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Abstract

The hygrothermal behaviour of porous building materials is significantly determined by the moisture
and heat transfer phenomena. However, most of existing models used to predict this phenomenon
neglect moisture hysteresis effect and dynamic capillarity effect, limiting their accuracy in assessing
the efficiency and sustainability of bio-based building materials. To bridge this gap, the model
presented in this paper considers both dynamic and hysteresis effects. The Finite Element Method
(FEM) is adopted for the discrete approximation of the partial differential equations governing
heat and moisture transfer. The model is validated with respect to experiment performed on bio-
based material subjected to thermo-hygrical boundaries conditions. Results show unequivocally
that dynamic capillarity effect and moisture hysteresis effect should be considered simultaneously
to quantify hygrothermal behaviour of porous building materials. This critical insight underscores
the significance of this research, offering a comprehensive model for evaluating the efficiency and
sustainability of these materials by addressing the often-neglected aspects of moisture behaviour,
i.e., dynamic and hysteresis effects. This model is marked by its precision and thorough consid-
eration of essential factors, making it an indispensable contribution to the field and advances the
understanding of the hygrothermal behaviour of bio-based building materials in real conditions. It
would help in designing optimized building envelop.

Keywords: Dynamic effect, Hysteresis effect, Mathematical models, Moisture transport, Porous
bio-based materials

Highlights
e Enhanced prediction of hygrothermal behaviour in bio-based building materials.

e Modelling the coupling of moisture hysteresis effects with dynamic capillary pressure.
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e Advances understanding and aids building material design and optimization.

Nomenclature

T dynamic effect coefficient

P%m  dynamic vapour pressure

B moisture transfer coefficient

oty time increment

> nodal value vectors of RH

T nodal value vectors of temperature
o) relative humidity (RH)

Cpl heat capacity of liquid water

cp.m  heat capacity of dry building materials
Dy liquid transport coefficient

h heat exchange coefficient

Ji liquid water flux

Jy water vapour flux

K liquid water permeability

k sorption curve fitting parameter
P, capillary pressure

P%"  dynamic capillary pressure

Ps9(T) saturated vapour pressure

heat conduction

universal gas constant

absolute temperature

moisture content

vapour diffusivity

sorption curve fitting parameter

liquid diffusion coefficient

Dl,ws

Gao
R
Qo
Sads
Sdes

capillary transport coefficient

mass flux at open surfaces

latent heat of evaporation

heat flux at open surfaces

saturation of main adsorption curve
saturation of main desorption curve
vapour diffusion resistance coefficient
monomolecular moisture content
water vapour permeability of air

RH shape function matrices
temperature shape function matrices
dry porous material density

liquid water density

moisture capacity

water absorption coefficient

dry material capacity

liquid water enthalpy

enthalpy of drying building materials
water vapour enthalpy

water molar mass

capillary pressure

vapour pressure

moisture content at free saturation
liquid moisture content

vapour moisture content
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1. Introduction

New standards suggest to use more bio-based concrete in building construction in order to
meet the increasing requirements on environment protection and cost limitation. Most of studies
reveal that bio-based porous materials have high thermal performances and could regulate the
indoor humidity levels [IH3]. Buildings exposed to natural environment always suffer periodic
temperature and relative humidity. The heat and moisture transfer occurs simultaneously within
building materials and results in a significant impact on the energy performance of buildings.

Plenty of models and formulas were established to specify the coupled heat and moisture transfer
since the pioneering work of Philip and De Vries [4]. They developed a theory of moisture transport
in porous materials under temperature gradients with the consideration of interaction of vapour,
liquid and solid phases. Subsequently, a model capable of simulating under both isothermal and
non-isothermal conditions was given by Luikov [5] on the basis of thermodynamics of irreversible
processes. After that, models dedicated to building materials were developed in succession [6HI0].
A typical model which adopts the relative humidity instead of water content as moisture driving
potential was developed by Kunzel [9]. Various models and approaches showed that hygrothermal
transfers in porous materials can be simulated by a darciean water flow, fickean vapour diffusion,
heat conduction and enthalpy flow.

However, numerous approximations are made using first order approaches in mechanical for-
mula. In order to perform transfer phenomenon according to documented models, the water vapour
sorption isotherms (WVSIs) which describe moisture storage capacity are indispensible. Most of
modellings are based on main or average water vapour sorption isotherms [6], [TTHI5]. Actually, the
moisture storage function is greatly dependent on the previous state of water content, and there
is a discrepancy between adsorption and desorption for water vapour sorption isotherms [I6H20].
This phenomenon, supposed to be caused by ink-bottle effect, the variation of liquid-solid contact
angle, pore-size distribution as well as pore connectivity, is known as moisture hysteresis effect
[17, 21]. Even if models provide numerical results that have a higher agreement with experimental
measurements (under certain conditions), visible discrepancy still exists. Particularly in the case

of a fast variation of the ambient relative humidity.
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Indeed, the fast change rate of relative humidity is not considered in classical models based on
a first approach of fluid flow equations. It was observed that the water retention curve, measured
under dynamic conditions, deviates from the static one [22]. Regarding the Laplace’s equation,
the pressure difference between gas mixture and liquid water in porous materials under dynamic
conditions differs from the static equilibrium capillary pressure. This phenomenon is known as
dynamic effect on capillary pressure. Analogous to water retention curve, the water vapour sorption
isotherms of porous building materials is influenced by the dynamic capillarity effect [23]. Unlike
the hysteresis effect, the dynamic effect is mainly due to the fast flow of fluid. In this case, the
viscous forces become strong and require a supplementary pressure gradient to overcome [24H26].
The fundamental mechanisms of dynamic effect includes dynamic contact angles [27, 28], dynamic
fluid spatial distribution [29] 0], dynamic interface deformation [28], and the effects of averaging
homogeneous/heterogeneous flow [31, B2]. Recently, much attention has been paid to dynamic
effect on unsaturated water-air flow in porous media with high permeability, such as soil and sand.
However, very few publications in the literature consider the contribution of dynamic capillarity
effect on moisture transport within hygroscopic building materials with relative low permeability.

