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a b s t r a c t

The combined heat, air and moisture transfer in building hollow elements is of paramount importance in
the construction area for accurate energy consumption prediction, thermal comfort evaluation, moisture
growth risk assessment and material deterioration analysis. In this way, a mathematical model consider-
ing the combined two-dimensional heat, air and moisture transport through unsaturated building hollow
bricks is presented. In the brick porous domain, the differential governing equations are based on driving
potentials of temperature, moist air pressure and water vapor pressure gradients, while, in the air
domain, a lumped approach is considered for modeling the heat and mass transfer through the brick cav-
ity. The discretized algebraic equations are solved using the MTDMA (MultiTriDiagonal-Matrix Algo-
rithm) for the three driving potentials. Comparisons in terms of heat and vapor fluxes at the internal
boundary are presented for hollow, massive and insulating brick blocks. Despite most of building energy
simulation codes disregard the moisture effect and the transport multidimensional nature, results show
those hypotheses may cause great discrepancy on the prediction of hygrothermal building performance.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Heat, air and moisture (HAM) transfer through porous media is
explored in many engineering areas such as oil extraction, trans-
port in textile materials [1], wood drying [2], pollutants infiltration,
granular materials drying [3], heat exchangers [4], transport in
composite membrane [5] and thermal insulation [6] among others.
Therefore, in the construction area, detailed heat, air and moisture
models are needed to increase the accuracy of heat and moisture
transfer calculation between outdoor and indoor environments
for better predicting thermal loads, indoor thermal comfort and
air quality indices and mold growth risk.

For the thermal performance evaluation of building envelopes,
the presence of moisture implies an additional latent heat trans-
port that may cause great discrepancies on the indoor air temper-
ature and humidity values [7]. Despite the importance, building
envelope mathematical models are limited, mainly when air- and
vapor-permeable hollow blocks are considered within the building
walls.

Heat transfer through hollow blocks takes places simulta-
neously due to combined processes (radiation–convection–con-
duction) within its core. Although the coupled problem has
received great attention currently, the available literature on the
heat and moisture transfer of hollow porous elements is still lim-
ited. In hygrothermal whole-building performance analysis, a com-
ll rights reserved.
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plete model including all phenomena becomes very complex and
simulations very time consuming.

Concerning moisture transport, the first developed models
were focused on the analysis of porous soils. Lewis [8], Richards
[9], Phillip and DeVries [10] and Luikov [11] elaborated the first
phenomenological models to characterize the transport in unsat-
urated porous media. In the building area, the first technique
developed in the eighties to evaluate moisture in building mate-
rials was the well-known Glaser’s method. Pedersen [12] and
Kunzel [13] have developed more complete models that take
into account the liquid and vapor diffusive transport. Mendes
et al. [14] have developed a model based on the Philip and DeV-
ries model to predict heat and moisture transfer through porous
building elements.

In the citations mentioned above, only massive elements have
been considered. Nevertheless, cavities in building hollow ele-
ments may play a very important role on the hygrothermal perfor-
mance so that convective transport coefficient values for different
geometries are of great importance. In this context, Gill [15] and
Davis [16] studied the two-dimensional convective motion in a
rectangular cavity. Natural convection problems in cavities have
also been presented in [17–19]. McBain [20] studied the natural
moist air convection within square cavities and obtained a formula
for the total, steady state heat and mass transfer rates across
cavities.

Considering the pure heat transport, Geem [21] analyzed the
thermal transmittance of concrete blocks measured in different
laboratories and the values were compared to values calculated
using the isothermal planes method. Walls with core insulation,
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Nomenclature

Ai represents the area of the ith control volume of the
internal surfaces (m2)

c0 specific heat capacity of the dry material (J/kg K)
cm specific heat of the structure (J/kg K)
cpa specific heat capacity at constant pressure of the dry air

(J/kg K)
cpl specific heat capacity of the water liquid (J/kg K)
cpv specific heat capacity at constant pressure of the vapor

