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Abstract:  Simulation models of heat and water transport have not been rigorously tested for the red soils of southern China.
Based on the theory of nonisothermal water-heat coupled transfer, a simulation model, programmed in Visual Basic 6.0, was
developed to predict the coupled transfer of water and heat in hilly red soil. A series of soil column experiments for soil water and
heat transfer, including soil columns with closed and evaporating top ends, were used to test the simulation model. Results showed
that in the closed columns, the temporal and spatial distribution of moisture and heat could be very well predicted by the model,
while in the evaporating columns, the simulated soil water contents were somewhat different from the observed ones. In the heat
flow equation by Taylor and Lary (1964), the effect of soil water evaporation on the heat flow is not involved, which may be the
main reason for the differences between simulated and observed results. The predicted temperatures were not in agreement with
the observed one with thermal conductivities calculated by de Vries and Wierenga equations, so that it is suggested that Ky, soil
heat conductivity, be multiplied by 8.0 for the first 6.5 h and by 1.2 later on. Sensitivity analysis of soil water and heat coefficients
showed that the saturated hydraulic conductivity, Ks, and the water diffusivity, D(6), had great effects on soil water transport; the
variation of soil porosity led to the difference of soil thermal properties, and accordingly changed temperature redistribution,

which would affect water redistribution.
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INTRODUCTION

It is recognized that the transfer of soil moisture
and heat occur simultaneously and are interrelated.
Since the 1950s, many models have been developed,
based on two nonisothermal water-heat coupled
models by Philip and de Vries (1957) and Taylor and
Lary (1964), respectively. In China, some researches
on modeling coupled transfer of soil moisture and
heat have also been conducted on the arid soils in
northern China (Kang et al., 1993; Guo and Li, 1997,
Hu et al., 1992; Ren et al., 1998), but only little pre-
liminary work has been done on red soils in southern
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China. Because of much difference in the soil prop-
erties and soil water conditions between northern and
southern China, it is necessary to revalidate the ap-
plicability of the simulation model, especially re-
garding the sensitivity of the parameters (Lu, 1998;
Han, 1999).

We aimed to develop the simulation model for
the transfer of water and heat in hilly red soil and to
determine the conditions for the model application.
Experimental methods and results are presented in
Part I (Lu et al., 2005). After comparison of the re-
sults between the simulation and the experiment, we
focused on the analysis of the solution methods of the
equations for the coupled transfer of moisture and
heat in the red soil, the boundary conditions, and the
coefficients of the soil and water transfer in both the
evaporating and the closed soil columns.
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THEORY AND MODEL EQUATIONS

The theory used to establish the model of soil
moisture and heat transport in this paper is based upon
that developed by Philip and de Vries (1957). They
put forward the theory of coupled transfer of moisture
and heat in porous media to describe moisture
movement, in liquid or gas state, under the simulta-
neous control of moisture and thermal gradients,
which was based on the principle of conservation of
mass and energy.

Equation systems
The one-dimensional, vertical moisture flow
equation is (downward direction as positive):
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where @is the soil moisture content (m*/m’), Dyis the
isothermal moisture diffusivity (mz/s), D7 is the
thermal moisture diffusivity (m%(°C's)), K is the
unsaturated hydraulic conductivity (m/s), ¢ is time (s),
Z is the depth from the soil surface (m), and 7T is
temperature (°C).

Generally, under normal temperature, the water
vapor transfer is assumed to be negligible, and the
heat flow equation is often stated as (Genuchten, 1980;
Mao et al., 1998; Kang et al., 1993):
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where C, is the volumetric specific heat capacity of
soil (J/(°C'm*)) and K, is the thermal conductivity
(W/(m-°C)). In this equation, the influence of soil
water transport on soil temperature is not considered.
The effect of heat on water transfer must be further
corrected when the particular conditions, such as
freezing and melting in soil, are studied, or more
precise calculation of interaction between heat and
water is required (Yang et al., 1996; Yang and Sui,
1997; Sang et al., 1997; Kijune et al., 2002). To
simply the calculation, the above Eq.(2) was
adopted.

