepage velocity keeps increasing and the
influence of seepage is also gradually increasing,
which can be roughly divided into two parts. The
first part is that when the porosity is between 0.5
and 0.7, the pore channels inside the soil gradually
increase, the width of the channels increases, and
the seepage velocity also increases. At this time, the
influence of seepage on heat transfer gradually
When the
consistent with the direction of heat conduction,

increases. direction of seepage is
convective heat transfer strengthens the heat
transfer between soil and buried pipe, and the
isotherm moves backward. When the direction of
seepage is opposite to the direction of heat
conduction, the fluid flow takes away the heat on
the side, and the convective heat transfer weakens
the heat transfer between the buried pipe and the
soil. In this range, due to the limited seepage
channels and the increase in the proportion of water
in the soil, the average temperature in the region
with seepage is basically kept at the same level, but
it does not exist in the absence of seepage. As the
temperature gradually increases, the temperature
difference between the two starts to appear and
keeps increases. The second part is when the
porosity is higher than 0.7, the amount of seepage
the

connection, the seepage velocity is increasing, the

channel greatly increased and mutual

soil solid phase proportion constantly decreases,
and the heat transfer between the buried pipe and
soil with convective heat transfer is given priority
seepage heat-exchange

to, strengthening and
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weakening the role of more obvious, the average
temperature of the simulation area and therefore
reduce rapidly, while without seepage, the average
temperature of the soil is still in a slight amplitude,
temperature difference between the two greatly
increased.

(2) Effect of seepage velocity on heat transfer

7 the
nephogram of the simulated area under different

Fig. is temperature  distribution
seepage velocities. It can be seen from the figure
that, when the seepage velocity is 0, that is, when
there is no seepage, the isotherm is approximately
elliptical, the tortuous degree of the isotherm is also
low, and the overall distribution is relatively
uniform. This is because when using matrix to
construct the physical model, the buried pipe is
approximately round due to the restriction of
integer grid points, so the isotherms in the
temperature cloud map are approximately elliptical.
Moreover, due to the different thermal conductivity
between the soil skeleton and pore water, all the
isotherms are tortuous to varying degrees. With the
increase of infiltration speed, the uniformity of
temperature distribution is getting worse, the
influence range of buried pipe on the left side is
and the

shrinking. On the lower right side, on the contrary,

also shrinking, isotherm spacing is
the influence range of buried pipe is constantly
expanding, and the isotherm spacing is constantly
increasing in this direction. This is because with the
increase of seepage velocity, seepage has more and
more influence on the heat transfer of buried pipe.
When the direction of heat transfer is opposite to
the direction of seepage, the heat transfer is more
difficult, and the influence range of buried pipe is
decreasing. When the direction of heat transfer is
consistent with the direction of seepage, the heat
transfer is strengthened, the isotherm protrudes
outward along the seepage channel, and the
influence range of buried pipes expands along the

direction of the seepage channel.
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Fig.7 Temperature cloud map under different seepage
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Fig. 8 shows the relationship curve between
the average temperature in the simulated area and
the initial velocity of seepage. It can be seen from
the figure that when the velocity of seepage is less
than or equal to 2x10°m/s, the average temperature
in the simulated area almost does not change. This
is because the seepage velocity is small, so the heat
exchange is given priority to with thermal
conductivity, convective heat transfer caused by
pore water flow on almost can ignore the influence
of buried tube heat exchanger, with seepage
velocity increasing, the seepage direction inverse
heat transfer has been weakened and heat taken
away by pore water, only in the seepage direction
near space channel heat transfer is significantly
enhanced, so the temperature of the whole

simulation area showed a trend of decline, falling
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speed is accelerating.
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(3) Effect of soil particle distribution on heat transfer

Fig. 9 shows the velocity distribution in the
simulated area when p, is 0.05 and 0.01. As can
be seen from the above, when p, is 0.05, soil
particles are small, the distribution is uniform, and
the pore connectivity is high. Therefore, as shown
in Figure a), most pore water is in a state of flow
with a certain seepage velocity, and the velocity
distribution in the simulated area is relatively
uniform. When p, is 0.01, the degree of soil
particle aggregation is high, and part of the pores
are surrounded by solid phase so that the internal
fluid cannot flow. Therefore, the whole simulated
area only has the corresponding velocity at the
seepage channel, and the rest of the seepage
velocity is very small or no.

