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Abstract. Moisture transfer is a very common phenomenon in a wide range of engineering fields, such as civil
engineering (cement-based constructions), food processing, mining and soil penetration, drying and imbibition
of porous media (including phase change materials), etc. Based on the diffusion assumptions, the classical
adopted model (especially for drying) is completed by the liquid permeation. However, it is still inadequate to
compromise the complexity of the porous structures. In this work, a “parallel-series” assumption of moisture
transferring pattern is proposed, comprising different forms of moisture presence and the coupling styles,
achieved by an interpolation factor to cover all the possible contribution ratios of the two patterns. The drying of
porous material is performed under two ambient conditions over 160 days on both local and global parameters,
i.e., relative humidity (RH) and mass loss (ML). In the simulation part, a nonlinear diffusion-drying model
containing liquid permeation and vapor diffusion in the transfer mechanism is applied to estimate the drying
process, and compared with the experiment data. Results show different tendency for the two cases of either the
permeation dominating case or the no-dominating case. This approach also clarifies the transition from
evaporation of weak permeability for vapor diffusivity (square root behavior) towards the linear and faster
behavior, which is observed in more porous and permeable materials for the vapor diffusion.
1 Introduction

Similarities are observed in the drying process of many
natural materials with low porosity, like soil, and in the
field of civil engineering, such as concrete. In most
conditions, the materials or structures are subjected to
various types of environmental conditions. There are
undesirable and diverse pathologies or deteriorations
appearing during the lifetime of the material structure
such as micro or macro-cracks, roughness, color changes,
fungus developments, etc., [1–4].

In building domain, the cementitious materials (con-
crete) are applied in a wide range of constructions, and the
durability of such material is related to safety and
reliability of the structure. In most cases, they develop
eventually irreversible structure damages after a long
induction period [5–8]. Researching results demonstrations
that the development of these pathologies is closely
associated to the water distribution in the porous media
and the loss of free water from pore networks will induce
modification on its structural performance by various
mechanisms [9–12]. Therefore, it is of most importance to
predict continuous hydric state of concrete concerning to
mechanical behavior and durability potential of concrete
structures.
chid.bennacer@ens-paris-saclay.fr;
i@buaa.edu.cn
The most widely used method to obtain the internal
hydric state is to follow the mass loss (ML) under drying
conditions. In addition, water content profiles were also
measured by researchers to validate models [13–15].
Recently improvement was introduced by considering
the coupled information ofML and inner relative humidity
(RH) [16,17]. It is worth noticing that the local water
distribution is estimated from the local RH and the
supposed sorption curve. Some indirect methods were
developed to test internal humidity to complete the
problem, such as electrical, electromagnetic or ultrasonic
methods, X-ray computational tomography and so on
[18–23]. Alternative approach includes the water contents
within porous media using the NMR method [24,25].

In addition to various methods of experiment studies,
different numerical approaches of modelling moisture
transfer process such as drying were also developed. The
updated water-vapor transferring model is characterized
by rewriting a combination of vapor diffusion (Fick’s law)
and water displacement (Darcy’s law). The equivalent
diffusion coefficients are nonlinear in order to incorporate
the non-saturating media effect. The water content and
humidity are interlinked by the sorption curve. For the
conventional drying conditions, the mass variations in
drying process are mainly due to the evolution of liquid
water and diffusion of water vapor. The resolution of a
coupled unique nonlinear diffusion equation can be applied
to obtain the water content inside concrete. This simplified
approach involves only a moisture transfer coefficient that
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contains the diffusion (Dc) and permeability (Kc) contri-
bution. Dc and Kc are expressed as function of saturation
degree or function of humidity [26–28] and the sorption
curve link the saturation degree with humidity [29–33].
The moisture transfer model containing mechanisms of
diffusion and permeation is presented in equation (1).

F� ∂Sl

∂h

� �
∂h
∂t

¼ ∇! Kc þDcð Þ∇h½ � ð1Þ

in which, Sl is saturation degree of liquid;h is the
relative humidity; Kc and Dc are the two parts of transfer
coefficients corresponding to liquid permeation and vapor
diffusion, and the detailed expression will be presented in
the next section;F*donates the inertia coefficient related to
modified porosity.

This model is validated based on some basic assump-
tions and by adjusting the properties in order to fit with
experiments. The same model was used in an inverse
analysis, meaning the numerical simulation coupled with
experimental results, to identify the porous material
properties as equivalent diffusion coefficients [34,35]. The
assumptions in equation (1) are adopted either to simplify
the problem for faster calculations, or to estimate the real
physics as close as possible, however, the structure
complexity of porous material was mostly not considered.
Such structure induces nonlinear coupling between vapor
and liquid water content, which is also function of the
spatial water distribution. Such water distribution is
related to the capillary sizes distribution and the
evaporating potential. In the admitted model, the vapor
and water transfers are supposed to occur in parallel way,
and the two diffusive contributions added one to the other
could be restrictive.

