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Abstract

Insulation porous structures have a significant role in building energy and hygrothermal
performance. However, most of the mathematical models used in building simulation codes
simplify the three heat transfer modes and, rarely, consider the moisture transport and, even
more rarely, combine conductive and radiative transfer modes through multi-layered insulated
envelopes or coupled multidimensional heat and moisture diffusion phenomena with detailed
solution of surrounding airflow. In this way, first presents the governing equations based on
temperature and vapor pressure gradients as driving potentials and includes radiation - not only
as a boundary condition but also as heat transfer mode through participating fibrous media. The
main objective is proposed model’s validate with comparisons to the well done cases solved in
the literature. The energy and moisture equations are solved using a fully implicit scheme and
MTDMA algorithm to calculate the heat, air and moisture (HAM) fluxes through porous building
elements containing fibrous materials such as glass wool. This new model called CAR-HAM
(Conductive, Advective, and Radiative Heat, Air and Moisture) is verified with the HAMSTAD
benchmark - including rain load in the analysis of moisture and temperature profiles - and with
literature data for heat transfer through insulated roofs. Then the CAR-HAM model has been
written to be fully coupled and solved by means of the CFD algorithm /solver available in ANSYS-
Fluent, enabling also to calculate multidimensional distributions of moisture and temperature
within porous structures. This second model called CFD-HAM is mainly applied to solve cases
in two - and three - dimensions. The interactions between building porous elements and indoor
and outdoor air are fully and straightforwardly coupled considering the Navier-Stokes equations
to simulate both structure and air domains. Local values for mass and heat transfer convective
coefficients are also obtained by the CFD simulation for a more accurate assessments of moisture
content and temperature distributions within porous building elements of any geometric. The
result of the model had a good agreement with the literature data. The mathematical model
present an efficient algorithm enable to solve several problems related to the distribution of heat,
humidity and temperature.

Keywords: Hygrothermal performance, insulation material, multidimensional Heat, Air and
Moisture Transfer, moisture, HAM, CFD-HAM.
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1 General Introduction

The scarcity of natural resources drives the planet into a predictable and discouraging future,
making it essential to limit or reduce energy consumption by opting for sustainable development.
The amount of energy consumed in residential, commercial and industrial buildings tends to
increase with the growth of the world population, considering the current energy demand. The
world's energy consumption is expected to increased 28% until 2040 [1]. In Europe, 40% of
total energy is used in buildings [2], which has determined the development of new technologies.
Making a breakdown by category, the energy consumption in the residential sector exceeds the
industrial one (https://www.eia.gov/consumption/). With this rate of energy growth, it is cru-
cial to develop a strategy to improve the energy performance of residential and non-residential
buildings. Building energy efficiency regulations - which set minimum standards for the building
performance - aim at considerably reducing building energy consumption.

In this way, hygrothermal simulation tools may significantly contribute to sustainability in the
construction sector so that the knowledge of heat and moisture transport mechanisms applied
in buildings resulted in several mathematical models and tools published in the literature [3-6],
contributing to build optimized workplaces focusing in energy saving and indoor air quality as
well.

The challenge on modeling is to represent with accuracy the temperature and moisture
content distributions within building porous envelopes and elements, to improve occupants health
and to reduce energy consumption/demand and material deterioration risk [7]. In late eighties
and in the nineties, one-dimensional heat and moisture codes through porous building elements
were developed such as DELPHIN [8], MATCH [9], MOIST [10], WUFI [11] and UMIDUS
[12,13], based on different assumptions and driving potentials. The reader may refer to [14] for
more details on some developed models. In the 2000's, some energy simulation codes such as
Domus [15], BSim [16], WufiPlus [17], ESP-r [18] and EnergyPlus [19] have integrated moisture
adsorption /desorption in their wall conduction models.

However, all those codes are considerably limited due to geometric complexities and to the
boundary conditions (BC) related to the surrounding airflow. In addition, it is well known that
the weather may play a significant role as BC such as the driving load rain [20] and solar
radiation [21]. Those phenomena have been well studied, but the current simulation tools apply
them in a simplified approach. For instance, within the wall, even containing a fibrous material,
the thermal radiation is not propagated considering moisture migration. If so, it is done in a
simplified way, considering a one-dimensional case. Another critical issue is how the current
models calculate the heat and mass transfer convective coefficients. Most of codes use them
with a flat value for the entire surface, or with local value to a customized case, however the
well-known fluid mechanics dimensionless numbers such as Reynolds, Schmidt, and Sherwood
are not used for calculating them.

Therefore, this work presents a new mathematical model to overcome the given gaps, which
is fully coupled to a CFD software (ANSYS-Fluent) [22], providing a powerful hygrothermal tool
to solve problems under complex geometries in one-, two- or three-dimensions. The original
algorithm was first written in C - as a stand-alone code - for 1D cases (called CAR-HAM -
Convective, Advective, and Radiative Heat, Air and Moisture) and, with some algebraic handling
operations to use specific macros of the CFD code with some improvements, so that to create
a second simulation code called (CFD-HAM) to solve complex multidimensional CFD-integrated
cases concerning heat and moisture transfer.

The thesis is organized as follows. In Chapter 2, the one-dimensional heat, air and moisture
(HAM) mathematical model, considering radiation in fibrous materials is presented. The bound-
ary conditions are described in terms of diffusive and convective heat and moisture transport
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as well as phase change. The simulation code is tested in three steps. First, the drying of an
one-dimensional bar under isothermal conditions is simulated to verify the diffusion terms of the
proposed model. Then, a thick layer under airflow presence is considered to verify the convective
terms and, in the third step, to verify the thermal radiation of the new model — CAR-HAM, a
residential attic insulation is simulated considering a fibrous material under moisture adsorption
and desorption mechanisms.

Chapter 3 presents the coupling between the proposed model in Chapter 2 and the package
ANSYS-Fluent by means of user-defined functions (UDF), providing calculations of the local
convective heat and mass transfer formulas through complex surfaces. Different case studies
are shown to illustrate the potentialities of the new tool. For instance, a conditioned museum
room with a plaster statue represented by a complex profile is simulated. Additionally, 1D
and 2D models, including the well known WUFI [11] software, have been used to simulate the
temperature, relative humidity, and moisture distribution within a hollowed porous brick, which
is widely used in the construction sector, but commonly simulated in a very simplified way. A
multilayer wall composed of plaster and hollowed brick was considered, including buoyancy effects
(for 2D simulations only).

In Chapter 4, an experimental set-up according to a Nordtest protocol is simulated to experi-
mentally validate the proposed model. Indeed, the material is exposed in a moisture environment
with cycles of relative humidity to calculate a moisture buffer value called MBV index that repres-
ents the hygroscopic buffering capacity of a porous building material. With a more sophisticated
approach, take into account the airflow coupling, the proposed model verifies several cases pub-
lished in the literature [20, 23, 24] to validate its application in cases involving heat and mass
transfer processes through porous materials.

The three main chapters provide valuable information on creating a more sophisticated model
to deal more accurately with the problem of moisture in buildings.

In Chapter 5, conclusions are addressed as well as some proposals for further work.




2 A model for predicting heat, air and moisture transfer
through fibrous materials

Abstract. A precise hygrothermal model is essential to predict the energy performance
of building envelopes providing coupled transport of mass (moisture and air) and heat through
porous elements, considering phase change and all heat transfer modes, including the radiative
transfer through fibrous materials. Therefore, a new mathematical model, called CAR-HAM
(Conductive, Advective, and Radiative Heat, Air and Moisture), is proposed to include the
radiative transfer equation to calculate the thermal radiation effects within the porous materials
to be taken into account in the energy balance. The moisture and the energy conservation
equations are simultaneously solved using a fully implicit scheme and the MTDMA algorithm.
The comparison of the proposed model considering some case studies such as attic insulation, bar
drying, convection and high humidity (rain load) - showed a good agreement with experimental
data available in the literature.

Keywords: Participating porous media, radiative heat transfer equation, moisture, hygrothermal
performance of insulation materials.

2.1 Introduction

Attenuation of heat and moisture transfer through roofs, specially in dwellings, is an efficient
strategy to reduce energy consumption [25, 26]. Besides its effects on the energy balance,
moisture can deteriorate insulation layers and cause mold growth [27].

Moisture transfer research has been presented since the beginning of the last century, for
unsaturated porous media based on Darcy and Fick's laws as published in [3,4,6,28]. In building
physics, the unsteady moisture transfer behavior research started with a simple case of a flat
concrete roof [5]. Two models that were used as a reference for recent models were published in
the 50’s and in the 60's [4,28]. In the 80's some studies have shown the results of a synthesis over
several works involving moisture laboratory measurements for conducting research on moisture
behavior through fibrous insulations [29]. Over time, experimental data for a wide range of
materials were collected and some properties were aproximated (e.g., permeability) to provide
solutions for current mathematical models [30].

The heat and moisture coupling transfer in building physics started to be a topic of more
intensive research in the early nineties and has originated many international projects such as
IEA Annexes 14, 24, 41, 55 and the HAMSTAD European project [20,23]. A detailed review of
mathematical models, numerical methods and simulation codes may be referred in [14]. Although
all the international research efforts, no model in the field of building energy simulation has
included the radiative heat transfer in the energy conservation equation, except as a boundary
condition.

The radiation can be described by several numerical methods such as the zone method, Monte
Carlo method, discrete transfer method and PN method, among others [31]. An attractive
simplified method, so-called Discrete Ordinate Method (DOM) was developed in the 50's [21],
and later, it was intensively studied by several authors [32,33]. The radiation effect in fibrous
media started with a simple mathematical model, isotropic scattering medium, and steady-
state conditions [34]. Shortly later, it was considered anisotropic scattering medium, unsteady
condition and the effect of fibrous media morphology with arbitrary optical thicknesses [35].
More sophisticated models were developed combining radiation and conduction applied to high
porosity fiber thermal insulation materials under high temperatures [36, 37] where the thermal
radiation plays a significant role. Some nanomaterials like aerogels [38], that significantly reduce




conduction/convection heat transfer, can have the radiative heat transfer improved in ambience
temperature. Aiming to providing accuracy at reasonable calculation time, the radiative transfer
equation (RTE) solution methods have been diversified with some techniques of angular and space
discretization in a two-dimensional uniform Cartesian mesh. More focused in the field of building
physics, some applied research regarding radiation in residential attics has been presented [39-41]
denoting the importance of the radiative heat flux through insulation materials, which, in some
cases, is even greater than the conductive heat transfer [39]. When the heat transfer process
comprises the radiation, the traditional method for calculation is firstly solving the RTE, and
then with the radiation flux, the energy equation is solved, but sometimes, the process is not
so fast. So, later a new coupled numerical procedure for solving conductive and radiative heat
transfer problems was introduced by Mazumder [42].

A lot of well-thought mathematical models are presented, and some of them include both
radiative and heat transfer modes; however, no one includes moisture transport when both modes
are considered, which may be relevant for some applications in the building physics field.

Therefore, to contribute to the progress of heat and mass transfer modeling in building
physics, this paper presents and validates a mathematical model that considers radiation as an
additional heat transfer mode so that insulation materials can be appropriately simulated as
participating media to the phenomenon of scattering radiation under the presence of moisture.

The new combined heat and moisture transfer model denominated CAR-HAM (Conductive
Advective and Radiative Heat, Air and Moisture), through insulation materials, should enable an
accurate design of high-performance building envelopes and moisture safe constructions. The
formulation is based on the model presented in the HAMSTAD project, adding the contribution
related to radiation. The discretized equations are solved using the MTDMA algorithm [43, 44]
to provide a coupled and stable solution of both energy and mass balances equations at the same
iteration level. The Discrete Ordinate Method application provides the radiative heat transfer
contribution.