By comparison, under the condition of the
same infiltration velocity, although the velocity
distribution is relatively uniform when p, is 0.05,
the overall velocity size is lower than that when p
is 0.01. In Fig. a), the seepage velocity of pore
water is mostly below 1x10°m/s, while in Fig. b),
the seepage velocity of pore water is mostly
between 1x10°m/s ~ 4x10°m/s with velocity.
Meanwhile, the maximum seepage velocity in Fig.



b) is also higher than that in Fig. a). This
the

distribution is uniform when p, is large, although

phenomenon  occurs  because particle
most of the pore water can flow, but the pore size is
too small, no obvious seepage channel simulation
area, in the process of the flow resistance is
relatively large, the overall seepage velocity at
lower levels, and p, smaller cases, simulation of
obvious seepage channel and channel in the area of
relatively large size, so that the flow of the pore

water in the channel rate relatively larger.

%1078

b) € =0.6, pp =001

Fig.9 Seepage velocity distribution diagram of simulated

region under different pgconditions
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Fig. 11 The relationship between the mean temperature and p,

in the simulated area

Fig. 10 for simulation area under the same
initial infiltration rate, the relationship between
average speed and curve can be found from the
figure, with the increase of p,, the average flow
velocity and decreases, this is because the large
pore connectivity, there are many branches around
the seepage channels, when pgyis small, pore water
is often only along the flow of the seepage passage.

Fig. 11 is the relationship curve between the
average temperature in the simulated area and p,.
It can be seen from the figure that, with or without
seepage flow, with the increase of, the average
temperature in the simulated area does not change



monotonously, but presents an irregular change
alternatively between decreasing and rising. There
are two reasons for this phenomenon. The first
reason is that the size of p, determines the
distribution and accumulation degree of soil solid
particles in the simulated area, and has a significant
impact on the number and pattern of pore channels
in the soil, thus affecting the heat transfer and
temperature distribution within the whole area.
Secondly, due to the randomness of the generation
of porous media models, even if the initial
conditions are exactly the same, the generated
It is the
differences between the models that make the

models also have certain differences.

average temperature in the simulated area fluctuate
to a certain extent.

b) The porous media model 2

Fig.12 Porous media models of € = 0.6,po = 0.0075
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Fig.13 Temperature distribution nephogram of € = 0.6,pg =
0.0075

It can also be found, when p, is greater than
or equal to 0.02, with an average temperature and
seepage under the condition of simulation area
without seepage are basically equal, this is because
the soil particles are evenly distributed, has seepage
channel width is small, the seepage velocity is very
small, thermal simulation area dominated,
convective heat transfer is almost negligible.
Therefore, the average temperature in the simulated
area is basically the same in both cases.

Fig. 12 and Fig. 13 shows two different models
of porous media generated in this case and their
temperature distribution cloud maps. It can be seen
from the figure that, even if the initial conditions
are exactly the same, the generated models have
certain differences and the temperature distributions

are also different. After calculation, a) the average



temperature of the simulated area in Model 1 shown
in Figure 13 is 0.1639; b) the average temperature
of the simulated area in Model 2 shown in Figure
13 is 0.1713. This is because when p, is small, the
degree of soil particle aggregation is high, and the
generated model has a certain probability that there
is no effective pore channel, which makes the
overall temperature of the simulated region high.
Once an effective pore channel is formed, the width
of the channel is relatively large, the flow rate of
pore water is also large, and part of the heat is taken
away, so that the overall temperature is low.

(4) Effect of thermal conductivity of soil skeleton on

heat transfer

Fig. 14 shows the temperature distribution
cloud map in the simulated area under different k.
With the increase of kg, the tortuous degree of each
isotherm increases continuously, and the influence
range of buried pipes also increases to some extent.
Meanwhile, through comparison, it can be clearly
seen that the isotherm change caused by seepage is
almost invisible in figure b).Appear this kind of
phenomenon is because, with the increase of kg ,
the solid particles are more conducive to heat
conduction, and the gap between water coefficient
of thermal conductivity of solid phased particles
increases the difference, along the direction of heat
flow on both ends of the temperature difference of
solid phased particles decreases, and the whole
simulation area of heat conduction is continuously
strengthen, seepage channel near the inverse heat
transfer weaken the effect of seepage direction have
been offset, and isotherm, decrease of smooth
degree of the influence of the buried pipe range
increases to A certain extent, caused by seepage
isotherm seepage channel along the direction of
change are covered.
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Fig.14 Temperature nephogram in the simulated