Initial and boundary conditions

This experiment (Part I, Lu et al, 2005) was
conducted in vertical columns with the upper and
lower ends at controlled constant temperature. The
initial condition for soil moisture content along the
solution domain was:

0=0 (Z, t=0)
{ (3)
T=T Z, t=0)
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where 6, is the initial moisture content (m’/m”) in the
soil profile, and 7;is the initial temperature (°C).

In the closed column, the net water transported
was equal to zero due to the closed upper and lower
ends. Thus, the upper boundary condition in the
closed column was:
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where 7 is the temperature (°C) at the upper end of
the soil column, a constant at any time.
The lower boundary condition was:
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where T} is also the temperature at the lower end of
the column, and always less than T,

In the evaporating column, the lower end of the
column was closed, but the upper end was open to the
atmosphere. During the experiment, the evaporation
intensity at the upper end decreased with the decrease
of soil surface moisture content. The relationship
could be approximately described as a linear equation
(Cai and Zhang, 1991):

E=(a90+c)E0 (6)

where E is soil surface evaporation intensity (m/s), €
is the soil surface moisture content (m*/m’), Eyis the
water surface evaporation intensity (m/s), nearly a
constant value during the whole period of evaporation,
and a, c are empirical coefficients.
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The upper boundary condition of the soil water
movement equation was (Kang et al., 1992):

—Dy(80/6Z)-D{OTIOZ+K=E (£>0, Z=0)  (7)

The rest of the conditions were the same as those
of the closed column.

Transport coefficients and variables

To a great extent, parameters and variables had
effect on the predicted values. Most of the moisture
and heat parameters were difficult to measure, so they
were calculated from empirical equations, but the soil
moisture characteristic curve was measured. Thus, the
transport coefficients of moisture and heat through
soil could be easily and economically obtained from
available research results. Even if the parameters
were measured, they would likely deviate from the
actual ones due to soil spatial variation. Additionally,
the precision of the empirical equation results will
greatly influence the predicted values.

Water transport coefficients and variables

The soil water retention curve y(6) value was
obtained by a pressure membrane meter (Yao, 1986).
The empirical equation y=y.(&/ 6’3)_17 (Saxton et al.,
1986) was used to fit parameter b, where i is the ma-
tric potential (m H,0), w, is the soil moisture poten-
tial at air entry (m H,0), 6, is the saturated moisture
content (m3/m3), and b is an empirical coefficient.

Soil unsaturated conductivity K was obtained by
the empirical equation K=K((@6,)*"" (Campbell,
1974), where K is the saturated hydraulic conductiv-
ity (m/s).

Soil moisture diffusivity D was computed by the
following equation:

D=K(0)/C(0)=K(0)dy/do=—bK w0, "7 (8)

where C(6) is the specific moisture capacity.

Moisture diffusivity Dr changes very little under
the impact of the thermal gradient, so it could be
regarded as a constant, D;=2.074x10"" m?%(°C-s)
(Guo and Li, 1997).

Heat transport coefficients and variables

To determine the volumetric specific heat ca-
pacity C, of soil, the following equation was used (de
Vries, 1963):

C=1.92(1-0,)+4.180 9)

The value of heat conductivity, K, (W/(m-°C)),
was obtained by the following semi-theoretical equa-
tion proposed by de Vries (1963) and used by Wier-
enga et al.(1969) and Shiozawa and Campbell (1991).
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where X, Xom, Xa and & are the volume fraction of
minerals, organic matter, air, and moisture respec-
tively; Knm, Khom,» Kna and Kpy are the thermal con-
ductivity of minerals, organic matter, air, and mois-
ture respectively; A; (i=m, om, a, w) is the ratio of the
average temperature gradient in the ith constituent to
the average gradient of the bulk medium, and g; (=1,
2, 3) is an empirical coefficient. /; is given by
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where g1+g,+g;=1 and g;=g>.
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Model establishment and solution

The constructed equations were simultaneous
parabolic equations. The most effective solution was
approximately computed by a numerical calculation
method. To transform partial differential equations to
linear equations, implicit finite difference method
was used, and then the prediction-correction method
(Guan and Chen, 1990) was used to solve the linear
equation.

