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Abstract

Mathematical model for describing simultaneous heat and moisture transfer in the porous soil with a dry surface
layer was developed by using the volume-averaging method. Numerical simulation was conducted to investigate water
evaporation, transient distributions of temperature and moisture in the porous soil at environmental conditions, which
might be useful for agricultural application. In order to validate the mathematical model and numerical method, an
experiment was conducted under natural environmental conditions. An additional experiment was conducted in a
closed-loop wind tunnel to investigate the temperature effect on soil moisture transport. Theoretical and experimental
results indicate that the dry surface layer has an important effect on heat and moisture migration in soil and the influ-
ence of temperature on moisture transport in unsaturated soil is significant.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The cultural field remains largely bare from seeding
to the early stage of plant growth and is directly exposed
to environment. The soil water evaporation may deplete
the moisture of soil surface, and the soil might be di-
vided into two regions: the wet layer and the dry-satu-
rated surface layer [1]. As an unsaturated porous
medium, the wet soil consists of solid particles, liquid
water, gaseous mixture of vapor and air and other chem-
ical and biological substances. Heat and moisture trans-
fers in the wet region are highly coupled. However, there
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is no free water in a dry layer and soil is saturated with
gas.

Since the pioneer work of Darcy, the transport pro-
cess in humid porous soil has attracted considerable
interest over the past decades. A phenomenological
model of combined heat and moisture transfer in porous
media was developed by Philip and de Vries [2] and de
Vries [3,4]. Whitaker [5] introduced a rigorous deriva-
tion of the model by volume averaging for pore scale
equations. Some relevant studies can also be found in
Refs. [6–11]. In recent years, there is increased interest
in heat and moisture transfer in soil with a dry surface
layer, such as, Ilic [1], Przesmycki and Strumillo [12],
and Yamanaka and Yonetani [13]. However, few re-
searches accurately located the transient interface be-
tween wet and dry layers. Moreover, to the best of our
knowledge, no experimental and numerical studies on
heat and moisture migration in soil with a dry-saturated
ed.
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Nomenclature

A area, m2

c specific heat, J/(kg K)
Dl diffusivity of water in porous medium, m2/s
Dv molecular diffusivity of vapor in air, m2/s
DTl diffusivity defined in Eq. (4), m2/(s K)
DTv diffusivity defined in Eq. (13), m2/(s K)
Dlv diffusivity defined in Eq. (13), m2/s
g acceleration of gravity, m/s2

h0 convection heat transfer coefficient, W/
(m2 K)

Hm convection mass transfer coefficient, m/s
Rs heat flux from solar radiation, W/m2

km apparent thermal conductivity, W/(m K)
(qc)m apparent thermal capacity, J/(m3 K)
Kl hydraulic conductivity of liquid, m/s
Kg infiltrating conductivity of gas-mixture, m/s
_m mass rate of phase change, kg/(m3 s)
pa atmosphere pressure, Pa
pv water vapor pressure on the evaporation

front, Pa
s time, s
T temperature, K (�C)
Tsky temperature of the sky, K (�C)
TI upper side temperature adjacent to the inter-

face between wet and dry soil layers, K (�C)
TII lower side temperature adjacent to the inter-

face between wet and dry soil layers, K (�C)
~V velocity vector, m/s
ugI upper side velocity adjacent to the interface

between wet and dry soil layers, m/s

ugII lower side velocity adjacent to the interface
between wet and dry soil layers, m/s

x emissivity of soil surface
q1 density of water vapor in the atmosphere,

kg/m3

q0 density of water vapor on the evaporation
front, kg/m3

H height of the analysis domain, m
H1 height of unsaturated layer, m
RH relative humidity of the atmosphere, %

Greek symbols

e volumetric phase content, %
t kinematic viscosity, m2/s
r Stefan–Boltzman constant, W/(m2 K4)
c latent heat of water, J/kg
q density, kg/m3

/ porosity, %

Subscripts and superscripts

a air, ambient
g gaseous mixture
l liquid
m mean
s solid, solar, sky
v vapor
1 atmosphere
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layer under natural conditions have been reported in the
literature.

Though many hydrological phenomena may be taken
to be isothermal [2], analysis of heat and moisture dur-
ing evaporation from soil necessitates an understanding
of the influence of temperature and temperature gradi-
ent on moisture transport in soil. Migration of heat
and moisture in soil is a coupled energy and mass trans-
port process, which is affected by temperature, phase
content, pressure and velocity. Several researchers [14–
16] indicated that temperature plays an important role
on moisture transfer. However, they did not present a
quantitative analysis.

