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Abstract The present paper lies to study the coupled heat,
air and moisture transfer in multi-layer building materials.
Concerning the modeling part, the interest is to predict
the hygrothermal behavior, by developing a macroscopic
model that incorporates simultaneously the diffusive, con-
vective and conductive effects on the building elements.
Heat transfer is considered in the strongly coupled situa-
tion where the mass and heat flux are temperature, vapor
pressure and total pressure dependents. The model input
parameters are evaluated experimentally through the devel-
opment of various experimental prototypes in the labora-
tory. Thereafter, an experimental setup has been established
in order to evaluate the hygrothermal process of several
multilayer walls configurations. The experimental proce-
dure consists to follow the temperature and relative humid-
ity evolutions within the samples thickness, submitted to
controlled and fixed boundary conditions. This procedure
points out diverging conclusion between different testing
materials combinations (e.g. red-brick and polystyrene).
In fact, the hygrothermal behavior of the tested configura-
tions is completely dependent on both materials selection
and their thermophysical properties. Finally, comparison
between numerical and experimental results showed good
agreement with acceptable errors margins with an average
of 3 %.
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List of symbols

C,  Humid air capability (s*/m?)

Cm  Moisture storage capacity (kg/(kg Pa))

Cp Heat capacity (J/(kg K))

he Heat convective exchange coefficient (W/ (m2K))
h,  Mass convective exchange coefficient (kg/ (m2 s Pa))

h Mass enthalpy of liquid water (J/kg)
Ja Dry air flow density (kg/(m? s))
Ji Liquid flow density (kg/(m? s))
Jm Total moisture flow density (kg/ (m?s))
jq Heat flow density (J/(m?%s))
Jy Water vapor flow density (kg/(m? s))
k; Liquid permeability (kg/(m s Pa))
kf Liquid water conductivity due to water vapor pres-
sure gradient (kg/(m s Pa))
Total moisture permeability (kg/(m s Pa))
ky Water vapor permeability (kg/(m s Pa))
k, Total moisture infiltration (kg/(m s Pa))
k Water vapor infiltration (kg/(m s Pa))
Liquid infiltration (kg/(m s Pa))
kr  Non-isothermal moisture transfer due to a thermal
gradient (kg/(m s K))
L, Latent heat of vaporization (J/kg)
M Liquid molar mass (kg/mol)
Total pressure (Pa)
. Capillary pressure (Pa)
Water vapor pressure (Pa)
Saturated vapor pressure (Pa)
Ideal gas constant (J/mol K)
S Water saturation degree (—)
T Temperature (K)
t Time (s)
Uy Dry air content (kg/m3)
u,  Gas content (kg/m?)
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Greek letters

© Relative humidity (%)

o Ratio between water vapor exchange mass and the
overall mass exchange (-)

o Heat convection coefficients due to a water vapor
pressure gradient (m%/s)

y Heat convection coefficients due to a total pressure

gradient (m?/s)

Thermal conductivity (W/(m K))
Corrected thermal conductivity (W/(m K))
1) Moisture content (kg/kg)

€ Porosity (-)

0,  Water density (kg/m?)

p,  Gas density (kg/m’)

Ps Dry density (kg/m®)

Subscripts

] Layer position in the wall from the outside to inside
m Layer interface position

n Layer position

by Space

ext  External ambiance

int  Internal ambiance

ini  Initial condition

l Left side of layer

r Right side of layer

~

1 Introduction

Generally, buildings are exposed to various solicitations
including external perturbations (solar radiation, rainfall
and temperature) or internal ones (different heating and
ventilation systems). All these solicitations are responsi-
ble of complex interactions of different heat and moisture
transport mechanisms that occur simultaneously within the
building envelope elements. The nature of these transfers
is related to the properties of the studied materials that can
induce specific phenomena such as: evaporation/condensa-
tion, sorption/desorption and hysteresis. Assuming all these
coupled phenomena increases the complexity of the theo-
retical and experimental study.

Till now, various approaches for modeling the coupled
heat, air and moisture (HAM) transfer through porous
building’s envelope are available in literature [1-7]; we
can classify them according to the used driving potentials.
Concerning the thermal transfer, the conventional driving
source is temperature gradient. In contrast, for the mois-
ture transfer there is no unanimity regarding the driving
potentials choice. According to Funk [8], these models give
fairly similar results, as there are, under specific assump-
tions laws that liaise between the various transfer motors as
the ideal gas law and the Kelvin law [9].
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Among these approaches there may be mentioned the
model of Richards [10] who was among the first researcher
to predict the water transport in partially saturated porous
media. Although Darcy equation was originally designed
for flows in saturated media, it was extended by the author
to flow in the unsaturated zone, by providing that the con-
stant of proportionality, called hydraulic conductivity, is
function of the water content.

