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a b s t r a c t

The work presents the effect of electromagnetic field on distribution of temperature, velocity and concen-
tration during saturated flow in porous media. The simulations of electromagnetic field (mode TE10) are
obtained by solving Maxwell’s equations via the finite difference time domain method (FDTD). In addi-
tion, Darcy–Brinkman–Forchheimer’s model are used to describe the pattern of fluid flow and intensity
distribution in porous media where the finite control volume model and SIMPLE algorithm are used to
solve these system of equations. The two energy equations for solid and fluid phases are proposed in
model of Local Thermal Non Equilibrium condition (LTNE). The effects of input power of electromagnetic
wave i.e. 500, 800 and 1600 W, input velocity i.e. Rep 0.1, 0.5 and 10 were investigated. Distribution of
temperature, velocity field and concentrated contaminants in transferred fluid inside of porous media
were discussed. The results have also shown major issues on how high power of electromagnetic wave,
significantly affects the distribution of temperature, concentration and the velocity field.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Microwaves have an important role in industry. The advantages
of producing heat from microwave are high efficiency, the ability
to select receiving heat, and energy penetration, which causes
the heat to be distributed uniformly through the object. Usually,
heat transfer in porous media such as means some examples, such
as boiled eggs in salt water, oil on the beach, or impurities in water
that has been heated by the sun. All these porous materials with
contaminants are heated under forced convection and natural con-
vection. Applications of electromagnetic waves are widely imple-
mented in food industry and packaging in microwave food.
Thermal natural convection combined with electromagnetic waves
in porous media is normally seen in environments such as the
movement of water in geothermal reservoirs, underground spread-
ing of chemical wastes and other pollutants, grain storage, thermal
insulation, evaporative cooling and solidification [1]. Concentra-
tion or mass diffusion in porous media is frequently found in daily
life, for example in the infiltration of contaminants and fertilizer
through soil layers, contaminants in food, catalytic converters in
cars and crystal growth. One of the applications of mass diffusion
or concentration is the sintering process – the process of heating
a material to just below the melting point so that it forms one solid
mass to create a solid material such as metal and ceramic powders,
and so on [2].

Karimi-Fard et al. [2] carried out a numerical study of double-
diffusive natural convection in a square cavity filled in porous
media. This research focused on the influence of the Lewis number
on the inertial and boundary effects which affected the double-
diffusive convection. Khanafer and Vafai [1] presented a numerical
study of mixed-convection heat and mass transport in a lid-driven
square enclosure which was filled in a non-Darcian fluid-saturated
porous medium. The results were that the buoyancy ratio, Darcy
number, Lewis number, and Richardson number had profound
effects on the double-diffusive phenomenon. Jena et al. [3] pre-
sented a study that focused on analyzing the buoyancy opposed
double diffusive natural convection in a square porous cavity hav-
ing partially active thermal and solutal walls. Trevisan and Bejan
[4] studied the natural convection phenomenon occurring inside
a porous layer with both heat and mass transfer from the side.
The natural circulation was driven by a combination of buoyancy
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Nomenclature

A area (m2)
Cp specific heat capacity (J/kg K)
Dp penetration depth (m)
E electric field (V/m)
f electromagnetic wave frequency (Hz)
H magnetic field strength (A/m)
h heat transfer coefficient (W/m2 K)
P power (W)
Q heat generation term (W/m3)
Rep particle Reynolds number, qf uedp=l
T temperature (�C)
tan d loss tangent
t time (s)
u; v velocity (m/s)

Greek letters
e porosity

q density (kg m�3)
bT coefficient of thermal expansion
bC coefficient of concentration expansion
/ magnetic permeability (h/m)
x angular frequency (rad/s)
r electric conductivity (Wm�1 K�1)
c0 dielectric constant
c0r relative dielectric constant
c00r relative dielectric loss factor

Subscripts
f fluid
s solid
x; y; z coordinate
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effects with temperature and concentration variations. Nishimura
et al. [5] showed the effect of the buoyancy ratio on the flow struc-
ture which was investigated numerically for a binary mixture gas
in a rectangular enclosure. Weaver and Viskanta [6] presented
the influence of augmenting and opposing thermal and solutal
buoyancy forces on natural convection in binary gases. Nithiarasu
et al. [7] demonstrated double-diffusive natural convective flow
within a rectangular enclosure.