In the present paper, a mathematical model is devel-
oped to describe coupled heat and moisture transport
process in porous soil consisting of wet-unsaturated layer
and dry-saturated layer. Numerical analysis is performed
to predict water evaporation rates and transient varia-
tions of temperature and moisture in soil under natural
conditions. The effects of temperature gradient on water
transport and water vapor diffusion were also analyzed.
2. Model development

The following assumptions are made to model the
physical mechanisms of mentioned phenomena in a
two-layer soil bed.

(i) The medium is homogeneous and isotropic. The
distension or contraction is negligible.

(ii) Local thermodynamics equilibrium is satisfied
throughout the analytical domain.

(iii) Liquid phase and gas phase exist in funicular
(continuous) states, respectively, in wet region.

(iv) Boussinesq�s approximation is valid in gaseous
natural convection in wet region.

(v) Darcy�s law holds both for gas and liquid phases.
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(vi) Perfect gas law is valid for gaseous mixture in pore
space of porous matrix.

2.1. Thermally induced liquid water transport

Soil moisture transport is affected by the field distri-
butions of temperature, phase content, pressure, velocity
and so on. Several investigators demonstrated that mois-
ture transfer under temperature gradients is negligibly
small in a very dry or in very wet media, but attains a
fairly well-defined maximum at an intermediate mois-
ture content which depends on the soil-water tension
and the air-filled pore space. Philip and de Vries [2]
developed a coupled model, similar to Luikov�s equa-
tions, by combining capillary diffusion of water with va-
por diffusion under temperature gradient and moisture
gradient in porous media. Applying moisture conserva-
tion, after considering the combined effect of tempera-
ture and moisture content, we can obtain

oel
os

¼ r � ððDTl þ DTvÞrT Þ þ r � ððDl þ DvÞrelÞ ð1Þ

The vapor diffusion will be discussed in details later, but
the thermally induced liquid water transport equation
can be written as

oel;T
os

¼ r � ðDTlrT Þ ð2Þ
2.2. Transport of vapor phase

In a porous medium with evaporation of liquid
water, diffusive motion of vapor influences the transport
process. Several options are available to model the va-
por diffusion: (1) introduce the governing equations
according to continuum mechanics without involving
diffusive mechanism; (2) add the diffusive effects of va-
por into the continuity and energy equations without
considering it in the momentum equation; (3) use the
Stefan diffusion model through a stagnant gas film to
calculate the diffusive velocity of vapor, and estimate
the bulk velocity of gas phase by assuming that air is in-
ert in the pore space. However, in the present investiga-
tion, we combine the diffusive motion of vapor with the
motion of gaseous mixture, since any moving mass with
an extended velocity can cause momentum change be-
tween two neighboring points in the averaging volume,
no matter how it is driven by what kind of forces [10].

The vapor diffusion equations, considering the vapor
flux resulting from the bulk flow of gaseous mixture
(vapor and air), can be written as

~qv ¼ �Dvvaearqv ð3Þ
where v = [P/(P � pv)] is the mass flow factor reflecting
the bulk flow, a represents the tortuosity factor, ea des-
ignates the volumetric air content. As an approximation,
we let ea ffi eg = / � el. Note that / and el stand for the
porosity and the liquid content, respectively.

Substituting all these parameters into the Eq. (3), we
can obtain

~qv ¼ �Dvð/� elÞaP=ðP � pvÞrqv ð4Þ

From the Refs. [2,3], we have

qv ¼ qvsh ¼ qvse
wg=RT ð5Þ

Differentiating Eq. (5) yields

rqv ¼ hrqvs þ qvsrh ð6Þ

Noting that the relative humidity h = f (el,T), we can
write

rh ¼ oh
oel

rel þ
oh
oT

rT ð7Þ

Substitution of Eq. (7) into (6) leads to

rqvs ¼ h
dqvs

dT
rT þ qvs

oh
oel

rel þ
oh
oT

rT
� �

ð8Þ

Using Eq. (5), one can obtain the partial differentials in
the parentheses of right hand side of Eq. (8) as

oh
oel

¼ oh
ow

ow
oel

¼ hg
RT

ow
oel

ð9Þ

and

oh
oT

¼ � hgw

RT 2
ð10Þ

Substituting Eqs. (8)–(10) into Eq. (3) and denoting
~V v ¼~qv=qv, we can obtain an equivalent velocity for
vapor diffusion motion.

