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Abstract
The soil temperature distribution characteristics were experimentally studied, during heat storage and release processes in the
fine-grained sand with different moisture content. Results showed that, the soil temperature distributions in the process of soil
heat storage and release are almost symmetric under the same excess temperature. The excess temperature is the main factor
affecting the soil temperature change, and the influence of the moisture content variation is almost negligible. At each set of
excess temperature, the soil temperature change in heat storage and release processes have a good logarithmic relationship with
the heat transfer time, radial distance and longitudinal distance. The soil temperature change shows a linear increase trend with
the excess temperature, and the soil temperature disturbance in radial direction is far greater than that in longitudinal direction.
Based on the hypothetical multivariate nonlinear power function regression model, the experience formula for predicting the soil
temperature was proposed. The prediction deviation was within 10%.
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1 Introduction

Porous media is a kind of composite media composed of
multi-phase materials. The solid matrix is usually used as the
skeleton. The pores between the solid frameworks are filled
with liquid phase, gas phase or gas-liquid mixture phase
fluids, and the pores distribution is random and non-direction-
al. The heat migration in porous media is often accompanied
by the moisture migration [1], the heat and moisture migration
are coupled with each other [2], which follows the basic law of
heat and mass conservation, and the capillary flow is the dom-
inant mechanism that governs the moisture transfer [3]. In the
non-chemical reaction process, the pressure potential, temper-
ature potential and concentration potential are the main driv-
ing forces of heat and mass transfer in porous media. The heat
transfer process mainly includes solid heat conduction, con-
vection and phase change heat transfer (which can be ignored,
when the particle size of the porous media is less than 4–6
mm, and Gr (Grachev number)×Pr (Prandtl number) < 103),

and radiation heat transfer (which is obvious, when there is a
high temperature difference between solid particles). The
mass migration process mainly includes molecular diffusion,
capillary diffusion and osmotic diffusion [4].

Soil is a kind of typical anisotropic porous media, which
has all the basic physical properties of porous media. The
temperature and humidity gradient, solute concentration and
water vapor content are the leading driving forces influencing
the processes of heat and mass transfer in unsaturated soil [5],
and the soil temperature field would strongly influence the soil
properties [6]. Some scholars [7–14] had made relevant theo-
retical studies on the coupled heat and moisture migration
characteristics in porous media, results showed the tempera-
ture and humidity variation during the coupled heat and mois-
ture migration process and the affect factors on that. In addi-
tion to transport phenomena, influence of continuing hydra-
tion resulted by rising temperature on themoisture distribution
also can’t be ignored [15].

Based on the high-temperature thermal storage system in
soils, Wang et al. [16–18] experimentally studied the temper-
ature and humidity variation in the fine sand during heat stor-
age processes, and analyzed the influences of the inlet fluid
temperature (60 and 80 ) and initial moisture content (0.7%,
4.6 %, 6.2 %, 9.1 %) on the thermal performance of borehole
heat exchanger, results showed that, the soil temperature and
humidity near the tube wall may appear a temporary peak
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value, the peak temperature phenomenon in the soil becomes
weaken with the gradually increase of the distance from the
tube wall, and the heat transfer rate of the borehole heat ex-
changer increases with the increase of injection temperature.
Hedayati-Dezfooli et al. [19] experimentally studied the one-
dimensional heat and moisture transfer in the medium coarse
soil with a porosity and an initial moisture content of 0.40 and
0.26, at four different temperature levels within the range of
40 ~ 90 , results showed that the thermal vapor diffusion is the
main mechanism for the moisture flux under the above setting
conditions. Wang et al. [20] experimentally studied that the
temperature of the ramming ground surface in sandy silt with
groundwater is 3.5 % higher than that without groundwater
under low indoor temperature, and Liu et al. [21] concluded
that the dry surface layer in soil has a stronger influence on the
heat and moisture transfer. Moradi et al. [22] indicated that the
heat injection and extraction efficiency will be significantly
affected by thermally induced water flow in the vadose zone,
the results showed that the thermally induced water flow and
convective heat transfer cannot be neglected when modeling
soil-borehole thermal energy storage systems under unsaturat-
ed condition, which validated by the laboratory-scale tank
tests. Li et al. [23] experimentally compared the heat and
moisture transfer of the sand with that of the sand/bentonite
mixtures under the heating operation conditions (the temper-
ature for the thermostatic water bath was kept as 40°C) and
cooling operation conditions (the temperature for the thermo-
static water bath was kept as 7°C). Zhao et al. [24] investigat-
ed the thermal characteristics of the saturated soil around co-
axial GCHE (ground coupled heat exchanger) through exper-
imental study (based on artificial glass micro-balls as porous
medium) and theoretical analysis (based on Darcy’s natural
convection), the results indicated that heat transfer mainly
happens near the outer wall of coaxial GCHE and inclines to
stabilization at far-field, and the inlet temperature, initial tem-
perature of porous medium, flow rate are major factors affect-
ing heat transfer. Not only in the GSHP field, studying the
coupled heat and moisture migration of porous media has
practical application significance in the design of heat dissi-
pation of underground cables [25], porous building materials
[26] and so on.

