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In view of the fact that the zone model for porous media drying cannot disclose the mechanism of liquid phase distribution
effectively, a pore network model for the slow isothermal drying process of porous media was developed by applying the theories of
pore network drying and transport-process, which fused the physical parameters of porous media, such as porosity, pore mean
diameter, and pore size distribution into the model parameters, and a sand bed drying experiment was conducted to verify
the validity of this model. The experiment and simulation results indicate that the pore network model could explain the slow
isothermal drying process of porous media well. The pore size distributions of porous media have a great effect on the liquid
phase distribution of the drying process. The dual-zone model is suitable for the porous media whose pore size distribution obeys
Gaussian distribution, while the three-zone model is suitable for the porous media whose pore size distribution obeys the lognormal
distribution when the drying analysis of porous media is conducted.

1. Introduction

In general, the drying process of porous media can be divided
into three periods: initial drying period, constant drying rate
period, and falling drying rate period. When the moisture
movement within porous media can no longer maintain the
material surface saturated with liquid, the drying rate starts to
decrease and the falling drying rate period begins. Currently,
the zone model for porous media drying is often applying to
the character analysis of the falling drying rate period [1]. In
1929, Sherwood reported that there was an evaporation front
interface during the falling drying rate period, which divided
the drying material into two parts of different property: “dry
zone” and “wet zone,” and this was called the dual-zone model
(Figure 1(a)). In the dry zone moisture is transferred in the
form of vapour only, while in the wet zone liquid moisture
will be transferred [2, 3]. It is a great advance that the drying
material is divided into two zones of different property by
the dual-zone model in the process of the drying study.
However, a large number of experimental studies have shown
that sometimes there was not an obvious “evaporation front”
interface inside the porous media during the falling drying
rate period [4]. In 1932, Luikov and Kolesnikov proposed the

three-zone model (Figure 1(b)), based on the study of the
dual-zone model, and thought that the evaporation process
of porous media drying took place in some region called the
evaporation zone. Then, in a material subjected to drying,
in general three zones can be distinguished (cf. Figure 1(b)):
“dry zone,” “evaporation zone,” and “wet zone” During the
constant drying rate period the wet zone fills the whole
material and evaporation process takes place on the surface
of the drying material. The evaporation and wet zones appear
subsequently during the falling drying rate period. Both of
the vapour and liquid moisture transfer mechanisms occur
in the evaporation zone [2, 3].

From the above description, it can be seen that the
zone model for porous media drying comes from the sum-
marization of a large number of phenomenal observations
and experimental researches and describes the liquid phase
distribution during the process of porous media drying.
But it cannot explain the internal mechanism of the “zone”
phenomenon distinctly. Namely, which of the drying factors
affects the liquid phase distribution during the process of
porous media drying? It makes sometimes the “dual zones”
appear clearly and at other times the “three zones” be much
more consistent with the actual situation. Therefore, a pore
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FIGURE 1: Sketch of zone models.

network model for the slow isothermal drying process of
porous media would be developed in this paper by applying
the theories of pore network drying and transport-process,
which fused the physical parameters of porous media, such as
porosity, pore mean diameter, and pore size distribution into
the model parameters, and then the mechanism analysis of
liquid phase distribution during the process of porous media
drying was conducted.

The pore network method was introduced to the study
of porous body drying by Daian, Nowicki, and others in the
early 1990s, which was later developed by Prat and Yortsos.
Finally, the pore network drying theory came into being
[5-13], which was a method based on the discrete medium
assumption. This theory assumed that the moisture transfer
has great superiority in the pore space of porous media,
that the node (pore) and throat are applied to describe the
topological structure inside the porous media, and that the
mass transfer in porous media is studied in the pore scale.
Generally, the constructional procedure of the pore network
physical model for porous media is shown in Figure 2, which
includes four key steps: factual structure, distilled grids,
regularized grids, and physical model. The model is mainly
composed of two parts: pore-throat-pore network and solid
skeleton [5, 14-16].