In Section 2.2, the new mathematical model is presented; Section 2.3 provides its verification
against data from literature, while Section 2.4 presents a case study and Section 2.5 some
simulation results in an attic. In Section 2.6, the final remarks are addressed.

2.2 Mathematical model
2.2.1 Assumptions

Based on the mass and energy conservation equations, the CAR-HAM model takes into
account the moisture and energy balance including the radiation contribution. The simulation
code is based on the following assumptions:

Temperature between 0°C and 80 °C;

No hysteresis effects are presented;

No chemical reactions are considered;

Radiative properties do not change with moisture;

e Driving rain is taking into account as a Dirichilet boundary condition.

2.2.2 Moisture

Besides the model assumptions, vapor is considered as a perfect gas so that:




RT
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where R is the universal gas constant, p,, the density vapor, T, the temperature and M, the
molar weight of water. If liquid phase within the pore system is also taking into account, the

two phases of water are assumed to be in equilibrium, satisfying Kelvin's equation so that the
liquid pressure can be described as follows:

RT P,
P=p —1 ). 2
l P Ml n(Psat) ( )

The P, and P,,; mean vapor pressure and saturation vapor pressure, and p;, the density of
water. Then the suction pressure (Py,.) can be written as:

Py =P, — P, (3)

The moisture transfer through the porous structure can be divided into vapor and liquid flows
by two transport phenomena: diffusion and advection [45]. Therefore, the moisture flow can be
described by:

Gtot = Gv T g1 - (4)

In Eq. (4), g, represents the vapor flow, while the other one, g;, refers to the liquid flow.
The vapor flow can be expressed by diffusive and advective terms as:

gv:_évvpv+upv7 (5)

while the liquid flow is given by a sum of a diffusive term and a term due to the gravitational
forces:

g, = —A (V-Psuc - PlE) . (6)

In Eq. (5), v, refers to the moisture dependent vapor permeability, and u, the density of air
flow rate. In Eq. (6), A means liquid water permeability and, £, the gravity. So, in the vectorial
form, the mass balance equation for a porous media can be written as,

Oow

az_v'gtota (7)

were w refers to the water content.

2.2.3 Energy
The three heat transfer modes are considered in the unsteady energy balance equation written
as:
OH
—— =V ot) 8
= () ®
and the enthalpy can be defined as:
H = p,cT, 9)
where the specific heat ¢ of the porous material is defined by:
w
c=co+ . (10)
Po




In Eq. (10), ¢, is the dry-basis specific heat, ¢;, the liquid water specific heat, w the moisture
content and, p,, the dry-basis specific mass.

Eq. (8) represents the enthalpy variation in time, which is equal to the divergent of total heat
transfer (q;,¢) that can be represented by:

Qiot = Geond T Qeonv T Qrad + Qlat, (11)
where qeond, Qeonv and qq; can be written as:

Geond = —kVT;;
Qeonv = WPaCal’;
Qiat = golLv + giiT.

In Eq. (11) right-hand side, the first term represents the diffusive heat transfer and the second
one is associated to the heat flux by air convection; the next two terms represent the latent heat
contributions by moisture flow - latent and sensible - and, finally, the last one (g,qq) is related
to the radiative heat transfer mode that needs to be calculated previously by RTE (Radiative

Transfer Equation); k is the thermal conductivity of the medium, p,, the air density, ¢, represents
the specific heat capacity at constant pressure and L, is the latent heat of evaporation.

2.2.4 Radiative Transfer Equation (RTE)

The RTE is an integro-differential equation whose solution requires special treatment to be
numerically solved by methods such as DOM (Discrete Ordinate Method).

Considering a medium with contributions of emission, absorption and scattering of any given
direction § (see Fig. 1) [46]:

A

Incident

dA

Scattering

Absorption

v ~_
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wn>

Figure 1: Radiative intensity sketch in a direction .

§-VI =kl — 51+—/ B (8, 5)dY (12)

where ® is the phase function that describes the changes of direction of a given ray from one
direction § to another direction $;. In the right-hand side, the first term represents the local
intensity emitted; the second one, the intensity absorbed in the medium. The variables s and
[ are the absorption and extinction coefficients, respectively. Henyey-Greenstein phase function
describes the anisotropic scattering:

)
p(¢) = -

1
1 7 13
2[1 4 g2 — 29,¢]*° (13)




where ( is the direction cosine represented by ( = cos(#) and g, stands for the anisotropic grade.
For g, >0, foward scattering is dominant; otherwise, backscattering predominates (see Fig. 2).
It was assumed an anisotropic grade of g, = 0.9 (typical value for glass wool).

T

©

Figure 2: Henyey Greenstein function; gr=0.1, red; gr=0.3, blue; gr=0.5, black; gr=0.9, green.
Radi axis is plotted on logarithmic mode.

Integrating Eq. (12) over all solid angles, we obtain [46]:

V:Qra =k, — [ 1dQ). (14)
4
Eq. (14) describes the radiative energy from a control volume that is regarded in energy
equation as a source term. Applying the Discrete Ordinate Method (DOM), it can be rewritten
as

V Qraqg = c(Arl, — Z (15)

The weights 1), associated to the direction $; represent the numerical quadratures which
replace the integral. A previous calculation of intensity solves Eq. (15). So applying the discrete
ordinates method, introducing the optical coordinate 7 and the scattering albedo w, Eq. (12)
becomes:

dl; w <
CdT ( w) b +47TJ§1 ]w] ( )
or in a short form:
C-%—I—I'—S ; (17)
ldT 1T pZ?
with
Spi=(1—w)l + ZI wj, (18)

where Sp; represents the source term. Applying Eq. (18) for each control volume of any given
discretized form, it is possible to calculate the intensities of the considered domain with a previous
temperature field.




The RTE equation is solved by the field intensity that depends on the temperature field. By
means of the discrete ordinate method, it is possible to solve Eq. (17) with some angular and
spatial discretizations. So, applying the integral over an elemental volume:

ol
/. (cas =, + ﬁ5p> av. (19)

where V is the volume and s refers to the spatial reference. The S, was defined according to
the Eq. (18). For an one-dimensional case, the volume is Ax, and after some arrangements, it
yields:

C(le—1y,) =(—1,+ Sy)BAx . (20)
The subscripts e and | refer to the east and west boundary faces of the control volume.
Isolating I., one has:

BAx BAx
L =-220,
A

To each element of volume is applied the scheme described by "weighted diamond differen-
cing" [32] yields:

S, . (21)

Iy =Iex + (1 = X)w - (22)
The x means the interpolation factor. Combining Eq. (22) with Eq. (21) obtain:

Je:Iw(v—oz)—i—OzSp7 (23)
Y
with v = (1 + «). Operating similarly, the intensity over the volume center I, can be found
isolating I. in Eq. (22) and replacing it in Eq. (21).
With the temperature field, the intensities over the domain can be calculated. Therefore,
initial temperatures are first given to get the intensities, then the divergent of thermal radiation
is calculated by Eq. (15) and accounted for the energy in Eq. (8). The process is repeated until

it reaches the convergence.

2.2.5 Boundary conditions

The diffusion and convection fluxes have been considered in the boundary condition (BC) for
the moisture flow into/out the structure. The moisture BC can be written as:

gy = £UVVP +up, . (24)

In Eq. (24), g, is the moisture flow and ¥ is the convective mass transfer coefficient. Similarly,
the energy boundary condition can be written as:

q= j:thT + upacaTa + glClTa + ngv 3 (25)

where, vy, is the convective heat transfer coefficient.
The boundary conditions for radiative intensities can be written as:

T =0, [(O,C) = Qw[((],—g“) + (1 - Qw) n2[b (Tw) — (>0, (26)

T =T, [(To,C) = Q€[(07<) + (1 — Qe) n2[b (Te) — C <0 5 (27)

where o is the reflectivity and n is the medium index. The subscripts (w,e) refer to the west
and east boundaries (see Fig. 3).
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Figure 3: Radiative intensity at the boundaries.

2.3 Model verification

In this section, the CAR-HAM validation involves comparison with literature data where the
performed cases include isothermal conditions, air convection, liquid migration and radiation.
In the first step, a concrete bar exposed to low relative humidity surrounding air is analyzed,
where its moisture content decreases with time (Homogeneous wall). Then, mass transport, by
diffusion and advection, computes the relative humidity distribution within the wall (Lightweight
wall). Besides, it is simulated a multilayer wall under step function boundary conditions with
high humidity - higher than 99% and finally, the simulation code evaluates the heat, moisture,
and radiative transport through a residential roof (Attic).

2.3.1 Homogeneous wall

In this first simulation, the moisture and heat transfer occurs through a homogeneous wall,
with no air pressure difference, under isothermal conditions. The main data is described in Table
1.

Sorption isotherm (w) 116 - (1 — In¢/0.118)"%% kg/m?
Vapour diffusion (4,) 1.0-1071 s

Moisture diffusivity (D) 6.0-1071° m?/s
Thermal conductivity (k) 0.15 W/(mK)
Specific heat capacity (c,) 800 J/(kgK)
Density (p,) 525 kg/m?
Thickness (e) 0.2 m

Latent heat (L) 56.8 J/kg
Convective mass transfer coeff. (J) 1.0-1073 s/m
Convective heat transfer coeff. 25 W/(m?K)

(un)
Temperature (7T')

(internal and external) 293.15 K

Table 1: Simulation data - homogeneous wall.

Fig. 4 shows the predict moisture simulated by CAR-HAM and Others®. It is noticed that

10thers represent average values obtained by the following institutes and universities: KUL (University of
Leuven), TECHNION (Technion Israel Institute of Technology), TUD (Technical University of Dresden), CTH
(Chalmers University of Technology), NRC (National Research Council of Canada) and IBP (Fraunhofer Institute
of Building Physics). More details can be found in [20]. PM stands for the present proposed model.
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Figure 4: Homogeneous wall - predicted moisture.

the moisture movement occurs due to an important gradient of relative humidity between the
material and the surrounding air. In this simulation, there is a sudden change in relative humidity,
and the direct effect is noted at the two ends of the bar. Initially, the concrete slab was at a
95% relative humidity, and after 100 hours of simulation, the bar ends present a decrease higher
than 60% of water moisture content, while the central region kept unaltered. After 300 hours
of simulation, the diffusion moisture transport mode reaches the whole material, when there is
a humidity decrease throughout the bar. At t=100 h, the distribution of water content across
the wall has a significant difference with the boundaries, and this gradient effect increases the
liquid and vapor diffusion moisture flow. The curves are not symmetric due to the difference
between internal and external relative humidities. In this benchmark that involves only diffusion
phenomena under isothermal conditions, the results had a perfect agreement with the original
simulations [20]. All simulations have used a mesh with 30 points and a time step of 3600 s.

2.3.2 Light weight wall

A thick single layer is exposed to the airflow and to a large variation of temperature and
humidity. Fig.5 shows schematically the wall and the boundary conditions. Tables 2 and 3
present the properties and parameters of the test case. In this simulation, the airflow is a
function of external pressure gradient that changes with time, according to Fig.6. As initial
conditions, the temperature of material is 20°C and the relative humidity is 95%.

