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Finite Element Modeling of Heat and Moisture
Transfer in Porous Material

V. D. Thi, M. Li, M. Khelifa, M. El Ganaoui, Y. Rogaume

Abstract—This paper presents a two-dimensional model to study
the heat and moisture transfer through porous building materials.
Dynamic and static coupled models of heat and moisture transfer in
porous material under low temperature are presented and the coupled
models together with variable initial and boundary conditions have
been considered in an analytical way and using the finite element
method. The resulting coupled model is converted to two nonlinear
partial differential equations, which is then numerically solved by an
implicit iterative scheme. The numerical results of temperature and
moisture potential changes are compared with the experimental
measurements available in the literature. Predicted results
demonstrate validation of the theoretical model and effectiveness of
the developed numerical algorithms. It is expected to provide useful
information for the porous building material design based on heat and
moisture transfer model.

Keywords—Finite element method, heat transfer, moisture
transfer, porous materials, wood.

NOMENCLATURE
cm [kg/(kg."M)]
¢, [J/(kg.K)] specific heat
D,,[kg/(m.s.°M)] moisture diffusion coefficient
H [m] height of specimen
he [W/(m?.K)] convective heat transfer coefficient
hy, [kg/(mz.s."M)] convective moisture transfer coefficient
hyv [kJ/kg] heat of phase change
L [m] thickness of specimen

moisture storage capacity

M [kg/kg] moisture content

m [°M] moisture potential

T [K] temperature

t[s] time

x [m] and y [m] location coordinates

X1 [m] inner distance

X, [m] outer distance

e ratio of vapor diffusion coefficient to
coefficient of total moisture diffusion

A [W/(m.K)] thermal conductivity

8 [Kgmoisture/(kg K)]  thermal gradient coefficient

p [kg/m’] dry solid density

y [J/kg] latent heat

in inner reference

out outer reference

0 initial

0 ambient atmosphere
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[. INTRODUCTION

HE behavior of porous building material such as wood

subjected to different environmental conditions is highly
dependent on its material structure and chemical composition.
The quantity of water inside wood affects its thermo-physical
properties and geometric shape. Being porous, hygroscopic
and orthotropic material, the heat and moisture transfer in
timber makes a complex system of coupled mechanisms.
Moreover, if the moisture content changes over time, this may
induce distortions, residual stresses, and failures in timber
products. In this case, almost all properties in wood as well as
the wood—water relations are temperature-dependent. For
these reasons, it is of particular interest to have well
knowledge of these variables in various timber structures. The
main objective of this article is to achieve an analysis of the
heat and moisture transfers in porous materials by means of
coupled model adopted for finite element analysis.

In the last decades, to improve building energy efficiency
and indoor air quality, the coupled heat and moisture transfers
in porous materials have been widely studied due to its
presence in many industrial applications. Particularly in timber
building, researches have been performed [1]-[3]. To evaluate
coupled heat and moisture transfer in porous building
materials, Abahri et al. proposed a one-dimensional model [1].
For the numerical models, it was found that the comparisons
with experimental results give a good correspondence between
the distribution of temperature and moisture content inside the
porous slab. Chang et al. also described an analytical solution
to coupled heat and moisture diffusion transfer in porous
materials. For the same application, the obtained results for the
wooden slab are similar with published analytical solutions
using the decoupling technique [2]. In [3], Younsi et al.
present a mathematical model based on a set of coupled, heat
and mass transfer equations presented by Luikov [4]. They
have also studied the effect of heat and mass transfer
parameters through the Biot number on heat and moisture
transfer. It was concluded that the governing dimensionless
parameters have a significant influence on the kinetics of the
heat and moisture transfer. To analyze the heat and moisture
transfers in capillary porous media, Luikov [5] proposed a
model assuming the same analogy between moisture transport
and heat transfer. This model was used by several researchers
(61, [7].