Based on the above analysis, most scholars had con-
ducted the related experimental researches on the charac-
teristics of the soil heat and moisture migration during heat
storage process or heat release process, which were under
the different temperature and humidity conditions. It is still
unable to compare the heat transfer performance of the soil
in heat storage and release processes. In this paper, the
comparative analysis of the heat transfer during the process
of soil heat storage and release under the same temperature
and humidity conditions will be conducted. It is also ex-
pected to obtain an experience formula for predicting the
soil temperature change.

2 Experimental setup

In order to study the heat transfer during the process of soil
heat storage and release, the specially-designed experimental
setup was built. The schematic of the experimental setup was
shown in Fig. 1, wherein the heat exchange unit and the cir-
culation loop were all wrapped with insulation cotton (thick-
ness of 15mm) and reflective aluminum foil to further weaken
the heat loss.

The schematic of the heat exchange unit, and the layout
of temperature and humidity probes based on the interfer-
ence range in ref [27] were shown in Fig. 2a and b, re-
spectively. Wherein T/W represented the temperature and
humidity integrated probe, T represented the temperature
probe.

The test soil sample was fine-grained sand with a particle
size of 0.08 ~ 0.25mm, a dry density of 1570kg/m3, and a
saturated moisture content of 23.7 %. The length, external
diameter, and wall thickness of the heat exchange tube made
of copper was 1200mm, 5mm, and 0.5mm, respectively. The
fabricant and model, measurement range and accuracy of the
other devices were shown in Table 1. The temperature and
humidity were transmitted to the data logger by KEITHLEY
2701 and NHJLY2801, respectively.

In addition, the 24-hour heat preservation performance test
had been carried out to verify the heat preservation perfor-
mance of the heat exchange unit. Figure 3 shows the 24-
hour temperature variation in the soil at position 1–6, 2–6,
3–6 and the ambient air temperature. It can be seen that the
soil temperature at position 1–6, 2–6 and 3–6 is almost equal
to each other, which almost does not change with heat transfer
time, indicating that the heat exchange unit meets the require-
ment of insulation performance.

The uncertainty analysis was carried out using the sec-
ondary power method presented in ref [28], that is param-
eter Y ¼ f ðX 1;X 2X nÞ, wherein X 1;X 2X n are independent
variables, and their uncertainties follow normal distribu-
tion, and then,

ΔY ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Xn

i¼1

@Y
@Xi

ΔXi

� �2

i

s

ð1Þ

The relative uncertainty of parameter Y can be expressed
as:

ΔY
Y

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1

ΔXi

Xi

� �2
s

ð2Þ

In this study, the temperature of circulating fluid is within
the range of 6 ~ 46 , and the maximum variation of soil
temperature is within the range 17 ~ 34 . So, the maximum
uncertainty of the temperature measured by the devices in
Table 1 is:
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ΔT
T

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:1

6

� �2

þ 0:24

6

� �2

þ 0:1

17

� �2
s

¼ 4:4% ð3Þ

For the glass rotor flowmeter in Table 1, the maximum
uncertainty of mass flow is 5.8 %, under the setting experi-
mental condition(170L/h).