Until the twentieth day, the moisture content increases rapidly within the wall, due to a
pressure gradient that promotes the transport of mass. At a time of 20 days, there is a moisture
peak and the maximum concentration due to air infiltration is reached. The water content is
concentrated at external face because the air flow from the indoor enters into the wall, carrying
the moisture to the opposite surface. The internal surface coefficient of water () vapor is higher
than the external one, which promotes the high level of mass migration near the external surfaces,
accumulating water content in this region. In the opposite way, the temperature suddenly drops
(more than 20 °C). Besides, the moisture content yields a high effect on thermal conductivity, so

10
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Figure 5: Light weight wall. Figure 6: Gradient pressure changes.
Sorption isotherm (w) WS N i/ (14 (biPae)™)™  kg/m?
Vapour diffusion (0,) (M,/RT)D, s
5 i
Hydraulic conductivity () GZiZO ai(w/p1) s
Thermal conductivity (k) ko + k(w/p1) W/(mK)
Air flow rate (u) C,vP m/s

Table 2: Light weight wall - Ref. [20].

the temperature at the interior of material changes rapidly. After 20 days, the pressure gradient
decreases linearly (Fig.(6)) and the flow direction changes, resulting in a low humidity at the
end of simulation as shown in Fig.(8). In Fig.(7), as an isothermal case, the capillary moisture
transport process occurs independently of temperature gradients.

A non-uniform mesh was used in this simulation with 100 nodal points and a 80 s time
step. With those parameters, the CAR-HAM transfer model provided a good agreement with
the literature data.

2.3.3 High humidity

A two-layered wall is simulated for 5 days with moisture and heat exchanges between neigh-
boring air and wall surfaces. The external surface is exposed to mixing boundary conditions,
comprising rain load, heat and mass convection. The airflow is neglected. When rain occurs, the
wall surface is saturated and the relative humidity almost reach the unity. The thicker part (with
200mm) of the wall is the external side and the finishing material is located at the internal part
with 20mm of thickness. Initially, the wall interior is set to 20°C of temperature and the water
content to 0.4 kg/m?> and 47.5 kg/m? at the external and internal surfaces, respectively. In
Tables 4, 5 and 6 information about coefficients, parameters and properties of wall is provided.

Figure 9 shows a very well agreement of simulated codes of literature and the CAR-HAM
model, illustrating several water content peaks at the surface that was submitted to high humidity
values. Some differences can be seen in Fig. 9, especially at 20 hours of simulation: CAR-HAM
presents greater storage of water content of almost 10%. The storage water variation during
the time is very sensitive and depends on the choosen potential. After 80 hours of simulation,

11



Water Retention

m; 1—1/n;
Wsat 871

k1 0.41

k2 0.59

bl 0.006

b2 0.012

nl 2.4883

n2 2.3898
Vapor Diffusion

D, 26.1-10¢
n 1 — (w/Wsat)
D, (Dam)/ (ko1 = p)(n* + p))
Lo 5.6

P 0.2

Liquid Water Diffusion

a0 —46.245
al 294.506
a3 3249

a4 —3370

ad 1305
Thermal Conduction

k, 0.06

k 0.56

Heat Capacity

Do 212

Co 1000
Convection

C, 3.0-107°

Table 3: Light weight wall - Ref. [20].

External material

Sorption isotherm (w)

Vapour diffusion (9,) (M,/RT)D,
Hydraulic conductivity () Details in [23]
Thermal conductivity (k) 0.5 + 0.0045w

Finishing material
Sorption isotherm (w)

Vapour diffusion (0,) (M,/RT)D,
Hydraulic conductivity () Details in [23]
Thermal conductivity (k) 0.2 + 0.0045w

157 (201 1 (1+ (¢iPae)™)™) kg/m?

W/(mK)

209 (X2, 1 (1 + (¢ Pae)™)™) kg/m?

W/(mK)

Table 4: Multilayered wall - Ref. [20].

variations of moisture can be noticed that may cause numerical errors, as the properties are
strongly moisture dependent in the region with high water content. The moisture transportation
goes through the layers due to hard external conditions such as condensation on the outer surface,

12
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External material

m; 1—1/n; —

ny 1.65 —

N9 6.0 —

Iy 0.3 —

ly 0.7 —

c1 1.25-107° -

Co 1.80-107° —

D, (26.1-107%) /30 m?/s
n 1 — (w/157) kg/m?
D, (Dan)/(0.503n% + 0.497) m?2/s
Po 2005 kg/m?
Co 840 J/(kgK)
Finishing material

ny 1.27 —

I 1.0 -

¢ 2.0-10°6 —

D, (26.1-107%) /3 m?/s
n 1 — (w/209) kg/m?
D, (Dan)/(0.503n% + 0.497) m?2/s
Po 790 kg/m?
Co 870 J/(kgK)

Table 5: Multilayered wall - Ref. [20].

Internal External

Convective  heat  transfer 25 8 W/(m*K)
coeff.(vy,)

Convective mass transfer 2.0-1077 3.0-107% s/m
coeff.(49)

Table 6: Multilayered wall - Convective transfer coefficients.

13



[ [
——  Otbhers
1501 — CAR-HAM
B
~
2 100 |
=
(O]
=
o
50
(O]
&5
=
0

/

L

0 20 40

Figure 9: Wall under high humidity and external hard conditions.

60 80
Time [h]

100

120

high gradients of temperatures and the different liquid transfer rates for each material. In this
case, the materials have very different hygroscopic behaviors that increase the discontinuity of
moisture content value at the interface, as shown in Fig.10. Besides, the proposed model presents
an additional of 10% of water content in the outer material due to its derivatives are sensitive

and may produce some variations over total moisture distribution within the material.
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Figure 10: Multilayer - moisture after 12 hours of simulation.

2.4 Case study

0.8

In this case (Fig. 11), the aim is to study the substrate thickness variation (called "phenolic
binder") within insulation material and its influence on water content migration. Radiation is
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considered, for a gray and isotropic porous medium, and the boundary condition is of Dirichlet
type; the temperature and the relative humidity values were taken from insulation boundaries
and data was recorded every 15 minutes. For the simulation a non-uniform mesh with 33 points
was considered, for a 300 s time step.

As shown in Fig.11, the fibrous medium is placed in contact with gypsum board until it
reaches the surface (y = o). Specifically, at this surface, the boundary condition is of the third
type where the temperatures were measured at a distance of 50 mm above of surface (attic air).
The storage capacity of material dw/d¢ was derived from a generic function of moisture content
for a porous medium according to the equation of Brunauer-Emmet-Teller (BET). So, the typical
fiberglass isotherm was approximated by:

W, Co
[1—¢][1+(C-1)¢]’
where W,,, and C are empirical constants (their values are 0.01 and 50, respectively - used for
adsorption; others values can be found in the literature for the sorption); ¢ refers to the relative
humidity.

The effect of hysteresis was disregarded. In the original simulation, the insulating storage
capacity accounting for the radiative effects was evaluated changing from 5% to 40% of the
weight of a desiccant phenolic binder (PB). In the proposed model, the heat, moisture and
thermal radiation transport is coupled, considering anisotropic medium.

W = (28)

Roof Temperature

Top of the batt Attic Air Temperature

(RH/To)

Bottom of the batt
(RH/Ts)

Insulation

Gypsum board

Figure 11: Attic sketch - Ref. [41].

The top of insulation receives radiation from roof. The experimental data measured is located
on y = 0 and y = y ordinates. The properties of fiberglass affects about 40% by weight of PB
coating. Some assumptions and constraints for this simulation have been additionally considered:

e Dry - basis specific mass - even for PB - is unchangeable;

e Hysteresis phenomenon is neglected;

e Henyey-Greenstein function was adopted as phase function;

e Within the fibrous medium, the convection and the gravity effects were neglected.

The vapor and liquid flow values, from Table 7, are the final ones. They have to be converted
to provide the potential adopted at the moisture and energy conservation equations (vapor
pressure -P,). On original data, the vapor flux is defined as follow:

15



Density (p) 12.0 kg/m?
Heat capacity (c) 844.4 J/(kgK)
Thermal cond. (k) a+bT +8.5537-107° W/(mK)
a=4.97576-1073
b= 7.00025- 1075

Single scat. albedo (w) 0.201

Extinction coef.(53) 3.70 em™!
Vapor flux (d,) 12-107° m?/s
Liquid flux (X) 1.19-107° m?/s

Table 7: Radiative and thermal properties - Ref. [41].

gy = 5vvpv‘ (29)

Neglecting the convective term, the vapor diffusion is calculated by Eq. (5), and from the
general gas law, can be written as:

M,
= 51,} VP, 30
9= = Dot (30)
For the proposed model, the vapor flux has unit s - according to Eq. (30), while at Eq. (29)
is considered m? /s as vapor flux unit. In this way, combining these equations, the properly value
for the vapor flow can be used for the simulation case.

The same way is used to calculate the liquid flow (g;):
g1 = AVp. (31)
From Kelvin's law and combining it to Eq.6 - excluding gravitational forces, we obtain:

o AM,
9= T RT In (P, Puy)

With the same approach used for the vapor flow unit conversion, Eq. (31) and Eq. (32) , are
combined to get the correct value for liquid flow to be used at the proposed model.

The boundary conditions have been assumed according to the original simulation [41] as
shown in Figs.12 and 13 that represent the temperature and relative humidity values measured
for a fiberglass insulation.

1 V Py (32)

2.5 Results

After carrying out the the CAR-HAM model verification, simulation results are presented and
also compared to a literature case related to residential attic insulation [41], for a summer period.
The following equation defined the total heat flux calculated through the insulation:

Qiotal = —kVT — (5vvpv) Lv - (Avpsuc) ClT + 4rad ; (33)

where the terms from left to right on the right-hand side are: conductive heat flux, phase change
heat flux, sensible liquid phase heat flux and radiation heat flux.

The results in Fig. 14 represent the total heat flux over simulation during one summer day
due to high temperatures and high relative humidities. The original simulation adopted R-19
fiberglass insulation batt, with PB varying from 5% to 40%. The present simulation considered
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Figure 12: Experimental temperature boundary conditions - Ref. [41]

I
—— Bottom
—Top

0.8

0.7

0.6

RH

0.5

0.4

0.3

0.2 i
0 5 10 15 20
Time [h]

Figure 13: Experimental boundary conditions - relative humidities values - Ref. [41]

the insulation with 20% and 40% of desiccant. Fig.14 shows the CAR-HAM model considering
two options: the first one simulates an isotropic medium, i.e., without anisotropic grade (CAR-
HAM GR=0.0), and the second one, considers an anisotropic grade of 0.9 (CAR-HAM GR=0.9).
Besides, it is shown the original data with PB changes and the simulation done by [39, 47].
This last simulation have neglected the moisture transport (only conduction and radiation). As
shown in Fig. 14, the results of the five simulations are in good agreement, except the one
that uses as anisotropic grade (expected solution since the original data was simulated in an
isotropic medium). In this case, the radiative flux contributes for the total heat flux-that is
noticeable at peak flux (13h) around 30%. Considering the original data, the insulation with
20% of desiccant allows a more significant heat flux than insulation with 40% that occurs due to
increased hygroscopic with rising PB. The vapor pressure gradient increases (and mass diffusion
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Figure 14: Predicted heat fluxes at the roof inner surface.

as well) with high desiccant concentration, while the latent heat (without temperature changes)
becomes more relevant amend the overall heat transfer at the substrate, with the decrease shown
in Fig.14. Changing to 20% of PB, there is a heat flux increase of 2WW/m?.