To solve the obtained coupled system for temperature and
moisture potentials, many authors used both theoretical and
numerical approaches. The solution of the governing partial
differential equations depends on the considered specific
problem. Generally, all approaches are based on the use of
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transformation functions. Chang et al. [3] have introduced a
potential function corresponding to their equations system,
using a change of variables for temperature gradient and
moisture rate. They used the boundary condition of Neumann
type and compared their predicted results with those of
Thomas et al. [8]. This paper presents a numerical strategy
applied to solve the partial differential equations. It concerns
two-dimensional heat and moisture transfer through porous
building materials. The finite element solutions were
performed using two different boundary conditions. Natural
hygrothermal boundary conditions proposed by Chang et al.
[2] and non-symmetric Dirichlet boundary conditions
developed by Abahri et al. [1] are considered. A numerical
approach by means of incremental finite element method will
be presented. In order to validate the proposed finite element
model, a numerical procedure and a staggered technique to
resolve the coupling between temperature and moisture are
given in details. Moreover, the comparisons of the obtained
numerical results with other models given by Ababhri et al. [1],
Chang et al. [2] and Younsi et al. [3] were performed.

II. ANALYTICAL FORMULATION

A. Used Assumptions

A typical heat and moisture transfer problem involves a
two-dimensional capillary porous specimen (timber) in local
coordinates, initially at uniform temperature and uniform
moisture content. The boundaries are in contact with the hot
surrounding gas, thus resulting in a convection boundary
condition for both the temperature and moisture potential as
shown in Fig. 1.

Y A L .
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Fig. 1 Coordinate system for porous building material

Heat and moisture transfer in porous media subjected to
convective boundary conditions can be modeled using
Luikov’s approach presented in [5]. The following
assumptions are assumed in this work:

o The timber specimen is homogenous and the thermo-
physical properties are constant.

e The initial values of moisture and temperature in wood
were uniform.

e The shrinkage and the degradation of the timber sample
were neglected.

B. Governing Equations

The constitutive equations describing two-dimensional heat
and moisture transfer for wood are given by [9] and [10] as:

Heat transfer

or . (o°T  0°T om )
¢, —=A| —+—— |+pc, (eh , +y)—
Py ot [axz GyZ] P m( Lv Y) ot
Moisture transfer
2 2 2 2
pe, M _p [Om oM 5y |OT.0T &)
ot 0x~ Oy ox~ 0Oy

T[K] is the temperature, m[°M] is the moisture potential, t[s]
is time, x[m] and y[m] are the location coordinates,
cp[J/(kgK)] and c,, [kg/(kg.°M)] are heat and moisture
capacities of the medium, A [W/(m.K)] and D,, [kg/(m.s.°M)]
are thermal and moisture diffusion coefficients respectively, p
[kg/m’] is the dry solid density, € is the ratio of vapour
diffusion coefficient to coefficient of total moisture diffusion,
v [J/kg] is the latent heat, 8 [Kkgmoisture/(kg.-K)] is the thermal
gradient coefficient and hpy [kJ/kg] is the heat of phase
change.

C.Initial and Boundary Conditions

The associated hygrothermal boundary and initial
conditions are listed below to complete the numerical
formulation of the problem:

1. Non-Symmetric Dirichlet Boundary Conditions Adopted
in[1]:
a. Initial Conditions
T(x,y,t=0=Tp; m(xy,t=0)=m, 3)
T(x=0,y.H)=T;;; Tx=L.y,0)=T,
m(x=0,y,t)=m,, ; m(x=L,y,t)=m,,

m?>

“4)

The moisture potential m is related to the moisture content
M by:

M=c,,x m )

cm [kg/(kg.°M)] is the specific mass capacity.
b. Boundary Conditions
T xy=0.0=0: T (xy=H9=0;
ay oy

(6)
%n (x,y=0,t)=0; % (x,y=H,t)=0

2. Initial and Boundary Conditions Adopted in [2]

To apply the same boundary conditions assumed in [2], we
consider an infinitely long rectangular plate, having inner and
outer distances x;[m] and x,[m], respectively, subjected to
symmetrical hydrothermal loads.

a. Initial Conditions
T(x,y,t=0)=T,; m(x,y,t=0)=m, @)
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T(Xl ayst):Tco ’ T(XZ 5yst):Too H 8
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b. Boundary Conditions
oT
}\’_(X ay9t):h T(X 9yst)_Too
T, 94 he [T, 30T, o
+(1-e)h yh, [m(x1 LY,t)-m,, ]
oT
)\’_(X ath): -h T(X 7Y7t) - Too
ox 2 C [ 2 ] (10)

- (1 '8)hLth1 [m(x2 ayat) - moo]

om oT
Dm _X (Xl 9Y9t)+8Dm a (Xl 3Yat):hm [m(xl ayst)_moc ] (1 1)

om oT
Dm g (XZ ’y’t)+8Dm a_x (X2 >y’t):'hm[m(x2 ’Y5t)'moo :I ( 1 2)
T xy=00-0; L (xy=t-0;
oy oy
(13)

om om
A (Xay:()’t)zoa A (X’y:Hat)zo
oy oy

he [W/(m*K)] is the convective heat transfer coefficient and
h, [kg/(mz.s."M)] is the convective moisture transfer
coefficient.