(J/kg K)
_Et energy flow that crosses the cavity (W)
f view factor
g gravity (m/s2)
gl density of liquid flow rate (kg/m2 s)
h convective heat transfer coefficient (W/m2 K)
hint the internal convective heat transfer coefficient (W/

m2 K)
j density of moisture flow rate (kg/m2 s)
jl density of liquid flow rate (kg/m2 s)
jv density of vapor flow rate (kg/m2 s)
ja density of dry air flow rate (kg/m2 s)
L vaporization latent heat (J/kg)
m number of the internal surfaces
n number of control volumes of the internal surfaces dis-

cretized by using the finite-volume method
K liquid water permeability (s)
Psuc suction pressure (Pa)
Pv partial vapor pressure (Pa)
Pg gas pressure (dry air pressure plus vapor pressure) (Pa)
Pv,i partial vapor pressure of the ith control volume (Pa)
Pv,int cavity air partial vapor pressure (Pa)
q heat flowing into structure (external) (W/m2)
qr total solar radiation (W/m2)

Rol long-wave radiation (W/m2)
Rv gas constant (vapor) (J/kg K)
T temperature (K)
Tint cavity air temperature (K)
Ti temperature of the each control volume at the surfaces

(K)
TS average internal temperature surfaces (K)
Tj average temperature of the jth internal surfaces and m

is the number of the internal surfaces
Va cavity volume (m3)
w moisture content (kg/m3)

Greeks
a absorptivity
bv surface coefficient of water vapor transfer (s/m)
dv vapor diffusive permeability (s)
e emissivity
u relative humidity
k absolute permeability (m2)
krg vapor relative permeability
k thermal conductivity (W/mK)
lg dynamic viscosity (Pa s)
qa density of dry air (kg/m3)
ql liquid water density (kg/m3)
qv vapor density (kg/m3)
qv,int water vapor density (kg/m3)
q0 density of the dry material (kg/m3)
r Stefan–Boltzmann coefficient (W/m2 K4)
v internal temperature or the vapor pressure
vint 0 internal temperature or the vapor pressure at a previous

time step
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measured thermal transmittance values differed by 0% to 40% from
calculated ones.

Lorente et al. [22] developed an analytical model based on Kar-
man–Polhausen’s method for convection and on the radiosity
method for radiation. A test apparatus of a single cavity was used
to determine the temperature field inside the cavity. A relation be-
tween central core temperatures and active face temperatures was
also proposed. In other work, Lorent et al. [23] determined the
thermal resistance for different configurations of vertical cavities.

Hazmy [24] studied the coupled convective and conduction
heat transport mode in a common hollow brick. Three different
configurations for building bricks were analyzed. A commercial
CFD package was used, assuming Boussinesq approximation,
showing that the cellular air motion inside block cavities contrib-
utes significantly to the heat loads. Reduction on the heat transfer
rate by insulation insertion was verified.

Dias et al. [25] used the finite-element method (FEM) for calcu-
lating the heat transfer equation for light concrete hollow brick
walls. The conduction, convection and radiation phenomena were
taking into account in their study. The major variables influencing
the thermal conductivity of these walls were illustrated for differ-
ent concrete and mortar properties. However, the mass transport
was not taken into account.

Considering the moisture coupled transport, little research can
be found. However, the blocks porous domain region, in which
the combined heat, air and moisture transport occurs simulta-
neously and strongly coupled, does have to be taken into account.
Vacile et al. [26] cited their paper as an initial approach to the
problem, describing the influence of the moisture level on heat
transfer occurring through hollow vertical terra-cotta bricks. The
results obtained show a high sensitivity of the heat flux to the
moisture level of the surroundings.

Katsman and Becker [27] related the limitations of the research
on describing the multidimensional moisture-movement in ele-
ments with hygrothermal bridges and air-voids so that they pre-
sented a model to establish the coupled heat and mass transfer
field equations for those cases, and the reduction to a discrete set
of algebraic equations. However, air-voids in the form of large hol-
low-cores were not analyzed in their work.