3 Methods and results

In order to analyze the soil temperature distribution in the
process of heat storage and release, and observe the influence
rules of moisture content and heat source temperature on that.

The temperature distribution of the soil with different moisture
content were experimentally studied, under different excess
temperature.

The excess temperature θ ( ) was defined by Eq. (4).

θ ¼ Tf � Ts ð4Þ

Where Tf ( ) is the inlet temperature of the fluid in tube, Ts
( ) is the initial soil temperature. When the value of θ is pos-
itive, the inlet temperature is higher than the initial soil tem-
perature, that is soil heat storage process. When the value of θ
is negative, the inlet temperature is lower than the initial soil
temperature, that is soil heat release process.

The excess temperature difference Δθ ( ) was defined by
Eq. (5).

f

e

g

Flow direction

a

b

c

dFig. 1 Schematic of experimental
setup for heat storage and release
in soils. a Heat exchange
unit b Data Logger c Humidity
acquisition unit d Temperature
acquisition unit e Throttle
f Thermostatic water bath g Glass
rotor flowmeter

(a) (b)
Fig. 2 The structure of the heat exchange unit. a Schematic of heat exchange unit b Layout of temperature and humidity probes. (1) Feed-water Tank (2)
Heat Exchange Sandbox (3) Drainage Bunker (4) Pervious Layer (5) Heat Exchange Tube (6) Water injection (7) Water drainage (8) Overfall Gap
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Δθ ¼ T � Ts ð5Þ

Where T ( ) represented the soil temperature at a certain
measuring point during the heat transfer process. During heat
storage process, the excess temperature difference Δθ was
expressed asΔθS, and during heat release process, the excess
temperature difference Δθ was expressed as ΔθR.

The soil temperature change deviation " was defined by
Eq. (6).

" ¼ ΔθSj j � jΔθRj
jΔθS j ð6Þ

The soil moisture content ω (%) was defined by Eq. (7).

! ¼ Mh �Md

Md
� 100 ð7Þ

Where Mh (kg) and Md (kg) respectively represented the
quality of wet and dry soils.

In order to ensure turbulent state, the flow rate in tube was
set to be constant at 170L/h (0.7m/s) during experimental.

3.1 Excess temperature difference distributions of the
soil in drying state

Under the environment condition, the minimum soil moisture
content is 2.3 %. So, the soil moisture content 2.3 % was con-
sidered as drying state. At = ±15 , the heat storage and release
experiments in the soil (initial soil temperature of 26 ) under
drying state was conducted for 6 hours, respectively. The ex-
cess temperature difference (Δ ) distributions with time at
position 2–2 are shown in Fig. 4a, and the radial excess tem-
perature difference (Δ ) distributions after the soil heat storage
and release processes, at 600mm away from the water inlet,
are shown in Fig. 4b.

As can be seen from Fig. 4a, the excess temperature
difference distributions with time at position 2–2 during
soil heat storage and release processes are almost symmet-
ric. The excess temperature difference increases
(decreases) gradually with time during heat storage
(release) process. As the heat transfer process progresses,
the change rate of excess temperature difference decreases,
due to the temperature gradient between the fluid in tube
and the surrounding soil gradually decreases. From
Fig. 4b, it can be seen that, at 600mm away from the fluid
inlet, the radial excess temperature difference distributions
of the soil are also almost symmetric. The differences in
excess temperature difference at position 2–2, 2–3, 2–4, 2–
5 was 3.0 %, 4.3 %, 3.8 %, and 4.1 % respectively. The
excess temperature difference decreases as the distance
from the tube wall increases, due to the soil around tube
is the main heat transfer resistance, which has attenuation
effect on the heat transfer. Therefore, it could be conclud-
ed that, under the same excess temperature, the tempera-
ture distributions of the test soil sample in drying state
during heat storage and release processes are almost sym-
metric, indicating the randomness of the pores distribution
of the fine-grained sand in drying state has almost negli-
gible influence on heat transfer, for the selected fine-
grained sand particles are relatively uniform and stable in
physical properties.