Further, Philip and De Vries [11] expressed the water
content and the temperature as transfer drivers expressing
the moisture transfer in a gradients of humidity and tem-
perature. The energy equation is described only by heat
transfer caused by molecular conduction and that associ-
ated with the phase change.

Later, Milly [12] developed the Philip and De Vries
model by adding the hysteresis phenomenon of the reten-
tion curve. This has been achieved by considering the
dependencies capillary potential and temperature, where
liquid water is considered incompressible. The independ-
ent variable to describe the water status of the system
used by Milly is the capillary potential. Adopting the same
approach in deriving heat and moisture transfer equations
for building materials, Pederson [13], decomposed the
hydric transfer in two original transport equations taking
vapor pressure and suction pressure as driving potentials
for the vapor and liquid phase, respectively.

One year after, Lewis and Ferguson [14] confirmed the
possibility of incorporating the total pressure as a comple-
mentary driving potential to the heat and mass transfer as
expected initially by the Luikov study [15]. This pressure
gradient generates an additional transport term resulting
from the filtration motion of the liquid and vapor within the
porous material. More specifically, air pressure can trans-
port significant amounts of moisture that can be deposited
on the wall surfaces leading to interstitial condensation or
dramatically lack of control of temperature and relative
humidity.

In this context, Dos Santos and Mendes [16] have
developed a mathematical model to predict the transfer
in a block of brick hollow, vapor transfer is by diffusion/
convection and liquid flow is governed by Darcy’s law.
Recently, Remki et al. [7] evaluated the impact of atmos-
pheric pressure gradient on the hygrothermal transfers in
porous material by adding the total pressure effect in the
mathematical model of heat, air and moisture transfers.

As such, most of these studies were applied on one mon-
olayer wall contrary to the real application where the build-
ing envelope is assembled by a number of layers that sepa-
rate the indoors from the outdoors environment. Among
the few works on these multilayered materials, a dynamic
multilayer model was developed by Qin et al. [17] where
experimental approaches have been considered. Tests vali-
dation concern especially mortar and sandstone. Qin et al.
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[17] chosen the vapor content as the principle driving
potential for the moisture transfer as expected by Nilsson
[18]; the role of the total pressure and convection where not
considered in their study.

Otherwise, Bai et al. [19] adopts the Representative Ele-
mentary Volume method in deriving the combined transfer
model in the multilayer non gray porous fibrous insula-
tion. In fact, they numerically investigate whether natural
convection can be ignored as a mode of heat transfer in
high-porosity. Justly, they revealed that natural convec-
tion is more likely to occur when the heated/cooled rate is
low, while natural convection can be ignored in simulating
steady-state coupled heat transfer in multilayer insulation.
It is preferable if these authors extend their study on other
multilayered materials and not only the thermal insulation.

Later study shows an inverse analysis of heat transfer
across a multilayer composite wall with Cauchy bound-
ary conditions [20]. However, they consider one typical
dynamic heat transfer problem where the role of moisture
migration and convection were not considered. Likewise, in
a recent study, Dias [21] interested on one transfer process
which is the diffusion of heat.

Considering the problems of coupled HAM trans-
fer through multilayer materials, the biggest difference
between the monolayer and multilayer models is the choice
of the moisture driving potential. The moisture content is
discontinuous at the interface between two porous media,
due to their different hygroscopic behavior. Complicated
additional equations at the inner boundary are needed if
moisture content is chosen as the driving potential for the
multilayer case. Therefore, it is important to use a continu-
ous parameter as the moisture driving potential.

To overcome this; the current paper addresses the ques-
tion of HAM transfer in the case of representative multilayer
building wall by exposing a detailed model and to define the
validity of the sub model. This model consider the tempera-
ture as a driving potential for heat transfer, the total pressure
for air transfer and the water vapor pressure for hydric trans-
fer. The choice of the water vapor pressure as mass driving
source is especially adapted on the model application that
treat multilayer walls. This allows us to avoid the disconti-
nuity problems at the wall layers interfaces, which is not the
case with the water content. Moreover, the water vapor pres-
sure is in direct relation with the relative humidity which is
a useful parameter with a simple and direct signification,
particularly when using experimentation. Based on this
model, a numerical simulation is carried out and focuses on
one-dimensional case. Further, new experimental procedure
for measuring the moisture content and the temperature pro-
files within the materials has been investigated. This allows
performing comparisons between the numerical and experi-
mental results. All the hygrothermal properties of the tested

multilayered materials have been experimentally evaluated
by adopting reliable characterization protocols.