Equations (1)-(2) are coupled heat and moisture transfer
equations for porous building materials can be solved
numerically by the finite element modelling.

III. FINITE ELEMENT MODELING

A.Numerical Procedure

The Galerkin’s weighted residual method is used to
discretise the space for (1) and (2). Temperature T is selected
as the state variable for heat transfer. The state variable for
moisture transfer is chosen as moisture potential, denoted as
m. For an element, the state variables are approximated by
linearizing three node elements, for example:

3 3
Ty =) N T(0; mixy=Y Ni(xy)lm()  (14)

i=1 i=1

where Ni(x,y) is the shape functions of triangular finite

element, T;(t) are the time-dependent nodal temperatures and
my(t) are the time-dependent nodal moistures. Applying
Galerkin’s weighted residual approach to (1) and (2):

2 2
pe IN LT x_[N [a—T+a—]dQ
ox* oy’
om (15)
+pc,, (s.hLV ﬂ()J‘Ni EdQ
Q

2
. j NI 4o-p _[N 8_m+8_ o
"ot x> oy’

? ) (16)
+5.D .[N (a T.8 Tde
x* oy?

Inserting boundary conditions, applying the phase
equilibrium relations and rearranging (15) and (16), the
resulting system of ordinary differential equations is obtained:

[Cr]{T}+[Ke [{T}=[Fr ]{m} (17)
[Con {0} +[Ky [{m} =[F, {T} (18)

[Cr].[Kr].[Fr].[Cn]. [Kwm] and [F,] are
corresponding matrices consisting of coefficients derived from
(15) and (16).

where

B. Numerical Integration

The coupled response of (17) and (18) may be solved using
either the dynamic explicit scheme or the implicit scheme.
Using an implicit global resolution scheme, the moisture field
derived in the previous time step is first used in the
temperature equation (17) and a new temperature field is
obtained without changing the moisture. The temperatures
obtained are then used in (18) to calculate the new moisture
potential.

Evaluating the temperature field and moisture potential at
state (n+1) from (17) and (18) using the implicit solution
approach described above, we obtain:

s e sl e 3]
[Con Jfm™ ! +At[K  Jm “*1} Ak, T e mt ) (20)
[T =[[er JradKe ] (At.[FT T}y ]{T“}) @1
{1741} L ar T (e Yo o ] (22)
Substituting (22) into (20), we obtain:

([Cm T+t Ky J)-{m™ | =c (B T AT T (m.[FT]{mn+1}+[cT]{Tn}j

enfn] 23)
([Cm]+At.[Km]-At2.[Fm TAr T [Fr ]). {mn+1} _
strInTedrb ]
fm™ A0 B0 )
{Tnﬂ}:[AT]l {Br} (26)
where:
e -

Q
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TR
[Er]=D,, (a.hLV+y)£{{%}<%>+{%}<%>}dﬂ (29)
[Cin JFPCm j {N;}<N;>dQ (30)
[Km]—ijH%}<%>+{aa—l\;}<aai;>}dﬂ (31)
[Fm]—-S.DmJ-H%}<%>+{66—1\;}<%>}d9 (32)
[Ar]=[Cr]+At[K ] (33)

{Br}=At[Fr ] {m™ !+ [cp ] {17} (34)
[An]=[Co ALK, J-AE [F, [Ar ]’1 [Fr] (3%
(B} =AL[F, )[Ar ] [C {17 +[C, ) {m" (36)

The known solutions at step (n) are assumed to be
independent of iterations. The start vectors are chosen as the
values at the last converged state, i.e.