~V v ¼ �DTvrT � Dlvrel ð11Þ
2.3. Governing equations

2.3.1. Wet region

Previously developed seven-field model [10,11,18] by
current authors is used to describe simultaneous heat,
moisture and gas migration in unsaturated porous
media with phase change in wet region.

1. Continuity equations

For liquid water:
oðqlelÞ
os

þr � ðqlel~V lÞ þ r � ½qlðDTl � rT Þ� ¼ � _m

ð12Þ
For water vapor:
oðqvegÞ
os

þr � ½qvegð~V g þ ~V vÞ� ¼ _m ð13Þ
For gaseous mixture:
oðqgegÞ
os

þr � ðqgeg~V gÞ ¼ _m ð14Þ
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2. Momentum equations

For liquid phase:
o~V l

os
þð~V l �rÞ~V 1�

_m
qlel

~V l

¼�gDl

K l

rel�
gel
K l

~V l�
geg
Kg

ð~V l�~V gÞþ vlr2~V l�~g

ð15Þ
For gaseous phase:
o~V g

os
þ ð~V g � rÞ~V g þ

_m
qgeg

ð~V g þ ~V vÞ

¼ � 1

qg

rP � geg
Kg

ð~V g � ~V lÞ þ vgr2~V g �~g ð16Þ
3. Energy equation
o

os
½ðqcÞmT �þcp;lT ½~V l �rðqlelÞ�þ cp;gT ½~V g �rðqgegÞ�

þ elcp;l½~V l �rðqlT Þ�þ egcp;g½~V g �rðqgT Þ�

¼r� ðkmrT Þ� c _m ð17Þ
2.3.2. Dry region

Continuity equation:

oðqgegÞ
os

þr � ðqgeg~V gÞ ¼ 0 ð18Þ

Momentum equation:

ð~V g � rÞ~V g ¼ � 1

qg

rP � geg
Kg

ð~V gÞ þ vgr2~V g �~g ð19Þ

Energy equation:

o

os
½ðqcÞmT � þ cp;gT ½~V g � rðqgegÞ� þ egcp;g½~V g � rðqgT Þ�

¼ r � ðkmrT Þ ð20Þ
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Fig. 1. Soil bed with wet and dry layers.
2.4. About governing equations

Since the present mathematical modeling is quite
complicated, some discussions, therefore, might be
necessary for the above governing equations.

1. The effect of temperature on liquid water transport is
considered in the continuity Eq. (12), and the ther-
mally induced diffusivity of liquid DTl had been
defined and measured by Jury and Miller [17].

2. The vapor-diffusion motion in unsaturated soil is
affected by temperature gradient and water content
gradient, and it plays an important role in transport
process. Thus it should be considered in the corre-
sponding governing Eqs. (13) and (16) as follows:

~V v ¼ �DTvrT � Dlvrel ð21Þ
3. A formula to calculate the gaseous infiltrating con-
ductivity Kg corresponding to the liquid hydraulic
conductivity Kl, which can demonstrate the mecha-
nisms of Darcy�s drag resistance in terms of gaseous
phase and the reaction of liquid to gaseous mixture,
had been developed in the previous work [18]. At
the same time, many researches [19,20] indicate that
hydraulic conductivity Kl is also influenced by tem-
perature. As a result, we defined the Kl as a function
of water content el and temperature T in the form of

Kðel; T Þ ¼ Kðel; T 0Þ
1þ a1T þ a2T 2

1þ a1T 0 þ a2T 2
0

ð22Þ

4. Based on the fact es + el + eg = 1 the mean physical
properties of porous media can be written as
(qc)m = es(qc)s + el(qc)l + eg(qc)g. From the thermo-
dynamics principle of constant volume for gaseous
components eg = ea = ev, we simply set (qc)g =
qaca + qvcv. The apparent heat conductivity of por-
ous material, according to the mean-weighted
method, is simply defined as km = esks + elkl + egkg.
2.5. Boundary conditions

The physical model and its thermal and dynamic
boundaries under investigation are illustrated in Fig. 1.
In the numerical calculations, it is assumed that the
lower boundary is adiabatic and impermeable while
the top surface is exposed to the environment.