The original model considers two phenomena �
moisture diffusion and water displacement � as parallel
flux (simply one term plus the other Kc+Dc), which
implicitly means that the water contents and the air are
continuously connected in their corresponding sub-do-
main. Under some circumstance, an alternative pattern
(water and air domain in series) or non-connected water
areas develop in the main domain and the model could
became inaccurate. Due to the limitations of parallel
pattern without air movement, some researchers proposed
more complex models in unsaturated cement-based
materials under saline environment (chloride evolution)
taking into account the diffusion, the convection by
moisture transport, the electrostatic coupling between
ions and the chemical interactions though linear and non-
linear isotherms [36]. A simplified experiment performing
and analyzing the interlink connection among porous
structures could refer to [16,37].

As a consequence, in F fthis work we propose the
discussion on the model of the moisture transfer patterns,
meaning how the liquid and vapor phases of water interact
with each other and influence the humidity (water content)
profiles and evolutions. Mechanisms of water transfer for
the two phases (liquid water and water vapor) are
discussed with respect to the possible coupling distribution
patterns, i.e., either in parallel or in series way. For this
purpose, an assumption of new drying model for equivalent
diffusion coefficient is proposed to study how the two
different patterns coupling could affect the drying tenden-
cy. In the proposed hypothesis, the two phases of water
cease to interact only in decoupled way (parallel) due to the
fact that the real water distribution and a partial or total
series (evaporation-condensation) will be integrated.

This mechanism will be calculated and confirmed based
on the cement-based materials-concrete. The used model
and assumptions effect are illustrated by using experimen-
tal results as reference. Such experimental data are
recorded over time of both mass loss (ML) and inner
relative humidity (RH) for one-dimensional drying process
in prismatic concrete specimen under two ambient
conditions (T-RH=24 °C � 45% and 38 °C � 32%).
Firstly, the experimental results and identification of
parameters are performed based on these two different
ambient conditions. Secondly, the limitation of the
classical approach is analyzed and a general formulation
incorporating the possible structure is proposed, thus the
model passes from parallel to serial scheme by introducing
a simple weighting factor (interpolation, nint) ranging from
0 to 1. This allows to explore different volumetric
distribution couplings of water, by a ratio of parallel �
series patterns for the two water phases. This approach
enables us to simulate and estimate the mass loss and inner
humidity in drying process. This specific assumption could
capture more the moisture transport in a complex porous
structure. It is more comprehensive and could be closer to
the reality than the original parallel model.

2 Description of the classical model

The original model, equation (1), containing two terms in
the global diffusion coefficient is presented in more detailed
form as below in equation (2) [35]. This equation can be
expressed by either humidity (the variable adopted in this
work) or local capillary pressure.

�l 1
�v
�l

� �
Φ

∂Sl Tð Þ
∂h

� �
∂h
∂t

¼ ∇! Deq∇h
� �

¼ ∇! kla
1

h

�2l RT

�lMv
þ Dva

Mvpvs Tð Þ
RT

� �
∇h

� �
:

ð2Þ
The kla and Dva are apparent permeability of liquid

water (m2), and apparent diffusivity of water vapor (m2/s),
respectively, which govern the transfer process in the
porousmaterial. The complexity lies in that both of the two
terms are functions of the saturation degree, or the relative
humidity. Parameters rl and rv denote the density of liquid
and density of vapor (kg/m3), respectively, and ml is the
water dynamic viscosity (Pa ⋅ s).F is porosity of the porous
materials; Sl represents the saturation degree of liquid; h is
the relative humidity; pvs is the saturated vapor pressure
(Pa);Mv is the molar mass of water (g/mol), andR denotes
the gas constant.
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In equation (2), the right-hand side represents the
transfer of moisture and the water content (capillary
pressure potential) over the domain. The two variables
(humidity and water content) are interlinked by the
sorption curve on left-hand side of this equation (∂Sl/∂ h),
which enables to couple the evolution of the humidity,
water content and capillary pressure. The two main
mechanisms considered, i.e., liquid permeation along the
pores and vapor diffusion through the void (in Eqs. (1) and
(2)), are represented by using the equivalent diffusion
terms for vapor diffusionDc, and water displacementKc, as
expressed in equations (3) and (4).