=)ot

) ) (37)
{m“+1 }(I) = {m“ }(H) +3 {m}(i)

The iteration scheme is stopped when the convergence
criterion is verified and the next step is computed. The
convergence criterion is given by the scalar product as follow:

e -y
et

The above system of equations (19), (20) is solved
numerically by using finite element method and a computer
program is written in MATLAB environment.

<1071

(38)
<1071

IV. VALIDATION OF THE MODEL

The developed formulation in Section III is used in the
finite element method in order to analyze heat and moisture
transfer in porous building materials. The results from the
calculations will be in the following compared to the
experimental tests.

A. Application on a Wood Slab Building Envelope

An application on a wood slab building envelope has been
simulated using the material properties given from [1], [2]
which are associated to two different boundary conditions
described previously in Section II C are recapitulated in Table
L.

The Finite Element (FE) model of the wood slab of 24x60
mm is modelled by 960 triangular elements consisted of 525
nodes. Figs. 2 and 3 illustrate respectively the temperature and
the moisture distribution in wooden slab sample at different
times. From Fig. 2, it can be seen that at time t=1000 s, a
larger temperature gradient was established on 3/4 width plane
of the tested specimen. During a prolonged heat transfer
process (Figs. 2 (a)(c)), the temperature distribution evolves
rapidly at the beginning and then becomes stable. The
temperature difference between the inner region and the outer
region decreases more and more. After the heat and moisture
transfer in wood slab panel, a moisture gradient was
established in response to temperature gradient with maximum
moisture potential in the surface region. The moisture content
in the outer region decreased from 80 °M moisture potential to
around 70 °M at time t = 4000 s (Fig. 3 (c)). We also note that
the moisture rate in the centre zone decreased progressively
until the moisture potential reaches 70 °M at time t=1000 s

(Fig. 3 (b)).

TABLE I
MATERIAL PROPERTIES FOR WOOD
Cm 0.01 kg/(kg.°M) € 0.3
c 2500 J/(kg.K) my 86 °M
S 2 °M/K my, 45°M
Py 0.65 W/(m.K) My 4°M
p 370 kg/m3 hey 2.5x10° J/kg
D 2.2x10™ kg/(m.s.°M) ¥ 0
L 24 mm Too 110 °C
H 60 mm m, 4°M
T, 10 °C h 2.25 W/(m*.K)
C
Tin 60 °C h, 2.5%10° kg/(m>.5.°M)
Tou 110 °C

Fig. 4 shows the temperature distribution of at the center of
wood slab (x=12 mm). It can be seen that the temperature
distributions of the three layers during the heat and moisture
transfer can be divided in three different phases: I) An initial
rising phase of temperature, II) a non-linear rising in
temperature at the center of wood panel and III) a quasi-stable
phase in temperature at the center of the wall. The FE results
are similar to the experimental results of Abahri et al. [1].
From a short time of 690 s, the temperature is stationary and
equal to 85.2 °C, which is well predicted by the model.

Fig. 5 shows the comparison between the analytical solution
and predicted results of the moisture potential versus time at
the center of wood slab. It can be seen that the moisture
potential distributions can be separated in three phases: I) An
initial slightly linear increasing phase, II) a quasi-stable phase
and IIT) a non-linear decreasing phase. There is a very good
correlation between the analytical solution given in [1] and the
obtained numerical results. During the heat and moisture
transfer in the porous slab, the moisture potential continues to
decrease with increase in time, until the end.

For the same example, the moisture evolution at the surface
and at the middle of the slab is shown in Fig. 6. It can be seen
that the results from the natural hygrothermal boundary
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conditions developed by Chang et al. [2] agree well, even
though the boundary conditions are different than used by
Ababhri et al. [1]. With regard to the moisture content profile of
the wood slab at the surface and at the middle presented in
Fig. 6, a good accuracy of the present model can then be
verified by a very small difference around 1% between the
predicted and the results obtained by Chang et al. [2].
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Fig. 2 Contour maps of temperature distribution at different time
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Fig. 3 Contour maps of moisture potential distribution at different
time
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Fig. 4 Curves of temperature versus time at the centre of wood slab
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Fig. 5 Curves of moisture potential versus time at the centre of wood
slab