2. Experimental Materials and Method

In order to obtain the drying characteristics (such as liquid
phase distributions inside a wet material and drying kinetics)
in an isothermal slow drying process of real porous media
and to verify the validity of the simulation results, a sand
bed, which is representative of natural porous media, was
chosen as the object of the drying simulation. The sand bed
(Figure 3(a)) was composed of one packing ring and two
layers of organic glass plate, and a drying container with
the rectangular cavity of 3 mm thick was formed. When the
experiment was going on, the prepared sand and alcohol
were put into the drying container of sand bed. The density
of the alcohol was 0.789 g/cm® and the room temperature
was 293 K. The sand bed was placed flatly on the electronic

balance in order to obtain the drying curve of sand bed during
the isothermal slow drying process. The digital camera was
fixed above the sand bed, which took photos intermittently,
in order to obtain the drying phase distribution.

Generally, the parameters for describing the structure
characteristics of sand bed included the porosity (P), pore
size distribution (f), pore mean diameter (d,,,), and the side
length (L). The pore network physical model of the sand bed
was constructed (Figures 3(b) and 3(c)) by applying the above
constructional procedure, and the mass transfer inside the
sand bed was studied in the pore scale, and the scope of
pore size was about 10° ~ 10 m. The pore (node) was
spherical, the throat was cylindrical, and the diameter of
pores and throats followed certain probability distributions.
A two-dimension pore network physical model could be
described by the parameters of space distribution coefficient
(B), distance between two nodes (a), pore size distribution
(F), and the number of model scale (m) [5].

The relation between the structure parameter of sand bed
and pore network physical model can be obtained by the
analysis and computation. The distance between two nodes
(a) is

Vrd,, d
= ~ (0.8862——. 1
“= 7P NG o

The pore size distribution (F) of physical model is equal to
the pore size distribution (f) of sand bed; namely,

F=f 2)
The space distribution coefficient () is
go1- VP G)
0.8862

The number of model scale (m) is

m= int<1.1284%ﬁ) S

m

where int is the integral function.
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FIGURE 2: Construction of pore network physical model.

Impervious side

Al E=
(|

JI gt gl g G

(a)

(b) (c)

FIGURE 3: Sand bed (a), pore network physical model (b), and enlarged pore network (c).

3. Pore Network Mathematical Model

In this paper, we assumed that all the moisture was contained
in the pore space. The following considerations are made
in the “pore-throat” space network system model: (1) all
the pores and throats are filled with liquid (alcohol) in
the initial drying state; (2) convective mass transfer can
be neglected, and diffusion mass transfer plays the leading
role; (3) during the drying process, the sand bed was kept
horizontal, neglecting the gravity effect for moisture transfer;
and (4) the Kairvin effect and shrinkage during drying were
neglected.

3.1. Mass Transfer Equation. Then, in the pore-throat space
system of a physical model, for any vapor phase region, the
equation below can be obtained by the law of conservation of
mass:

omy _

5
at V (vapV) + va’ ( )

where m, is the mass of vapor in the vapor phase region (kg),
k, is the effective diffusion coefficient of vapor (m?/s), p, is
the vapor pressure (pa), and S,,,, is the source item, that is, the
evaporation rate of moisture on the “liquid-vapor” interface
(kg/s).

During the drying process, the liquid phase flow caused
by capillary force shows a saltation because of Haines jump
[14]. Therefore, it is described by the drying simulating
algorithm in the next paragraphs, and only the evaporating
effect is taken into account now. In the “pore-throat” space

system model, for any liquid phase region, the equation below
can be obtained by the law of conservation of mass:

aml
—=-S 6
P il (6)

where m, is the mass of the liquid phase in the region (kg) and
S, 1s the source item, that is, the evaporation rate of moisture
on the “liquid-vapor” interface (kg/s). When (5) and (6) are
applied to the same region, the mass decrement of liquid
phase caused by evaporation is just equal to the vapor mass
addition of the vapor phase caused by evaporation; namely,
Sml = va'