At x = 0:

oT
ox

¼ 0; ul ¼ ug ¼ 0; eg ¼ 0 ð23Þ

At x = H:

_ms ¼Hmðamqv0�qv1Þ ð24Þ

�km
oT
ox

¼ h0ðT 0�T ÞþxrðT 4
sky�T 4ÞþRs� c _ms ð25Þ
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where Rs is heat flux from solar radiation, _ms is water
evaporation rate from soil surface, am is soil surface spe-
cific relativity humidity. In general, the specific humidity
of the gaseous mixture contacting with the surface of
fairly wet soil can be taken as the saturation. During
the soil drying, however, the specific humidity is reduced
to below saturation, and then water evaporation is
strongly dependent on the soil moisture condition [13].
In addition, _ms ¼ 0 occurs in the dry surface layer.

At x = H1, the interface between wet and dry regions:

�k1
oT
ox

jI þ kII
oT
ox

jII ¼ �c _ms; T I ¼ T II; ugI ¼ ugII

ð26Þ

With the development of dry surface layer (DSL), evap-
oration front moves from the top surface to the interface
between wet and dry layers in the soil. According to the
Stefan vapor diffusion law, the evaporation rate on the
interface can be written as

_ms ¼
D
RAT

pa
ðH � H 1Þ

ln
pa � pv1
pa � ampv

� �
ð27Þ

where pa is atmosphere pressure, pv1 is vapor pressure
in atmosphere, pv is vapor pressure on evaporation
front.
Fig. 2. Solar radiation.
3. Numerical simulation and discussions

The Eqs. (12)–(20), together with the boundary con-
dition Eqs. (23)–(27), are solved numerically by finite
difference method. Since heat and mass transfer are
highly coupled with the pressure, we choose the pres-
sure-based algorithm, incorporated with staggered grid
technique in primitive variables and ADI technique, to
solve the coupled equations. Since there is no pressure-
related term in liquid-phase momentum equation, the
pressure correction equation is only needed for gas
momentum equation, which is developed through gas-
mixture continuity Eq. (13). In order to ensure the
numerical convergence, the under relaxation and error
feedback techniques are applied.

3.1. Numerical uncertainty analysis

The soil thermophysical properties, such as diffusivi-
ties, conductivities and apparent thermal conductivities,
are required as parameters in simulation. The calcula-
tion shows that the soil water diffusivity, the hydraulic
conductivity, and the thermal conductivity are the major
physical parameters affecting the numerical results. The
soil water diffusivity, Dl, and the hydraulic conductivity,
Kl, have been discussed in our previous work [11] and
can be determined by the following formula for the
sandy soil:
DðelÞ ¼ 5.88� 109.13el�9.0 ð28Þ
K lðelÞ ¼ 9.48� 1012.53el�10.0 ð29Þ

To investigate the sensitivity of heat and mass transfer
to soil property, we have performed the calculation with
different Dl, km and Kl values. The results indicate that
the soil properties and thermophysical properties will
influence the calculation value but will not change the
predicting trend of heat and mass transfer in soil. The
numerical results, sensitive to the physical properties
which are directly taken from the published literature,
show the good agreement between calculation and
experiment, and thereby testify the reliability of the
numerical analysis.

In order to simulate the transient variations of heat
and mass transfer in soil under natural condition, the
environmental parameters, such as solar radiation,
ambient temperature and relative humidity, were mea-
sured for the time period from September 17 to Septem-
ber 20, 2002, and the results are presented in Figs. 2–4.
The peak of solar radiation is at noon, and the peaks of
ambient temperature and relativity humidity are at 13:00
and 7:00, respectively. Ambient temperature and relative
humidity varied from 21 �C to 32 �C and from 35% to
85%, respectively, during the observation, and wind
speed was about 1 m/s.

3.2. Results and discussion

Under the environmental parameters illustrated in
Figs. 2–4, water evaporation and transient variations
of temperature and moisture content in the soil bed
(35 cm high and with a porosity of / = 38.1%) were
numerically studied.



Fig. 3. Atmospheric temperature.

Fig. 4. Atmospheric relativity humidity.

Fig. 5. Distribution of soil water content.

Fig. 6. Soil temperature variation.
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3.2.1. Soil water content and temperature

As mentioned above, we have assumed an imperme-
able bottom boundary of the soil bed. Attention is paid
to how the soil water content changes in the daily natu-
ral environmental conditions. Fig. 5 shows that, with
evaporation, water content decreases gradually and soil
surface became dry on September 18. With soil drying,
diffusion resistance of water vapor increases. As a result,
it can be seen from Fig. 5 that dry surface layer (DSL)
develops slowly and its thickness increased only 10 mm
from September 18 to September 20, 2002.