This study aims to build a more complete heat and moisture transfer model with the consider-
ation of dynamic capillarity effect and hysteresis effect for porous building materials subjected to
periodic change of temperature and relative humidity. By addressing the often-neglected aspects
of moisture behavior, this study contributes significantly to the understanding of hygrothermal
behaviour of bio-based building materials and provides a valuable approach to modeling for archi-
tects, engineers, and material scientists working to improve building materials’ performance. In

this paper, three models were studied and compared:
e the ‘dynamic hysteresis model’ considers dynamic effect and hysteresis effect;
e ‘hysteresis model’ takes into account hysteresis effect and ignores the dynamic effect;
e ‘standard model’ considers neither dynamic effect nor hysteresis effect.

First of all, the specific derivation of dynamic hysteresis model is introduced. Thereafter, a

documented experiment investigating hygrothermal behaviour of Date Palme Concrete (DPC) wall
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is employed to verify the performance of the proposed model. Numerical results simulated by these
three models are presented and compared with corresponding experimental data. The potential
contribution of dynamic effect and hysteresis effect on heat and moisture transfer is discussed

according to this comparison.

2. Dynamic physical model for moisture and heat transfer

Moisture and heat transfer models were developed on the basis of the mass conservation principle

and energy conservation law, respectively. The following classical assumptions were adopted:

e The porous material was assumed to be homogeneous and isotropic. The impact of skeleton

deformation and closed pores on heat and moisture transfer was totally neglected.

e A local thermodynamic equilibrium was assumed between porous skeleton, water and air.

The liquid water remains incompressible.

2.1. Moisture transport model

The governing model for moisture transport is derived from the mass conservation principle of
unsaturated water-air flow in porous materials. Considering that the density of gaseous phases is
relative small compared with water density and the contribution of dry air on mass transport is
weak, the mass conservation equations for liquid water and water vapour reduce to a simplified

equation regarding moisture, i.e. including liquid water () and water vapour (v) [33]:

ow
E“!‘V'(Jl‘f'c]v)—o (1)

where w, J; and J, represent, respectively, the moisture content, the liquid water flux and the
water vapour flux. As for weakly permeable porous materials, the moisture transport is greatly
dependent on liquid water advection and water vapour diffusion. Because the gas pressure in pore
is always assumed to be constant and equals to the atmospheric pressure, the contribution of water

vapour advection is negligible.
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The drive potential for the liquid water advection is the capillary pressure gradient [34]. The

specific J; is given by the extended Darcy’s law:
Jy=—-KV (-P,) (2)

where K represents the liquid water permeability and P, the capillary pressure. On the other hand,
the drive force for the water vapour diffusion is density gradient. Because of the air mixture could

be considered as ideal gas, J, is provided according to Fick’s law:
Jy = —6,VP, (3)

where §, represents the vapour diffusivity and P, the vapour pressure.
Substitution of the extended Darcy’s law and Fick’s law into the simplified mass conser-

vation equation results in the following typical moisture transport model [34]:

%§+v(va@Rgf@vm):o (4)

In the case of a satisfied equilibrium between liquid water and water vapour, the Kelvin’s

equation provides the capillary pressure as a function of the relative humidity:

T
a:—%%}m¢ (5)

where R represents the universal gas constant, 7' the absolute temperature, M, the water molar

mass and p,, the liquid water density. ¢ is the relative humidity given by ¢ = PS%U(T) were P5%(T)

represents the saturated vapour pressure which is a temperature-dependant function [35]:

T—273.15

P{jat (T) =610.7 x 107'5X T—35.85 (6)

In addition, the adsorption and desorption curves provide the constitutive relationship between
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relative humidity and moisture content during the main wetting and drying processes of a given
porous material. It indicates that the relationship between capillary pressure and moisture content
can be derived from the sorption curves according to the Kelvin’s equation. Moreover, all vari-
ables, including capillary pressure, vapour pressure, and moisture content, can be expressed as a
function of relative humidity. Furthermore, by taking into account the impact of temperature on
vapour pressure, the previous equation transforms into the standard coupled model for moisture

transport, in which the variables are relative humidity ¢ and temperature 7"

a('b sa
&5y + V- (~DigeV = 3,V (9P (1)) ) = 0 (7)
where {4 = ’?)—Z is the moisture capacity and D; = —K %I;C is the liquid transport coefficient.

Dy consists of the liquid diffusion coeflicient D; , and the capillary transport coefficient Dy ,,s.

In the case of a high relative humidity:

psatg, 1 1
Pro=—¢ (vt~ 4) ®)

where , represents the water vapour permeability of air, u the vapour diffusion resistance coeffi-
cient at the beginning of capillary condensation and u* (¢) the vapour diffusion resistance coefficient
depending on the relative humidity. As for DPC materials, the vapour diffusion resistance coeffi-
cients u and u* (¢) are measured by using dry and wet cup tests, respectively [19]. As for suction
process in capillary region, the capillary transport coefficient is dependent on moisture content and

given by the following expression [36]:

2
A. w1
Dy s =138 - 1000 "¢ 9

where A. represents the water absorption coeflicient and Wy the moisture content at free saturation.
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2.2. Dynamic moisture transport model

The standard coupled model (Eq. [7)) could be improved with the consideration of dynamic effect
for the modelling of drying under low relative humidity. As suggested in typical moisture transport
model, the time change rate of moisture content is determined by the divergence of the capillary
pressure and the water vapour pressure.

On the basis of thermodynamic theories and constitutive conservation laws, the well-accepted
equation was proposed in [25] to establish the relationship between the actual (dynamic)

capillary pressure (P9¥") and the static capillary pressure:

oS
dyn _ - _ w 1
P P, T En (10)

where 7 represents the dynamic effect coefficient, which determines the magnitude of dynamic
capillarity effect.

On the other hand, the dynamic water vapour pressure is accessible due to a latent relation
between capillary pressure and water vapour pressure provided by the Kelvin’s equation . By

considering dynamic effect, the Kelvin’s equation evolves to:

pwRT pdyn
— In -2

pvn —
¢ M’UJ P’US

(11)
where Pvdy" represents the dynamic vapour pressure. Thereafter, the dynamic Kelvin’s equation
minus the standard Kelvin’s equation gives the relationship between dynamic and standard vapour

pressure:

8Sw My )

PWn —p,. e(T 3t pw AT (12)

Practically, equations and encompass the dynamic effect on water advection and
vapour diffusion. By submitting these relations to replace the originally corresponding relations in

the typical model , the preliminary dynamic model for moisture transport is given as follows:

ow 0S8y B
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where = 6(7%'%). The additional terms of the above equation compared with the standard
model indicate the auxiliary contribution on moisture transport caused by dynamic effect. The first
one (T%Ltw) among them reveal the additional contribution of dynamic effect on water advection.
The second one () corresponds to the additional contribution of dynamic effect on vapour diffusion.