2 Mathematical modeling

Predicting HAM transfer through multilayer envelope in
accurate representative conditions of the building’s envi-
ronment is the main objective of the present work.

The proposed HAM transfer model is mainly inspired
from [7, 15, 17] models, where the water vapor pressure is
chosen as the principal driving potential for the moisture
transfer and the role of the total pressure and convection
are considered. Moreover, the developed model is appli-
cable for both hygroscopic and non-hygroscopic materials
that can be combined in different multilayer wall.

For the porous element domain the following assump-
tions are made in model:

e A local thermodynamic equilibrium between all present
phases;

e The gaseous phase obeys the ideal gas law;

e The hysteresis and the chemical reaction between
phases are not taken into account;

e Heat transfer by radiation are neglected,;

Variation of moisture storage power depending on tem-

perature is neglected;

Undeformable solid medium;

Only mass of liquid and vapor are considered;

Each layer of material is considered homogenous,

The Dufour effect is neglected.

2.1 Governing equation

At first, the masse and energy balance equations are written
for all considered phases (liquid, vapor and air) expressed
as follows:

ou div(in 4 i

Y (i +Jjv) (H

duy _ ..

? = _le(]a) (2)
aT .

Cppsg = —div(jy) 3)

where, u, u, (kg/m3) are the total water content (vapor and
liquid) and dry air content, jj,j,,Ja [kg/(m2 s)] represent
respectively, the mass flow density of the liquid, water
vapor and dry air phases, j, [J/(m? s)] is the heat flow den-
sity, ¢ (s) time, T'(K) temperature, C,, [J/(kg K)] heat capac-
ity, p, (kg/m?) dry density.
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Then, the equations are defined according to the driving
forces of transfer as it is presented in the following section.

2.1.1 Multi-phase moisture transfer equations

In unsaturated porous materials, moisture transfer occurs in
two forms: liquid and vapor. The liquid transfer is mainly
induced by suction pressure gradient obtained by direct
application of Darcy’s [first term of Eq. (4)], whereas the
water vapor transport is considered as diffusional process
governed by Fick’s law, under a vapor pressure gradient
[first term of Eq. (5)].

Ji=—kiVP. — kpVP 4)

jv = _kvVPv - kaVP (5)

For both liquid and vapor flux [Egs. (4, 5)], the contribu-
tion of vapor and liquid infiltration due to the total pressure
gradient is well considered as expressed in the last term of
each flux expression. This contribution was demonstrated
by Luikov [15] and further developed by Remki et al. [7].

Whereas, the adopted mass flux expression includes both
diffusive and convective contributions simultaneously, either
for total or capillary pressures represented by Darcy’s transfer;
this leads to the following new expression of the total mass
flux resulting from the addition of the liquid and vapor flux:

Jm =ji+jy = —kiVPc — k,VP, — k,VP ©6)

P.: capillary pressure (Pa), P,: water vapor pressure (Pa),
ki liquid permeability [kg/(m s Pa)], k,: water vapor perme-
ability [kg/(msPa)], k, = ky, + kp;: total moisture infiltra-
tion [kg/(ms Pa)], kp; [kg/(msPa)] and kp, [kg/(m sPa)] are
the infiltration coefficient corresponding to the liquid and the
vapor phase, respectively.

Often by recasting physical laws in one driving poten-
tial, a very useful moisture transfer expression and physi-
cal phenomena quantification can be achieved. Therefore,
kelvin law P, = R;ng In Pff’t , is used for expressing the
capillary pressure gradient as a combination of vapor pres-
sure gradient and a temperature gradient. The temperature
gradient appears in the VP, equation because of the satu-
rated vapor pressure that is function of temperature:

RTp, 1
M P,

Rp, P
2P () | vr
M Pvmr

where; M: liquid molar mass (kg/mol), R: ideal gas con-

L

(N

stant [J/(mol K)], o.: water density (kg/m3), P, saturated
vapor pressure (Pa) p, ;s = exp (23, 5771 — T{)gg’gg
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By integrating Eq. (6) into (7), Eq. (8) is obtained:
Jm = _(kl* + kV)VPV —krVT — kg VP ®)

with: k' =k; - R;fe . P% represents the liquid water con-
ductivity due to water vapor pressure gradient, expressed in
[kg/(msPa)].

d1n P—‘
b= (20}t ()

in [kg/(m s K)] is non-isothermal moisture transfer due to
a thermal gradient. This last term is not a diffusion conse-
quence of the temperature gradient; it represents a diffu-
sional parasite term due to the choice of the driving poten-
tial (the transition from P, to P,) [22].