Dc ¼ Dva
Mvpvs
RT

ð3Þ

Kc ¼ kla
1

h

r2l RT

mlMv
: ð4Þ

On the other hand, during the drying process, pores are
gradually dehydrated, and the flux of water vapor transfer
obeys the Fick’s law. The apparent diffusion coefficientDva
can be related to saturation degree by the empirical
Millington and Quirk (MQ) relationship [28], as expressed
in equation (5). In this equation, amq and bmq are two fitting
parameters, and D0 is diffusion coefficient of vapor in air,
which is dependent on temperature, as expressed in
equation (6), whereT0 (273K) is the reference temperature
and T is the air temperature.

Dva ¼ D0 � Famq ⋅ 1� Slð Þbmq ð5Þ

D0 ¼ 2:17 � 10�5 T

T 0

� �2:88

: ð6Þ

Relationship between the degree of saturation and
relative humidity is given by equation (7) [31], where avg
and bvg are fitting parameters according to experimental
desorption isotherm.

Sl ¼ 1þ bvg � Ln 1=hð Þ� 	 1

1� avg

0
B@

1
CA

�avg

: ð7Þ

The relative permeability kla, is function of water
through the saturated porous structure, equation (8), k0 is
the intrinsic permeability of porous media, and pkrl and avg
are fitting parameters.

kla ¼ k0 � Slpkrl 1� 1� Sl

1

avg

0
B@

1
CA

avg0
B@

1
CA

2

: ð8Þ

In addition, there exists a boundary thickness depend-
ing on the convectional ambient condition. It is a complex
result related to air flow, ambient temperature; and also
surface condition of the material, like roughness [35,38].
The air flux at the interface between the sample and the air
can be expressed by equation (9).

JB ¼ �hcA hs � hextð Þ ð9Þ
in which, JB denotes the flow of water vapor at the air-

concrete external interface; A is the surface; �hc is the
interface convective coefficient (g/m2s) and hext (hs) is the
external (saturated) relative humidity, i.e. ambient
humidity.

3 Experiment and identification

The porous material used in this experiment is concrete
with low porosity (with the porosity valueF=12.4%). The
cement type is CEM II Airvault Calcia, and w/c equals
0.573. the porous size distribution is approximately
between 0.1 and 100mm. The ingredient, properties and
preparation of concrete blocks are introduced in previous
work [35].Heretheprismatic samplesareused(28�7�7cm3,
as presented in Fig. 1) and in order to guarantee a one-
dimensional drying process, the four surfaces along the
length direction are tightly covered by aluminum paper,
which is impermeable of water. The sample was initially
conserved inwater,whichcouldbeconsideredasveryclose to
saturated initial condition, and the corresponding initial
relative humidity in simulation has taken the value of 99.5%
RH. At the beginning of the experiment, they are placed in
the climate chamber atfixed ambient conditions.During the
long drying process, both mass loss (loss of water) of the
sample and relative humidity at specific position are
recorded regularly.

The constant ambient condition is guaranteed by the
climate chamber (type:Memmert HPP260, see Fig. 1) with
the temperature range from 5 °C to 70 °C, and precision
of±1 °C; and the relative humidity ranges from 10% to
90%, with a precision of±0.5%. The humidity-temperature
sensor incorporated at a fixed position within the sample is
a capacitive humidity sensor (type Ahlborn FHA 646R, the
physical picture is shown on top-right of Fig. 1). The
application range for relative humidity is from 5% to 98%,
with a precision of±2% (when RH � 90%), and the
application range for temperature measurement is from
�30 °C to +100 °C, with a precision of±0.1 °C.

The recorded experimental data (mass evolution and
local humidity profiles) are coupled with the numerical
solution of equation (1), and solved within Cast3M [39], in
order to identify the porous media properties (including
coefficients in sorption curve, intrinsic permeability, con-
vectioncoefficient, andparameters invapordiffusivity inside
concrete). Such identification procedure coupling finite
element modelling and experimental results [40], is based on
the minimization of an error function (differences between
data obtained from experimental work and numerical
results) using MATLAB algorithm. The more detailed
calculation processes can refer to the previous work [17,35].

The experimental results of mass loss (ML) and relative
humidity (RH) at the specific position (1.5 cm to the drying
surface) are presented in Figure 2 for two T-RH ambient
conditions (38 °C � 32% RH and 24 °C � 45% RH).



Fig. 1. The climate chamber used in drying, the prismatic porous media (concrete) with embedded sensor [35].
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The comparison of experiment and simulation results shows
global favorable agreement for both ML and relative
humidity RH tendency within the test durations.