Table 1 The experimental instrumentation

Device Fabricant and Model Measurement Accuracy Measurement (Adjustment)
Range

Temperature and humidity
integrated probe

Zhongke Nenghui in Wuhan
NHSF48

±0.1°C -40°C~+80°C

±1.0% 0% ~ 100%

Temperature probe Weilian in Shanghai
Pt100

±(0.15+2.0×10−3×t) -200 ~ +850

Thermostatic water bath Tianheng in Ningbo
THD-3006H

±0.1 -30 ~ +100

Glass rotor flowmeter Xiangjin in Taizhou
LZB-15

2.5% 40L/h~400L/h
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Fig. 3 Soil temperature variation in heat preservation test
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3.2 Excess temperature difference distributions of the
soil in unsaturated and saturated state

Considering that the soil around ground heat exchanger is
almost unsaturated or saturated, therefore, the heat storage
and release experiments of unsaturated and saturated soil
would be carried out. The test soil sample had a moisture
content of 2.3 % in drying state and 23.7% in saturated state.
The intermediate values of 10.2%, 15.7% and 20.5% were
taken as the unsaturated soil moisture content.

3.2.1 Excess temperature difference distributions with time

At each set of excess temperature ( =±5 , ± 10°C, ± 15°C, ±
20°C), the heat storage and release experiments of the soil
(initial soil temperature of 26 ) with moisture content of
10.2% was conducted for 6 hours, respectively, the excess
temperature difference (Δ ) distributions with time at position
2–2 are shown in Fig. 5a. The heat storage and release exper-
iments of the soil with the other moisture content (15.7 %,
20.5 %, and 23.7 %) at each set of excess temperature ( )
would also be carried out for 6 hours, respectively, the excess
temperature difference (Δ ) distributions with time at position
2–2 are shown in Fig. 5b-d.

It can be seen from Fig. 5a that, during heat storage
and release processes under each set of excess tempera-
ture, the excess temperature difference distributions with
time of the soil with moisture content of 10.2 % are al-
most symmetric, and the soil temperature change rate in-
creases as the excess temperature increases, for the tem-
perature difference driving potential increases. As can be
seen from Fig. 5b-d, under each set of excess temperature,
the distribution rules with time of excess temperature dif-
ference in the soil with the other moisture content are
consistent with that in the soil with moisture content of

10.2 %. It can be obtained from the experimental results,
during heat storage and release processes under the same
excess temperature, the excess temperature difference dis-
tributions with time of the test soil sample in unsaturated
or saturated state is almost symmetric, indicating although
the saturated or unsaturated fine-grained sand has differ-
ent forms of heat and mass transfer (solid heat conduction
and phase change heat transfer, liquid water migration and
vapor water diffusion) due to the random distribution of
pores during heat storage and release processes, the influ-
ence of that on the temperature distribution of fine-
grained sand, a relatively homogeneous porous medium,
during the process of heat storage and release can be al-
most ignored.

The results of the excess temperature difference (Δ ) dis-
tributions with time at position 2–2 in the soil with different
moisture content (ω) and excess temperature ( ) are shown in
Fig. 6a-d, respectively.