In order to ensure efficient implementation of numerical process, the above governing equation

for moisture transport is transformed to the following equation:

fod + V- ((Kap“‘ 0w 5, ppset (T)) w)

ow 37(? B
MLU y
o (s 252 o)
(14)
Eayn® M3 OP; (T)

. sat _ _Z =
+V 0pd Py (T) pu T2 0p9fB a7 vT 0

where {4 = 2—7(‘;7 Eayn = 7-859(;“ and the superposed dot over ¢ denotes a time derivative.

2.8. Heat transfer model

The heat transfer in porous materials must follow the energy conservation law. In the case
of moisture and heat transfer in porous materials, it means that the change of enthalpy in the
controlled element is equal to the energy flow into the controlled element including heat conduction
and enthalpy flow caused by moisture transport. The specific governing equation for heat transfer

is given as follows:

0
g (PmCpmT + hywy + hywy) =V - (=q = hyJy — hyJi) (15)

where pm, Cp.m, Wy, Wi, q, hy, hy and hy, represent, respectively, the density of the dry porous
material, the specific capacity of the dry material, the vapour moisture content, the liquid moisture

content, the heat conduction, the enthalpy of the water vapour, the enthalpy of the liquid water
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and the latent heat of evaporation. The three last parameters are linked as follows:
hy = hy + hyy (].6)

Substituting relation w = w;+w, and (1)) into the original heat transfer model and assuming
that the specific heat capacity of dry building materials ¢, ,,,, heat capacity of liquid water c,; and
latent heat of evapouration h;, are constant yield a standard model for heat transfer in porous
materials:

oT Oow,

(Pme,m + wcp,l) E =-V. (q + hlv']'u) - (Jv + Jl) Cp,lvT - hlv ot

(17)

where ¢pm = % and cp; = %. hp, is the enthalpy of drying building materials.

Furthermore, compared with the latent heat of vapourization, the contribution of sensible heat
of moisture on heat flow is negligible. In addition, even though the latent heat of vapourization

is relatively large, an absolutely small time change rate of vapour content 85”; caused by long-

term vapour transfer results in a negligible value for the product of h;, and Bgf [37]. Therefore,
the last two terms in can be ignored. Considering that the heat conduction is dependent on
temperature gradient and thermal conductivity A, i.e. ¢ = —AVT, and the water vapour flux is

determined by vapour pressure gradient, i.e. J, = —0,V (qﬁPj‘” (T )), the convection equation of

heat transfer transforms to a time evolution of temperature and relative humidity model:

oT

(PrmCpam +wepa) S = V- (AVT) + i,V - (8,9 (6P (T)) ) (18)

t

2.4. Dynamic heat transfer model

As the heat transfer is impacted by water vapour flux, the dynamic effect should also be consid-
ered in the heat transfer model. Analogous to the derivation of dynamic moisture transport model,
by replacing dynamic water vapour pressure P2Y" to simplified energy conservation equation

to replace the initial static P,, it leads to the dynamic model for heat transfer:
aT sat sat
(PrmCpan +wept) G = V- (AVT) 4+ hi,V - (8,89 (825" (1)) + 0,6P5 (1) VB)  (19)

10



Accepted Manuscript

The additional term 8 compared with initial typical model suggests the contribution of dynamic
effect on heat transfer. In order to make the system amenable to efficient numerical treatment, the

above dynamic model for heat transfer was modified to the following form:

&7 — V- (AVT) — by, V - (8,8P2 (T) V)

8, dP3 (T) Egynd Mo B Pt (T
- | | SR ~aypot ) o
(20)
5,¢ P34t (T) M, A\
— i,V - ( owRT \Y (Edyn¢>> =0

where {7 = p, Cp oy + wCp; and T = %

2.5. Hysteresis model of sorption isotherm

The constitutive relationship between relative humidity ¢ and moisture content w is indis-
pensable to solve the coupled governing equation. Various models, such as Langmuir, BET, Van
Genuchten and Guggenheim-Anderson-de Boer (GAB) models, have been developed in previous
literature to define this relationship. Among existing models, the GAB model is often used for

describing hygroscopic behaviour of a bio-based material over the entire relative humidity range:

o ’meGk‘¢
=T k0) (1 kb + Cakd) 2D

where w,, represents the monomolecular moisture content and k and Cg are fitting parameters
determined by latent heat of condensation and molar heat of absorption, respectively.

Significant hysteresis phenomenon between adsorption and desorption is a characteristic feature
of the bio-based materials, especially in the relative humidity range of 25% to 75%. Different physics
phenomena could explain this observation: ink-bottle effect, variation of liquid-solid contact angle,
pore-size distribution and pore connectivity [38].

Until now, plenty of models have been built to implement hysteresis effect: the empirical model

11
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of Pedersen [18], the conceptual model of Preisach [3§], the thermodynamic model of Merakeb [39]
and the phenomenological model of Mualem [40H42], etc. In this paper, the model Mualem II [40]
was used. This model is based on two basic pore water distribution functions L and H, in which

the argument is the capillary pressure:

L(P.) = Sads (Pe) (22)

_ Sdes (Pc) - Sads (Pc)
1-—- Sads (Pc)

H (F) (23)

where S,4s and Sges represent the saturation of the main adsorption curve and the saturation of
the main desorption curve, respectively. The first wetting scanning curve starting on the main
desorption curve at the point (SadS (P.) ,Pc’l) is written as follows:

Sads (Pc) = Sdes (Pc,l) + [L (Pc) - L (Pc 1)} H (Pc,l) (24)

s

After Nth wetting and drying switch, the expression for drying scanning curve of order (N + 1) is

given as follows:
Saes (P2) = Sags (Pon) — [L (Pon) — L(Pc)] (L= H(P)] for L(P.)>L(Pan_1) (25

In the same manner, if water saturation increases after the reversal point after a certain number of

drying and wetting cycles, the adsorption scanning curve is obtained by the following expression:
Sads (Pe) = Saes (Pey) + [L(Po) = L(P) | - [1L = H (Pey)| for L(P) S L(Pan-1)  (26)

where P, n, Sads (PQN), Sdes (PQN) and L (PC,N) are values at the beginning point of the current
scanning curve. L (Pc7 N—l) represents the value at the starting point of the previous scanning
curve.