As noticed in the above literature review, there is a lack of
mathematical models to describe the heat, air and moisture trans-
fer in hollow bricks. Therefore, a mathematical model considering
the combined two-dimensional heat, air and moisture transport
through unsaturated porous hollow elements to analyze the hygro-
thermal performance of building hollow blocks is presented. The
model is based on driving potentials of temperature, air pressure
and water vapor pressure gradients for consolidated porous mate-
rial. The solution of the sets of governing equations has been
simultaneously obtained using the MTDMA (MultiTriDiagonal-Ma-
trix Algorithm) for the three potentials, avoiding numerical diver-
gence caused by the evaluation of coupled terms from previous
iteration values. A lumped approach for energy and water vapor
balances is used to calculate the cavity air temperature and relative
humidity. Comparisons of heat transfer for hollow, massive and
insulating brick blocks are presented.

2. Mathematical model

The model for the porous media domain has been elaborated
considering the differential governing equations for moisture, air
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and energy balances. The transient terms of each governing equa-
tion have been written in terms of the driving potentials to take
more advantage of the MTDMA solution algorithm. For the air cav-
ity domain, a lumped approach for energy and water vapor bal-
ances has been considered.

2.1. Porous element domain

The model is based on averages taken over a representative ele-
mentary volume (REV), which is defined as being large enough
when compared to pore dimensions but small enough compared
to the size of the sample. Below, the balance equations for mois-
ture, air and heat transport are described.

2.1.1. Moisture transport
The moisture transport has been divided into liquid and vapor

flows as shown in Eq. (1):

j ¼ jl þ jv ; ð1Þ

where j is the density of moisture flow rate (kg/m2 s), jl, the density
of liquid flow rate (kg/m2 s) and, jv, the density of vapor flow rate
(kg/m2 s).

The liquid transport calculation is based on Darcy equation:

j1 ¼ Kð$Psuc � qlgÞ; ð2Þ

where K is the liquid water permeability (s), Psuc, the suction pres-
sure (Pa), ql, the liquid water density (kg/m3) and g the gravity (m/
s2).

The capillary suction pressure can be written as a function of
temperature and moisture content in the following form:

$Psuc ¼
@Psuc

@T
$T þ @Psuc

@Pv
$Pv : ð3Þ

Similarly to the liquid flow, the vapor flow is calculated from
Fick equation considering effects of both vapor pressure and air
pressure driving potentials:

jv ¼ � dv$Pv|fflfflffl{zfflfflffl}
vapour diffusion

� qv
kkrg

lg
$Pg|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

convective vapour transport

ð4Þ

where dv is the vapor diffusive permeability (s), Pv, the partial vapor
pressure (Pa), qv, the vapor density (kg/m3), k, the absolute perme-
ability (m2), krg, the vapor relative permeability, lg, the dynamic
viscosity (Pa s) and, Pg, the gas pressure.

The water mass conservation equation can be described as

@w
@t
¼ �$ � j ð5Þ

where w is the moisture content (kg/m3).
This moisture content conservation equation – Eq. (5) – can be

written in terms of the three driving potentials as

@w
@/

@/
@Pv

@Pv

@t
þ @w
@/

@/
@T

@T
@t
¼ $: �K

@Psuc

@T
$T � K

@Psuc

@Pv
� dv

� �
$Pv

�

þqv
kkrg

lg
$Pg þ kqlg

#
ð6Þ
2.1.2. Air transport
In the proposal model, the air transport is individually consid-

ered through the dry-air mass balance. In this way, the dry-air con-
servation equation can be expressed as

@qa

@t
¼ �$:ja ð7Þ
with the air flow calculated by the following expression:

ja ¼ dv$Pv|fflfflffl{zfflfflffl}
air diffusion

�qa
kkrg

lg
$Pg|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

air convection

ð8Þ

where qa is the density of dry air (kg/m3), ja, the density of dry air
flow rate (kg/m2 s) and, Pg, the gas pressure (dry air pressure plus
vapor pressure) in Pa.