Thus, the phenomenological description consists in writ-
ing the equations according to driving forces of transfer
described by: the total pressure, the temperature, and the
humidity and the total mass density will be expressed as:

) expressed

jm = —ku VP, — krVT — kpVP )

here, ky =k, + k' [kg/(msPa)], is the total moisture
permeability.

Finally, the mass balance equation takes the following
expression:

P
c,,,psa—tv = div(k, VP, + krVT + kpVP) (10)

with, C,, represents the moisture storage capacity expressed
as (1/Py,)-(00/09) | ik |

2.1.2 Dry air and water vapor transfer

In addition to the liquid and the water vapor transfers, moist
and dry air transfer occurs, within the porous material by
infiltration process [15]. More specifically, air can trans-
port significant amounts of moisture that can be deposited
on the wall surfaces leading to interstitial condensation or
dramatically lack of control of temperature and relative
humidity.

Using the same procedure of Remki et al. [7], this
infiltration is governed by a total pressure gradient, as
following:

Ja +Jjv=—k,VP (11)

Here, in Eq. (11) the presence of a gradient of total pres-
sure within the material causes transfer of vapor and drying
air simultaneously according to the infiltration type.

In the other hand, to get the air balance equation, the
vapor and dry air contents are combined:

P
Ug = Uy + Uy = epifa —S8)), pg=PM/RT (12)

A
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By combining Eqgs. (11) and (12), Eq. (13) is obtained:

PM
ug = 251 -5 =
Ps PosRT

e(1 =8 (13)

¢: Porosity (-), S;: water saturation degree (—)
Proceeding by a partial diversion of the Eq. (11):

PM M
d<psRT8(l - S,)) = (pSRTe(l - Sl)>dP (14)

By introducing Eq. (14) in the gaseous phase balance
Eq. [7]:

) .
Caa = div(k,VP) (15)

with C, = pfwﬁe(l — §)) expressed in (s>/m?).

2.1.3 Heat transfer

the thermal transfer in porous media occurs by conduc-
tion under a temperature gradient (Fourier law), by con-
vection through the liquid and vapor flows and by a latent
heat of phase change. Thereby, the heat flow density can be
expressed as follows [7]:

Jg = —VT + hijm + Lyjy (16)

A: thermal conductivity [W/(m K)], A;: the mass enthalpy of
liquid water (J/kg), L,: latent heat of vaporization (J/kg).

By introducing the Eq. (9) into Eq. (16), the final of the
heat flux density is obtained:

jq = —()» +hy - k7)VT — hy(ky, VP, 4+ kpVP) + Lyjy (17)

From Egs. (3) and (17), the energy conservation equation
is becomes:
oT oP,
Cp,osg = dlv(A VT 4+ aVP, + yVP) + LvaaW
(18)
with: * = 4+ ukr, & = ik, y = hikp, 0 = G,

The obtained Eqgs. 10, 15 and 18 represent the coupled
HAM transfer in monolayer porous building materials. It is
a three driving potential system composed of water vapor
pressure, total pressure for respectively humid and gaseous
phases and temperature for heat:

While the continuity condition between layers is
respected for the obtained system; this tater can be applied
on a multilayer wall using the same techniques as Qin
et al. [17]. Hens, the equations of the coupled heat, air and
moisture transfer for multilayer walls with three driving
potentials.

Water vapor pressure, total pressure for respec-
tively humid and gaseous phases, temperature for heat is
expressed as follows:

aP _
Coi g7 = dtv(kinP) o
Cpi Ps; % = div (Z;k (@)VT + a; VP, + ViVP) + vasi UiCm,' (w) Ttv

19)

{ Cmy (@) ps; 220 = div (kyn; (@) V Py + kg, VT + kp, VP)

with “i”” represents the layer position in the multilayer wall.
2.2 Initial and boundary conditions

The physical system is modeled as a multilayer porous wall
with impermeable and adiabatic horizontal boundaries.
The vertical conditions are kept at different temperature
moisture and pressure that express exchange in building.
The boundary justification of these conditions, at both wall
sides in direct contact with ambiences is complex to define.
This must ensure the coupling between the microscopic
quantities defined within material and the macroscopic one
of the external flow.

In the present study, convective heat and mass
exchanges, related to the internal and external environmen-
tal excitations, are taken into consideration [Eqgs. (20) and
(21)]. Concerning the total pressure, Dirichlet boundary
conditions are imposed [Eq. (21)].