The mass transfer of liquid evaporation in certain pore
(i, j) of pore network was shown in Figure 4. The liquid phase
is a single-component phase, namely, wetting phase, while
the vapor phase is binary mixture phase that is composed
of vapor component and air component. When the system
keeps constant temperature, the equilibrium concentration of
vapor component on the interface is a constant. The equation
of vapor flow rate on liquid-vapor interface can be obtained
by FicK’s law of diffusion:

2 — P
o _mdhM (Ceq c,,J)) )
" 2(1+p)a

where d is the throat diameter (m), h is the mass transfer
coefficient (m?/s), M is the component molar mass (g/mol),
Ceq is the equilibrium concentration of vapor component
on the interface (mol/m’), C; j is the concentration of vapor
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FIGURE 4: Moisture evaporation in pore (i, j).

component in the pore (i,j) (mol/m’), B is the space
distribution coefficient, and a is the distance between two
nodes (m).

3.2. Simulation Algorithm of Drying. With the above equa-
tions (5), (6), and (7) and the proper initial and boundary
conditions, the solution of a model of the two-dimensional
pore network problem can be achieved. The steps of the
computer modeling algorithm for drying can be summarized
as follows.

Step 1, label every liquid cluster in the network (also
called TC, just as ®, @, and ® shown in Figure 5). Step
2, calculate the total evaporation flux of all the gas-liquid
interfaces for every liquid cluster. For instance, in Figure 5,
the total evaporation flux of the liquid cluster ® is just
the sum of evaporation flux of its eight throats at the gas-
liquid interface. Step 3, identify the throat of the lowest
capillary pressure located at the frontier (gas-liquid interface)
for each liquid cluster. Step 4, calculate the drying time of
the total evaporation flux of every liquid cluster obtained
in Step 2 and assigned to the throat identified in Step 3.
Step 5, choose the throat which is the first to finish drying
among the throats obtained in Step 4 as the finish-drying
throat in this modeling periodicity, including its connected
nodes. Meanwhile, calculate the evaporation flux of the
throat having the lowest capillary pressure of other liquid
clusters during this period, deducting the liquid evaporated
from the corresponding throat. Step 6, update the liquid
phase distribution within the network, and repeat the above-
described procedure until the model finishes drying entirely.

3.3. Initial and Boundary Conditions. The initial moisture
content ratio is 1.0 for the simulation. The boundary condi-
tions for the drying model are identical with the descriptions
in the experiment section.

4. Computer Simulations

The programming tool Visual C++ and MATLAB were
applied to develop the modeling program in this paper.
The programs generated the physical model of the two-
dimensional pore network based on the structural parameter
of the material, and then such programs were performed
according to the simulation algorithm of drying. In this
course, (5)-(7) needed to be solved. The method of finite
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FIGURE 6: Drying curves comparison of experiment and simulation.

difference was used to disperse the equation set. The main
parameters needed in the simulation are listed in Table 1.

5. Results Analysis and Discussion

5.1. Comparison between Simulation and Experiment

5.11 Drying Curves. It can be seen in Figure 6 that the
moisture content ratio in the sand bed declined rapidly
in the initial stages of drying. However, at the end of the
drying, after about 24 h, the drying curve was flattened out,
which indicated that the drying speed declined and the
sand bed was to reach equilibrium moisture content. The
trend of the model-predicted drying curve agrees with the
experimental curve and the values differ by no more than
11.2%. This indicates that the model in this work can simulate
the isothermal slow drying process of sand bed effectively.

5.1.2. Liquid Phase Distributions. It can be concluded from
Figure 7 that there is a good agreement between the experi-
ment and simulation liquid phase distributions, and this just
corresponds with the above analysis of drying curves.
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TABLE 1: The main parameters during simulation.