It can be observed from Fig. 6a-d that, the excess tem-
perature difference distributions with time almost does not
change with the moisture content under each set of excess
temperature. Indicating that, for the fine-grained sand, the
influence of the change of moisture content on the heat
transfer performance of that is almost negligible. There
are also experimental studies [29, 30] have shown that,
as the moisture content of fine-grained sand increases
from drying state to saturated state, the air in the pores
is gradually replaced by liquid water, and the overall ther-
mal conductivity increases obviously for the thermal con-
ductivity of liquid water is about 20 times that of air.
After reaching a certain level, most of air is replaced by
liquid water, and the thermal conductivity of fine-grained
sand almost no longer increases with the increase of mois-
ture content. From observing Figs. 4a and 6c, it can be
proved that the above experimental results are reasonable.
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Fig. 4 Excess temperature difference (Δ ) distributions in heat storage and release processes ( = ±15 , ω = 2.3%). (a) position 2–2 (b) 600mm away
from the water inlet, τ = 6 h
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Since the influence of moisture content on the excess tem-
perature difference distribution with time is almost negligible.
Therefore, the excess temperature difference change trend ver-
sus time in the soil with moisture content of 15.7% during
heat storage and release processes under each set of excess
temperature was performed for fitting analysis. Results are
shown in Table 2.

It can be perceived from Table 2 that, there is a good log-
arithmic relationship between the soil temperature change and
the heat transfer time under each set of excess temperature,
and the greater the excess temperature, the faster the soil tem-
perature changes with time during heat storage and release
processes. According to Table 2, the maximum temperature
change deviation is -5.2%.

3.2.2 Excess temperature difference distributions in radial
direction

In order to observe the characteristics of radial tempera-
ture distribution in the soil after heat storage and release

processes, under each set of excess temperature ( ), the
results of the excess temperature difference (Δ ) distribu-
tions along radial distance in the soil with moisture con-
tent (ω) of 10.2 %, 15.7 %, 20.5 %, and 23.7 %, at
600mm away from the water inlet, are shown in Fig. 7a-
d, respectively.

From Fig. 7a-d, it can be seen that the radial excess tem-
perature difference distributions are all almost symmetric. The
excess temperature difference increases with the increase of
excess temperature, and decreases with the increase of the
distance away from the tube wall, and the closer to the tube
wall, the greater the variation with excess temperature of ex-
cess temperature difference, indicating the stronger the tem-
perature disturbance.

The results of the radial excess temperature difference (Δ )
distributions under different excess temperature ( ) at 600mm
away from the water inlet in the soil with different moisture
content (ω) are shown in Fig. 8a-d, respectively.

It can also be observed from Fig. 8a-d that, the excess
temperature difference distributions along radial distance
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Fig. 5 Excess temperature difference (Δ ) variations vs. time at position 2–2 in the soil during heat storage and release processes under each set of excess
temperature ( ). (a) ω = 10.2% (b) ω = 15.7% (c) ω = 20.5% (d) ω = 23.7%
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almost does not change with the moisture content under each
set of excess temperature. That is, within the range of moisture
content of 10.2%-23.7%, the change of moisture content has
almost no effect on the radial excess temperature difference
distribution of the soil under each set of excess temperature.

The radial excess temperature difference distribution of the
soil with moisture content of 15.7% under each set of excess

temperature was performed for fitting analysis, results are
shown in Table 3.

It can be obtained from Table 3 that, the soil temperature
change amount after heat storage and release processes under
each set of excess temperature is also in a good logarithmic
relationship with the radial distance, and the greater the excess
temperature, the faster the soil temperature changes with radial
distance after heat storage and release processes. According to
Table 3, the maximum temperature change deviation is -
5.3 %.

In the study of Hedayati-Dezfooli et al. [19], under the
condition of the top and bottom boundaries are constant at +
90 and + 10 , the one-dimension vertical heat and moisture
transfer in silt clay/sand (29%/71%) with moisture content of
26%was experimentally studied. It can be obtained from that,
after the 2.5 h heat transfer process, the central position tem-
perature at 15mm, 45mm, and 75mm away from the top
boundary is 75.6 , 63.1 , and 55.1 , respectively. Indicating
the longitudinal soil temperature also shows a good logarith-
mic distribution by fitting analysis.
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Fig. 6 Excess temperature difference (Δ ) variations vs. time at position 2–2 in the soil with different moisture content (ω) during heat storage and
release processes. (a) = ±5 (b) = ±10 (c) = ±15 (d) = ±20