Near 13 hours of simulation, there is a negative peak of heat flux. At this time, the roof
temperatures reach a high value and the insulation is exposed to the most significant gradients of
temperature and the negative signal means an incoming heat flux. There are some discordances
between simulations before and after the heat peak flux. The one predicted by Gasparini [39]
shows until 12h of simulation the highest heat flux within the substrate. In this case, both
moisture storage function of fiberglass and its thickness were estimated and due to that, the model
results presented slight differences from literature data. Additionally the third-type boundary
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Figure 15: Predicted heat flux portion.
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condition at y = ¥, presents quite a difference at the overall heat flux if changed it to a constant
temperature.

Figure 15 shows the heat transfer modes distribution through the insulation. The greater
heating portion is the conductive heat tranfer that represents almost the total heat flux. Through-
out the residential attic insulation, the majority of energy transfer is related to phase change.
The other ones, barely impact on the overall heat flux. The water content function [48] within
the insulation is very small, as a result of adopting a generic fiberglass, according to Eq. (28).

14F ]
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Figure 16: Moisture content evolution.

Fig.16 shows the moisture content series behavior during simulation. When the maximum
negative flux occurs (almost 15 hours), the moisture content decreases due to evaporation. As
seen in Fig. 15, the conduction heat transfer mode is the primary energy transport throughout
PB and, even with the moisture content presence (with low variances), there is no sensitive
changes over the general heat transfer, as noticed by the difference between the one found by
Gasparini [39], with radiative and heat transfer effects accounted for, and the proposed model
that includes a generic moisture storage function.

2.6 Final remarks

This paper presented an original mathematical formulation for predicting heat and moisture
flow throughout porous bulding materials including the radiative heat transfer in scattering media
such as fibrous insulation materials. The CAR-HAM model presented can solve problems of
transport phenomena across building envelopes involving the three heat transfer modes, also
considering the moisture adsorption/desorption and phase-change effects. At the moment, the
main restriction of the proposed model is its application to unidimensional problems. The mesh
can be treated by non-uniform distributions, according to the particular purposes. The Gaussian
quadratures are changeable; however, the computer run time considerably increases with the
number of points. Extensively verified with problem cases found in the literature, the proposed
model has its consistency attested.

Some differences among the simulations with the proposed model and other models have
been noticed, however the trends are very similar. The results submitted for the residential attic
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show that insulation with high phenolic binder concentration is an excellent choice to reduce
incoming heat flux. As shown, the proposed model provided results in good agreement. Some
differences are attributed mainly to the lack of data for the radiation model.

A central challenge to apply more sophisticated models is the lack of material properties
regarding both moisture and radiation phenomena. However, the results are not penalized,
showing a stable and consistent method.

The differences found demonstrate the application of the model is promising and can be
extended to domains where the radiative heat transfer through fibrous materials can play a more
important role - such as in the industry of refrigeration, ovens and even airplanes, where gradients
of temperatures are much higher than those commonly found in buildings.
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3 Advanced building hygrothermal modeling

Abstract. Moisture is one of the leading causes responsible for the worst of health condi-
tions and energy performance in households and workplaces. To avoid it, the coupling between
combined heat, air and moisture (HAM) model and a CFD code becomes a crucial for each topic
to provide accurate results for real problems found in the building sector. Therefore, this paper
presents a CFD-HAM model performed in one- and two-dimension simulations, displaying differ-
ent results for each case. In the two-dimension example, the fluid flow is treated by Navier-Stokes
with local convective heat and mass transfer coefficients calculated at the envelope internal sur-
faces and on the complicated surfaces as well. Two simulations are shown, where the the first
one presents a wall with two thicknesses exposed to the ambient air with a turbulent flow where
local heat and mass transfer coefficients along the surface are calculated. This simulation is led
by a second one with a conditioning air system and one airflow complex obstruction (statue). A
comparison between one- and two-dimension heat and mass transfer migration through plaster
and brick - with trapped air - is carried out, showing the potential of the proposed advanced
modeling to solve complex heat and moisture transfer in buildings.

Keywords: CFD-HAM; Navier-Stokes; two-dimension simulations.

3.1 Introduction

Moisture in porous structures can significantly affect energy performance [49] and be also
responsible for building pathology [24]. To predict those effects, research efforts since early
nineties originated several hygrothermal simulation tools - such as DELPHIN [8], MATCH [9],
MOIST [10], WUFI [11] and UMIDUS [12,13] - and international projects in the frame of IEA
Annexes 14, 24, 41 and 55 and the European project HAMSTAD. Their diffusion models are
based on different driving potentials, as described in [14], enabling to predict better energy
calculation through porous building materials. Nevertheless, models are commonly limited to
the one-dimensional calculation (some to 2D) and assume a homogeneous convective resistance
along the element geometry.

However, as shown in [50], a significant discrepancy may appear on corners if the convect-
ive heat and mass transfer coefficients are considered constant along the surface. Besides, most
models do not simulate heat and mass transfer processes through complex geometries and are not
integrated to air flow simulation despite the fact low-speed air circulation enables the accumula-
tion of moisture. Moreover, thermal bridges and rising damp from the ground can considerably
impact the hygrothermal building performance [7] and are not well precited by current tools. Be-
sides those effects, moisture may deteriorate construction materials and affect building aesthetic
appearance.

A detailed review of mathematical models, numerical methods, and simulation codes [14]
show that among the ones that consider multidimensional diffusive transfer, a few take into
account the external climatic conditions coupled with the porous medium, but a discrete model
represents the external climate [51]; fewer, use some CFD package as a third part, and finally,
rare models are combined to CFD, restricted to low humidity applications.

Airflow simulation in buildings has also been reported since the nineties, and the reader may
refer to [7,52-61] among many others. However, the differential formulation in the air domain
coupled with moisture transfer has only been seen in [7]. Apparently, no work presents a way to
solve problems where the heat and moisture effects are present in very non linear 3D problems,
involving detailed surround air flow for the boundary conditions, considering its characteristics
(laminar or turbulent), or even to calculate the local convective heat and mass transfer coefficient

21



throughout wall surfaces. With CFD-HAM those features are reached, enabling accurate results
even for complex geometries.

The coupling with a CFD tool to solve complex problems - involving different geometries
with accurate analysis of surrounding air by the solution of Navier-Stokes (NS) equations - is
becoming nowadays more achievable thanks to the impressive development of hardware in the
last twenty years.

The link between solid and fluid flow is not directly done, so it is important to use the govern-
ing equations for porous media to assess the correct transport of heat and mass by porous/fluid
media interface. Besides, these equations take into account phase change and actively moisture
dependent hygrothermal properties. The advantage of CFD coupling is to predict the fluid flow
impact over the surface by convective heat and mass transfer. A poor airflow can promote mold
growth, and the air convection becomes an important impact factor in the hygrothermal analysis,
so it is essential to predict more accurately the convective and mass coefficients to not loose
the accuracy of the diffusion models. Some research works present the convective heat transfer
relationships based on measurements and specific conditions that represent the heat transfer
coefficient at the corner [62]. About predicting mold growth, there are several works available
in the literature [63-68]; however, the heat and the mass transfer coefficients are maintained
constant all over the envelope surface, which may considerably understimate the mould growth
risk.

Therefore, to accurately predict heat, air, and moisture (HAM) transport, this paper presents
the integration of a HAM (Heat, Air and Moisture) model within a fluid dynamics tool — AN-
SYS—Fluent - so that to have HAM-CFD model to be applied to complex building elements,
avoiding limitations such as homogeneous boundary conditions and without integration to air
flow. The model employs the "used defined funtions" (UDF) available in the CFD package for
the governing equations, considering moisture dependent properties. The model is then validated
with a classical solution from literature [20] and simulations of complex problems, changing the
geometries and boundary conditions, are presented to show the potentiality of this proposed code
in the area of building physics.

This paper presents, in Section 3.2, the mathematical model, while the metodology and the
model verification are presented in Sections 3.3 and 3.4. Section 3.5 shows results for complex
cases and, finally in Section 3.6, conclusions are addressed.

3.2 Mathematical model
3.2.1 Conservation equations

The first goal of the present work is to comprise the following energy and moisture conser-
vation equations in porous building materials into ANSYS-Fluent. The governing equations are
described as follows:

0

S = =V (=6,9P, + up, + A (VPue = pi€) . (34)
om _
ot

where the total enthalpy can be described by:

-V (—kVT + ’U,paCaT + ngy + ngzT) -V qrad » (35)

H:p<co+wq>T, (36)

o
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where ¢, is the specific heat of the porous material [J/(kg - K)], po, the specific mass [kg/m?],
and ¢; the specific heat of water [J/(kg - K)].

In Eq. (34), in the righ-hand side, the first term stands for the diffusion mass flow due to vapor
pressure gradient, while the second one, for the convective vapor transport, and, the last term,
for the liquid flow imposed by the suction pressure gradient. The energy conservation equation
- Eq. (35), which represents the variation of total enthalpy with time, can be decomposed into
five terms: heat conduction (kVT'), heat convection (up,c,T"), phase change (g,L,), sensible
heat contribution due to the liquid flow (g;¢;T") and radiation (g..q). The radiation intensity
contribution is important either on presence of higher temperatures or fibrous materials such as
glass wool, but in this paper will be ignored.

Considering the moisture and energy conservation equations one can write:

8P1 or ’U,Ml
D"+ Doy =9 (Ff.{vpl FTr9T + Apif — RTPlj) , (37)
for moisture and
0 M,
g lp (co + wcl> T] =V- (FEVPI + (k+TE)VT + A\piée,T — %HJLU — u,oacaT>
(38)

for energy. P represents the variable to be used for the driving potential (either P, or ¢). The
parameters used in Eqgs. (37) and (38) are shown in Table 8, depending upon the choice of the
driving potential.

VP, Vo
Dp; Ow/0¢ - d¢/OP, ow/d¢
Dps 8w/06 - 0/OPsut - OPsut /OT 010 - 06O Punt - OPuat /T
Ly 8y + 6i(Rp T/ (M, Py)) 0y Psat + MR T/ (M, 9))

Y N(Rpy/M) (106 — (T/Pyut)(dPuat /AT))  80(dPsay/dT)+
A(Rpy/Mi)(In ¢ — (T Psar)(dPsat /dT))

J 1 P,
TE TMqT 8o ®(dPsqs /dT) L, T+

A(Rpi/Mi)(In ¢ — (T'/ Pqr)(dPsat /dT))ei T
FJEDl 51)L1) + A(RplT/(]\/[IR)))Ll 51)P9atL1; + )\(RPIT/(MHZ)))CIT

Table 8: Moisture and energy parameters for two different driving potentials.

3.2.2 Boundary conditions

The surrounding air is described by turbulence modelling considering the k-¢ model that is
based on model transportation equations for the turbulence kinetic energy k, and its dissipation
rate e. However, it needs to model air as a fluid in the CFD software, thus the simulation becomes
much more costly due to additional mesh and the solution of the momentum conservation
equation. For this reason, the fluid coupling was assumed only with the internal air. So, to
calculate the relevant properties over internal porous material surfaces, it has been assumed the
moisture at the region as follows:

(9o + 9) g0 = (9o + 91), - (39)

Eq. (39) shows the vapor g, and liquid g; mass flow rates at the wall surface (sur) exchanging
moisture with the ambient. The left-hand side refers to the mass flow at the internal wall surface,
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while in the right-hand side the moisture from its the internal environment. On the right-hand
side, g; represents a liquid flow from the rain.
For the energy conservation equation, the balance at the surface can be expressed as:

(qcond + qconv + qlat)sm« = (qcond + qconv + qiat + qrad)a ) (40)

where q..q represents the heat conduction, q.....,, the heat convection and, q;,:, the latent heat
due to the vapor-liquid phase change. This equation balance is applied at the external surface,
and the rain load is neglected in the present work.

