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Abstract. Building simulation programs normally do not take into account moisture effects in soils temperature determination.
However, the presence of humidity can strongly affect the temperature distribution in soils due especially to the
evaporation/condensation mechanisms and the strong variation of their thermophysical properties. In order to calculate the
temperature profiles in a more accurate way, we have developed a computational code, which was conceived to model the coupled
heat and moisture transfer in soils. The presented methodology is based on the theory of Philip and De Vries, using the
thermophysical properties for backfill soil chemical composition. The governing equations were discretized using the finite volume
method and a 3-D model was used for describing physical phenomena of heat and mass transfer in porous soils. The robust
MultiTridiagonal-Matrix Algorithm (MTDMA) was used to solve the strongly-coupled problem. To conclude, we have shown the
temperature and moisture content profiles and water mass flow at the upper surface of a backfill soil when submitted to the Test
Reference Year (TRY) weather data of Floriandpolis-Brazil.
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1. Introduction

In the 70°s many simulation programs such as BLAST (1977), DOE-1 (1978), NBSLD (1974), ESP (1974),
TRNSYS (1975) and more recently ENERGY PLUS (1999) and DOMUS (2001) had been developed to simulate
the building energy performance so that rational policies of energy conservation could be efficiently applied.
However, most of those codes present some simplifications on their calculation routines of heat transfer through the
ground.

Some studies involving the pure conduction heat transfer through the ground can be found in the literature. Davies
et al. (1995), using the finite-volume approach, compared multidimensional models and observed that the use of three-
dimensional simulation provides better prediction of building temperature and heating loads than two-dimensional
simulation, when these results are compared with experimental data. Zoras (2001) used a combination which
incorporates structural response factors into a three-dimensional numerical solution of the conduction heat transfer
equation.

In the works mentioned above, the conductivity and the thermal capacity are considered constant and the moisture
effect is ignored.

The presence of moisture in the ground implies an additional mechanism of transport: in the pores of unsaturated
soil, liquid water evaporates at the warm side, absorbing latent heat of vaporization, while, due to the vapor-pressure
gradient, vapor condenses on the coldest side of the pore, releasing latent heat of vaporization (Deru and Kirkpatrick,
2002).

Soil simulations are a research subject of other different scientific areas such as agronomy. Among other works
found in literature, Brink and Hoogendoorn (1983) should be mentioned. In their work, groundwater losses due to
conduction and natural convection heat transfer modes were analyzed and verified that convection losses are mainly
dependent on soil permeability.

Freitas and Prata (1996) elaborated a numerical methodology for thermal performance analysis of power cables on
the presence of moisture migration in the surrounding soil. They utilized a two-dimension finite-volume approach to
solve the governing equations.

Krarti (1996) discussed the effect of spatial variation of soil thermal properties on slab-on-ground heat transfer by
using the Interzone Temperature Profile Estimation (ITPE) technique.

Onmura et al. (2001) investigated the evaporative cooling effect of roofs lawn gardens and observed a reduction of
up to 50 % in the heat flux through the ceiling.

The effects of humidity can also generate other problems in buildings. Lucas et al. (2002) carried out a curative and
preventive study on two different types of residences for hot and humid climates.

Due to the numerical instabilities caused by the effect of latent heat at the boundaries, Wang and Hagentoft (2001)
presented numerical method based on an algorithm that combines an explicit model with relaxation schemes. In this
model, a criterion for time step determination is developed to improve numerical stability.
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For ensuring numerical stability, the linearized set of equations was obtained by using the finite-volume method
and the MultiTridiagonal-Matrix Algorithm (Mendes and Philippi, ,2003) to solve a 3-D model to describe the physical
phenomena of heat and mass transfer in backfill porous soils. In this way, the code has been conceived to be
numerically robust with a fast simulation code. The heat and moisture transfer in soils was based on the theory of
Philip and De Vries (1957), which is one of the most disseminated and accepted mathematical formulation for studying
heat and moisture transfer through porous soils, considering both vapor diffusion and capillary migration.