It must be emphasized that if L(P.) < L (Pc, N,l) for drying scanning curve calculation,

L (PC,N,g) should be used to take the place of L (PC,N71)- Analogously, in the case of wetting, if

12
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L(P)>L (R:,Nq), L (PC,N,g) is adopted instead of L (Pc,N71) for calculating wetting scanning
curve. In another words, in order to implement Mualem’s model accurately, it is vital to keep a
record of the history of scanning curve.

In this paper, an incremental calculation method based on successive time step was adopted
to calculate the scanning curve. The specific mathematical series for wetting scanning curve and

drying scanning curve are written as following equations and , respectively:

=3

St = Si1 = [L(Pet) = L (Pegr) | + H (Pe) - [L (Pes1) = L (Pes)] (27)

Sy — Si—1 =L (Pc,t) ’ {1 —H (Pc’t)} (28)

~L(Pegm) - [L= H (Pegr) | + L (Pea) - [H (Pe) = H (Pey1) |
where L (P.1) and H (P,,1) are values at the beginning point of adsorption or desorption cycle.
In order to incorporate the hysteresis model to simulate wetting and drying cycles, two issues
must be solved. The first one is to check the reversal point. The second one is to identify the
current state. The reversal point can be detected by establishing a mathematical function for time

change of vapour concentration de,/dt at two adjacent time steps:

dcy,
dt

dcy,
dt

(29)

t—1 t

On the condition of Eq. > 0, there is no reversal point and the wetting or drying scanning
curve continues. On the other hand, if Eq. < 0, the scanning curve is switching. Furthermore,
the wetting or drying scanning curve can be identified via the value of second derivative of vapour
concentration d?c,/dt?> . The positive value of d?c,/dt*> indicates wetting scanning curve while
drying scanning curve is reached for a negative value of d?c, /dt* .

The originality of our model lies in its ability to capture the coupled heat and mass transport
phenomena, considering the complex interactions between temperature and relative humidity. Un-
like conventional models, our proposed model incorporates dynamic effect terms and accounts for

the hysteresis of sorption curve.

13
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3. Presentation of the experimental test and numerical simulation

The main objective of this study was the assessment of the performance of the dynamic hysteresis
model for the simulation of the behaviour of bio-based materials under varying thermo-hygrical
boundary conditions. To achieve this, a comparison was performed between the modeling results
obtained from the dynamic hysteresis model and documented experimental data available in the
literature. This comparative analysis has been specifically focused on temperature and relative
humidity distribution and their temporal evolution within the bio-based materials. FEM has been

employed for obtaining quantitative solutions of the model.

3.1. Ezperimental tests

An experiment has been investigated by [43] to characterize the hygrothermal behaviour of Date
Palme Concrete (DPC). Various scenarios were performed involving variation/cycling of temper-
ature or relative humidity. This experiment serves as an appropriate example for validating the
proposed dynamic and hysteresis model. The specific properties of DPC are summarized in Table
The data related to the relative humidity and moisture content relationship (RH-w) are collected
from experimental measurement and fitted using the GAB model to determine the parameters w,,,
C¢ and k for adsorption and desorption, respectively. The fitting curve is shown is Fig[l] and the
corresponding parameter values are presented in Table

Table 1: Properties of DPC

Property Value
Dry density 954 (kzg . m’3)
Dry thermal conductivity 0.185 (W -m~t. Kﬁl)
Dry specific heat 1500 (J kg™t K‘l)
Moisture supplement of thermal conductivity 10.190 (—)
vapour resistance coefficient (dry cup) 6.310 (—)
vapour resistance coefficient (wet cup) 5.570 (—)
Water absorption coefficient 0.165 (kg -m=2-5707)
Water content at free saturation 429 (kg-m™3)

Cuboid specimens were prepared to monitor the evolution of relative humidity and temperature

at different depths. After three weeks of hardening, specimens extracted from the mold were placed

14
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180 T T T
-—-— Adsorption fitting curve
—— Desorption fitting curve i
150 @O Adsorption experimental data [ N
O Desorption experimental data i
o |
120 o ] =]

Moisture content (kg/m~™3)

0.4 .08 0.8
Relative humidity (1)
Figure 1: Sorption isotherms of DPC at 23 °C.

Table 2: Fitting parameters of GAB for adsorption and desorption isotherms

Parameter Value
Adsorption  Desorption
Wip, 7.0348 178.1118
Ca 3.6000 7.3320
k 1.0650 0.2707

in a controlled laboratory environment, maintained at a relative humidity of 50% and a temperature
of T'= 20°C, over a period of one year. This procedure ensures that the moisture content of first
stage aligns with the desorption curve. The dimension of DPC wall were 50 x 40 x 15 e¢m?®. The
lateral surfaces of all studied specimens have been sealed with insulated polystyrene panels covered
by a thin plastic film. In this way, 1D heat and moisture transfer across the thickness of the
wall is imposed. The outside surface of the sample is exposed to the climatic chamber conditions
simulating dynamic outdoor climate. The inner surface is exposed to a passive cell with fixed initial
climate to simulate the indoor climate. The evolution of temperature and relative humidity at

various locations, including = = 3,7.5,12.5 ¢m, as well as inner and outer surfaces, is recorded by

15
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sensors. A schematic view of the experiment is shown in Fig. Prior to any testing, the entire
system, including climatic chamber, passive cell, and all studied specimens, must reach an initial
equilibrium state at T = 23°C and RH = 50%. After that, the tests start by changing the outdoor

climate according to a certain scenario. In this paper, two typical scenarios have been studied.