3.3 Methodology

In the CFD-HAM algorithm, the main equations were split to fill some internal commands
for the macros of the CFD code [22]. Those macros are appropriately described in [69].

By means of ANSYS-Fluent user defined functions (UDF), considering the gradient of relative
humidity as a driving potential, the boundary conditions were rewritten as follows:

ubPy,
THVOT+ 5 g = (g0, (41)
where, .
u
_ lvap ol 42
(90). {19 +RUTL (42)

In Eq. (41), the right-hand side term represents the moisture flow coming from the internal
environment. The first part is the diffusive moisture flow, while the second one represents the
convective part.

In the left-hand side, the F])fl stands for the diffusivity of the material. For its calcula-
tion, the ANSYS-Fluent code provides the diffusive scalar flux by evaluation of two gradients:
along directions that connect cell centroids and along the face direction plane. So, after some
rearrangements, Eq. (41) can be rewritten as:

FAbe u . FAbe u
Gour [ e (19 + RUT> PsatA] =t [(Aplg L P, (19 4 RJ)) A] =B
(43)

In Eq. (43), in the left-hand side, d, stands for the distance between adjacent cells, A the
surface area and the Ay, the areas relationship into primary flux diffusion between cell centroids
according to direction e,:

A-A
Ape = . 44
be A- e, ( )
The term [, refers to the cross diffusion by the follow equation:
50 = Fsur (vgb “A - ¢ . esAbe) . (4‘5)

The term V¢ represents the average of the gradients in two adjacent cells.
To calculate the relative humidity at the internal surface, the short form of Eq. (43) is
represented by:

¢sur = ﬂgb + E s (46)
72 2
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where,

r
1= ErAbea
ulM
Yo = 71 + (19 + RTZ> PsatAsura
’U,Ml
0= | (04 ) (ot An] Awr = o

The energy balance equation on surface operates similarly to the moisture calculations. Then,
after some rearrangements of Eq. (40), the internal surface temperature T, is obtained by:

Tsur = ET + E ) (47)
Y2 72

where,

r
Y1 = ETAbea

Yo = 71 + (Uh + upaca>Asur7
vs = [(uce +n)To + (gv)a Lo — (9oLl + giciT),,,] — 5o -

3.4 Model verification

With the aim of verifying the CFD-HAM performance, a simulation of the homogeneous wall
was submitted to the surrounding air with its relative humidity lower than the one within the
wall porous structure. The moisture and heat transfer occurs through the homogeneous wall,
with no air pressure difference, under isothermal conditions. The main data is described in Table
9. Further details can be found in [20], Benchmark 2.

Sorption isotherm (w) 116 - (1 — Ing/0.118)*% kg/m?
Vapour diffusion (4,) 1.0-1071 s
Moisture diffusivity (D;) 6.0-1071° m?/s
Thermal conductivity (k) 0.15 W/(mK)
Specific heat capacity (c,) 800 J/(kgK)
Density (p,) 525 kg/m?
Thickness (e) 0.2 m

Latent heat (L,) 56.8 J/kg
Convective mass transfer coeff. (¥) 1.0-1073 s/m
Convective heat transfer coeff. 25 W/(m?K)

(un)
Temperature (7')

(internal and external) 293.15 K

Table 9: Simulation data - homogeneous wall.

So, the moisture and heat into/out the wall can be described as follows:

ub,

= LYAP, ,
g T RT

(48)
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q= j:’UhAT + upaCaTa + glClT + ngva (49)

where 1 and vy, represent the surface convective coefficients of water vapor and heat transfer.
Their values are given in the original simulation as 0.001 s/m and 25 W/(m? - K). Simulation
results from CFD-HAM and Others? are displayed in Fig. 17.

90 [ ]

80 | y
= 70 [ y
~
D
=2
— 60+ 3 y
c
3 :
S 50f I ’ |
g ‘ —e—100h - CAR-HAM
5 40 —=100h - Others
3 —e—300h - CAR-HAM

30 ——300h - Others

—+—1000h - CAR-HAM
920 & ---1000h - Others |
|

| | | | | | | |
0 01 02 03 04 05 06 07 08 09 1
x [

Figure 17: Homogeneous wall - predicted moisture content.

3.5 Results

In this section, we first discuss the importance of calculating the heat and mass convective
coefficients and their coupling with the surrounding air. For example, the distribution of tem-
perature and moisture content within a L-shaped wall is shown influenced by a complex airflow.
The convective transfer coefficient profiles are also presented.

Then, a more complicated case is presented for an air-conditioned museum space with a
statue positioned near the wall. The air conditioner is assumed to supply air at a constant set-
point temperature. In this example, the proposed model computes the temperature distributions
within the three physical domains: air, wall, and statue. It was considered that the wall and
the statue are made of materials with different higroscopicity, and because of this, the moisture
distribution presented very different values.

Finally, a comparison between 1D and 2D models is presented, showing the main differences
in the approaches, especially regarding the treatment given in the fluid domain.

In a real case, convective heat and mass transfer coefficients are non-uniform. In this way,
it is necessary to consider the airflow as a boundary condition. The k — € turbulence model

2Qthers represent the solutions obtained by the following institutes and universities: KUL (University of
Leuven), TECHNION (Technion Israel Institute of Technology), TUD (Technical University of Dresden), CTH
(Chalmers University of Technology), NRC (National Research Council of Canada) and IBP (Fraunhofer Institute
of Building Physics). More details can be found in [20].
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was choosen for this work due to its reliability and computational efficiency [70]. On the other
hand, k& — w turbulent model is recommended to low Reynolds numbers and its precision is
better closer to the wall, but the convergence, and accuracy of this turbulence model may
not be high for free flows [71]. Thus, the link between porous and surrounding fluid flow is
given by some dimensionless numbers. The calculation of Reynolds, Schmidt, and Sherwood
numbers define the mass transfer coefficient; Reynolds, Prandtl and Nusselt are used to obtain
the convective heat transfer coefficient. Egs. (50) and (51) provide the solution to get those
convective coefficients [72]:

wl=
—

) o

- (2)' (5 s ®

In Egs. (50) and (51), the constant ¢ depends on fluid flow (laminar or turbulent), u is
viscosity, p is the specific mass, D is the mass diffusivity, v is the fluid flow velocity, « is the
thermal diffusivity and, finally, ¢ is the characteristic lenght.

Considering the boundary conditions according to Eq. (39) and, applying the simulation
described in section 3.4 to a bidimensional case, as illustrated in Figs. 18 and 19. Fig. 18 also
provides the temperature distribution over the wall. The geometry is slightly different and smooth
isotherm lines at the top of the wall are observed. The convective heat transfer coefficient has a
high dependency of fluid flow characteristics, mainly its velocity. The internal temperature was
considered constant. The internal ambient has an inlet flow with speed of 1m/s. Fig. 19 shows
the air velocity and moisture content profiles within the wall for the same physical problem seen
in Fig. 18.

Temperature [K] AN SYS
l 2.999e+002 R17..2

2.992e+002 Academic
2.985e+002
2.979e+002
2.972e+002
2.965e+002
2.959e+002
2.952e+002

2.945e+002
I 2.938e+002

2.932e+002

0 0.500 1.000 (m)
[ _EEEEN

0.250 0.750
Figure 18: Predicted temperature profile within the wall.
The vapor pressure gradient drives the diffusion of moisture within the wall and over its sur-

face, by advective movement of airflow. The moisture exchange is highly air velocity dependent.
Although the airflow is laminar due the low air speed, important values of convective heat and
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mass transfer coefficients appear as shown in Figs. 20-25. The air circulation shows the direct
effect of its velocity on convective heat and mass transfer coefficients. For instance, in Fig. 25,
the heat transfer has the major value at y equal to 0.5 m. In Fig. 19, at surface "S3", the local
air velocity promotes a great exchange of heat and mass between the porous material and the
surrounding fluid. On the other hand, in the same Fig. 19, at low corner indicated by point "A",
poor air circulation decreases heat and mass transfer as seen in Figs. 24 and 25, aroundy = 1.5

m.
ANSYS
R17.2
Wall moisture [kg/m3] 700 mm Academic
80.25 _
H 7223
64.20 £
£
r 56.18 8
1815 =
4013 w 52
Fy
3210
24.08
16.05
8.03
0.00
E
Air velocity [m/s] E c
H 16 E E
r1.2 =
08
04 I °
0.0
Figure 19: Predicted moisture within the wall and air velocity.
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Figure 20: Predicted convective mass Figure 21: Predicted convective heat
transfer coefficient at the surface "S1". transfer coefficient at the surface "S1".

The simulation code coupled with the CFD package becomes a powerful tool. If the aim is
to provide a simulation with more real details, the present problem can be changed to a more
complicated case, for instance, a study of a hygrothermal behavior of a statue in a museum room
as shown in Fig. 28. The wall properties were presented in [20], benchmark 2, and the statue
property is described in [20], benchmark 4 (internal material). The inlet air velocity of the air

28



Um [m/s]

20 | | | |
0 0.2 04 0.6
y [m]

Figure 22: Predicted convective mass
transfer coefficient at the surface "S2".
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Figure 24: Predicted convective mass
transfer coefficient at the surface "S3".
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Figure 23: Predicted convective heat
transfer coefficient at the surface "S2".
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Figure 25: Predicted convective heat
transfer coefficient at the surface "S3".

conditioning system was set to 1 m/s. Initially, the walls, the ambient (indoor and outdoor)
and the plaster statue presents a temperature of 300K and 95% of relative humidity; the air
conditioning inlet is at 200K". A uniform mesh (5 mm? and 30 mm?) is used for brick and air
trapped in the cavities, respectively, for the two-dimensional simulation (see Fig. 26). In Fig. 27,
it is shown the refined mesh used for statue and walls. The time step starts with 0.01 s and,
after 200 iterations, it is increased to 1 s, with a simulation period of 480 h.

Figure 26: Mesh used for the museum
room simulation.

Figure 27: Statue and walls mesh details.
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Figure 28: Temperature distributions within different physical domains: air, wall and the plaster
statue.
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Figure 29: Moisture content distribution within the wall and the plaster statue.

Fig. 28 represents a gallery wall where fluid flow from air conditioning impinges the plaster
statue near the wall. It is possible to see the air circulation at the ambient and the temperature

30



distribution as well. The upper left corner has a substantial temperature difference (5 K), and
at the top right corner it shows lower temperature achieving a large part of the top and right
walls with high moisture content concentration, as shown in Fig. 29.

The plaster statue has its base with low moisture content due to poor air movement. At
the top, the water content is greater. The local air circulation promotes a high heat transfer
coefficient; however, the mass flow of the air is also carried into the structure; Eq. (50) gives the
relationship between air velocity and the mass coefficient, implicitly represented by the Reynolds
number. According to the boundary condition in Eq. (48), the mass flow is influenced by the
airflow. In Figs. 28 and 29, it can be observed the regions where the temperature is greater, the
humidity is low; the opposite is also true.