Therefore, the dry air transport can be described as a function of
the partial gas and vapor pressure driving potentials so that the air
balance can be written as:

@qa

@Pg

@Pg

@t
þ @qa

@Pv

@Pv

@t
þ @Pa

@T
@T
@t
¼ $: �dv$Pv þ qa

kkrg

lg
$Pg

 !
ð9Þ
2.1.3. Heat transport
Due to the presence of low temperature gradients, heat transfer

has been attributed to both conductive and convective effects only.
The conductive transport is calculated by the Fourier’s law:

qcond � k$T ð10Þ

while the convective transport can be written as

qconv ¼ jlcplT|fflffl{zfflffl}
liquid flow

þ jacpaT|fflffl{zfflffl}
dry air flow

þ jvL|{z}
phase change

þ jvcpvT|fflfflffl{zfflfflffl}
vapor flow

; ð11Þ

where k is the thermal conductivity (W/m K), cpa, the specific heat
capacity at constant pressure of the dry air (J/kg K), cpl, the specific
heat capacity of the water liquid (J/kg K), cpv, the specific heat
capacity at constant pressure of the vapor (J/kg K) and, L, the vapor-
ization latent heat (J/kg).

The energy balance equation can be described as

cmq0
@T
@t
¼ �$ � q ð12Þ

where cm is the specific heat capacity of the structure (J/kg K) and
q0, the density of the dry material (kg/m3).

In this way, assuming 0 �C as the reference temperature, the en-
ergy conservation equation can be written in terms of the three
driving potentials as

cmq0
@T
@t
¼$:

k�K @Psuc
@T cplT

� �
$T� K @Psuc

@Pv
cplTþdv cpaT�dv ðLþ cpv TÞ

� 	
$Pvþ

qa
kkrg

lg
cpaTþqv

kkrg

lg
ðLþ cpv TÞ

� 	
$Pg þKqlcplTg

0
B@

1
CA:
ð13Þ
2.2. Air cavity domain

Although the natural convection in cavities has been exhaust-
ingly studied, the CFD coupled with porous media transport simu-
lation is still very much time consuming for building simulation
purposes. In this way, a lumped approach for energy and water va-
por balances is considered for the air cavity domain, assuming
average convective heat transfer coefficients.

2.2.1. Energy conservation
Eq. (14) describes the energy conservation equation applied to a

control volume that involves the cavity, which is submitted to
loads of conduction, convection and infiltration:

_Et ¼ qacpaVa
dT int

dt
; ð14Þ

where
_Et energy flow that crosses the cavity (W)
qa air density (kg/m3)
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cpa specific heat of air (J/kg K)
Va cavity volume (m3)
Tint cavity air temperature (�C)

The term _Et , on the energy conservation equation, includes
loads associated to sensible and latent heat. The sensible heat re-
leased by the building envelope is calculated due to convective
and radiative processes as

Q SðtÞ ¼
Xn

i¼1

hiAiðTi � T intÞ þ
Xm

j¼1

f erAs T4
S � T4

j

� 	
ð15Þ

and the latent conduction load as

Q LðtÞ ¼
Xn

i¼1

LBv;iAiðPv ;i � Pv;intÞ: ð16Þ

In Eq. (15), Ai represents the area of the ith control volume of the
internal surfaces (m2), hi the internal convective heat transfer coef-
ficient of the ith control volume (W/m2 K), Ti the temperature of the
each control volume at the surfaces (K), Tint the cavity air tempera-
ture (K), n, is the number of control volumes of the internal surfaces
discretized by using the finite r-volume method, f the view factor, e
the emissivity, the Stefan–Boltzmann coefficient (W/m2 K4), TS the
average internal temperature surfaces (K), Tj the average tempera-
ture of the jth internal surfaces and m is the number of the internal
surfaces. In Eq. (16), L represents the vaporization latent heat (J/kg),
bv,i, the internal convective surface coefficient of water vapor trans-
fer of the ith control volume (s/m), Pv,i, the partial vapor pressure of
the ith control volume (Pa) and Pv,int, the cavity air partial vapor
pressure (Pa).