As expected, the relative mass loss increases with time
for both ambient conditions. In addition, for the case of
38 °C, 32% RH, both mass loss and humidity change faster
than the other, due to the higher partial pressure gradient
between the sample and the ambience. The potential
pressure difference is represented in the insert graph of
Figure 2a. This inserted graph of T-RH humid air diagram
illustrates the resulting pressure difference between the
liquid gas interface and the ambient conditions. It is
apparently suggested from this graph that the driving
potential (humidity gradient) is higher for the first ambient
condition (red color), which naturally leads to a faster
drying phenomenon. Another contribution factor is that
the high temperature ambient will enhance the water vapor
diffusivity dynamics.

It is noteworthy that two evolutions of global variable
are used: they are the sample mass as a volumetric integral
information and the inner humidity as a local information.
The combination of the two parameters is necessary to
avoid the multiple possible water distributions correspond-
ing to the same total mass evolution. Based on the
satisfactory agreement evolution (using the identified
parameters), it is indicated that different regimes are
observable between the early and late ML evolution
(Fig. 2a). The model is just able to find a compromise and
the tendency is overestimated in mid time (∼30 days) and
underestimated later (after 120 days). The same tendency
is observed on the relative humidity (Fig. 2b) where RH
decreases fast in the early time, almost linear tendency in
the middle period (10–30 days) and difference appears in
later time, i.e. especially for the blue line (24 °C� 45%RH).
The identified (minimization numerical/experimental)
porous media properties for the two used boundary
conditions are presented in Table 1.

The comparison of parameters implies a significant
difference in the material properties and the boundary
condition adjustment. Changes in sorption curve or
permeability are contributing to the model for fitting with
the experimental data. Such discrepancy in the identified
properties illustrates clearly the limitation of the model in
predicting the drying process under different conditions.
The weak convective coefficient, �hc, values illustrate the
quite week diffusive ambient condition and therefore could
be ignored.

For the case of high driving potential (38 °C � 32%
RH), a relative fast transient drying regime occurs (red line
in Fig. 2a). The corresponding local water content, the
inner water redistribution (flow under capillary forces)
time coupled to the local sorption equilibrium do not allow
to reach equilibrium local average water-content/humidi-
ty. The resulting local water distribution and correspond-
ing pattern is related to such transient phenomena and
possible time delay. Such complex pattern water distribu-
tion can contradict the model assumption. This can explain
the observed change (Tab. 1), more than a double, in the
identified permeability value and sorption curve coefficient
for 38 °C � 32% RH and 24 °C � 45% RH.

Based on the discussed methodology and limitations,
we’ll propose the discussion about the influence of such
patterns on the equivalent coefficient and how the transfer
will develop for more complex water distribution styles
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Fig. 2. Experimental and numerical results of mass loss (a) and relative humidity evolution (b).

Table 1. The identified optimal parameters for the two boundary conditions and the corresponding ratio; as defined in
the previous section (Eqs. (3)–(9)).

Ambient: temperature
& humidity

(m2)k0 amq bmq pkrl avg bvg �hc(g/m
2s)c

Intrinsic permeability Parameters in
Millington &
quirk relation

Parameters in
Van Genuchten
equation

Convective
coefficient

24 °C � 45%RH 7.76 � 10�21 1.975 0.767 0.841 0.248 0.208 90.0 � 10�6

38 °C � 32%RH 10.0 � 10�21 0.792 1.640 2.046 0.192 0.171 2.16 � 10�6

Ratio 0.78 2.49 0.47 0.41 1.29 1.22 41.59
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instead of the parallel approach (spatial separated phase).
This discrepancy of the identified parameters will be
analyzed under othermodulization assumptions in the next
section.

4 Generalization of the ‘parallel-series’ model

The improvement of the classical drying model and the
discussion on moisture transfer patterns will be presented
in this part. Several assumptions were adopted in this
moisture transfer model: one of the most idealizing
assumptions is that permeation of liquid and diffusion of
vapor take displacement in their own local domains, and
there is no interaction between each other (excluding the
sorption curve). We name this decoupling approach as
“parallel” pattern, as showed in Figure 3a. This situation
could be appropriate for a porousmedia with two separated
capillary sizes structures. In such situation, it is obtained a
large dry continuous capillary domain (or percolated
porous cavities) allowing the continuity of vapor diffusion
and a second interconnecting small capillary that mainly
contains or redistributes the liquid water due to the
significant capillary pressure. Consequently, in such case,
the two contributing terms are summed up directly, and the
global diffusion coefficient is expressed as equation (10).

Deq ¼ Dc þKc: ð10Þ
For the physical significance, the pathways for water

vapor and for liquid water are independent, and no
interactions exist between the two expressed fluxes.
Nevertheless, the following coupling remains:

–
 one is the sorption curve, i.e. the humidity and water
contents are in equilibrium, transfer from liquid water to
vapor;
–
 the other indirect interlink exists, which is the apparent
coefficients kla, andDva, as they are function of saturation
degree (Sl).