Table 2 The fitting relationship betweenΔ S,Δ R and the heat transfer
time (τ), and the" under each set of (at position 2–2,ω = 15.7%)

( ) Δ S ( ) Δ R ( ) " (τ=6 h)

±5 Δ S = 0.47ln(τ)+1.42
R² = 0.9872

Δ R = � 0.52ln(τ)� 1.45
R² = 0.9926

-5.2%

±10 Δ S = 0.9ln(τ)+2.64
R² = 0.9867

Δ R =� 1.09ln(τ)� 2.49
R² = 0.9986

-4.4%

±15 Δ S = 1.38ln(τ)+3.94
R² = 0.9901

Δ R =� 1.48ln(τ)� 3.67
R² = 0.9971

1.4%

±20 Δ S = 1.87ln(τ)+5.45
R² = 0.991

Δ R =� 2.07ln(τ)� 5.03
R² = 0.9968

0.7%
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3.2.3 Excess temperature difference distributions
in longitudinal direction

In order to observe the distribution characteristics of the soil
temperature along the longitudinal distance after heat storage
and release processes, under each set of excess temperature ( ),
the results of the excess temperature difference (Δ ) distribu-
tions along longitudinal distance in the soil with moisture
content (ω) of 10.2 %, 15.7 %, 20.5 %, and 23.7 %, at
30mm away from the tube wall, are shown in Fig. 9a-d,
respectively.

It can be perceived from Fig. 9a-d that the longitudinal
excess temperature difference distributions are also almost
symmetrical. As the heat transfer process proceeds along the
tube, the farther away from the water inlet, the smaller the
temperature gradient between the fluid in the tube and the
surrounding soil, and the smaller the excess temperature dif-
ference changes with excess temperature.

The results of the longitudinal excess temperature dif-
ference (Δ ) distributions under different excess

temperature ( ) at 30mm away from the tube wall in
the soil with different moisture content (ω) are shown
in Fig. 10a-d, respectively.

It can be obtained from Fig. 10a-d that, under each set of
excess temperature, there are almost no differences in the lon-
gitudinal excess temperature difference distributions of the
soil with different moisture content. It shows that within the
range of moisture content of 10.2%-23.7%, the influence of
the change of moisture content on the longitudinal excess
temperature difference distribution of the soil can be ignored.

The longitudinal excess temperature difference distribu-
tion of the soil with moisture content of 15.7% under each
set of excess temperature was performed for fitting analysis,
results are shown in Table 4.

It can be obtained from Table 4 that, the soil temperature
change amount after heat storage and release processes under
each set of excess temperature is also in a good logarithmic
relationship with the longitudinal distance, and the greater the
excess temperature, the faster the soil temperature changes
with longitudinal distance after heat storage and release
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Fig. 7 Excess temperature difference (Δ ) distributions along radial distance of the soil at 600mm away from the water inlet under each set of excess
temperature ( ). (τ = 6 h). (a) ω = 10.2% (b) ω = 15.7% (c) ω = 20.5% (d) ω = 23.7%
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processes. According to Table 4, the maximum temperature
change deviation is 2.5 %.

3.3 Excess temperature difference change with the
excess temperature

From the above analysis, during soil heat storage and release
processes, the soil temperature distributions with time and
space are almost symmetric, and the influence of the change

of moisture content on the soil temperature distribution can be
almost negligible. Therefore, the relationship between the soil
temperature change during heat storage process (Δ S) and the
excess temperature ( ) in the soil with moisture content of
15.7% was analyzed. The results of the change trend of Δ S

versus in the soil at different distances away from the tube
wall and the water inlet are shown in Fig. 11a-b.