Under natural conditions, soil temperature exhibits
periodical variation, and the daily temperature peak is
at about 13:00 pm and the minimal surface soil temper-
ature is almost at 6:00 am (see Fig. 6). With the increase
in depth, the period of soil temperature variation in-
creases and the amplitude of temperature fluctuation
drops remarkably. From Eqs. (12) and (15), it may be
observed that liquid water transport is not only con-
trolled by moisture content gradient and gravity, but
also influenced by soil temperature and temperature gra-
dients. Hydraulic conductivity depends on both water
content and soil temperature, see modified Eq. (22).
With the increase in soil temperature, hydraulic conduc-
tivity increases while soil water capacity decreases. As a
result, soil water content decreases with soil surface
evaporation during daytime and slightly increases dur-
ing nighttime (see Fig. 7), which validated the model
presumed by Jury and Miller [17]. Figs. 6 and 7 also
show that the higher the diurnal variation extent of soil
temperature, the more remarkable the diurnal fluctua-
tion of water content.



Fig. 7. Soil water content variation.

Fig. 9. Evaporation rate from soil surface.
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With the occurrence of dry surface layer, evaporation
front moves down from soil upper surface to the inter-
face between dry layer and wet layer, and evaporation
intensity decreases gradually. As a result the absorbed
heat from evaporation reduces and soil temperature in-
creases obviously. For example, it can be seen from Figs.
2 and 3 that both solar radiation and ambient tempera-
ture in September 17 are lower than that in September
20. However, the temperature of soil with dry surface
layer of 12 mm thickness at noon of September 20 was
higher than that at noon of September 17, as shown in
Fig. 8. Furthermore the temperature gradient of upper
soil layer in September 20 was also larger than that in
September 17, 2002.

3.2.2. Soil water evaporation

Evaporation from the surface of soil leads to consid-
erable loss of water in agriculture, which also causes the
Fig. 8. Distribution of soil temperature.
problem of soil salinization, and influences heat and
moisture transport in soil. Evaporating process is in-
volved with soil physical property and atmosphere
parameters [21], such as moisture, vapor pressure, tem-
perature gradient, solar radiation and location of evap-
oration front. Fig. 9 shows that under natural condition,
evaporation rate varies periodically and the peak
appears at noon. Along with the development of dry
surface region, evaporation resistance increases because
of increased distance of vapor diffusion to atmosphere.

The vapor-diffusion motion in soil plays an impor-
tant role to mass, momentum and energy transports.
The phase change of water in unsaturated soil, which
could be either evaporation or condensation, differs by
situation. As known from Eq. (11), moving direction
of water vapor is controlled by temperature gradients
Fig. 10. Soil temperature gradient at noon.
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and water content. Compared with the effect of water
content gradient in the situation we have investigated,
temperature gradient, the first term on the right-hand
side in Eq. (11), is a dominant factor for the direction
of water vapor flow. For the case of positive temperature
gradient during daytime (see Fig. 10), water vapor will
move downwards and condensation occurs (Fig. 11),
but evaporation happens with a reverse temperature gra-
dient at night (see Fig. 12). Thus a condensation process
with a negative evaporation rate and an evaporation
process can be observed in Figs. 11 and 13, respectively.

As discussed above, whether condensation or evapo-
ration occurs, it usually depends on the direction of heat
flux, not on the temperature level in the wet soil. Figs. 14
and 15 indicate that in the case of diurnal temperature
variation, evaporation and condensation process alter-
Fig. 11. Vapor condensation rate in soil.

Fig. 12. Soil temperature gradient at night.

Fig. 13. Water evaporation rate in soil.

Fig. 14. Soil temperature gradient under natural condition.
natively occurs in unsaturated wet soil. Furthermore,
with the increase in depth, the diurnal fluctuation of soil
temperature reduces remarkably. Thus it can be ob-
served from Fig. 15 that phase change intensity is sensi-
tively related to temperature gradient: the larger the
temperature gradient, the more intensive the evapora-
tion or condensation rate.
4. Experiment

4.1. Site and equipment

In order to investigate the effect of temperature on
moisture transport, two experiments were conducted.



Fig. 16. Potential and actual soil evaporation rate.

Fig. 15. Evaporation (condensation) rate in soil under natural
condition.
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One was conducted under natural environmental
condition on the campus of Huazhong University of Sci-
ence and Technology, located in Wuhan, China, during
the period of September 17 to September 20, 2002. A
cylindrical sand soil bed was used. In this bed, soil sur-
face was exposed to atmosphere. Another was con-
ducted in laboratory by using a closed-loop wind
tunnel, in which air temperature, relative humidity and
wind speed can be controlled at constant values.