Climatic chamber
Outdoor Climate

§c

% by DPC wall

Hygrothermal “=—_]
Sensors

e N
' \\\ﬁl\\\\\\\\

Thermal and hygric insulation

Figure 2: Schematic representation of the experiment. Refer to [43| for detailed experimental setup.

e The first one simulates the response of DPC wall to a sudden variation in relative humidity.
The testing is performed at a stable outdoor temperature T' = 23°C. The outdoor relative
humidity increases to 75% and keeps constant for 9 days. Afterwards, the outdoor relative
humidity decreases to 33% immediately, and this boundary condition is maintained for another
9 days. Fig. [3] presents the actual relative humidity profiles at outdoor and indoor ambiances
which was obtained from experimental measurement and used as boundary conditions for

calculations.

e The second one focuses on the performance of DPC wall to a repeated temperature cycles. In
this case, the outdoor relative humidity is fixed at RH = 50%. After an initial step change
from T = 23°C to T = 40°C, the system experiences a cyclic variation of the temperature,
from T = 40°C to T = 23°C, with a 12 h period. The duration of the entire testing is 4 days.

The specific temperature boundary conditions are shown in Fig. [4]

16
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Figure 4: Temperature boundary conditions of scenario 2

3.2. Numerical Modelling method

For a quantitative solutions, the governing equations are discretised in space by finite elements
using a Galerkin procedure and in time by backward Euler method. The relative humidity ¢ and
temperature T" are basic variables of the studied phenomenon. Vector notation is now introduced.
These basic variables are expressed in the whole domain by global shape function matrices N¢ and

NT as function of nodal value vectors ® and T:
¢=¢(t)=N"® (1)
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T=T()=N'T(t) (31)

The Galerkin method is employed to obtain a weak form of the governing equations. After substi-
tution of defined basic variables into and and some transformations the following set of

algebraic equations in space is obtained (see Appendix for details):

Kw®+ KwrT + Cwp® = fo (32)

Krw® + K1T + Ctp® + CrT = fr (33)

Thereafter, an appropriate iterative time marching scheme is required to solve the transient cou-
pled model of moisture transport and heat transfer. In this paper, Euler implicit scheme (backward
Euler method) is adopted because of its high stability. The full discretisation in time allows the

algebraic equations transforms into the following forms:

(I>n+1 —_ P
R R e (34)
n+1 _ q)n Tn+1 _ Tn
Kv%ﬁ{i‘lf@n+l + KT’]L:‘-i-lTn—i-l + C;H—)l 5 + C%—‘rl 5 _ f;-i-l (35)

where superscript n + 1 denotes that the system is written at time ¢, = t,, + dt,,. 0, is the time
increment between two adjacent time points. The solution for the nonlinear system at time point
tn+1 can be calculated based on the solution at previous time point ¢. In another words, for a given
initial conditions ®° and T at time ¢ = 0, the solution of the nonlinear system (®"*!, T"*!) can
be calculated for every time point n = 0,..., N — 1. The Newton-Raphson algorithm is used to
solve the system.

As any transfer of heat and moisture towards the lateral surfaces is avoided, the system is
assumed to follow one-dimensional hypothesis. The system is divided into 1500 uniform mesh
elements on the whole length. The mesh size is big enough to optimize the computing time and fine
enough to well follow the fields. Moreover, the time step is adaptive according to the convergence

rate to obtain quantitative solutions of the governing equations efficiently.
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To distinguish the contribution of dynamic capillarity effect and hysteresis on mass and heat
transfer, a certain experiment is respectively simulated by three models including standard model,
hysteresis model and dynamic hysteresis model. As for standard modelling, We employ the usual
model that lacks dynamic terms for simulation. The simulations are implemented based on the
average sorption curve. Concerning hysteresis modelling, only the hysteresis effect is included,
while the potential contribution of dynamic effect is completely neglected. Since the sample was
partially desiccated before the start of experiment, the intermediate adsorption-desorption curves
begin from the main desorption curve in this case. Concerning dynamic hysteresis modelling, the
dynamic model has been implemented with consideration of hysteresis model.

The moisture and heat exchange on the surface of porous media is determined by the interaction
between porous media and the surrounding environment. The gradient, observed in the water
vapour pressure and temperature in the vicinity of the open surfaces of porous media, governs the
mass and heat transfer from the interior of the porous media to its open surfaces. The Neumann-

type boundary condition is a feasible choice in this case:

Qo =h(Ta — Tams) (36)

GQ = ﬁ (PU,Q - Pv,amb) (37)

where Qo and Gq are heat and mass fluxes at open surfaces, respectively. Tn and P, o are the
temperature and water vapour pressure within the porous medium near open surfaces. Ty, and
P, omb are the external temperature and water vapour pressure in the ambient environment. The
heat exchange coefficient i consists of the convective heat transfer coefficient h. and the radiative
heat transfer coefficient. In reality, the actual local coefficients on the exterior and interior surfaces
may vary slightly. Despite this potential difference, we have neglected it for simplicity. The heat
exchange coefficient is assumed to be 8 (Wm™2K 1) for both the exterior and interior surfaces [21].
The moisture transfer coefficient at boundaries is set to 75 x 1077 (s/m) on the exterior surface
and 25 x 1077 (s/m) on the interior surface [9].

For the purpose of implementing the dynamic model to simulate heat and moisture transfer for
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the scenario 1, the contribution of dynamic effect should be identified. In general, the dynamic
coefficient 7 is formulated as a function of water saturation. Considerable attention has been paid
to the dependency of this coefficient 7 on water saturation or moisture content [22] 23] [44] [45].
However, there is no widely accepted formula to identify its value. Moreover, the time change rate
of saturation 9S,,/0t varies significantly from the open surface to the interior. This variation can
even reach several orders of magnitude. It indicates that the second-order term calculated by Taaitw
is very sensitive to the dynamic coefficient 7. If 7 is not perfectly identified, the dynamic capillary
pressure P9 could be many times as larger as the equilibrium capillary pressure P.. However, this
is not the case in reality. Previous studies have indicated that the second order term induced by the
dynamic effect is a supplement to capillary pressure rather than a predominate factor [22] [44] [46].
In addition, it can cause non-convergence issue in the FEM calculation.