In reality, the inner structure of the porous media is
more complex than a continuous bi-distribution in size, and
it is reasonable to have several layers of liquid-bridge (or
isolated saturated areas) appearing in the pore networks
and vapor among them. In such circumstance, the moisture
transfer pattern could behave as in “series” way due to the
two phenomena’s interaction (evapo-condensation), as
showed in Figure 3b. As a matter of fact, the most probable
condition is that both of the two transfer patterns
contribute to the global moisture transfer process with a



Fig. 3. Schematic diagram of moisture (vapor) and water (liquid) transfer in different topologies, in parallel (a), series (b) and the
combination of the two (c).
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certain proportion (see Fig. 3c), based on the inner porous
structure and on the level of water contents (between the
dry and the saturation).

The last presented one, named as “parallel-series”
pattern, means the terms of vapor diffusion and liquid
permeation are coupling in either parallel way, series way,
or the mixing of the two. So, the main question lies in
“what is the sensitivity of the previously identified porous
media parameters under different assumptions?”. The
change from the parallel to series assumption passing by
the series-parallel drying pattern will be discussed below
and how the changes in such assumption could affect the
phenomena.

Therefore, an analogymethod is proposed in this work to
consider this contribution ratio by a possible unique
coefficient (nint) to model such complexity. In real situation
this proportion of series-parallel will change with the water
content. Such auto-adjustment of the proportion of series-
parallel to the water content level, i.e., nint(Sl) is not
integrated. Figure 3 summarizes the previously introduced
possible coupling from parallel to series patterns. R is the
transferring resistance in the region for the corresponding
transfer patter, and it is the reciprocal of transfer coefficient
(Kc or Dc). The used subscripts “p, s” donate parallel and
series, respectively; “l, v” represent liquid and vapor,
respectively; A is the local cross section of transferring path
and d is he used scale to express the local resistance.

As mentioned previously, the equivalent transfer
coefficient in parallel case (Fig. 3a) is given by Deq
(Deq=Dc+Kc), and the equivalent expression for serial

situation (Fig. 3b) is Deq ¼ 1
Dc

þ 1
Kc


 ��1
� 4�.

* For simplicity we didn’t include the surface ratio (Av/Al) and lentgh
ratio (lv/ll) in the equivalent resistance.
To pass from parallel to series and describe proportion
of parallel and series contributing ratio (Fig. 3c) to the
global drying process, an interpolation factor nint is
involved, as expressed in equation (11).

Deq ¼ nint� Dc þKcð Þ þ 1� nintð Þ � ð1=Dc þ 1
Kc= Þ�1 � 4:

ð11Þ

This new proposed approach could fit better with the real
complexity of the structure. However, it remains a
challenge to know the exact contributing ratio of the
two patterns in such complex porous system and dynamic
process. Therefore, we apply the interpolation factor nint
to vary the different ratios of the two style that controlling
the equivalent diffusion coefficient Deq. By updating the
model (Eq. (2)) with the new coefficient (Eq. (11)), how
the two phenomena affect the mass loss and relative
humidity evolution can be achieved. It is notable that the
coupling could be more complex and the relative mixing
between series and parallel could be function of the water
content level, i.e. nint(Sl).
5 Results and discussion

As a key parameter controlling the modulization of drying
process, equivalent diffusion coefficient Deq is a combina-
tion factor of two parameters (Dc, Kc). Depending on the
porous media structure (porosity, tortuosity, capillary
distribution) and the ambient conditions (boundary
conditions), the two contributing terms (Dc, Kc) are
always coupling and competing to contribute to the ratio of
the equivalent diffusion coefficient term (Deq). This
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equivalent diffusion coefficient is simplified as a mixture of
parallel- series coupling by the interpolation factor nint, as
showed in equation (11).

In order to analyze the two cases which are frequently
encountered, and close to what was identified in the two
previously analyzed experimental boundary conditions
(Tab. 1), we will consider the permeation to diffusion
dominating case and the second case of comparable effect
(equivalent weight). In each case, the equivalent
coefficient will be recalculated with different interpola-
tion factors, i.e. the contribution ratios from parallel to
series style.