The analytical results of the temperature and moisture
distributions inside the wood slab are compared with the
results obtained by the FE modelling at distinct times, and are
illustrated in Figs. 7 and 8, respectively. The transport of
capillary water is important in the neighborhood of the inner
surface corresponding to the left side of the wood slab. The
temperature profile at the center of the panel increases along
the time compared to its initial value. This is not the case for
the moisture potential value which decreases with time. The
maximum differences between the analytical value of the
temperature (or moisture potential) and the predicted
temperature (or moisture potential) are lower to 0.2%. It can
be seen that the FE model shows a good agreement with the
analytical model.
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Fig. 8 Curves of moisture potential versus time at the centre of wood
slab

Due to the dynamical changing of the meteorological
parameters, the heat and moisture transfer in the wall building
of 0.05 m thickness changes significantly over the period of a
day. To study this impact, the meteorological data for one year
period of La Rochelle [1] are taken into account in the
simulations. The outdoor conditions (solar radiation, outdoor
air temperature and outdoor relative humidity) are taken from
meteorological data given in [1]. The initial boundary
conditions of temperature and moisture content are 10 °C and

50 °M, respectively. The obtained results are given in Fig. 9.
During the heating season, as shown in Fig. 9, the fluctuations
of the measured temperatures and the moisture contents are
slightly smaller than the calculated values. The simulated
results also indicate that the coupling term in energy balance
equation has no effect on the temperature values because the
effect of the involved moisture potential of the porous material
which appears in the coupling term of (1) is not significant.
The similar results have been found in [1].
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.
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(b) Moisture potentials

Fig. 9 Calculated against measured indoor (a) temperatures and (b)
moisture potentials for the porous wall.

B.Simulation of Heat and Moisture Transfer in Wood
Material during Thermal Treatment

The geometrical characteristics of the wood specimen are
48 mm width and 49 mm long. The FE mesh consists of 960
three-node triangular elements. The initial and boundary
conditions are recapitulated in Table II to complete the
analytical and numerical formulations of this example. The
same example was analyzed by Chang and Petersen [11] and
Hussain and Dincer [12]. The predicted center temperature
and moisture distributions inside the spruce wood panel are
compared with experimental data given in [11] and the
numerical results presented in [3], [12] and are shown in Fig.
10. A good agreement is found between the predicted results
and the experimental data for both models (Luikov model [3]
and Diffusion model [12]). The absolute error between
numerical results and experimental data is less than 5% for
temperature value and less than 3% for moisture content
value. Therefore, we can state that the proposed FE model is
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able to estimate the temperature and moisture content
distributions inside the wood samples during thermal
treatment.

TABLE II
MATERIAL PROPERTIES FOR SPRUCE WOOD SPECIMEN [3]
Cm 0.01 kg/(kg.°M) my 87 °M
Cp 4201.4 J/(kg.K) € 0.3
S 2 °M/K hiy 2.5%107 J/kg
A 0.577 W/(m.K) % 0
p 856 kg/m3 T, 81°C
-8 o o
D 2.2%x107° kg/(m.s.°M) my, 12°M
L 49 mm he 25 W/(m? K)
H 48 mm hy 107 kg/(m?.5.°M)
To 30°C
60
— - -Chang and Petersen [11]
Proposed model
50 Hussain and Dincer [12]
[5) —— Younsi et al. [3] _ -
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Fig. 10 Temperature and moisture content at center of spruce wood
sample

V.CONCLUSIONS

The objective of this work is to present a numerical
methodology to simulate 2D heat and moisture transfer in
porous building materials. In the first step, a generalized
mathematical model accounting the governing equations
describing the coupled heat and moisture transfers for porous
material has been formulated in detail. The associated
numerical aspects in the framework of the classical Galerkin-
based FE formulation are also discussed. The implicit global
resolution scheme as well as the local integration scheme, to
compute the values of the temperature and the moisture

content at each integration point of each element, is presented.

Several FE simulations using two different boundary
conditions are conducted to compare the predicted results with
the analytical and experimental measurements available in
literature. The quality of the solutions obtained in terms of the
hygrothermal fields’ distribution, through the porous panel
thickness, seems very satisfactory.

Further investigations are now under progress to extend this
numerical procedure to 3D case with the hope of simulating
the heat and moisture transfers in the porous building panels
made by different materials and several layers under complex
and severe hygrothermal conditions.
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