The programmed solution flow for the model of
coupled transfer of moisture and heat was as follows:

1. Input the basic needed transport coefficients
and other data;

2. Use the initial moisture content t9,~k and initial
temperature Tt (replacing T with Tl-k) at any point
(i, k+1) to obtain D,-k, K,-k to be used as the predicted
values of D!, K. The following double sweeping
method was used to solve the linear equation group:
with the iterative moisture content value 49,»k+1(” ob-
tained at the first time, and D~6, K~@ curves, D!
and K were computed as the corrected value for
this time, and at the same time as the predicted value

for the next time. Then D,~k+1 and K,AkJr1 were used in
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the equation to obtain the second iterative moisture
content value 6@, Such procedures were repeated
till the deviation between the two iterative moisture

gikﬂ(p) eikﬂ(pfl)

contents and was less than the regu-

lated deviation, i.e.,

max|(6°11P— i 1Dy gFIeD<e (=0.01)

3. Compute the predicted T/ value with g/"'®)
input into the heat flow equation, and then use 7}/ in
the moisture flow equation to calculate the validated
T/*! value, and then repeating step 2. Finally, input
the calibrated T/€+1 value into the moisture flow
equation to get the moisture content and temperature
value at the time of (7, k+1).

4. The above steps were repeated to calculate the
moisture content and temperature at the next point.
When the moisture content and temperature are
needed, to output them, and then use them to compute
those at the next time point; if the moisture content
and temperature are not needed, just continue to cal-
culate the next values without outputting. Repeat such
procedures until the end condition, and then output
the moisture content and temperature at this time
point.

SIMULATION RESULTS AND ANALYSIS

Experiment method

341

The design of experiments and soil column
equipment are the same as those in Part I (Lu et al.,
2005), except for the temperatures at both ends of the
closed and evaporating columns, which will be shown
in the following text.

Simulation results and analysis

A Visual Basic 6.0 computer program (Gu and
Hong, 1996) using two implicit differential equations
was written. In the program, after time step of D7=0.5
h and space step of DZ=0.03 m inputted, the simu-
lated moisture and temperature values were outputted
at the output window. Results showed that the thermal
conductivity value Ky, calculated with the model of de
Vries and Wierenga, was less than the measured one.
When K}, was multiplied by 8 at the first 6.5 h, and by
1.2 later, the predicted temperature would accord with
the observed one. Similar result obtained showed that
almost all measured conductivities were larger than
those predicted by the de Vries model (Bachmann et
al., 2001).

Simulation results and analysis in the closed col-
umn

The results of experiment done the
one-dimensional vertical closed column are presented
in Table 1.

The predicted and observed temperature and
moisture content distribution in the closed column
after 48 h are presented in Fig.1.

n

Table 1 Coefficients of soil moisture and temperature in the closed column experiment

Temperature of soil column

Soil column  Initial volume moisture content (%) Time (h)
Upper end (°C) Lower end (°C)
A 18.5 19.6 2.0 48
B 15.0 19.6 2.0 48
C 18.5 24.6 3.2 48
D 22.8 24.6 3.2 48
Soil moisture (%) and temperature (°C)
0 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
/g\ T T T T \ T T 'Ivl T T T T T T T T " T T T T T T T T
- 4 A Observed soil moisture
E 6| 2l o ob i
3 ! N served soil temperature
f_: R4 —— Simulated soil moisture
% 12 R4 K4 ——— Simulated soil temperature
g o o &
% J . -
Q18 . or 4
- . - D