In this paper, a deliberate method is put forward to ensure an appropriate dynamic capillary
pressure and high rate of convergence in finite element analysis. No specific form of 7-5,, relationship
is provided. But, the additional contribution caused by the dynamic effect on capillary pressure
is defined as a function of capillary pressure P., spatial distribution coefficient F(z) and time

distribution coefficient G(t), as presented below:

Taaitw =F(z)G(t) P. (38)

First, F(x) and G(t) in Eq. have been determined according to experimental tests. A
higher RH gradient, resulting in faster change of relative humidity, leads to stronger dynamic
effect. When a step change of external RH is imposed, the dynamic effect is supposed to start
with highest performance and then become weak gradually as time goes by. Indeed, the dynamic
model reproduces implicitly the fluid velocity effect. It is not neglected under high velocity instead
of quasistatic behaviour. The closer the location is to the open surface, the more significant the
local dynamic effect is assumed to be. These characteristics provide guidance for the definition of
F(z) and G(t). In order to avoid overestimation of dynamic effect as mentioned previously, their

absolute values are expected to be in the range of 0 to 1. The interpolation functions F'(x) and G(t)
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Figure 5: Coefficient function used for calculation of additional capillary pressure caused by dynamic effect

are plotted in Fig. [f] They have been determined initially by providing the evolution of relative
humidity to have relatively high agreement with corresponding experimental data. Note that the
discontinuity in the function G(t) corresponds to an abrupt change in RH. The dynamic effect
coefficient is proportional to the drying or wetting rate. Indeed, the imposition of a new boundary
condition differing from the initial condition on a system induces a maximum drying or wetting
rate followed by a decrease over time until the new stable state is reached. This also explains why
the absolute value of the function G(t) keeps decreasing under stable boundary conditions. The

specific spatiotemporal evolution of this coefficient is shown in Fig. [5| (c).
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4. Results analysis and discussion

In this part, the simulation results obtained by three different models including standard, hys-

teresis and dynamic hysteresis models are presented and compared with the corresponding experi-

mental data.

4.1. Scenario 1: Step change in RH at room temperature

4.1.1. Observations
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Figure 6: Comparison of relative humidity evolution obtained by dynamic hysteresis, hysteresis and standard mod-
elling with experimental data at different depths.

22



Accepted Manuscript

Figure [6] presents the comparison between experimental data with numerical simulations ob-
tained with standard, hysteresis and dynamic hysteresis models. The simulation results of relative
humidity evolution are plotted for certain depth locations. More or less significant deviations be-
tween standard modelling results and experimental data are observed. The response of standard
modelling to the step change in relative humidity seems to be less sensitive. Compared with ex-
perimental data, the standard modelling always underestimates the increment of relative humidity
during adsorption stage and overestimates the decrement of relative humidity during desorption
stage, which is in accordance with observations reported in [47].

The simulated evolution of relative humidity when considering hysteresis effect shows a huge
gap with the numerical results of standard model. Even though the numerical result from hystere-
sis model shows a non-negligible discrepancy with corresponding experimental data, a significant
improvement is achieved using average sorption curve. In particular, the modelling considering hys-
teresis effect accelerates the moisture transport which results in a higher relative humidity which is
close to measured data at the location of depth 7.5 ¢m and 12.5 ¢m during the adsorption stage.

The dynamic hysteresis modelling gives quite good numerical results, especially at location close
to outdoor surface with depths 3 ¢m. During desorption stage, the numerical results at depth of
7.5 cm and 12.5 ¢m display a slight gap with the corresponding experimental data. However, by
reviewing the poor and average performance of standard and hysteresis models in the same figures
respectively, the dynamic hysteresis modelling provides numerical results have the highest agreement
with experimental data. During adsorption stage, dynamic effect seems to have a weak influence
on hygric behaviour of DPC at depths of 7.5 e¢m and 12.5 ¢m, and in this case the use of hysteresis
model yields satisfactory results. However, taking into account dynamic effect is important at the
location close to outdoor surface where saturation in porous media experiences a relatively rapid
change. Moreover, the dynamic hysteresis modelling also ameliorates the numerical results for
desorption stage (see Fig. |§| (b-c)). Tt indicates that the dynamic effect also plays an important role
in alleviating the underestimation on drying rate. The results comparisons of dynamic hysteresis
modelling with hysteresis modelling reveal that the dynamic effect seems to be able to accelerate

desorption and decelerate adsorption.
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4.1.2. Discussion on RH evolution

This deviation varies with the location and reaches to maximum at depth 7.5 em. The minimum
gap is found at the location close to outdoor surface at depth 3 ¢m. Similar phenomena were also
observed in previous literature [I8]. One reasonable explanation for these obvious deviation is the
negligence of hysteresis effect. If hysteresis is not considered, the retained water due to ink-bottle
effect during wetting and drying cycles is neglected. The history of water content (intermediate
sorption curve) must be mastered in order to provide a more accurate relationship between relative
humidity and moisture content, which plays an important role in predicting moisture transport. As

introduced previously, the DPC materials exhibit distinct characteristic of hysteresis.
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Figure 7: Comparison of hysteresis sorption curve with average sorption curve

Hysteresis and average sorption curves are plotted and compared in Fig. [7] There is a significant

difference between these two kinds of sorption curves. The hysteresis sorption curves begin to

generate from the main desorption curve due to the fact that the manufactured specimen suffers a
partial drying before starting the test. A step increase in relative humidity imposed on the outdoor

surface of the specimen induces an adsorption by following the wetting scannin curve. Thereafter,
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because of the external relative humidity decreases to 0.33, the specimen begins to dry, following
a new drying scanning curve. Indeed, the start point of this new drying scanning curve is the
end point of the previous adsorption scanning curve. Afterwards, the main desorption curve will
be used to take the place of drying scanning curve for the prediction of drying once the main
desorption curve is reached. It is important to note that the Mualen IT model enables the sorption
curves to vary at different locations according to local moisture content state. Furthermore, there
is no obvious difference between adsorption and desorption hysteresis curves. It indicates that the
hysteresis effect seems to have a weak impact on hygric behaviour of this kind of porous material
as the relative humidity ranges from 0.4 to 0.7. On the other hand, the average sorption curve
is entirely independent of the history of moisture content, which results in an underestimation of
the sorption curve. Because the hysteresis sorption curves, taking into account moisture content
history, seem closer to the reality, the hysteresis model provides better results than standard model.