Heat and mass transfers in microwave heating processes,
including natural convection in liquids, have been investigated.
Saltiel and Datta [8] investigated heat transfer in liquid at any
point of the solid and fluid temperature by using the Local Thermal
Equilibrium (LTE) model.

Investigations of heat transfer in microwave heating processes
and natural convection in porous media are complicated. Many
researchers have attempted to study this problem. Wessapan and
Rattanadecho [9] carried out a numerical analysis of the specific
absorption rate (SAR) and the heat transfer in a heterogeneous
two-dimensional human eye model exposed to the TM-mode of
electromagnetic (EM) fields of 900 MHz at various power densities.
Cha-um et al. [10] presented the process of heating dielectric mate-
rials by microwave with a rectangular waveguide. The results show
that the locations of sample have greater effects than the other
parameters. Klinbun et al. [11] presented a numerical and experi-
mental analysis of microwave heating in a saturated packed bed
by using a rectangular waveguide (TE10 mode), where the mathe-
matical is based on the LTE model.

Previous researches are based on invoking the LTE model based
on the assumption that the solid phase temperature is equal to the
fluid phase temperature everywhere in the porous media. Two dif-
ferent models are used for analyzing heat transfer in a porous
media, that is, the LTE and the Local Thermal Non-Equilibrium
(LTNE) model. In recent years, the LTNE model has received more
attention in demonstrating heat transport in porous media because
the LTE model is not suitable for a number of physical situations
such as fluid flows at high speed through porous media.

Heat transfer in microwave heating processes and natural con-
vection in porous media under the LTNE were studied by Keangin
and Rattanadecho [12]. The influences of blood velocities, porosi-
ties, input microwave powers and positions within the porous liver
on the tissue and blood temperature distributions have been
investigated.

Klinbun et al. [13] also studied heat transfer in microwave heat-
ing processes and forced convection in porous media under the
LTNE model. The effect of an electromagnetic field on forced con-
vection in a fluid-saturated porous medium was analyzed. The
effects of the dimensionless electromagnetic wave power and
dimensionless electromagnetic wave frequency on the dimension-
less temperature field and Nusselt number distribution are dis-
cussed. This research found temperature and Nusselt number
values increase substantially with an increase in the electromag-
netic power.

In the same way, Nakayama et al. [14], Quintard [15], Amiri and
Vafai [16] and Kuznetzov [17] also researched the heat transfer in
porous media by using the LTNE model, but the difference in
microwave is not related to their research.

It seems that the LTE model does not consider the temperature
difference between the solid and fluid phases within the porous
media, but this temperature difference has a significant influence
on the heat transfer. Therefore, for this research, the LTNE model
was chosen to analyze the effect of an electromagnetic field on
the distribution of temperature, velocity, and concentration during
saturated flow in a porous media.

However, a few studies concentrated energy equations,
momentum and concentration equations of porous media sub-
jected to electromagnetic fields under the LTNE model. Therefore,
to approach reality, modeling of heat transport, momentum and
concentration in porous media must cooperate with the modeling
of the electromagnetic field in order to complete this analysis. In
addition, there are various effects related to the solid and fluid
temperatures and the flow field, such as the input velocities and
input microwave powers, that are still not well understood.

In this study, the distributions of solid and fluid temperatures,
concentration, and flow field within a porous media under electro-
magnetic wave are investigated based on the LTNE model. The dis-
tribution of temperature, velocity field, and concentrated
contaminants during saturated flow in the porous media are dis-
cussed. Mathematical model of the porous media approach is pro-
posed; it uses transient energy, momentum, and concentration
equations coupled with Maxwell’s equation. The coupled nonlinear
set of governing equations as well as the initial and boundary con-
ditions is solved using the finite control volume and finite differ-
ence time domain method.