It can be perceived from Fig. 11a-b that the Δ S at
radial and longitudinal directions all show a linear

0 50 100 150 200 250
-10

-8

-6

-4

-2

0

2

4

6

8

10

Radial distance/ mm

0 50 100 150 200 250
-10

-8

-6

-4

-2

0

2

4

6

8

10

Radial distance/ mm

(a) (b)

0 50 100 150 200 250
-10

-8

-6

-4

-2

0

2

4

6

8

10

Radial distance/ mm

0 50 100 150 200 250
-10

-8

-6

-4

-2

0

2

4

6

8

10

Radial distance/ mm

(c) (d)

Fig. 8 Excess temperature difference (Δ ) distributions along radial distance of the soil with different moisture content (ω) at 600mm away from the
water inlet. (τ = 6 h). (a) =±5 (b) =±10 (c) = ±15 (d) = ±20

Table 3 The fitting relationship
between Δ S, Δ R and the radial
distance away from the tube wall
(r), and the"under each set of (at
600mm away from the water
inlet, ω = 15.7%, τ = 6 h)

( ) Δ S ( ) Δ R ( ) " (r=30mm)

±5 Δ S = � 0.9ln(r) + 5.33

R² = 0.9926

Δ R = 0.97ln(r) � 5.69

R² = 0.9973

-5.3%

±10 Δ S = � 1.69ln(r) + 9.98

R² = 0.9847

Δ R = 1.86ln(r) � 10.75

R² = 0.9976

-4.5%

±15 Δ S = � 2.68ln(r) + 15.36

R² = 0.9956

Δ R = 2.59ln(r) � 14.94

R² = 1

1.8%

±20 Δ S = � 3.85ln(r) + 21.87

R² = 0.9989

Δ R = 3.77ln(r) � 21.37

R² = 0.9985

2.5%
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increase trend with , indicating that relative to the mois-
ture migration during heat transfer process, the excess
temperature is the main factor affecting the soil tempera-
ture change. It also can be seen from Fig. 11a-b that the
change rate of Δ S with decreases as the radial or longi-
tudinal distance increases, it is proved that the closer to
the tube wall or the water inlet, the stronger the soil tem-
perature disturbance. From comparing Fig. 11a and b, it
can be obviously observed that the slope between and
Δ S changes with radial distance is much greater than that
with longitudinal distance, thus it can be obtained that the
soil temperature disturbance in radial direction is far
greater than that in longitudinal direction.

In the study of Gao et al. [31], the one-dimension horizon-
tal heat and moisture transfer in silt clay/sand (28.7 %/71.3%)
with moisture content of 9.2 % was experimentally studied. It
can be concluded from that, after the 6 h heat transfer under
the temperature difference of + 18 , + 28 , and + 37 , at a dis-
tance of 30mm away from the heat source, the soil tempera-
ture increased by 15 , 22.8 , and 31.5 , respectively. Indicating
that there is also a linear relationship between soil temperature

change and heat transfer temperature difference, by fitting
analysis.

4 Regression analysis of experimental data

The excess temperature difference (Δ ) of the soil with
moisture content of 15.7 % during heat storage process is
subjected to regression analysis. Since there are four
main factors affecting the temperature distribution of the
test soil sample, which is excess temperature ( , within
the range of ± 5 ~ ±20 ), radial distance (r, within the
range of 30mm ~ 230mm), longitudinal distance (l, within
the range of 300mm ~ 900mm), and heat transfer time (τ,
within the range of 0 ~ 6hours). Thus, there are four in-
dependent variables and one dependent variable in the
regression analysis. The relationship between the inde-
pendent variables and the dependent variable is nonline-
ar, it belongs to the multivariate nonlinear regression
analysis.
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Fig. 9 Excess temperature difference (Δ ) distributions along longitudinal distance of the soil at 30mm away from the tube wall under each set of excess
temperature ( ). (τ = 6 h). (a) ω = 10.2% (b) ω = 15.7% (c) ω = 20.5% (d) ω = 23.7%
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First assume that the regression model is a power function
model, as defined by Eq. (8).