Even though the hysteresis model optimizes the simulation results, a non-negligible deviation
still exists, especially at the location close to the open surface or when a high RH gradient is
imposed. For instance, as observed in Fig. |§| (a), the hysteresis model overestimates the relative
humidity at depth 3 c¢m during the adsorption stage; similar phenomena are observed at depths
7.5 cm and 12.5 cm when a high RH gradient exists during the desorption stage (Fig. [6] (b-c)).
It indicates that the hysteresis model appears to have limitations. Indeed, a higher time change
rate of saturation induced by step change of external relative humidity results in dynamic effect
on capillary pressure, which has a potential influence on moisture transport [48, 49]. In order to
accurately predict the evolution of relative humidity under conditions where a high RH gradient
exists between the external environment and the specimen, both dynamic and hysteresis effects
should be studied.

These results show that the model taking into account dynamic and hysteresis effects is appar-
ently more appropriate than standard model and hysteresis model to simulate hygric behaviour of
cement-based materials under repeated wetting and drying cycles. One important reason is that
the dynamic hysteresis model not only takes into account dynamic capillarity effect when high RH

gradient are imposed on specimen but also adopts hysteresis sorption curves based on moisture
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content history.

The slight deviation between the dynamic hysteresis modelling curves and experimental results
could be attributed to the dependence of the moisture transport coefficient on moisture content-
relative humidity relationship. However, a constitutive relationship defined under steady-state
condition is not suitable to transient transport process. Nonetheless, we strictly deal with the dy-
namic effect within capillary pressure and neglect possible dynamic effect in the moisture transport
coefficient. In addition, the experimental test may be different from the idealized configuration of
the dynamic hysteresis model, in which the system is supposed to be insulated on lateral surfaces.
However, from the experimental point of view, it is difficult to ensure the one dimension moisture
and heat transfers across the thickness of DPC wall, because the artificial insulation of enclosure is
difficult to provide 100% protection against moisture and heat infiltration on lateral surfaces of the
DPC wall. Likewise, before the beginning of experimental test, the initial condition of the DPC

wall has been influenced by consecutive disturbances of outdoor relative humidity.

4.1.8. Discussion on temperature evolution

By retrospecting the governing model for moisture and heat transfer, there is a coupling between
moisture transport and heat transfer. It indicates that the adsorption and desorption procedures
caused by step change of external relative humidity are accompanied by temperature variation.
The specific temperature evolutions at various depths of DPC wall are consistent with theoretical
prediction and presented in Fig. [8

The variations’ amplitudes obtained by standard modelling are higher than the ones obtained
from hysteresis and dynamic hysteresis modelling. Compared with the negligible contribution of
dynamic phenomenon, the hysteresis phenomenon on heat transfer induced by moisture transport
is more obvious but the absolute influence is still weak. Nevertheless, the temperature variation
trends for the three modellings are similar at various depths. It can be noted that there is a sharp
increase in temperature at the beginning of the simulation, even though the ambient temperature
keeps constant at 7' = 23°C. Indeed, the condensation caused by adsorption is an exothermic

physical procedure, which results in the temperature rise. Thereafter, the wall temperature de-
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Figure 8: Comparisons of temperature curves simulated by dynamic hysteresis modelling with results of hysteresis

modelling and standard modelling

creases gradually until the 9th day. Another step change of external RH from 75% to 33% at this

moment leads to a sharp drop of wall temperature. A rational explanation behind the phenomenon

is that the evaporation at the desorption stage is an endothermic procedure which results in wall

temperature reduction. Following this instantaneous drop, the wall temperature begins to return to

ambient temperature step by step. Similar phenomena are found in documented references [43], [50].

27



Accepted Manuscript

4.2. Scenario 2: Cyclic temperature variation

In this scenario, the thermal behaviour of DPC wall was studied. The DPC sample is subjected
to outdoor cyclic temperature variations at constant ambient relative humidity condition RH =
50%. The repeated variation consists of four successive cycles of 23°C' —40°C'. Each temperature is
imposed for 12 h period and the duration of the entire test is 4 days. It means that tests are carried
out in steady state of relative humidity. Three models including standard, hysteresis, dynamic
hysteresis models are adopted to reproduce the temperature variation at depth 3 cm, 7.5 cm and
12.5 em (Fig. |§| (a-c)). A simple but appropriate dynamic terms T%Ltw = 0.3P, was used to ensure
the potential contribution of dynamic capillarity effect on the system.

In general, the numerical results simulated by these three models are in good agreement with
experimental curves. Differences between numerical and experimental results decrease closer to the
indoor surface. The best overall agreement is observed at a depth of 12.5 ¢m. Nevertheless, the
magnitudes of temperature evolution are slightly higher than experimental measurements. Anal-
ogous to the analysis in scenario 1, the inconsistency between experimental reality and idealized
configuration of numerical simulation could contribute to justifying such discrepancy.

By comparing the three modelling curves with each other, similar thermal behaviour is observed
at corresponding depths, especially at the locations 7.5 and 12.5¢m. Only slight gap is observed
between standard and hysteresis modelling at a depth of 3 ecm. It indicates that the hysteresis effect
seems to have weak influence on heat transfer in steady state of relative humidity. Likewise, even
though a strong dynamic capillarity effect with T%Ltw = 0.3P, is used in the dynamic hysteresis
modelling, numerical results are almost identical with the dynamic hysteresis model as with the
hysteresis model. It suggests that dynamic capillarity is negligible in this case. After the discussion
above, it can be concluded that neither the hysteresis effect nor the dynamic capillarity effect plays
an important role in heat transfer. This is expected because thermal behaviour is greatly depen-
dent on heat conduction rather than moisture transport. Therefore, the additional contribution of

dynamic and hysteresis on moisture transport has weaker influence on heat transfer.
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Figure 9: Comparison of temperature evolution obtained by dynamic hysteresis, hysteresis and standard modelling
with experimental data at different depths