According to the above analysis, these boundary con-
ditions are summarized in the following equation from

x=0 to x=mn:
kmOA,n (C()) VPV + kTOA,nVT + ka,n VP = hmext,im (Pvext,im - PV)
(20)
;LO,erT + g VP, + v VP = hcm’im (Texz,int - T)
+ (1 - O‘)Lvhmextjnl (Pvext,im - PV) (21)
Py =P.y and P, =Py (22)

Indices “int” and “ext” are the internal and external wall
conditions.

Equation (20) represents the moisture balance at the sur-
faces (x = 0 and x = n); the three terms on the left-hand
side describe the supply of moisture flux under the influ-
ence of a moisture gradient, a temperature gradient and a
total pressure gradient respectively. The terms to the right
side describe the amount of moisture drawn off from or
into the surfaces and governed principally by convection.
Equation (21) expresses the heat flux in terms of convec-
tion heat transfer at the surfaces (x = 0 and x = n).

The coefficients of mass and heat transfer by convection
depend of several parameters (including the air flow con-
dition, temperature, building geometry...), which makes
them complex determination. In this study, the convective
heat transfer coefficient determined by Schaube and Wer-
ner [23] is used. Whereas, the convective mass transfer
coefficient is deduced from the heat transfer coefficient by

@ Springer
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Cl C2 C3 J\
Texe
P ext
P Vext
P
hcext
01 2 3

Fig. 1 General scheme of a multilayer wall

convection by considering the Illig analogy [24] approved
experimentally by Schwarz [25].

Concerning the interfaces contact between wall layers;
the boundary conditions are taken into account as follows:
Forx=1,2,....n—1:

m=1,2,..‘,n

(23)

Ple =Py, T =Tnt1,, Pm =Puy,,

where, “1” and “r” indices respectively represent left and
right interfaces of layer “m” (Fig. 1).
Initial conditions are fixed in the wall for r = 0:

Pv(x’ 0) = Pvim" P(x7 0) = Pini’ T(X, 0) = Tini (24)

3 Experimental investigation

As expected previously, there is a need for more experi-
mental data that predict the real behavior of multilayered
materials representing of real building configuration; there-
fore a new experimental setups adapted to these materials
tests has been developed in the present work. This part is
also devoted to validate the real behavior of the developed
HAM transfer model in multilayers configuration case.

The experimental validation was conducted by control-
ling relative humidity and temperature profiles for a steady
state situation. That is why, four samples composed of two
different materials (insulation besides a wall component
type) each one, referring to the real w all composition have
been investigated.

The tested materials are: red brick, chipboard, plaster
and expanded polystyrene. So these manufactured samples
represent four types of multilayer walls configurations. The
samples thicknesses were taken enough small to optimize
the test time, given the hygrothermal transfer kinetics and
especially the water transfer which is relatively slow. The

@ Springer

Table 1 Tested samples thicknesses

Sample Configuration

1 Red brick (3 cm) + expanded polystyrene (1 cm)
2 Red brick (3 cm) + plaster (1 cm)
3 Chipboard (3 cm) + plaster (1 cm)
4 Chipboard (3 cm) + expanded polystyrene (1 cm)

Fig. 2 Samples insulation

samples diameter is 8 cm. The tested samples and their cor-
responding thicknesses are summarized in Table 1.

The samples were isolated laterally to foster unidirec-
tional hygrothermal transfer (Fig. 2).

The test principle consists on submitting samples to two
hygrothermal controlled environments. The temperature
is maintained for each ambiance with a thermostatic bath
who feeds a copper heat exchanger. For the relative humid-
ity control, saturated salt solutions were used. Figure 3
illustrates the experimental device in initial configuration
without insulation; later both ambiances were well covered
in order to ensure the stability of the imposed boundary
conditions.

All the samples were submitted to a constants tempera-
ture and relative humidity gradients with conditioning the
upper compartment at a temperature of 17 °C and relative
humidity of 65 %. For the inferior compartment, the tem-
perature was fixed at 33 °C and 35 % of relative humidity.
These selected gradients are so representatives of the build-
ing environments conditions.

It should be noted that during the experiment tests, the
temperature and the relative humidity average variations
at the two compartments was respectively of 0.5 °C and
1.4 %, which is acceptable.