The results will provide the information that how the
equivalent diffusion coefficient will be affected by
the transferring style in the porous structure. Further-
more, the corresponding mass loss and relative humidity
profiles for each recalculated Deq will be obtained and
presented accordingly, which provide as more direct
results that are influenced by the transferring patterns. By
this approach, the goal is to underline the limitation and
sensitivity of the classical parallel approach. The second
strategy of the two possible strategies is adopted and
presented below:

–
 using the experimental available data, we identify the
new transfer coefficient for possible water distribution/
structure under different nint. So, the chosen model effect
will be obvious on the new identified properties
(equivalent of what we did in previous section for two
boundary condition and using the parallel standard
approach).
–
 Or keeping the transfer coefficient previously identified
and by changing the nint, (i.e. possible water distribu-
tion/porous structure), the corresponding equivalent
properties effect on the obtained simulatedML andRH
are analyzed.
5.1 Permeation dominating case (Kc«Dc)

The profile of equivalent diffusion coefficient and the
two contribution terms are shown for nint=1 (parallel case)
in Figure 4a. Under the ambient condition (24 °C, 45%RH),
it is clearly displayed that the permeation of liquid water
(Kc) is one order of magnitude higher in dominating role in
comparison with the diffusion of vapor term (Dc). A set of
optimized values that fit well with the experimental results
on bothmass loss and relative humidity were obtained from
the optimization process (see Tab. 1, Fig. 2).

Therefore, the global coefficient under the classical
model (parallel pattern: Deq=Dc+Kc) is mainly con-
trolled by the permeation profile (Fig. 4a). The water
permeation is less sensitive to RH than the vapor diffusion.
This is natural as humidity will stop contributing when
situation tends to 100%RH (liquid saturated porous
media). In the considered case (Kc≫Dc), physically it
means that the water is evaporating mainly on the external
sample surface and the water is continuously redistributed
over the volume, moving from deep internal toward the
external surface submitted to convection. Figure 4a
corresponds to the case of nint=1, which is the classically
adopted assumption in the original models [16,41–43].

By applying different interpolation values (nint)
ranging from 0 to 1 in equation (10), the corresponding
equivalent diffusion coefficient versus humidity will be
obtained, as showed in Figure 4b. The profiles changes from
solely parallel style to solely series style when interpolation
value ranging from 1 to 0.

It suggests a strong effect of the consideredmodel on the
equivalent coefficient controlling the drying process.
The effect is both on the value (order of magnitude) and
on the tendency with a sudden decrease and increase of the
equivalent coefficient in the vicinity of the humidity
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boundaries. It also indicates that with the smaller value of
interpolation factor (more ratio of series transfers pattern),
the equivalent diffusion coefficient varies in relative lateral
decreasing way, which leads to a weaker and weaker ability
in moisture transfer, especially for high water contents
(interface in the bulk of the porous material). As a
consequence, the transfer ability decreases and the mass
loss rate, on the whole domain, decreases (see Fig. 5a).

The spatially structured water content within porous
media as liquid bridges induces such more series transfers.
The corresponding simulated local humidity (Fig. 5b, point
at 1.5cm from external drying surface) will decrease in less
pronounced way, which is coherent with the effective
diffusion decreases. It has been mentioned that the high-
water contents contribute to the significant decrease of the
equivalent diffusion. The relative humidity in Figure 5b
shows the saturating state remaining for almost 60 days as
the water distribution by Darcy flow (capillary pressure)
became impossible due to the series approach.
On the other hand, equation (11) can be rewritten with
respect to nint, which is treated as variables, as shown in
equation (12).

Deq ¼ nint � AþB ð12Þ
where A=(Dc+Kc)�B and B ¼ 4 � ð1=Dc þ 1

Kc
= Þ�1.

In the current case,Dc≪Kc is considered, so B tends to
zero, the expression of Deq will be simplified as:

Deq ¼ nint � A: ð13Þ
So Deq is function mainly of Kc, which is linked to the

time and evolving water content (i.e. h), so the model can
be rewritten as the following format, equation (14).

rl 1� rv
rl

� �
F
∂Sl

∂h
∂h
∂t

¼ ∇ nint⋅A h; tð Þ⋅∇h½ �: ð14Þ
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In such porous media situation, where water vapor
diffusion contribution is negligible in comparison with
the permeation ability of liquid water, the global
behavior can be deduced from such the water content
distribution expressed by the interpolation values. By
introducing dimensionless time t* = nint ⋅ t, a set of
uniformed results can be always found from the model
F� ∂Sl

∂h
∂h
∂t� ¼ ∇ A h; tð Þ⋅∇h½ �. The parallel-series contribution

keeps only part of the permeation ability of liquid water.
This behavior is verified by the simulation results of
both ML and RH as shown in Figures 6a and 6b,
respectively.