Combining heat and moisture transfer through porous media in one-dimensional gives often
a fast solution for hygrothermal analyses. Nevertheless, it may become insufficient to represent
physical problems, for instance, hygothermal bridges. Due to its characteristics, this kind of
problem needs to consider mass and heat transfer in more than one direction; even though for
a building construction element, such as a brick, moisture, and heat transfer in one direction
assumption may not be conclusive. Aiming to compare one- and two-dimensional approaches,
simulation of heat and moisture migration across a multilayered wall is presented regarding
relative humidity and temperature distributions. A wall composed of plaster, brick, and air (see
Fig. 30) is now considered to compare the 2D effect of an advanced model (CFD-HAM). The
hatched area represents the 1-D range. In this case, air layer is described as a porous material
as proposed in [11]). Thus, vapor flow can be obtained by:

0y
= —— . 52
g . Vo (52)

In Eq. (52), 4, represents the concentration-related diffusion coefficient in the air [m?/s]
and p represents the effective resistance factor to water vapor diffusion. It has high a thermal
dependence as shown in Eq. (53).

. T0-81
61) - (21 : ].0 ) Ta ; (53)
where T' means the temperature [K] and P,, the atmospheric pressure [Pa].
A linear relationship describes the moisture storage function [kg/m?| as follows:
w = 0.017¢, (54)

where ¢ stands for the relative humidity [—]. Those air properties are validated for a 30 c¢m
layered air, according to the WUFI material data base. The temperature used for the simulation
was 273 K (see Tables 10, 11 and 12 for further details on simulation data).

A comparison between one- and two-dimensional simulations at t = 6 h, for temperature,
moisture content and relative humidity distributions, show some differences in the solution. In
Fig. 31, the CAR-HAM?3 model has its distributed values of temperature slightly higher than WUFI
simulation. The temperature in the middle of the brick has a peak for the 2D case, represented
by the CFD-HAM model, and this occurs due the to area insulated by the air cavity. A low
heat transfer increases the temperature. With the one-dimensional approach, this fact cannot
be observed. In Fig. 32, 1D and WUFI models present a continuous moisture content within the
brick, which was somewhat different for the CFD-HAM results. In fact, a high temperature in
the middle of the block prevents a moisture increase.

3CAR-HAM is a C code written to solve the proposed mathematical model in one dimension by using fully
implicit scheme and the MTDMA [12].
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Figure 31: Predicted temperature. Figure 32: Predicted relative humidity.

In Fig. 33, all models have similar results, even though with temperature differences in
the region because the moisture content is dependent on the capillary pressure. However, the
simulation period was not long enough to show a significant change on the moisture content
distribution.

An essential contrast amidst all results: for a 1-D assumption, the air layer is considered as
a solid with equivalent fluid properties and, in 2-D, it is treated as a fluid. The flow field with
natural buoyancy forces is not represented by the 1D approach. Besides, only the CFD-HAM
model can show a non-symmetric temperature distribution (see Fig. 34).

The convective heat transfer coefficient [W/(m?K)], and the convective mass transfer coef-
ficient [m/s] have their local values at interface between solid and air trapped within cavities
calculated considering the buoyancy effects. The convective mass transfer coefficient is given by
Eq. (50), and the Reynolds number (R.) considering the buoyancy forces, is obtained by:

R. = Ruf - P, (55)

where P, stands for the Prandtl number, and R,,, for the Rayleigh number that is described by:
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Ray = GP,. (56)

For the simulation, the Grashof number G (the ratio between the buoyancy force and the
viscous force) has the value of (1 -10?), which represents the parameter to describe the laminar
(lower values) or turbulent flow (higher values).

The heat flux at the internal wall cavities depends on the convective heat transfer coefficient
[W/(m?K)] as follows:

N kK

Uy = . . (57)

In Eq. (57), k; represents the thermal conductivity [W/(mK)]. The Nusselt number ()
may be defined according to the internal cavity ratio, that is the relationship between height ¢
and width B [m], as follows:

r=1./B. (58)
So, the Nusselt number can be written according to the r value [72]:
P 0.28
N =0.22 [(W> Ray} + 799 > 2 (59)
else
P, 0.29
N =0.18 |:<02—}—P> Ray:| + 7‘_0'13 r<2. (60)

Taking into account Equations 52 to 60 had influence over assymetric temperature distribution
showed in Fig. 34. As seen, for the internal cavities of brick, due to the natural convection,
several mathematical operations are needed to calculate the heat and moisture exchanges at the
solid /fluid interface. All this does not make sense for one-dimensional simulation, which explains
the differences presented in Figs. 31 and 32.
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Brick

Sorption isotherm (w) 87152, ki/(1+4 (a; h(Pue))™)™  kg/m?
Vapour diffusion (0,) c1co/c3 s
Liquid water conductivity()\) exp(X2_y a;(w/p)") s
Thermal conductivity (k) 0.06 + 0.56(w/p1) W/(mK)
Specific heat capacity (c,) 1000 J/(kgK)
Density (p,) 212 kg/m?
Thickness (e) 0.105 m
Plaster
Sorption isotherm (w) 209(1 + ¢5)“ kg/m?
Vapour diffusion (0,) cice/cr s
Liquid water conductivity()) exp(ciq) s
Thermal conductivity (k) 0.2 4+ 0.0045w W/(mK)
Specific heat capacity (c,) 870 J/(kgK)
Density (p,) 790 kg/m?
Thickness (e) 0.005 m

Table 10: Hygrothermal properties - multilayered wall.
iy T TR T
Heat transfer coefficient (vp,) 10/10 W/(m?K)

(internal / external)

Table 11: Convective mass transfer coefficients - multilayered wall.
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Brick

¢l M,;/RT

Co (26.1-1075/p)(1 — (w/871))
c3 (0.8)(1 — (w/871))* + 0.2
Plaster

cs 0.27/1.27

cs (2-1076P,,,)

Cs (26.1-1076/3)(1 — (w/209))
cr (0.503)(1 — (w/209)) + 0.497
Cs 0.0704

Cy 1.742-10*

c10 2.7953 - 1076

c1y 1.1566 - 1077

C1 2.5969 - 10~°

C13 w— 120

C14 —33.0 + cgC13 — CoCl3 — CroChs — C11CT5 + C1aC3s

Table 12: Parameters.

3.6 Final remarks

The proposed methodology represented by the CFD-HAM model brings a powerful hygro-
thermal tool that enables to solve a wide spread of problems that involve the surrounding air
described by Navier-Stokes equations combined to multidimensional diffusion phenomena. Be-
sides, it is possible to account for the dimensionless numbers such as Reynolds and Nusselt,
aiming to provide local convective heat and mass transfer coefficients, instead of a constant
ratio to the entire wall. Therefore, moisture and temperature fields are driven by the airflow
characteristics (laminar or turbulent), providing the real influence of boundary conditions. Re-
gions with poor air circulation, like corners, might easily promote moisture accumulation, which
can not been predicted by conventional moisture models that are not coupled with codes to solve
the mass, energy and momentum balance equations in the air domain.

The interface between air and building envelope is not necessarily linear, which gives the pos-
sibility of considering non-flat surfaces. In a real case simulation, several assumptions or choices
determine the problem solutions. The comparison between one and two-dimensional simulation
showed important differences (see Figs. 31 and 32). With the 1D approach, both temperature
and moisture content distributions present worse accuracy than 2D approach, mainly in air zone
modeled as a porous zone. However, one-dimensional simulation has produced reasonable results
despite its restrictions since a fluid flow cannot be appropriatelly modelled in 1D.

To conclude, the CFD-HAM model provides a way to analyze many situations with complex
surfaces solving a large part of complex problems in the building sector, calculating local values
of heat and mass fluxes, involving moisture and temperature migration in buildings or in complex
porous building elements.

Although the high power of such a tool, the computer run cost is still a grave concern to
make it usable in whole-building annual hygrothermal analyses. In this way, further research must
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be conducted to drastically reduce the computer runtime. A possible solution might be based on
the method presented by Mazuroski et al. [53], adapting it to the moisture transfer problem.
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4 Assessment of Advanced Hygrothermal Modeling

Abstract. An experimental set-up according to a Nordtest protocol, where a plywood
box is exposed to cycles of moist air in an isothermal environment, whose objective is rating
its moisture buffer value index (MBV), which represents the rate between mass variation and
relative humidity changes. Relative humidity and water content distributions in the plywood
box with MBYV index calculation are presented using two mathematical models. The first one,
called CAR-HAM (Conductive, Advective, and Radiative Heat, Air and Moisture) is a one-
dimensional model where the main governing equations of moisture and energy are solved by
MTDMA algorithm using a fully implicit scheme. The second model (CFD-HAM) represents
the CAR-HAM model rewritten for multidimensional applications and, it is fully coupled with
the CFD commercial package ANSYS-Fluent. The two proposed models provided results in close
agreement with experimental data, with a relative error below 5%.

Keywords: Nordtest,moisture validation, MBV,CAR-HAM, CFD-HAM.

4.1 Introduction

In the building sector, the control of relative humidity in indoor environments has been the
object of several research studies in the last three decades. The heat and mass transfer mechan-
isms that promote the exchange of internal air humidity with the porous building material involve
several parameters such as air velocity in the environment, relative humidity, and microestruc-
ture of the porous building elements. The employment of porous material with its hygroscopic
behavior that promotes sorption/desorption of moisture may improve the hygrothermal comfort,
attenuating relative humidity variations and may reduce energy consumption with systems of air
conditioning [9]. In this way, Padfield [73] suggested the use of hygroscopic materials to the
humidity control. In museums, for instance, moisture may cause several damages and a strict
control of relative humidity (RH) is mandatory. Low and high values of relative humidity should
be avoided, preventing dehydration, material deterioration, mold growth risk, condensation risk
and health problems. In metals, higher humidity may lead to corrosion. It is not an easy task to
simplify a complex physical phenomenon related to the process of mass transfer [74], but some
authors tried to standardise the moisture migration to/from porous material [75,76], but only in
2003, the moisture buffer value (MBV) index was provided by Rode [9].

The Danish Technological University, the Technical Research Centre of Finland, the Lund
University, and the Norwegian Building Research Institutes created a Nordtest protocol to evaluate
the MBV performance and, the results obtained by these institutions had a good agreement for
standardization purposes. In this way, some experimental tests were conducted at the Thermal
System Laboratory at the Pontifical Catholic University of Parana - PUCPR, in 2007 [77] and
later, in 2017 a smaller test-cell replied the same experimental setup [78]. In 2017 a mathematical
model simulated the experimental test in the laboratory [79]. The results of the measurements
and numerical model presented some divergences due to uncertainties over the acquisition data
system and the material properties used in the simulations.

With the objective of reaching the best results of previous numerical codes and lab. results,
the present work introduced the new mathematical model coupled to the CFD software (ANSYS-
Fluent) [22] called CFD-HAM to simulate the lab. experimental set-up considering the Nordtest
protocol. The energy and moisture conservation equations described in this simulation code
compute the moisture content, relative humidity, and mass flow exchanged with the plywood
panel to calculate the effective MBV index.
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4.2 Experimental Set-up

A test-cell designed and built by Silva [78] (following Meisner work [77,80]) is composed of a
wooden structure to mechanically support the plywood box (see Fig. 35). The wooden support
is waterproofed with aluminium foil to avoid moisture migration. The test cell is composed of
six plywood panels with 15 mm of thickness, in which both width and height measure 860 mm.
The air flow (0.115 m/s) blows into the plywood box by the inlet hole and flows out by the
outlet hole as shown in Fig. 35. Temperature and humidity probes are located at the inlet,
outlet and in the midlle of the plywood box. The experimental apparatus is exposed to relative
humidity changes from 33% (for 16 h) to 75% (for 8 h), according to the Nordtest protocol.
The controlled air mass flow rate comes from a supply air handling unit that controls the desired
supply air temperature and relative humidity [77].

" Wooden support

Outlet

Figure 35: Experimental apparatus for MBV index assessment.