Fig.1 Comparison of observed and simulated soil moisture and soil temperature distribution in the closed columns with
initial water contents of 0.185 m*/m® (A), 0.150 m*/m? (B), 0.185 m*/m® (C), and 0.228 m*/m? (D), respectively
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The predicted values of temperature agreed well
with the observed values in all columns at average
relative deviation of less than 4%, and maximum and
minimum deviations, of 0.46 °C and 0.09 °C respec-
tively. It was shown that with some exceptions, most
of the predicted moisture content values were in good
agreement with those measured. The averages of soil
moisture content deviations were 0.0032 cm3/cm3,
0.0066 cm’/cm’, 0.0045 cm’/cm’, 0.0032 cm’/cm’ in
A, B, C and D columns respectively. As a whole, the
prediction for the medium section of the soil columns
was better than those for the ends, because in calcu-
lation, constant values were used as the temperatures
at both ends, while the actual temperatures at both
ends fluctuated slightly (with positive or negative
deviation of 0.5 °C) due to the influence of the air and
ice-water mixture in contact at each end and the
change of temperature in the soil column. Compared
to that at both ends, the predicted value of soil tem-
perature at the medium section of the column agreed
better with the measured one because the temperature
had less fluctuation at both ends.

Fig.2 shows the predicted and measured tem-
perature values at 1 h, 4 h, and 24 h in the four col-
umns. In all columns, predicted temperature values
agreed well with those of measured ones, and for
longer times, the predicted values were more accurate

due to the weakening influence of temperature
change.

Simulation results and analysis of soil moisture
and temperature in the evaporating column

The relationship between evaporating intensity
and surface moisture content in the evaporating
column was measured in the following experiment
(Table 2). The relationship in the evaporating column
with initial moisture content of 25.5% and 17.9%
could be expressed by the following linear equations
(unit of cm/s):

E =(30.2146 — 4.1289)E, 12)
E,=8.66x10"
and
E =(24.1800 - 2.0361)E,
] (13)
E,=1.204x10"

The observed and simulated values of soil
moisture and soil temperature in the evaporating
columns with initial water contents of 25.5% at 48 h
(E), initial soil moisture of 25.5% at 96 h (F), and
initial soil moisture of 17.9% at 48 h (G) are pre-
sented in Fig.3.

Table 2 Coefficients of soil moisture and temperature in the evaporating column experiment

Temperature of soil column

Soil column  Initial volume moisture content (%) Time (h)
Upper end (°C) Lower end (°C)
E 25.5 20.5 3.0 48
F 25.5 20.5 3.0 96
G 17.9 23.5 2.4 48
Soil temperature (°C)
o 1 h observed

Depth of soil column (cm)

------- 1 h simulated
A 4 h observed

— - — - -4 h simulated
o 24 h observed

24 h simulated

Fig.2 Comparison of observed and simulated soil temperature values in the closed columns at different time
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Soil moisture (%) and soil temperature (°C)
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Fig.3 Comparison of observed and simulated soil moisture and soil temperature distribution in the evaporating
columns with initial water contents of 25.5% at 48 h (E), initial soil moisture of 25.5% at 96 h (F), and initial soil

moisture of 17.9% at 48 h (G), respectively

In Figs.3E and 3F, the predicted moisture content
values at the cold end were lower than the measured
values, with maximum deviation of 2.7% and 3.2% at
48 h and 96 h, while the predicted values of tem-
perature distribution tallied very well with the meas-
ured distribution. Fig.3G compares the predicted and
measured values of soil moisture and temperature
distribution in the evaporating column with initial
moisture content of 17.9% at 48 h, when the predicted
moisture values agreed well with the measured but
with slight deviation at the surface, while the pre-
dicted temperature values were also similar to the
observed.