Δθ ¼ a � θb � rc � �d � le ð8Þ

Then convert the power function model to linear form, as
defined by Eq. (9).

ln Δθ ¼ ln aþ b ln θþ c ln r þ d ln � þ e ln l ð9Þ

So, the processed experimental data can be performed for
linear regression analysis by the software SPSS, results are
shown in Table 5.

It can be seen fromTable 5 that the probability of the model
is false is 5.83E-79, and the R Square is 0.963, indicating that
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Fig. 10 Excess temperature difference (Δ ) distributions along longitudinal distance of the soil with different moisture content (ω) at 30mm away from
the tube wall. (τ = 6 h). (a) = ±5 (b) = ±10 (c) = ±15 (d) = ±20

Table 4 The fitting relationship
between Δ S, Δ R and the
longitudinal distance away from
the water inlet (l), and the " under
each set of (at 30mm away from
the tube wall, ω = 15.7%, τ =
6 h)

( ) Δ S ( ) Δ R ( ) " (l=600mm)

±5 Δ S = � 0.09ln(l) + 2.82

R² = 0.9984

Δ R = 0.08ln(l) � 2.7

R² = 0.9948

2.5%

±10 Δ S = � 0.55ln(l) + 7.75

R² = 0.9993

Δ R = 0.5ln(l) � 7.4

R² = 0.9927

0.7%

±15 Δ S = � 0.85ln(l) + 11.51

R² = 0.9836

Δ R = 0.84ln(l) � 11.47

R² = 0.9929

0.4%

±20 Δ S = � 1.06ln(l) + 15.07

R² = 0.9923

Δ R = 1.12ln(l) � 15.54

R² = 0.9829

1.0%
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the fitting degree between the estimated values and the actual
values is high. After conducting the antilog, the empirical
correlation between soil temperature change and various
influencing factors can be obtained as Eq. (10), under the
setting experimental conditions.

Δθ ¼ 7:925 � θ0:952 � �0:332 � rð�0:838Þ � lð�0:075Þ ð10Þ

In order to verify the prediction deviation of Eq. (10), dur-
ing the heat transfer process at =+5 , + 10 , + 15 , and + 20 ,
the predicted and actual Δθ of the soil at position 2–2 with
moisture content of 15.7% were taken for deviation analysis,
results are shown in Fig. 12.

It can be observed from Fg.12 that, the predicted values are
close to the actual values, and the overall prediction deviation
of Eq. (10) is almost within 10%.

5 Conclusions

The following conclusions can be obtained through the heat
storage and release experiments in the fine-grained sand with
different moisture content.

Under the same excess temperature, the temperature distri-
bution in the process of soil heat storage and release is almost
symmetric. The influence of the change of moisture content
on the heat transfer performance of the wet test soil sample is
almost negligible. The excess temperature is the main factor
affecting the soil temperature change.

The soil temperature change in heat storage and release
processes at each set of excess temperature are all in a good
logarithmic relationship with the heat transfer time, radial dis-
tance and longitudinal distance. The correlation between soil
temperature change and heat transfer time, radial distance,
longitudinal distance is increase with the increase of excess
temperature. The soil temperature change showed a linear
increase trend with excess temperature, and the soil tempera-
ture disturbance in radial direction is far greater than that in
longitudinal direction.

During heat storage and release processes under the setting
experimental conditions, the experience formula has been ob-
tained to predict the temperature change of the fine-grained
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Fig. 11 The relationship between Δ S and in the soil with ω = 15.7%. (τ = 6 h). (a) l = 600mm (b) r = 30mm

Table 5 Regression analysis results

Coefficients P-value Significance F R Square

Intercept 2.071 0.268 5.83E-79 0.963

X Variable 1 0.952 9.43E-70

X Variable 2 -0.838 3.37E-58

X Variable 3 -0.075 4.33E-42

X Variable 4 0.332 0.04
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Fig. 12 Deviation analysis for the predicted and actual values
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sand. The moisture migration characteristics in the fine-
grained sand and the couple heat and moisture migration in
the other soils would be reported in future.
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