The MBV index was measured for the plywood box indicated in Fig. 35. The moisture
buffer value is related to the amount of water transported to/from the porous media per unit
of area, with moisture variation during a certain period. The box is exposed to a high relative
humidity (RH) of 75% for 8 hours and 33% RH for 16 hours, and repeated for at least three
times while the mass variation for each cycle respect the upper limit of 5%. The test cell weight
changes consider the difference of the sorption and desorption of water in the material. So, the
MBV [kg/(m*%RH)] is calculated by the mean of the last three measurements [9] and can be
described by:

Am
A-A¢’

where m represents the mass (kg), A stands for the area (m?) and ¢ is the relative humidity.
A high MBV index indicates a suitable material to attenuate more significantly the relative
humidity. Fig. 36 displays the MBV classification [9].
The test-cell (see Fig. 35) measurements presented an MBV index of 5.95 [78]. These results
were distinct from past simulation code [79].

MBV = (61)
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Figure 36: MBV index rating ref.[9].

4.3 Numerical

The CFD-HAM model solves the energy and mass governing equations for the porous material
domain as:

= Y (gu), (622)
or
e + V (upec,T) = =V (kVT + g,L, + guc,T) . (62b)
Equations (62a) and (62b) represent the moisture and the energy balances within the porous
medium. The first one describes the water content [kg/m3] accumulation during the time that
depends on the moisture flux divergent [kg/(m?s)]. In Eq. (62b), one can see the temperature
changes on time (first left-hand term, the transient term) are due to advection (second left-hand
term), heat diffusion (first right-hand term) and phase change (second and third right-hand
terms).
The main equations were splited to fill up the user defined functions (UDF), which are
predefined macros provided by the CFD software (see Table 13).

Macros Function

DEFINE DELTAT controls the variable time step;

DEFINE ADJUST the main macro to calculate the variables for each iteration;
DEFINE INIT used to specify initial conditions;

DEFINE UDS UNSTEADY | used to calculate the unsteady terms;

DEFINE PROPERTY defines the material or fluid properties;

DEFINE DIFFUSIVITY used to determine the diffusivity terms;

DEFINE SOURCE used for the source terms;

DEFINE PROFILE used for boundary conditions.

Table 13: ANSYS-Fluent Macros used in the CFD-HAM model.

Ansys-Fluent was set-up to solve the governing equations by its pressure-based solver that
is a numerical method for low-speed incompressible flows. It is employed the finite-volume
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technique [22] and the &k — e model [70]. The test-cell sketch built in the CFD software (see
Fig. 39) considers a Cartesian 1mm? uniform mesh with 110.000 elements as shown in Fig. 37.
A refinement of the mesh in the interface can be seen in Fig. 38.

056

Figure 37: Plywood mesh used for the Figure 38: Plywood mesh details on inter-
simulation. face.

The walls were named appropriately for applying the boundary conditions (see Table 14):

Symbol | Description

LWB Bottom left wall;
LWT Top left wall;

T™W Top wall;

RWT Top right wall;
RWB Bottom right wall;
BW Bottom wall

Table 14: Reference for wall
symbols.

Externally, as the experimental apparatus is waterproofed, by foil, and therefore no mass flow
(impermeable condition) is considered. Internally, the convective boundary condition is written
as:

gy = Umvpv + Upy. (63)

Table 13 presents the macros used for entering the UDF parameters, while Table 14 shows
the symbols used for representing the different plywood box regions.

In Eq. (63), v, represents the convective mass transfer coefficient [m/s] and p, the vapor
specific mass [kg/m?]. In the advection term, u represents the fluid velocity [m/s].

As the supplied air controls the relative humidity inside the plywood box, the moist air is
modeled as a species composition of dry air and water vapor. With an initial relative humidity
of the air and vapor pressure, the molar fraction of water is calculated as follows:

Yw = 7~ (64)

where P, is vapor pressure [Pa] and P, represents the atmospheric pressure [Pal. The molar
weight of the mixture M ,4,) (dry air and water vapor) is given by:
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Figure 39: Representation of plywood box in 2D.

M(a+v) == ylMl + (1 - yl)Mdry airy (65)
where M represents molar weight. So, the mass fraction of water is represented by:
M,
Miatv)

With Eq. (66) the proposed model updates the air relative humidity at the inlet, monitoring
the moist air in a simulation according to the experimental.

mp =y (66)

4.4 Uncertainties

The measurements performed at the laboratory presents some unknown variables regarding
plywood properties. It was necessary an investigation after several simulations until to get
the appropriate specific mass of the dry-basis material and its vapor permeability function as
well. Also, as the moisture stored function was unavailable, it was taken a characteristic model
function [11].

Besides of uncertainties about material properties, there is also a risk due to the data acquis-
ition system, including the instrumentation used for measuring relative humidity, temperature
and mass [78]. Although isothermal conditions are used to run the experiment, there was a
temperature step due to the change in the cycle of the relative humidity. These variations and
those related to the thermal inertia of thermocouples have not been taken into account.

Regarding the numerical part, the last simulation [79] used some plywood properties based on
published research [81], which may not represent properly the material tested in the laboratory
that may be cause some discrepancies between numerical and experimental results. Figure 40
shows some sorption isotherms for plywood, where the water content is represented by mass of
moisture absorbed per kg of dry material [kg/kg]. Depending on the choice, the results may be
not satisfactory as the MBV index is very sensitive to the higroscopicity capacity, which is given
by the derivative of the sorption curves. Besides, the omission of liquid transport in the moisture
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Figure 40: Moisture storage function of plywood.

balance equation contributes to increase those discrepancies. Additionally, the 1-D simulation
may not represent well the physical phenomena.

4.5 Material Properties

Some moisture storage functions published in the literature are shown in Fig. 40, and the
best curve (suggested by [11]) that describes the plywood moisture behavior in this work is given
by:

A
W= g 5 +C. (67)

In Eq. (67), ¢ represents the relative humidity RH; A, B and C are constants defined by
nonlinear regression according to the measurements made by Wu [82]. Some researchs used Wu
measurements as well with an assumption of a fitted-curve represented by cubic interpolation
where its derivative is represented by a simple linear function within the range between 30%
and 90%. This hypothesis may provide unwarranted results for RH distribution considering the
high sensitive to the derivative which is part of the transient term of the moisture conservation
equation. For this work, a derivative of Eq. (67) is directly used without any additional function
or regression.

Among the curves in Fig. 40, the chosen one (red line) provided better results, allowing even
higher time steps (around 900 s for both high and low RH).

The plywood liquid transport [s] coefficient is calculated from [11] and can be written as:

ow ¢

D= _Dwsiia
96 R, T

(68)
where D,,; means moisture diffusion [m?/s], w, water content [kg/m3], R,, an ideal gas constant
[J/(kg - K)] for vapor and T, the temperature [K].

With the absence of convection phenomenon in the moisture equation, the vapor diffusion be-
comes the predominant moisture transport mechanism responsible for the attenuation on the RH

42



1072

I I I
o Measured Data
g | |— Osanyntola
—— Present Model

Thermal Conductivity [W/(mK)]

| | | | |
0 01 02 03 04 05 06 07 08
Relative Humidity [-]

Figure 41: Moisture storage function of plywood.

amplitude in the air domain, due to the sorption/dessorption effects. So, the vapor permeability
[s] (suggested by [11]) is obtained by the following relationship:

9. 10—7 T0.81
- X P
where X means the vapor diffusion parameter which reduction factor of vapor diffusion in air
and can be defined as follows [81]:

Sy (69)

5(1 - (Al + hlgb) ; (70)

where A} = —2.3573 - 1072 and A, = —8.1601 - 1072*; ¢ represents the relative humidity.
The proposed model uses Eq. (70) in the moisture equation (Eq. 62a). The effective thermal
conductivity of spruce plywood may be described as a polynomial continuous fitted-curve [81]:

keps = <A1 + Asgp + A3¢” + Au® + 5) ; (71)

where A; = 0.08185, A, = 0.02212, A3 = -0.2313, A4 = 0.01291 and S means the parameter
that changes to fit better the curve to the measured data. However, for this work, a new curve
provided a better approximation with the measured data:

Kery = A + Asp+ Au, (72)

where A;= 0.254e-2, A5 = -8.182, A3 = 0.853e-2 and A, = 0.082.
Fig. 41 displays the referenced curves to the thermal conductivity W/(mK) of plywood.
The density used was 478 kg/m? with a specific heat of 1440 J/(kgK).

4.6 Simulation Procedure

The test-cell simulation considers the transient state and, even though is under isothermal
condition, the energy conservation equation has also used out in the simulation coupled with the
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moisture balance equation. Defined as a boundary condition on the surface, the vapor flux from
air to wood panels considers both the convection and diffusion terms (Eq. 63).

The supplied air modeled as an inlet air has its mass fraction calculated to determine the
relative humidity of air according to the acquired data.

About time step, an algorithm developed for this work defines it as 3600s, and after that, its
value decreases to 900s. These values were chosen to accelerate the simulation and work only
without advection term in the moisture flux. Due to the higher non-linearity of convection, the
time step had to be reduced to around 1s, which increased substantially the computer run time.

In the simulation, dimensionless numbers such as Reynolds, Prandtl, Schmidt, and Sherwood
[72] were calculated to provide the mass and heat transfer convective coefficients at each iteration.
In the air zone, an algorithm built for this simulation estimates the vapor pressure and relative
humidity.

4.7 Results

The CFD-HAM model has been run considering a test-cell exposed first to 50% of RH during
the first 24h. After that, all moisture cycles are taken into account, according to the Nordtest
protocol. The objective is to validate the new simulation code and have further information
about the air patterns and multi-dimensional distributions of parameters such as the moisture
content within the test-cell. For the comparison purposes, both the WUFI, CAR-HAM and, CFD
model has been used considering one - and two - dimensional approaches.

616 T T T T
61.4 |-
61.2 |-

61
60.8 -
60.6
60.4
60.2 4|

60 |
29.8
29.6
59.4 |
59.2 |-

| | | |
5924 48 72 96 120 144

Time [h]

e Experimental setup
— CFD-HAM
— CAR-HAM
WUFI

Plywood Mass [kg]

Figure 42: Plywood mass evolution.

In Fig. 42, WUFI software presented unwarranted results likely due to the vapor permeability
could not be used for this type of plywood. Additionally, the vapor diffusion depends on the
temperature (see Eq. (69)), and for an isothermal condition, the moisture flux becomes con-
stant, which does not happen according to the experimental results. For the 1D simulation, it
was considered only the wall thickness, and the boundary conditions employed on the surface
guaranted the moisture flux variations according to the changes in relative humidity. The time
step used was 3600s, and the computer run time was very short (around 3s). Although the results
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had not a good agreement the WUFI software can be used as an initial estimative to know the
moisture behavior in the porous media.

In one-dimensional approach, the CAR-HAM model presented good results. In the last three
cycles, the average adsorbed mass was 5.3% lower than measured values. For the desorption
phase, the difference decreases to 4.2%. Even neglecting the hysteresis and advective effects, the
CAR-HAM model provided reliable results. The boundary conditions were set up on the porous
material face as a moisture flux led by vapor pressure changes according to the relative humidity
measured in the experimental apparatus. This simulation took into account a mesh with only 30
cells, and the run time was 600s.

Both CAR-HAM and WUFI had their convective mass transfer coefficients calculated by
the Lewis relation, with heat transfer coefficient v, = 3W/(m?*K) (with CFD-HAM model,
vy = 2.8W/(m?K)).