2.2.2. Mass conservation
The lumped formulation for the mass conservation becomes:

Xn

i¼1

Bv;iAiðPv;i � Pv;intÞ ¼ Va
dqv;int

dt
ð17Þ

where qv,int is the water vapor density (kg/m3).
3. Solution of the balance equations

A fully-implicit central-difference scheme has been considered
for the discretization using the finite-volume method [28] for the
governing equations and the MTDMA to simultaneously solve the
three set of equations as previously described in the porous ele-
ment domain section. In the air cavity domain, a hybrid method
called semi-analytical has been used in order to speed up
simulations.

3.1. Discretized conservation equations solution of the porous element
domain

Implicit schemes demand the use of an algorithm to solve tridi-
agonal systems of linear equations. One of the most used is the
well-known Thomas Algorithm or TDMA (TriDiagonal-Matrix
Algorithm). However, for strongly coupled equations of heat trans-
fer problems, a more robust algorithm may be necessary in order to
achieve numerical stability.

Therefore, the MTDMA (MultiTriDiagonal-Matrix Algorithm)
emerged from the need of obtaining all the dependent variable
profiles simultaneously at a given time step avoiding numerical
divergence caused by the evaluation of coupled terms from previ-
ous iteration values [29].
For a physical problem represented by M dependent variables,
the discretization of M � N differential equations, leads to the fol-
lowing system of algebraic equations,

Ai:xi ¼ Bi:xiþ1 þ Ci:xi�1 þ Ei ð18Þ

where x is a vector containing the M dependent variables T, Pv and
Pg

xi ¼
T

Pv

Pg

2
64

3
75: ð19Þ

Differently from the traditional TDMA, coefficients A, B and C
are M �M matrices, in which each line corresponds to one depen-
dent variable. The elements that do not belong to the main diago-
nal are the coupled terms for each conservation equation. E is an
M-element vector.

As MTDMA has the same essence as TDMA, it is necessary to re-
place Eq. (18) by relationships of the form

xi ¼ Pi:xiþ1 þ qi; ð20Þ

where Pi is now a M �M matrix.
In the same way, vector xi � 1 can be expressed in terms of xi + 1,

xi�1 ¼ Pi�1:xi þ qi�1: ð21Þ

Substitution of Eq. (21) into Eq. (18) gives

Ai:xi ¼ Bi:xiþ1 þ Ci:ðPi�1:xi þ qi�1Þ þ Ei ð22Þ

or, rearranging,

ðAi � Ci:Pi�1Þ:xi ¼ Bi:xiþ1 þ Ci:qi�1 þ Ei; ð23Þ

Writing Eq. (23) in an explicit way for xi,

xi ¼ Ai � Ci:Pi�1ð Þ�1
:Bi

h i
:xiþ1 þ Ai � Ci:Pi�1ð Þ�1 Ci:qi�1 þ Eið Þ ð24Þ

For consistency of the formulas, Eqs. (24) and (20) are then
compared, leading to the following recursive expressions:

Pi ¼ Ai � Ci:Pi�1ð Þ�1
:Bi

h i
ð25Þ

and

qi ¼ Ai � Ci:Pi�1ð Þ�1 Ci:qi�1 þ Eið Þ ð26Þ

Once those matricial coefficients are calculated, the back substi-
tution provides quite mechanically all elements of vector xi.

The use of this algorithm makes the systems of equations to be
more diagonally dominant and the diagonal dominance is im-
proved by the fact that the Ai coefficients are increased at the same
time the Ei source terms are decreased. Therefore, the transient
terms of Eqs. (6) and (9) also were written thus to increase the
diagonal dominance.