From the unified results of mass loss and relative
humidity versus modified time, the unique evolution can be
obtained and the uniformity doesn’t rely on the interpola-
tion factors, as showed in Figure 6. The effect of humidity
on the Deq is more significant with nint decrease (as also
shown in Fig 5) and it indicates why the unified profile is
not so perfect due to the nonlinear behavior of this model. It
is also suggested that such deviation will be less if a more
dominant case (Kc≫Dc) is considered.

The results of relative humidity in Figure 6b presented
similar uniformity as results of mass loss. However, the
local variability is more obvious than the integral concept
of global mass loss. The evolution of relative humidity is
more pronounced over time, which illustrates the local
increase of equivalent diffusion coefficient for nint close to
zero (Fig. 4b).

From this situation also it can be deduced that (by
equivalence) the other limit case Dc≫Kc. The same
expression of Deq is obtained (simplified as previous,
Eq. (12)): Deq=nint�A. The only difference is that A (so
Deq) is function mainly of Dc instead of Kc.

In this section, we proposed the interpolation factor to
express the contribution ratios of parallel or series patterns
in the transfer process. Based on the widely acknowledged
model, the equivalent diffusion coefficient can be rewritten
considering the different contribution ratios and simulate
under the ambient condition of 24 °C, 45%RH. Results
show a dominant role of liquid permeation to the vapor
diffusion, which leads to the divergent curves of equivalent
coefficient for different contribution ratios of parallel to
series patterns. Consequently, theRH andML appear the
same tendency due to the equivalent coefficient effect.
Nevertheless, due to the negligible order of magnitude for
one contribution term (Dc), the equivalent diffusion
coefficient can be simplified and renewed in the model
calculation, all the RH and ML curves under different
interpolation factors can be unified by introducing a
dimensionless time (t*=nint ⋅ t). This explains when using
identification, a different Kc can be obtained as conse-
quence of the water content patterns (nint).

The simulation results of the second boundary condi-
tion (38 °C, 32%RH) provides a different characteristic of
the equivalent coefficient tendency, the results and analysis
will be presented in the following section.

5.2 Case of no predominating term (Kc≈Dc)

For the ambient condition of 38°C, 32%RH, the two
contribution terms in diffusion coefficient profile are
presented function of humidity in Figure 7a. It is indicated
that the permeation of liquid water (Kc) and the diffusion
of vapor term (Dc) are relatively in the same level when the
relative humidity is lower than 0.8. In comparison with the
permeation dominating case, it is indicated that both of
them contribute to the global diffusion coefficient in the
same order of magnitude, except when the relative
humidity reaches as high as close to 1. Above 80% of
humidity, the permeation of liquid controls the phenomena
and the value increases significantly (more than one order
of magnitude). Therefore, we will recover locally the
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previous discussed behavior (dominant permeation and
partial time transformation) where the redistributing
water is very strong in such level of water content.

In this circumstance, the same interpolation method is
applied to obtain the equivalent diffusion coefficient under
different contribution ratios of parallel and series (different
interpolation values), as shown in Figure 7b. It suggests
that when Dc and Kc are relatively equal to each other, Deq
will be independent of interpolation value nint. in a large
range of relative humidity (from 0.3. to 0.8). To a certain
degree, it means regardless of the proportion of parallel and
series way contributing to moisture transfer, the equivalent
diffusion coefficient will be the relatively constant as the
combination of permeation term (Kc) and diffusion term
(Dc), which is still a function of saturation degree. It is
indicated that Deq≈ 2Kc, or Deq≈ 2Dc. However, when
relative humidity is higher than 0.8, the equivalent relative
humidity begins to separate and only in this range the big
difference appears for different interpolation values.

The series-parallel effect, as previously illustrated,
permits to explore porous structure whether more of the
permeation or diffusion that control the phenomenon. For
nint higher than 0.2, it’s obvious that the permeation is
controlling physics and we recover the strong permeation
enhancement for humidity above 0.8. It is also important to
see asymptotic situation of strong change in Dc, Kc and
almost constantDeq for nint∼ 0.1. The constant diffusion on
large humidity value will exhibit an ML as square root of
time, see Figure 8a. Consequently, the simulation results of
ML and RH behave high consistence for all the
interpolation factors, owing to the constant equivalent
diffusion coefficient in the focused range of relative
humidity. The simulation results of ML and RH with
different interpolation values are shown in Figures 8a and
8b, respectively. The increase of Deq with nint enhance the
ML. However, the humidity dependency is obvious and it
modifies the ML evolution (Fig. 8a). The ML increases
slower with the decrease of interpolation coefficient. The
induced decrease in equivalent diffusion (Fig. 7b) will
inhibit the ability of losing water. We can also see that the
ML is double of the one obtained in previous section
because the present Deq is almost 10 times bigger than that
of permeation dominant case (Kc≫Dc, Fig. 5).