For monitoring the temperature and the relative humid-
ity profiles along the sample during the test, hygrothermal
sensors were implemented at different thickness of the
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Fig. 3 Experimental device T° and RH
sensor

8 5555588 8
Saturated Heating system
salt solution
i =" =
T°and RH| 7, data logger
sensors /
/
v
$585558555859\f
=2 Temperature regulation
Fig. 4 Sensors locations in the X=0cm % X=0cm &

samples

Polystyrene (haut) + Aggloméré (bas) Polystyréne (haut) + Brique rouge (bas)

Platre (haut) + Aggloméré (bas) Platre (haut) + Brique rouge (bas)

Fig. 5 Sensirion data logger
and SHT75 sensor
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Table 2 Technical characteristics of SHT75 sensor

Technical characteristics

Relative humidity precision 1.8 %
Temperature precision 0.3°C
Maximum resolution 8s

RH measurement range 0to 100 % HR
Temperature measurement range —40to 125 °C

samples. These sensors are connected directly to a data
logger unit that can record, the temperature and relative
humidity profiles of the tested samples for low steps time
(5 min). Figures 4 and 5 represent the data logger type and
the used sensors and their location in the samples.
Regarding the dimension of the multilayered samples it
is important that the sensors do not affect the hygrothermal
behavior. That is why, the sensors used in this experiment
(SHT75 sensors) are suited for this application [6, 17, 26],
as their small size (depth of 3 mm and width of 5 mm).pro-
vides a stable and reliable measurement. Technical charac-
teristics of SHT75 sensor are summarized in Table 2.

3.1 Hygrothermal characterization for the numerical
simulation

In order to examine the numerical hygrothermal behav-
ior of the tested multilayered configurations, an estima-
tion of the input parameters of the developed HAM model
is required. In fact, one of the difficulties with the use of
this model lies to the refine identification of these param-
eters characterizing the hygrothermal materials properties.
That is way; a part of the present work was devoted to the
evaluation of the main properties of materials through the
development of various experimental prototypes in the lab-
oratory. The interest is to have a reliable prediction and to
better reproduce numerically the hygrothermal behavior of
samples.

Initially, the water vapor permeability has been evalu-
ated among the selected properties. This parameter was
determined using the Gravitest (GINITRONIC, Suisse)
equipment based on the cup method according to the Euro-
pean Standard EN ISO 12572. The experimental procedure
consists to make a regular monitoring, until equilibrium, of
sample mass subjected to a water vapor pressure gradient
under isothermal conditions (23 °C) [27].

In this case, water vapor pressure gradient was created
by imposing relative humidity of 50 and 95 % between the
two faces of the tested sample. Obtained water vapor per-
meabilities are represented in Fig. 6.

Similarly, another parameter has been determined; it is
the water storage capacity of materials. This parameter was
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Fig. 6 Water vapor permeability of tested materials

calculated from the adsorption and desorption isotherm
curves of water vapor evaluated using the BELSORP-
Aqua3 equipment. The device in question operates with a
volumetric method which consists of defining the adsorbed
gas quantity by the sample until reaching a steady state.
This measure allows subsequently calculate the sample
water content at each pressure level [28]. Figure 7 repre-
sents adsorption—desorption curves of materials used in
the experimental validation. From these results, it can be
seen that the Chipboard present a very high storage capac-
ity compared to the red brick witch illustrate, seriously, the
necessity to take this parameter in consideration during
modelling.

Another hygrothermal parameter that should be evaluated
and presents an important heat sensitivity generally observed
between insulations and other ordinary materials is the ther-
mal conductivity. It was achieved by using the Lambda-
meter Ep 5000e. The test tool operates with the guarded
hot plate apparatus method according to ISO 8302 DIN
EN 1946-2 DIN EN 12667 and ASTM C177 (DIN 52612)
norms.

Lambda-Meter EP500e measures the sample thickness
(e(m)) and its area (A (mz)), the temperature deference over
the sample (AT (K)) well as the unidirectional heat flux
(Q(W)) thought the sample. Then, thermal conductivity is
determined: A = %

Results for materials used in the experimental validation
are shown in Fig. 8 and obtained at 23 °C.

Concerning the specific heat capacity evaluation the
DSC (Differential Scanning Calorimetry) method under a
nitrogen flow of 50 ml/min is required.