3.2. Conservation equations solution of the air cavity domain

Santos and Mendes [30] presented and discussed different
numerical methods used to integrate the differential governing
equations in the air domain (Eqs. (14) and (17)), which can be writ-
ten as:

AT
dT int

dt
¼ BT T int � CT ð27Þ

and

APv
dPv;int

dt
¼ BPvPv;int � CPv : ð28Þ

where



2394 G.H. dos Santos, N. Mendes / International Journal of Heat and Mass Transfer 52 (2009) 2390–2398
AT ¼ qaVacpa; BT ¼
Xn

i¼1

hiAi � qintRv
Xn

i¼1

LBv;iAi;

CT ¼
Xn

i¼1

hiAiTi �
Xn

i¼1

LBv;iAiPv;i; APv ¼
Va

RvT int
;

BPv ¼ �
Xn

i¼1

Bv;iAi and CPv ¼ �
Xn

i¼1

Pv;iBv;iAi:

To numerically solve these two differential equations (Eqs. (27)
and (28)), in order to speed up simulations, a hybrid method called
semi-analytical has been used, which each governing differential
equation is analytically solved, but with numerical iterations be-
tween themselves. In this way, internal temperature and vapor
pressure can be calculated as

vint ¼
vint 0Bv � Cv

 �

e
Bv
Av

� 	
þ Cv

Bv
ð29Þ

where v can be either the internal temperature or the vapor pres-
sure and vint_0 is the correspondent value at a previous time step.

4. Simulation procedure

A regular mesh (2.5 mm2) has been applied for all simulations
as illustrated in Fig. 1, for the element with external dimensions
of 0.14 m of width and 0.19 m of height. The internal dimensions
adopted for the cavity are 0.09 m of width and 0.14 m of height.
A time step of 120 s has been considered in all simulations.

In the air cavity domain, except in the stagnation region, an
average convective heat transfer coefficient is calculated from Eq.
(30):

hint ¼ 0:088ðTS;w � TS;eÞ þ 1:49; ð30Þ

where TS,w and TS,e are the average temperatures at the left and right
internal surfaces of the cavity, respectively. The external and inter-
Fig. 1. Dimensions (m) and boundary co
nal convective water vapor transfer coefficient is calculated by Le-
wis’s relation for each control volume:

bv ¼
h

RvqacpaT
: ð31Þ

In the cavity corner region, the air is considered stagnant [20] and
an equivalent conductive heat transfer resistance between the air
and the internal surface control volumes of 0.5 W/m2 K is
considered.

For comparison purposes, three types of brick have been simu-
lated: (i) massive brick, (ii) hollow brick and (iii) insulating bricks,
in which core is placed an insulation material. Properties of brick
and insulation materials are presented in Hagentoft [31].

As external boundary conditions (see Fig. 1), the vertical right
surface was exposed to air at 24 �C and 50% of relative humidity.
In the left side, sinusoidal variations of temperature during the
day between 20 �C and 30 �C and of relative humidity between
65% and 95% have been considered (Fig. 2). Constant convective
heat transfer coefficients of 3 and 10 W/m2 K, have been used at
the internal and external surfaces. The external horizontal surfaces
were considered adiabatic and impermeable.

Gas (air humid) pressure has been considered constant at all
surfaces. Initial conditions of 25 �C and 50% of relative humidity
have been used for all simulations.

5. Results

In this section, the heat and moisture fluxes through the vertical
surface at the right side (x = 140 mm) are presented. In Fig. 3, the
total heat flux (sensible plus latent) is illustrated; negative sign
means inward flux. Hollow bricks presented higher daily total heat
amplitude due to their smaller thermal capacity. The mass trans-
port effect can be also verified. While the pure heat flux through
the dry hollow brick (ignoring mass transport) oscillated between
1.2 and –0.5 W/m2, combined heat and mass in hollow brick has
made it to vary between �1 and �3.2 W/m2. This fact is attributed
nditions utilized in the simulations.
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to the high latent heat transfer between the right surface and inter-
nal air as show in Fig. 4. This high latent heat transfer is also
responsible by initial increase on the total heat transfer in the first
hours (Fig. 3) for the hollow brick.

The total heat flux through the insulating brick is lower as ex-
pected due its low equivalent thermal resistance. A difference of
62.5% has been observed when comparing the total heat flux be-
tween insulating and hollow bricks. Despite the lower amplitude,
a higher delay in the peak values has been noticed for the massive
brick due to their higher thermal capacity.