4.2. Measurement and experimental uncertainty analysis

During the period of observation, air temperature,
relative humidity, wind speed and solar radiation were
measured at an intervals of 15 min by thermometer, tem-
perature-humidity probes (HMP-35A), hot-wire ane-
mometer (AVH 545T) and solar radiation meter,
respectively. The measured values were averaged every
hour for analysis. Surface soil water content was mea-
sured by drying soil in an oven. Temperature and volu-
metric water content in soil were measured by
thermocouples (0.32 mm in diameter) and water content
probes (MP-406), respectively. Additionally the thick-
ness of dry soil layer was measured by excavating the
shallow soil layer.

All the parameters, including temperature, relative
humidity, soil temperature, soil water content and solar
radiation, are directly measured in this experiment. The
uncertainties of air temperature, relative humidity, soil
temperature and soil water content are estimated as
2%, 3%, 1.5% and 2.5%, respectively, based on the
instrument manuals. In order to reduce the uncertainty
of solar radiation measurement, two solar radiation
meters are used and measured values are averaged every
15 min.
4.3. Results and analysis

4.3.1. Soil temperature and water evaporation under

natural condition

Under natural conditions, water evaporation rate,
transient variations of temperature and moisture in soil
and environmental parameters such as air temperature,
relativity humidity and wind speed, were recorded and
have been discussed previously.

Potential evaporation rate is the maximum flux at
which water can be vaporized from a free water surface
in atmosphere. Fig. 16 shows an example of the varia-
tion of actual and potential rates of evaporation with
time. Two important points deserve our special concern:
(1) the difference between actual soil evaporation rate
and potential evaporation rates were small on Septem-
ber 18, when the soil evaporation is at the falling stage,
and the difference increased obviously on September 19
with the occurrence of dry soil layer and (2) the actual
evaporation rate in the early morning was equal to or
larger than the potential rate throughout the observa-
tion period, even though soil drying was on-going.

The comparison between the calculated soil surface
temperature and the measured soil surface temperature
is shown in Fig. 17. The measured soil surface tempera-
ture is a typical one for those with a dry surface layer
(DSL), and some similar change can be found in Ref.
[22]. Fig. 17 shows that the calculation and the experi-
ment agree reasonably well.

4.3.2. Variations of temperature and water content

In order to investigate the relationship between tem-
perature variation and moisture content variation in
unsaturated porous soil, observation was made in wind
tunnel. Our objective is to study the influence of temper-
ature on moisture transport in unsaturated porous soil.



Fig. 17. Soil surface temperature. Fig. 19. Soil water content variation.
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Figs. 18 and 19 indicate two important points: (1)
Soil temperatures at different depths have similar varia-
tion while soil column was intermittently heated at bot-
tom; (2) In shallow layer with low water content, the
effect of temperature on moisture content was weak. In
contrast, temperature effect was fairly obvious in deeper
layer with relatively higher water content. The maximum
fluctuations of soil temperature and water content at
15 cm depth were 30 �C and 6%, respectively. However,
at the depth of 5 cm temperature fluctuation reached
15 �C while the maximum water content fluctuation
was only 1%. This can be explained similarly that
soil water capacity is controlled by both temperature
and water content, see Eq. (22). In shallow layer
with low water content, soil water capacity change
would be small even though the soil temperature fluctu-
Fig. 18. Soil temperature variation.
ation is high, thus temperature effect on moisture trans-
port is not obvious.
5. Conclusions

The governing equations presented in this paper are
suitable for describing simultaneous heat, moisture and
gas migrations in porous soil with dry surface layer
due to its theoretical completeness. The one-dimensional
numerical solution of the model involves the estimations
of soil water content, temperature and water evapora-
tion under natural condition, which might be useful
for agricultural application, especially in arid-semiarid
areas, where water evaporation in soil is very strong
and is important factor for soil salinization. Good agree-
ment between the simulated results and the measured
data validates the model and the numerical method.

Dry surface layer (DSL) has a significant effect on
heat and mass transfer in soil. With the development
of DSL, evaporation front moves from the upper soil
surface to the interface between the wet and dry layers,
while soil temperature increases remarkably and water
evaporation rate reduces significantly due to the increase
of vapor diffusion resistance to atmosphere. Further-
more the calculated and measured results indicate that
temperature and temperature gradient play an impor-
tant role in moisture transport in soil. The influence of
temperature on liquid water transfer is strong and the
effect of temperature gradient on vapor diffusion is
obvious.
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