5. Conclusion and perspective

This work has introduced a more advanced model that significantly enhances the ability to pre-
dict heat and moisture transfer in porous building materials by accounting for the intricate interplay
of moisture hysteresis effect and dynamic capillarity effect. This dynamic hysteresis model has a
higher performance in the prediction of the hygrothermal behaviour of bio-based building materials
when compared to standard models. As a practical outcome, this model provides a valuable tool for

designing superior materials and optimizing their applications, ultimately promoting the efficiency
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and sustainability of bio-based building constructions. The following conclusions can be drawn:

e Compared to the standard model, the hysteresis model, based on the assumption of local
thermodynamic equilibrium and incompressible fluids, is more advanced as the hysteresis
phenomenon between adsorption and desorption procedures as well as the moisture content
history has been considered. Because hysteresis sorption curves provide a more accurate con-
stitutive relationship between moisture content and relative humidity, the hysteresis model
gives better results than the standard model, especially for predicting relative humidity evolu-

tion. However, the hysteresis model seems to be limited when a high RH gradient is imposed.

e The dynamic hysteresis model is more complete than hysteresis model, because potential con-
tribution of dynamic effect on moisture transport and heat transfer is included. Comparisons
presented in this paper highlight that the dynamic hysteresis model shows the evolution of RH
having the highest agreement with experimental data. It confirms the validity of the dynamic
hysteresis model. Thus, not only moisture hysteresis effect but also dynamic capillarity effect
should be emphasized in the prediction of relative humidity evolution under the condition

that the moisture content experiences rapid variation.

e The adsorption and desorption phenomena are accompanied by temperature variation due to
the coupling between moisture transport and heat transfer. Numerical results demonstrate
that the absolute impact of moisture transport on heat variation is not significant but causes
a sensitive response. In addition, a negligible contribution of dynamic effect shows that the
hysteresis effect on temperature variation, induced by adsorption or desorption, is relatively

stronger, but the absolute influence is still weak.

e The response of the DPC wall to a repeated temperature cycles simulated by these three
models is similar and in good agreement with experimental measurements. It reveals that
neither dynamic effect nor hysteresis effect has significant influence on heat transfer in this
case. Thus, if heat transfer is greatly dependent on heat conduction, the standard model is

recommended for predicting temperature variation.
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Although we have made efforts to improve the simulation results, we acknowledge that there
have been slight deviations between our model predictions and the corresponding experimental
measurements. We attribute these deviations to potential factors such as the inconsistency between
experimental reality and the idealized configuration used in our numerical simulations.

For the prospective, to establish the credibility and potential of our model, it is crucial to validate
its predictions by comparing them with data from other sources or experimental data in future work.
By incorporating additional validation studies, we can assess the model’s performance and ensure
its robustness across different scenarios. As the pore network and fluid properties would be affected
by temperature variation, which leads to a variation of sorption curves, further improvement could
be made by taking into account this variation for dynamic hysteresis model. In addition, it is crucial
to pursue further quantification of the dynamic effect coefficient, with a specific focus on mitigating

the inherent uncertainties associated with quantifying the dynamic capillarity effect.

6. Appendix

The derivation of discrete form of governing Egs. and and the full expression of the
matrices in the discrete Egs. and are shown here in detail.
The dynamic models for moisture transport Eq. and heat transfer Eq. after modifi-

cation are rewritten in the following form:

€46 — V- + V- (Ds1V$) + V- (Dy2VT) =0 (39)

CyaV («sdynéS)

&rT — V- (AVT) — hypV - (cmv (gdynéb» + WV - (DraVe) + hiyV - (DpaVT) =0 (40)
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where

M, p

— sat
Cor =K + 0,02, (T) ouRT (41)
OP. Ow sat
Dy = K%% — 6,8P;* (T) (42)
Dy — gopoat () SO MuB o SO (T)
Dy o= Dro=0p0pP; (T) o T2 23 57 (43)
Spp Pyt (T) M8
- 44
O puwRT (44)
Dry = —6,6P;* (T) (45)

The interpolating functions ¢ = N¢® (t) and T' = NT'T (¢) are introduced to approximate the
dependent variables ¢ and T. By using the Galerkin weighted residual method and setting the
integral of the residual function equal to zero, the moisture transport and heat transfer governing

equations are transformed into:

/Nqﬁ,T . f¢¢ —~ V- |CyaV (gdyné) + V- (Dy1Vp) + V- (D 2VT) 3 d2 =0 (46)
Q
&7 = V- (AVT) = bV - | Cra V (sdynés)
/NT’T dQ =0 (47)
@ + hiyV - (D11 V@) + hyyV - (D72 VT)

where N*T and N7'T are transpose of N¢ and N7, After applying the Green’s theorem to replace
the second derivative terms in above equations and replacing the dependent variables ¢ and T

by using corresponding interpolating functions Egs. (30) and , the weak forms of moisture
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transport and heat transfer models are given as below:
- / VN?T. Dy VN?dQP — / VN?T. D, ,VNTIQT

+ / VN¢T . Cy v (gdynm) +N*T . ¢, N?dQd

(48)
— / N T (C(,,,lv (5dyn<}s> — Dy 1V — DWVT) -ndl
Ty
/ v T, hzu - Dy  VN9dQ® + / VNTT . AYNT — V(NT’ThlU) - D72 VNT QT
Q

+

/ v NTThl CTJV (gdynm) dQd + / NTT . erNTdQT
Q Q (49)
= / NTT ()\VT + h1yCr 1V (gdyn$> — hiwDr 1V — hlvaVT) -ndl'

The terms on the right hand sides of Egs. and indicate boundary flux of moisture and
heat, respectively. n is the outward unit normal vector to the boundary surface. Therefore, the

algebraic form of moisture transport model in space is obtained if the following definitions are
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used:

Kw = — / VN?T. D VN?dQ (50)
Q

KWT = — / VN(’/)’T . DQVNT (51)

Q

Cwp = / VNT. v (gdynN¢) + N*T . ¢,N?dQ (52)
Q

fo = /N¢’T <01V (gdynés) — D1V — DgVT) -ndl (53)

Ty

Meanwhile, the appropriate matrices comprising the coefficients implicit for algebraic form of heat

transfer model are gathered as follows:

Krw = — / v (N"Thy, ) - DriVN®aQ (54)
Q
Kt = / VNTT.AVNT - v (NT*Thlv) - D7, VNTaQT (55)
Q
Crp = / v (NT=ThlU) - CraV (fdynN¢) dQ (56)
Q
Cr = / NTT . erNTdQ (57)
Q
fT = /NT’T <>\VT + hlUCTvlv (gdyngb) - hluDT,lv¢ - hlvDT,QVT> -ndl’ (58)
I'r
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