For the CFD-HAM model, the mass variation in each cycle is lower than the measured data
and the stronger hypothesis is that an incorrect vapor permeability. Besides, the moisture storage
function may not represent precisely the plywood behavior. Additionally, the hysteresis effect may
play an important role on the MBV index. Therefore, an in-depth investigating regarding the
plywood properties used in the test-cell could may be reduce those differences. However, the
simulated data is very similar for the first 48h. After 24h of stabilization in the chamber, the
test-cell adsorbed water until reached almost 60.5kg of mass, which is closer considerably close
(less than 0.001 kg) to the 2D model results. On the other hand, the test cell lost more water
than what was simulated (48h), with an acceptable result. Between 48h and 72h, the desorption
blue line curve shows a good behavior in comparison with Silva [78] experimental data. The last
three peaks of the graph are represented very well by the simulation. Other disagreements shown
in Fig. 42 are small differences can be considered as irrelevant.

The vapor mass fraction calculated by Eq. (66) enable the amount of water vapor in the air
in such a way to achieve the relative humidity cycles in the simulation through the inlet air with
a constant velocity. As seen in Fig. 43, some variations in the water vapor mass fraction are
noticed when the sorption/desorption starts, showing the delay that calculated values take to fill
up the plywood box. The relative humidity of air changed from its initial value of 50% to 75%,
kept for 3 hours. After that, RH switches to 33% for 16 hours then the cycle is repeated. It was
assumed RH of 15% for the plywood according to the manufacturer's information, where the
material RH, for commercial purposes, varies from 5% to 15%. With 32h, the porous material
desorbs at 33% of relative humidity. The desorption begins with the majority part of the medium
porous filled with water; when low RH phase starts, a capillary pressure becomes higher than the
vapor pressure [83] what promotes a liquid migration, Also, the phase-change occurs with liquid
evaporation. During desorption, in all cycles, the RH is reduced to 43%; in sorption cycle, this
value increases to 70%, except in the first reporting period, where the RH changes from 50% to
62.4%, with an increase of 33%.

Figure 45 shows the relative humidity in the plywood material after 144h of simulation. A
higher moisture concentration appears near the corners, where there is a poor air circulation,
enable the visualization of fluid movement from the inlet to the outlet.

Figures 46 to 49 present the local mass flow along the wall height. It is noticeable in all
moisture flux plots, the peaks with maximum value occur in the same region where vortices
appear due to air recirculation near the corners. Near the inlet and outlet zones, the mass
exchange is minimum due to the velocities of higher magnitudes in these regions that increases
the drying rate.

With the CFD-HAM model, some information regarding simulation is available to analyze
the moisture exchange with the plywood, achieving results with confidence. There are some
differences in the adsorption phase where the numerical model presents fast adsorption of water
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content, slightly different than the real case; the desorption is very similar to the experimental
data. The boundary conditions are applied at the inlet with water mass fraction calculation to
assure the correct relative humidity for the surrounding air, where the convective mass and heat
transfer coefficients are computed by dimensionless numbers (Reynolds, Prandtl, Schmidt, and
Sherwood) provides the mass flow between air and the plywood panels.

With CFD-HAM model use for this case, the computer run time considering two-dimensions
took about 8h.
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4.7.1 MBYV index

Figures 50 and 51 present the sorption/desorption for each cycle where the CAR-HAM and
CFD-HAM models provides the mass variation in good agreement with the measured data of the
lab. WUFI software calculated an intensive mass transportation with plywood as the used vapor
permeability (Eq. (69)) does not change with relative humidity, which supports the constant
values presented in the sorption/desorption curves. Table 15 shows further information about
moisture buffer value data over the last three cycles.

Cycle  Sorption Desorption Average A %RH | MBV | Error [%)]
3 0.71 0.72 0.72 39.10 5.73
Experimental 4 0.75 0.75 0.75 38.40 6.11
5 0.76 0.78 0.77 39.96 6.03
Average 0.75 39.15 5.96
3 0.67 0.67 0.67 42.00 5.02 12.40
4 0.70 0.69 0.69 42.00 5.17 15.50
CARHAM 15 0.69 0.70 0.60 4200 | 517 | 14.20
Average 0.69 42.00 5.12 14.04
3 0.70 0.70 0.70 42.00 5.24 8.60
4 0.70 0.70 0.70 42.00 5.25 14.10
CFDHAM 1 g 0.70 0.75 073 4200 | 541 | 10.30
Average 0.71 42.00 5.30 11.00
3 2.16 2.16 2.16 42.00 | 16.10 | 180.80
WUE 4 2.16 2.16 2.16 42.00 |16.09 | 163.30
5 2.16 2.16 2.16 42.00 |16.11 | 167.20
Average 2.16 42.00 16.10 170.50

Table 15: MBV rating calculation for each simulation code.

In Table 15, the "Sorption" column provides the mass variation [kg] that starts when the
relative humidity changes from 33% to 75% and, when its shifted from 75% to 33%, the mass
difference is shown in the "Desorption" column. "A¢" is the difference between higher and lower
RH (in percent), and finally, "MBV index" column [kg/(m?>U,.)] exhibits the moisture buffer value
calculated according to Eq. (61).nd the last column refers to the error results for each cycle. The
first row shows the acquisition data. The second one follows by third one, displays the 1D and
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2D models respectively. Wufi results are shown in the last row. Even though the laboratory data
be a reference for error calculations, it is noticed at the RH column an data acquisition error
in the relative humidity for each cycle. Indeed, the values should be a result of the difference
between 75% and 33% of relative humidity (42%) as shown for numerical data simulated by
1D, 2D model and Wufi as well. Due to that, the lower error found in the simulations lies to
2D model with a value of 11%. On the other hand, despising the relative humidity error and
considering the same RH variation for the lab. data, the lower error decrease to 4.60%.

The experimental measurements [78] obtained a MBV of 5.95, and the new model (1D and
2D) computed similar values, providing the same rating (see Fig. 36) to the plywood.

4.8 Final remarks

For the simulation of the plywood box under the Nordtest protocol conditions, the proposed
model presented similar results found in the laboratory tests. Even with some uncertainties, the
simulated data provided reliable results for classifying a porous material according to the MBV
index. In the simulations, some moisture storage and vapor permeability functions tested in
recently published works and used in this work do not represent with accuracy the material used
in the experimental apparatus. The results could certainly be better if the plywood properties had
also been measured which is the focus of further research. Additionally, temperature variations
in the chamber and in the box may cause some discrepancy not expected by the numerical
model. However, for each sorption/desorption cycle, the mass variation of the predicted values
and experimental values have an error around 5%.

Regarding run time, WUFI software prooved to be more effective (3s) for a fast prediction of
moisture distribution, when compared to the proposed model which has the vapor pressure as a
driving potential and deals also with the radiative equation. The CFD-HAM model enables to
solve complex problems, but the computer run-time becomes an important issue. To overcome
this concern is recommended the use of the CAR-HAM model.

To conclude, the primary purpose of the developed code is to represent well the physical
phenomena involving heat and mass transfer in porous media taking into account several hard
conditions where the problem can be solved in one, two or three dimensions. Further investig-
ations about computer run-time deserves a profound investigation to bring it to whole-building
simulation tools.
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5 General Conclusions

Mathematical models and results on the prediction of distributions of temperature and mois-
ture related variables within porous media were the focus of the present thesis.

First, a new mathematical model formulated for one-dimensional purposes includes — as a
novelty — the radiation term, ignored in current models applied to the building simulation field,
which can generate wrong results especially for fibrous materials. This code is addressed for fast
answers or initial values required for more difficult cases. Then, a multidimensional model is
developed for - 2D /3D cases — associated to a CFD software (Ansys-Fluent), enabling complex
simulations problems not explored by well-known moisture tools available in literature.

Regarding main equations used in the proposed model, the relative humidity (RH) and tem-
perature have been used for high moisture conditions. Otherwise, vapor pressure potentials
replace RH potentials. Some cases well studied in literature were used as references to compare
with the model outcomes.

In Chapter 2, the proposed model simulated a drying of a bar under isothermal conditions
providing good results where the diffusion phenomenon was more significant, neglecting advection
terms. Then, a bar with diffusion and advection phenomena was considered. The advection terms
had a relevant role in the moisture distribution, and the air velocity within porous medium was
computed in a simple way, being targeted by a difference between indoor and outdoor atmospheric
pressure. With the aim to verify the simulation code under hard conditions such as rain load, it
was simulated, in a third example, a multilayer wall with high RH, (more than 99%). The driving
potentials in the governing equations were set to relative humidity and temperature, providing
better results.

For the radiative approach, with the developed CAR-HAM model, the radiative term of
governing energy equation was computed by solving the radiative transfer equation (RTE). A
residential attic insulation was consider to illustrate the application of the proposed radiative-
based model, taking into account the radiative properties of insulation material (with thermal
dependency) in an anisotropic medium under the presence of moisture. Clearly, as the thermal
conductivities of some insulation materials are very low, the contribution of radiative effect
decreases in the building physics domain. However, the same model could be modified and
used in the aviation industry or household appliances (ovens and fridges), providing likely a more
importante effect of the radiative heat transfer term due to the presence of high temperature
gradients.

In Chapter 3, one- and two-dimensional approaches are compared. With the 1D model, the
air is approximated to equivalent resistance, with different values from the ones found by the 2D
model, which considers the airflow modeled by the Navier-Stokes equations.

In Chapter 4, an experimental test-cell [78] was simulated aiming to get the MBV index [9]
of a plywood box. With a 2D sketch, the experimental apparatus was represented with inlet
and outlet zones where the internal air was modeled according to the k-¢ model. The boundary
conditions were applied in agreement with laboratory measurements. It was achieved warranted
results, even though it could be better with measured material properties.

In general, the proposed model contributes with the complex solution of many problems with
heat and mass exchange in porous media under complex conditions and surfaces not represented
by current models. The two models presented in Chapters 2 and 3 were verified with published
research in literature. Additionally, in Chapter four, the present model is validated with experi-
mental data. In this way, the simulation code proved to be useful, solving problems with mixed
conditions involving low and high humidity values and non-uniform convective transfer along
surfaces as well.

In addition, with the coupled approach, for each iteration, the heat and mass convective
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transfer coefficients are calculated over all surfaces where heat and mass fluxes are needed to
solve the distribution of temperature and moisture related variables within the porous domain.

As a drawback, the proposed model may take a significant computer run-time for cases
involving fluid flow model, under laminar or turbulent flow regimes. The mesh of surrounding
air generates many control volumes which makes the simulation very slow. Another point is the
code management. When it is linked to a CFD software, some special user-skills are needed.
Even though the Ansys-Fluent has a certain user-friendliness, to load the user defined functions
(UDF), the setup of the model needs some previous knowledge of the software.

The code is open to improvements for future research for new implementations such as
hysteresis and pollutant presence in the air. With many applications, the hygrothermal model
presented in this work could be used for building purposes, help architectures or engineers to
develop new buildings, or make retrofit in old buildings. Besides, the developped codes could also
support the reverse engineering,to obtain optimized hygrothermal material properties, avoiding
damage risks and increase building energy efficiency.

As a future possible investigation not restricted to the building physics area, one could mention
the use of the present model to predict vector-borne diseases where the absolute humidity (AH)
is a vital index to predict, for instance, dengue incidence. So, with a simulation of surrounding
air and walls of the home, the proposed model could provide a moist air behavior and relative
humidity content distribution (RH) over entire walls and volume occupied by humans showing
the suitable conditions for vector-borne disease spread.
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