The technique consists to determine the absorbed or lib-
erated heat flow variation from the material by measuring
the temperature in a controlled atmosphere. The specific
heats obtained for each used material are summarized in
Fig. 9.
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Fig. 7 Adsorption and desorption isotherm curves
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Fig. 8 Thermal conductivity of tested materials

The results of the experimental characterization con-
ducted in the above part were used as input parameters
of the HAM model developed in the Sect. 2. Table 3
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Specific heat capacity [j/kg.K] )]

Fig. 9 Specific heat capacity of tested materials

summarizes the thermal and hydric properties of the tested
materials in the experimental validation the developed
hygrothermal transfer model.
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Table 3 Hygrothermal

. . Property Chipboard Red brick Plaster Polystyrene
properties of tested materials
ps [kg/m?] 562 1670 1353 20.4
Cy[J/(kg K)] 1794 699 852 1385
AIW/(mK)] 0.085 0.310 0.112 0.042
ko [kg/(m s Pa)] 1.28 x 1071 1.86 x 10712 2.53 x 107! 1.87 x 10712

It is noted that to perform the numerical simulation task,
evidently, the initial and boundary conditions are identical
to those of the experiment.

4 Numerical simulation and validation

The numerical simulations were realized on COMSOL
Multiphysics software [29], which is particularly suitable
for treating several phenomena simultaneously, as is the
case for coupled heat, air, and moisture transfer. Also, the
assessment of the HAM transfers on other phenomena such
as the ingress of aggressive agents (chlorides, carbonation)
and the ingress of pollutants (Volatile Organic Compounds)
becomes possible. In our study, this software is used par-
ticularly for solving partial differential equations using
Finite Element (FE) method. Various kind of meshes are
easily generated which is more convenient for 3D studies.
COMSOL PDE solving presents great assortment of FE
algorithms: (UMFPACK, GMRES, Multi-grid.) [29]. In the
present study it concerns the UMFPACK solver. It solves
general systems of the form Ax = b using the nonsymmet-
ric-pattern multifrontal method and direct LU factoriza-
tion of the spares matrix A where solution is established by
applying the Quadratic-Lagrange method. More detailed
applications of the FEM for solving heat transfer problems
are done by Minkowycs et al. [30].

In the current application, the numerical solution
appears as temperatures and vapor content profiles within
the multilayer wall allowing possibility of comparison with
the hygrothermal profiles obtained experimentally. It is to
notice that the simulation is based on the boundary condi-
tions used in the experiments, so the radiation is not con-
sidered here.

The numerical and experimental comparison of temper-
ature and water vapor pressure distributions in the multi-
layer studied configurations are shown in Figs. 10, 11, 12
and 13. This distribution was done function of 3 time series
where the selected top time is 15 days which correspond
to the steady state period. Contrarily to Qin et al. [17]
this steady state is rapidly obtained because of the small
selected thicknesses and the high material porosity. The
sensors positions are shown in Fig. 4 where the insulation
layer is less thick than the material for the same multilay-
ered composition. The hygrothermal profiles are done for
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each sensors position. Continuous lines correspond to the
numerical results while the points represent the experimen-
tal one.

The average difference between measured and predicted
results was expressed by a root-mean-square error [31].
The average errors dgys for each configuration are shown
in the figures titles’s. Generally, these values fit the experi-
mental data very well (the small value is about 0.27 %).

In Figs. 10b, 11, 12 and 13b, the heat transfer kinet-
ics is fast, where the steady state is reached only after a
100 h while for the hydric transfer (Figs. 10a, 11, 12, 13a)
steady’s state is reached more slowly. Also, the temperature
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Fig. 10 Comparison of computed distribution with experimen-
tal data for configuration 1 (red brick + plaster). a Water vapor
pressure distribution (8zyg = 4.99 %). b Temperature distribution
(s = 0.30 %)
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Fig. 11 Comparison of computed distribution with experimental
data for configuration 2 (red brick 4 polystyrene). a Water vapor
pressure distribution (8gyg = 4.91 %). b Temperature distribution
(8pms = 0.27 %)

and vapor pressure profiles change shape for the four stud-
ied configurations because of their different nature and
storage capacity.

For example, the two multilayered combination red
brick-plaster and red brick-polystyrene present completely
different distributions; plaster promotes absorbing vapor
content as it is hygroscopic which explain the high value
of vapor pressure (Fig. 10a distribution between 0 and
0.01 m). Indeed, within the red brick-plaster couple, a high
competition of the moisture adsorption between the plas-
ter and red brick is produced because they have the same
hygroscopity level (as obtained by the sorption desorption
isotherm in Fig. 7). Furthermore, plaster present a very
high permeability (as obtained in Fig. 6) compared to the
red brick which confirm this water migration to the brick
(in Fig. 10).