Looking at the thermal load contributions from both sensible
and latent heat fluxes (Fig. 3), one can observe high differences be-
tween the results obtained with and without moisture effects for
the hollow brick. The sensible difference itself decreases with time
as shown in Fig. 5, however the difference due to the phase change
contribution is very significant showing the great importance of
considering moisture effects under non-stationary conditions.

The latent heat flux can be observed in Fig. 4. For the three
cases, the latent heat flux increases with time evolution due to
the high relative humidity considered as external boundary
condition. In the hollow brick and in the massive brick cases,
the latent heat was the main responsible for the total heat flux.
The increase of latent heat transfer in the first hours is attributed
to the smaller resistance to the mass transfer in the hollow brick
due to their air cavity, which speeds up the vapor flow as it can
be observed through the vapor pressure distribution shown in
Fig. 6.

In Fig. 5, the sensible heat flux variation is illustrated. In all
cases, except for the massive brick, the average values oscillated
around zero, which shows that the 10-day period was not suffi-
cient to establish a thermal periodic regime for the massive brick
due to its higher thermal inertia. The higher oscillation was ob-
served for the dry hollow brick case (without mass transport)
and the opposite for the brick with an insulating core. Higher var-
iation amplitude for hollow bricks due to their smaller thermal
capacity can be observed.

Fig. 6 presents the water vapor flow at the right surface, show-
ing the evaporation rate for the three types of bricks. No condensa-
tion has been noticed due to the fact the external vapor pressure is
always higher than the internal one. The higher water vapor flow
observed for the hollow brick explains its higher latent heat load
presented in Fig. 4.
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Fig. 5. Sensible heat flux through the right vertical surface.
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Fig. 7. Temperature (K) and vapor pressure (Pa) distribution within the massive block and the hollow brick at t = 24 h.
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In Fig. 7, constant temperature and vapor pressure lines are
illustrated at t = 24 h. The one-dimensional behavior of the massive
brick is observed due to the boundary conditions (adiabatic and
impermeable horizontal surfaces). The higher differences between
the temperature and vapor pressure values are observed near to
the right side. The vapor pressure distribution explains the higher
water vapor flow and latent heat observed in Figs. 4 and 6 for the
hollow brick. This rapid moisture accommodation is explained by
the fact that massive and insulating bricks present higher inertia
and resistance to the transport of moisture across the building por-
ous element.

Fig. 7 shows also the importance of considering two-dimen-
sional or even three-dimensional transport through building
envelopes.

6. Conclusion

A two-dimensional mathematical model considering the cou-
pled heat, air and moisture transport through unsaturated building
hollow bricks has been presented. In the porous domain, the differ-
ential governing equations have been based on driving potentials
of temperature, moist air pressure and water vapor pressure gradi-
ents, while, in the air domain, a lumped approach has been consid-
ered for modeling the heat and mass transfer through the brick
cavity. The discretized algebraic equations have been solved using
the MTDMA (MultiTriDiagonal-Matrix Algorithm) for the three
driving potentials so that the solution in the porous domain region
is accomplished in a more robust way. The algorithm avoids
numerical divergence caused by the evaluation of coupled terms
from previous iteration values.

Simulations for evaluating hygrothermal performance were
performed for massive, hollow and insulating bricks. External
boundary conditions of temperature and vapor pressure have been
taken as sinusoidal functions, while the internal ones have been
kept constant. Comparisons in terms of heat and vapor fluxes at
the internal boundary have been presented, showing the brick
thermal capacity, mass transport and two-dimensionality aspect
effects on the sensible, latent and total heat transfer through the



2398 G.H. dos Santos, N. Mendes / International Journal of Heat and Mass Transfer 52 (2009) 2390–2398
brick. Great variations among the results have been attributed to
the evaporation load at the internal brick boundary, indicating
the impact of modeling moisture on the energy balance. Results
have also shown that disregarding the transport multidimensional
nature, through hollow bricks, may cause great discrepancy on the
prediction of energy and hygrothermal building performance;
most building simulation codes disregards the multidimensional-
ity nature of heat transfer and barely take moisture and air transfer
through building envelopes into account.
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