region at different kg

Fig. 15 shows the relationship curve between
the average temperature in the simulated area
without and with seepage. It can be seen from the
figure that, with the increase of kg, the average
temperature in the region is increasing in both cases,
but it does not increase linearly. The growth trend
of the average temperature in both cases is similar.
At the same time, it can be found that when k; is
small, and the average temperature without seepage
is higher than that with seepage. With the increase
of kg, the temperature difference between them
decreases continuously. When kg is 5.5W/ (m-K),
the average temperature is basically the same.
That's because at a certain seepage velocity, solid
phase between solid phase and solid phase before
between pore water and heat, heat is taken away by
flow of pore water, the existence of seepage
weakened the overall heat transfer, k; seepage



heat-exchange has great influence, is small, with the
increase of kg thermal conductivity occupied the
main position, and the influence of seepage almost
negligible. In the case of seepage, the average soil
temperature is relatively low. When the temperature
is higher than 5.5W/ (m'K), the influence of
seepage on the heat transfer of buried pipes is
almost negligible, and the average temperature in
the soil is basically the same.

0.195

0.185

0.175

017 1 1 1 1 1 1 1
45 5

Solid-phase thermal conductivity  k (Wi(m'K)

Fig.15 Relation curve between average temperature and
ks

5.CONCLUSIONS

In this paper, QSGS method was used to
construct the soil porous medium model. Through
the incompressible DDF-LBM model based on
Boussinesq hypothesis, the influences of four
factors, such as porosity, seepage velocity, soil
particle distribution and soil skeleton thermal
conductivity, on the heat transfer between the
buried pipe heat exchanger and soil were studied,
and the following conclusions were drawn.

a) When other conditions are the same, the
average soil temperature without seepage increases
with the increase of porosity. When seepage is
present, the average soil temperature first increases,
then basically stays

unchanged, and finally

decreases rapidly. When the porosity is lower than
0.5, the average temperatures of soil with and
without seepage basically coincide with each other,
and then the temperature difference between them
gradually becomes larger.

b) When other conditions are the same, the
seepage velocity at the outlet of the model increases
linearly with the increase of the initial infiltration
velocity, and the soil temperature basically does not
change when the seepage velocity is less than or
equal to 2x10°m/s, and then decreases with the
increase of the seepage velocity, and the decreasing
rate gradually accelerates.

c¢) Other conditions being the same, with the
increase of p,, the seepage velocity in the
simulated area decreases continuously. With or
without the presence of seepage, the average
temperature of the soil then presents an irregular
change alternately of rising and falling. When p,
is less than or equal to 0.02, the average
temperature of the soil without seepage is higher
than that with
temperatures almost coincide with each other.

seepage, and then the two
d) Other conditions being the same, the
tortuous degree of soil isotherm increases with the
increase of kg, and the average soil temperature
increases with or without seepage. When kg is
higher than 5.5W/ (m-K), the effect of seepage can
be basically ignored, and the two average soil
temperatures become to coincide with each other.

APPENDIX
Nomenclature
c Lattice velocity
s sound speed,c? = 1/3
D, Equivalent tube outside diameter
D, U-tube outside diameter
The velocity space of finite dimension is
fa simplified by the velocity
fa velocity distribution function
a(eq) Equilibrium velocity distribution function
F, External force
g Acceleration due to gravity,(m - s2)
G Effective external force

117



L Convective heat transfer coefficient, (W /(m? -
K))
The corresponding thermal conductivity of each

& medium

Ly Tube pitch
Nu Nusselt number

p Pressure

Do Distribution probability of growth nuclei
Pr Prandtl number,Pr = v/x

r a lattice point in a lattice region
Ra Rayleigh number,Ra = gBATL3 /v3

Re Reynolds number,Re = uyD /v

t time

To Initial temperature, (K)

To Temperature distribution function

TOE“’Q) Equilibrium temperature distribution function

AT Temperature difference, (K)

u velocity

B Coefficient of thermal expansion

6t time step

v Kinematic viscosity, (m?/s)

p Density, (kg/m3)

The corresponding volume heat capacity of each
(Pcp)i .
medium

X Thermal diffusivity coefficient, (m? - S)

£ porosity

75 Relaxation time of f,

Tr Relaxation time of T,
Wq Weight coefticient
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