However, in red brick-polystyrene combination
(Fig. 11a) polystyrene behaves as moisture bridge; this
result can be justified by its very low vapor adsorption (it
adsorb a maximum of 0.2 % whereas the brick adsorb a

Fig. 12 Comparison of computed distribution with experimen-
tal data for configuration 3 (chipboard + plaster). a Water vapor
pressure distribution (8gyg = 2.09 %). b Temperature distribution
(s = 0.34 %)

maximum of 1 % as shown in Fig. 7). Brick and polysty-
rene have almost the same vapor permeability (Fig. 6); this
favors the moisture transport to the red brick and reduces
the discontinuity problem between the two layers compo-
sition. By consequence, the thermal performance of this
insulation material can be degraded because of this hydric
migration; as it can be observed on the slight temperature
increase on the right side of (Fig. 11b).

In other manner, if we compare the plaster behavior
in the two couples (plaster-red brick and plaster chip-
board) in Figs. 10 and 12 respectively; a big similitude of
the temperature and vapor pressure profiles is obtained.
Indeed, it can be seen that the plaster behaves as a good
insulator against the thermal solicitations because of the
slight observed temperature variation within this material
(Figs. 10b, 12b). By contrast, this material is still faith-
ful to its hygroscopic properties since it lets moisture
transported either to the brick or the chipboard; which
is confirmed by the vapor pressure drop (from x = 0 to
x = 0.01 m) in Figs. 10a and 12a. This is naturally justified
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Fig. 13 Comparison of computed distribution with experimental
data for configuration 4 (chipboard + polystyrene). a Water vapor
pressure distribution (8gyg = 2.98 %). b Temperature distribution
(s = 0.28 %)

by its highest vapor permeability compared to the other
materials (Fig. 6). Concerning the moisture adsorption
theoretically the chipboard adsorb moisture more than the
red brick implying higher water content measurement in
the plaster-chipboard combination. In reality the measured
vapor pressure values in this material combination was not
so high which suggests that the permeability of material
has a considerable influence on the moisture transfer as
expected above.

Concerning the polystyrene combinations comparison
(polystyrene-red brick and polystyrene chipboard) shown
in Figs. 11 and 13 respectively, thermally similar temper-
ature responses can be noted; the temperature slop within
the polystyrene is higher than those obtained for plaster.
Regarding the vapor pressure profiles (Figs. 1la, 13a),
polystyrene left vapor migration without any adsorption
or increase in moisture content inside as explained above.
But in the layer contact polystyrene the higher vapor pres-
sure was measured for the polystyrene chipboard since
the chipboard is well recognized by its high hygroscopity
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compared to the red brick. (As it is indicated in the sorption
desorption isotherms above in Fig. 7).

Further, by comparing the obtained experimental results
with performed simulations, there is a good agreement
between the temperature and water vapor pressure pro-
files for the four studied configurations. This correlation is
illustrated by the low average errors between the numeri-
cal and experimental data, where there is a maximum error
of Spms = 0.34 % (Chipboard + plaster) for temperature
profiles. For water vapor pressure profiles, the errors are
relatively large, with a maximum error of dgys = 4.91 %
(Red brick + polystyrene). These errors can send it either,
of experimental process, particularly the sensors imple-
mentation at the material itself or at the interface between
two different materials, which can disrupt their hygrother-
mal behavior. Another source of errors is the input data for
hygrothermal transfer model. A small input data variation
leads to a modification of the hygrothermal behavior pre-
diction of the material [32].

5 Conclusion

In this work, a coupled heat, air and moisture transfer
model in multilayer walls was developed and examined.
This model is based on driving potentials that ensure con-
tinuity at the interfaces between layer walls. Selected driv-
ing potentials are a state variables (water vapor pressure,
total pressure and temperature), which are not dependent
on the solid support of material or morphology of its pore
space. On the other hand, the proposed model of hygrother-
mal behavior prediction in the wall is based on simple input
parameters.

Further, an experimental device was designed to study
the hygrothermal behavior of several configurations of mul-
tilayer porous building materials. Heat and moisture trans-
fer evolutions in the samples were monitored over time, as
well as good control of boundary conditions. In this con-
text, an experimental characterization of the tested con-
stituent materials was completed. In particular, evaluation
of adsorption—desorption curves, water vapor permeability,
thermal conductivity and specific heat were performed.

Comparison of temperature and water vapor pressure
profiles resulting from the numerical simulation with those
obtained experimentally for the four tested configurations
were undertaken. The results showed good agreement
between predicted and measured data. These good results
illustrate the advantages of the proposed hygrothermal
transfer model, with accessible input data, evaluable exper-
imentally with standardized tests.

This study reveals that the plaster behaves like a water
vapor sponge reducing the incoming moisture flow and
good insulation. Centrally, the polystyrene behaves as
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bridge transporting the water to the hygroscopic material
which causes lack of control on temperature and degrada-
tion of the thermal performance of this insulation material.
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