Compared to the closed column, the deviation of
the simulated moisture value in the evaporating
column with higher initial moisture content was quite
large, because: (1) The temperature used was the
average at the upper end and a constant value, while
the actual value was not a constant. It was expected
that the discrepancy might be reduced if the observed
temperature was used as the upper condition. (2)
Eq.(2) for heat flow only considered the influence of
soil temperature on water transfer, and neglected the
influence of soil water movement on heat transfer.
This latter influence may be not so important for the
closed columns or usual water content state; while for
the evaporating columns with higher initial water
content, due to the higher evaporation, the influence
should not be neglected.

Sensitivity analysis of soil moisture and heat coef-
ficients
1. Sensitivity analysis of soil moisture transport

coefficients.

(1) Sensitivity analysis of Ks and D

The soil moisture and temperature distribution
before and after Ks (saturation hydraulic conductivity)
was magnified 5 times were compared. This experi-
ment was done in the closed soil column with initial
water content of 18.5%, and temperatures at the upper
and lower ends, being respectively, 24.6 °C and 3.2
°C. The result is shown in Fig.4K, from which it could
be concluded that soil water transport was greatly
influenced by K. Also, in the same soil column under
the same condition, the sensitivity of D was analyzed
in the same way: magnifying D (soil moisture diffu-

Simulated moisture (%) and soil temperature (°C)

00510152025051015202530
3 ¢
S [ .
s 6 ¢
R
s 9
0 -
= 12 F
w : *
B 15 | o
L= [ -
S I8 F @
Q : 0' -
21 u!
Simulated soil moisture with normal coefficient values
o Simulated soil moisture with 5Ks or 5D value
------- Simulated soil temperature with normal coefficient values
° Simulated soil temperature with SKs or 5D value

Fig.4 Simulated soil moisture and temperature distribu-
tion with saturation hydraulic conductivity of Ks and 5Ks
(K) and soil moisture diffusivity of D and 5D (D), respec-
tively, at initial soil water content of 18.5%, the upper and
lower temperatures of 24.6 °C and 3.2 °C, respectively
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sivity) 5 times. Comparison of moisture and tem-
perature distributions is shown in Fig.4D, indicating
that D greatly affected soil moisture transport.

(2) Sensitivity analysis of soil heat conductive
coefficient

Sensitivity analysis of soil heat conductive co-
efficient was computed with changing soil porosity
from 55.4% to 44.0% (Fig.5). The change of soil
porosity had great impact on the change of soil
thermal properties, resulting in the change of tem-
perature, which would greatly influence moisture
distribution.

Soil temperature (°C)

0 5 10 15 20 25 30

0 — T
3 [—o—— Porosity of 55.4%
6 L. . -¢ - - - Porosity of 44.0%

12f
15}
18}
216

Depth of soil column (cm)

Fig.5 Temperature distribution with soil porosity of
55.4% and 44.0%

CONCLUSION

1. For the closed column, the model of coupled
soil moisture and heat transfer could predict well the
spatial and temporal distributions of water and tem-
perature, especially, those of temperature. But for the
evaporating column, the simulation results for mois-
ture contents did not agree very well with the meas-
ured results, so future improvement is needed.

2. Because the simulated thermal conductivity
with empirical de Vries and Wierenga equations was
less than the observed one, the predicted temperature
did not accord with the observed one. So soil heat
conductivity Kj should be corrected to fit the ob-
served one. It is suggested that K, be modified by
being multiplied by 8.0 at the first 6.5 h, and by 1.2
later.

3. The sensitivity of soil moisture transport co-
efficient was analyzed. Results indicated that the
change of the unsaturated hydraulic conductivity K(6)

had a slight effect on moisture distribution in drier
soils, and had significant effect for wetter soils. The
changes of the moisture diffusivity D(€) and soil
moisture retention curve both had greater influence
on moisture transport than on temperature distribution.
Temperature distribution was more affected by the
change of soil heat coefficients.
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