In the results section of the present paper, we show also the temperature and moisture content profiles for a backfill
soil when submitted to weather data of Floriandpolis-Brazil, as well as the water vapor flow at its upper surface.

2. Mathematical Model

The governing equations, based on the theory of Philip and De Vries (1957), to model heat and mass transfer
through porous media, are given by Egs. (1) and (2). The energy conservation equation are written in the form
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where P, is the solid matrix density (m¥/kg), C,, , the mean specific heat (J/kg K), T , temperature (°C), t, time (s), A,
thermal conductivity (W/m K), L, latent heat of vaporation (J/kg), ©, volumetric moisture content (m#m?), j, ,vapor
flow (kg/m? K), j, total flow (kg/m? K) and P, the water density (kg/m3).

The total flow (j) is calculated by summing the vapor flow (j,) and the liquid flow (j;). The vapor flow can be
described as
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with D; =Dy +D;, and Dy = Dy + Dy, where Dy, is the liquid phase transport coefficient associated to a
temperature gradient (m?%s K), Dy, , vapor phase transport coefficient associated to a temperature gradient (m?/s K),
Dy, ., liquid phase transport coefficient associated to a moisture content gradient (m?/s), Dy, , vapor phase transport
coefficient associated to a moisture content gradient (m2s), D; , mass transport coefficient associated to a temperature

gradient (m?s K) and Dy, mass transport coefficient associated to a moisture content gradient (m2's).

The upper surface of the physical domain (Fig.1) is exposed to short and long-wave radiations, convection heat
transfer and phase change as boundary conditions.



. ’ ) *".'f &
Y
F Y - -
A ~ -
- o
Figure 1. Physical domain of soil.
In this way, for Y=H, the energy balance becomes
oT .
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where h(Too —Ty:H ) represents the heat exchanged with the external air, described by the surface conductance h,

aq, is the absorved short-wave radiation and L(T )hm( vo Py y=h ) the phase change energy term. The loss from
long-wave radiation is defined as R, (W/m?), €, the surface emissivity, @ , the solar absorptivity and the mass
convection coefficient as hm , which is related to h by the Lewis’ relation.

Similarly, the mass balance is written as
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The others surfaces are all considered adiabatic and impermeable as well.

Equations 4 and 5 show a vapor concentration difference, AQ, , on their right-hand side. This difference is between
the porous surface and air and is normally determined by using the values of previous iterations for temperature and
moisture content, generating additional unstability. Due to the numerical instability created by this source term, the
solution of the linear set of discretized equations normally requires the use of very small time steps, which can be
exceedingly time consuming especially in long-term soil simulations; in some research cases, a time period of several
decades is simulated, taking into account the three-dimensional transfer of heat and moisture transfer through a very
refined grid.

In order to rise that simulation time step, Mendes et al. (2002) presented a procedure to calculate the vapor flow,
independently of previous values of temperature and moisture content. In this way, the term (A, ) was linearized as a

linear combination of temperature and moisture content, viz.,
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where

P
R is a residual function of (Tsj P, saturated pressure (Pa), [1, universal gas constant (J/kmol K), M, molecular mass

(kg/kmol), @, relative humidity, prev, previous iteration and A is the straight-line coefficient from the approximation
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3. Simulation Procedure

The governing equations were solved using the finite- volume methodology (Patankar, 1980). It was used the
Cartesian coordinates for the geometry of the problem. The differential equations were integrated in each control
volume and a fully-implicit scheme was adopted for the time derivatives. The MTDMA (MultiTridiagonal-Matrix
Algorithm; Mendes et al., 2002) was used to solve a 3-D model to robustly describe the physical phenomena of the
strongly coupled heat and mass transfer in porous soils. In this algorithm, the dependent variables are obtained
simultaneously, avoiding numerical divergence caused by the evaluation of coupled terms from previous iteration
values.