Due to the fact that the humidity recording point is
very close to the drying surface (1.5 cm), the time for
humidity decrease from 100% to 80% is relative short in
comparison to the scale of the whole drying period (see
Fig. 8b). Therefore, below a humidity level of 80%, the
equivalent diffusion coefficient is relatively constant, which
accounts for the consistent decreasing profile of relative
humidity, as showed in Figure 8b, i.e. the change of Deq is
included again as an insert. The interpolation effect
appears much more noticeable for the permeation
dominating case (compare Fig. 8b and Fig. 5b). This no
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predominating term (Kc≈Dc) corresponds to almost
constant value and correction for humidity above 80%
given byDeq= 2Dc þ f nintð Þj80�100%, which comes from the
simplification of equation (11) under the considered case.
Consequently, for Kc≈Dc, B≈ 2Kc≈ 2Dc; A=2Dc� 2Dc
≈ 0; and from Deq=nint�A+B we get Deq≈B. For this
second case, the diffusion is stronger, resulting to a faster
drop of relative humidity (Figs. 2b 8b) and stronger ability
of moisture distribution inside porous structures.

The previous identified Sl, Kc and Dc using the
simplified parallel approach, as discussed, exhibit differ-
ence of two orders of magnitude. The application of the new
parallel-series approach can explain and reduce such
difference on considered material properties. Such a
parallel-series approach brings the equivalent transfer to
the same order of magnitude as illustrated in Figure 9. One
of the cases (first) is close to the parallel approach where
the evaporation is slower and time allows water displace-
ment and redistribution from the big to smaller capillaries
(pore size distribution). The second case characterizes a
more significant evaporating potential trend toward more
serial transfer (liquid bridge and separate domain with
sudden change in water content).

6 Conclusions

This work mainly proposed and verified an assumption of
“parallel-series” moisture transferring transfer model,
which is characterized by a nonlinear diffusion coefficient.
The obtained experiment results under two ambient
conditions demonstrates the limitation of the classical
approach because the identified porous media parameters
are dependent on the boundary condition, which is not
supposed to be the reality due to the intrinsic property of
the material. The order of magnitude of the two terms for
vapor diffusion and liquid permeation allows to define the
transferring style as permeation dominating pattern and
the no-nominating pattern.

On one hand, the evolution ofML andRH versus time
can be predictable for any ratio that contributes from
parallel and series style. On the other hand, if there is no
predominating term, a set of relatively consistent ML and
RH profiles can be obtained whatever is the interpolation
values. Therefore, the parallel and series assumption could
serve as a logical approach to analyze how proportion of
contribution of vapor and liquid affect the drying
phenomenon.

To summarize, this approach allows to keep the
consistence: during identification for several boundary
conditions, it becomes possible to find the same physical
material properties (permeability, intrinsic and related
parameters and the sorption coefficients for different
corresponding nint). The water contents patterns changing
with boundary conditions are expressed through the
introduced interpolation series-parallel coefficient. Fur-
thermore, moisture transfer phenomena are function of
the real water content distribution, which is evolving over
time and the challenge is to link these resulting patterns to
the corresponding parallel and series contributions. The
perspective is to express overtime the nint to the water
content. However, this proposed approach is useful to
analyze the model within our interested humidity range
(higher than 30%). In addition, it is related also to the
interconnections and the pore distributions, which is
one of the main characteristics controlling the water
displacement.
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Nomenclature
A
 Cross section of transferring path

avg, bvg
 Fitting coefficient from experimental desorption

isotherm

pkrl
 Fitting parameter for permeability

kla
 Porous media apparent permeability (m2)

Dva
 Porous media apparent water vapor diffusivity

(m2/s)

D0
 Diffusion coefficient of vapor in air (m2/s)

Dc
 Diffusion transfer coefficient for vapor phase

Kc
 Permeability transfer coefficient for liquid phase

k0
 Intrinsic permeability of porous media (m2)

nint
 Coefficient of proportion series-parallel

rl
 Density of liquid water (Kg/m3)

rv
 Density of water vapor (kg/m3)

ml
 Water dynamic viscosity (Pa.s)

F
 Porosity of the porous materials

Sl
 Saturation degree of liquid

h
 Relative humidity

�hc
 Convective coefficient (g/m2s)

pvs
 Saturated vapor pressure (Pa)

Mv
 Molar mass of water (g/mol)

R
 Gas constant

T0
 Reference temperature (273K)

T
 Ambient (air) temperature (K)
Subscripts
ap
 Apparent

eq
 Equivalent

c
 Convection

l, v
 Liquid and vapor

p, s
 Parallel and series
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