Alcohol molar mass
(M/g-mol™)

Mass transfer coefficient
(h/m*s ™)

1.154 x 107 46.063

Alcohol equilibrium concentration
(ceq/mol-m%)

Alcohol density
(p,,/gmm)

2.423 0.789 x 107

Distance between two nodes
(a/mm)

Space distribution coefficient

(Bl—)

0.3044 1.2858

e Number of model
Pore size distribution umber of mode

scale
(F/mm) (m/—)
Gaussian distribution 77

N(0.8944, 0.1495°)

5.2. Pore Network Simulation Analysis of Zone Model

5.2.1. Effect of Space Distribution Coefficient on Liquid Phase
Distribution. Drying simulations for different space distribu-
tion coefhicients (f3) 0f 0.1708, 0.3044, and 0.4707 were carried
out, all other unstated parameters applied were the same as
the experimental parameters, and the liquid phase distribu-
tion of each was obtained (see Figure 8). From Figure 8, it
is concluded that the space distribution coefficient (f3) has
little significant influence on the liquid phase distribution
of porous media during the drying process. The evaporation
front interface almost keeps a traditional line.

5.2.2. Effect of Pore Size Distribution on Liquid Phase Distribu-
tion. Drying simulations for different pore size distributions
(F) of Gaussian distribution N(0.8944,0.1495°), lognormal
distribution LN(-1.201,1.101) and the mixed distribution
were carried out, and the X direction of the mixed dis-
tribution obeyed Gaussian distribution N(0.8944, 0.1495%)
and Y direction of the mixed distribution obeyed lognormal
distribution LN(-1.201, 1.101), all other unstated parameters
applied were the same as the experimental parameters, and
the liquid phase distribution of each was obtained (see
Figure 9). It can be seen in Figure 9 that the pore size distri-
bution (F) has a significant impact on the liquid phase dis-
tribution of porous media during the drying process. When
the pore size distribution of porous media obeyed Gaussian
distribution, the evaporation front interface almost kept a
traditional line. However, when the pore size distribution
obeyed the lognormal distribution and mixed distribution,
the evaporation front interface displayed an irregular curve,
and the wet patch appeared in some places.

The comparison of liquid phase distributions between the
zone model and the simulation is shown in Figure 10. It can be
seen from Figure 10 that there was a good agreement between
the dual-zone model and simulation liquid phase distri-
butions when the pore size distribution obeyed Gaussian
distribution N(0.8944,0.1495%), and there was also a good
agreement between the three-zone model and simulation
liquid phase distributions when the pore size distribution
obeyed the lognormal distribution LN(-1.201, 1.101).

From the above analysis of the effect of structure param-
eters on liquid phase distributions during the drying process
of porous media, we can know that the pore size distribution
(F) has a significant impact on the liquid phase distribution.

Then, during the drying analysis of porous media, the dual-
zone model is suitable for the porous media whose pore size
distribution obeys Gaussian distribution, while the three-
zone model is suitable for the porous media whose pore
size distribution obeys the lognormal distribution. It can
be seen from Figure7 that the dual-zone model is more
accordant with the experiment material because the pore size
distribution of the sand bed obeys Gaussian distribution in
Table 1.

6. Conclusions

The pore network model presented in this paper can describe
the slow isothermal drying process of the sand bed, the
superiority of which is that the physical parameters of porous
media, such as porosity, pore mean diameter, and pore size
distribution, can be fused into the model parameters. The
trend of the simulated drying curve agrees with that of the
experimentally obtained curve. This indicates that the model
in this work is effective.

The simulation results indicate that the space distribution
coeflicient has little significant influence on the liquid phase
distribution of porous media during the drying process, but
the pore size distribution has a significant impact on the
liquid phase distribution. When the pore size distribution of
porous media obeyed Gaussian distribution, the evaporation
front interface almost kept a traditional line, and the dual-
zone model is suitable for the drying analysis. However, when
the pore size distribution obeyed the lognormal distribution
and mixed distribution, the evaporation front interface dis-
played an irregular curve, the wet patch appeared in some
places, and the three-zone model is suitable for the drying
analysis.
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