In this study, the soil was considered backfill type and its hygrothermal properties were taken from Oliveira et
al.,1993. This soil type can be used in buried power cables, due its capacity to hold back humidity and to dissipate heat.
The backfill composition allows that its thermal resistivity becomes below of the acceptable values, even when it
becomes completely dry (Freitas, 1995).

A 10-m depth was considered to study the non-steady coupled heat and moisture transfer. Due to the boundary
conditions chosen in the presented case, the flow will be unidimensional so that the domain was distribuided in 816
nodes (4 x 51 x 4). The lenght and width of the physical domain are equal to 0.6m.

The initial temperature assume all over the domaisn was 20°C while the initial moisture content was 0.00675
m3/m?3 (backfill porosity is 0.265). The upper surface of the domain was submitted to the TRY (Test Reference Year)
weather data of the city of Floriandpolis-Brazil (Latitude = -27.67°), a convection coefficient of 10 W/m2 K, a solar
absorptivity of 0.5 for short-wave and a constant loss for long-wave radiation of 30 W/m2 were considered. The other
surfaces were assumed to be adiabatic and impermeable.

4, Results and Discussions

For the results presented in Figs. 2 and 3, the weather data of the city of Floriandpolis was repeated for a period of 2
years, using a time step of 1 hour. Opposing behaviors between the temperature and the moisture content were verified
at the soil surface (Fig. 2). As expected, Fig. 2 shows that the higher the temperature at the soil surface the higher the
evaporation rate and the lower the moisture content.
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Figure 2. Temperature and moisture content average values at the soil surface for a period of 2 years.

Although the moisture flow represented in Fig. 3 was described for the three first days of July, similar profiles
were observed along the whole year. Fig. 3 shows that evaporation takes palace during the day, due to the increase on
the soil surface temperature. On the other hand, at night time, the condensation process is the predominant rather than
evaporation.
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Figure 3. Water vapor flow at the soil surface within the period of 1* to 3" of July.
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Figure 4. Daily average temperature profiles of the backfill soil for a period of 2 years.

A comparison between Figs. 4 and 5 shows expeditiously the difference between the development of temperature
and moisture content profiles within the silt-sandy soil. This difference can be explained by the Luikov number, which
is an important parameter to analyze the coupling intensity of simultaneous heat and moisture transfer problems in
porous media. It represents the evolution rapidness between moisture content and temperature spatial distributions.
Thereupon, for low Luikov numbers, temperature profiles are developed much more rapidly than moisture content ones.
In general, soils have very low Luikov numbers (Lu < 0.01) so that temperature profiles are rapidly established
independently on © variations. However, for the boundary control volumes, the coupling between T and 0 is very
important due to water vapor exchanged between the air and the surfaces. Figs. 4 and 5 shows also that a 2-year soil
simulation period may be not enough, except at the boundaries, which is also explained by the Biot number for both
moisture and heat diffusions. This number gives the relation between the convective and diffusive resistances, which
means that, for high mass diffusion Biot numbers, the porous structure hygric resistance is much higher than the
corresponding resistance at the free surface.
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Figure 5. Daily average moisture content profiles of the backfill soil for a period of 2 years.



6. Conclusions

In this work, we presented a mathematical model to analyze the coupled heat and moisture transfer in soils. The
MTDMA (MultiTridiagonal-Matrix Algorithm) was utilized to solve the heat and mass transfer governing equations in
porous soils. This method avoids numerical instabilities (Mendes et al., 2002) by solving simultaneously the governing
equations, allowing the use of high time steps which are very important for long-term simulation of the tridimensional
heat and mass transfer in soils, with transport coefficients highly dependent on the moisture content.

Temperature and moisture content profiles and water mass flow at the upper surface of a backfill soil were shown
when submitted to the Test Reference Year (TRY) weather data of Floriandpolis-Brazil.

For further work, the research has been conducted in order to analyze the simultaneous 3-D ground heat and
moisture transfer integrated to a building simulation code, where the use of a 3-D model for the soil domain shall be
imperative.
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