2. Analysis

Saturated flow through a packed bed of spherical particles sub-
jected to an electromagnetic field as shown in Fig. 1 is considered.
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The configuration consists of a porous media that fills inside a rect-
angular waveguide. The assumptions are as follows. Walls of the
guide are assumed to be made of metal which approximates a per-
fect electrical conductor. The monochromic wave in fundamental
mode (TE10) is applied in the x-direction. The domain in which
the electromagnetic field is analyzed includes the entire region
enclosed by the walls of the guide. For temperature and flow fields
the computational domain is limited to the region enclosed by the
container. The horizontal walls of container are kept at a constant
temperature.

2.1. Analysis of the electromagnetic field

Maxwell’s equations for TE10 mode are solved to obtain the
electromagnetic field inside a rectangular waveguide and the
enclosed porous medium [13].
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where E and H are the electric and magnetic fields, c is electric per-
mittivity, u is magnetic permeability, and r is electric conductivity.

2.1.1. Boundary and initial conditions

(1) Perfect conduction condition is utilized at the inner walls
surface of waveguide. Therefore, normal components of the
magnetic field and tangential components of the electric
field vanish at these walls:
Hn ¼ 0; Et ¼ 0 ð5Þ
where subscripts t, n denote the components of tangential
and normal directions, respectively.
(2) The first order absorbing condition by Mur [18] are used at
the both ends of the waveguide:
@Ex

@t
¼ �c

@Ex

@x
ð6Þ

where is � represented forward and backward direction and
is denotes the phase velocity of the propagation wave.
(3) The input microwave source is simulated by the equations
[13]:
Fig. 1. Schematic diagram of the problem under consideration
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where f is the frequency of microwave, y is the width of the
rectangular waveguide, ZH is the wave impedance, Ezin and is
the input value of the electric field intensity. By applying the
Poynting theorem, the input value of the electric field inten-
sity is evaluated by the microwave power input as:

Ezin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ZHPin

A

r
ð9Þ

where Pin is the microwave power input and A is the area of
the incident plane.
(4) The continuity conditions at the interface between different
materials are given by:
Et ¼ E0
t ; Ht ¼ H0

t ð10Þ

Dn ¼ D0
n; Bn ¼ B0

n ð11Þ
(5) Initial conditions:
E; H ¼ 0 ; t ¼ 0 ð12Þ
2.2. Analysis of flow, temperature field and concentration

To reduce the complicate of the problem, the following assump-
tions are applied:

(1) The fluid is an incompressible Newtonian fluid.
(2) Phase change does not occur.
(3) The Boussinesq approximation is applied.
(4) The porous medium is isotropic.
(5) The effect of magnetic field on heating is negligible.
(6) Thermal dispersion is omitted.

The governing equations for analysis flow and heat transfer in
this study areas following:

Continuity equation:

@u
@x

þ @v
@y

¼ 0 ð13Þ
and the corresponding coordinate system.
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Momentum equation:
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The geometric function, F and permeability, j [13]

F ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffiffiffi
150e3
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j ¼ e3d2
p
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In addition, the variation of porosity near the impermeable
boundaries can be expressed as [13].

e ¼ e1 1þ a1 exp � a2y
dp
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a1; a2 are empirical constants

ð18Þ
Fluid phase energy equation:

eðqCpÞf
@Tf

@t
þ ðqCpÞf u

@Tf

@x
þ v @Tf

@y

� �

¼ kfeff
@2Tf

@x2
þ @2Tf

@y2

 !
þ hsf asf ðTs � Tf Þ þ eQf ð19Þ

Solid phase energy equation:

ð1� eÞðqCpÞs
@Ts

@t
¼ kseff

@2Ts

@x2
þ @2Ts

@y2

 !
� hsf asf ðTs � Tf Þ þ ð1� eÞQs

ð20Þ
where Q is the local electromagnetic heat generation term, which is
a function of the electric field and defined as:

Q ¼ 2pfc0c0rðtan dÞ � ðEzÞ2 ð21Þ

tan d ¼ c00r
c0r

¼ r
xc0rc0

ð22Þ

Concentration equation:
The concentration transport equation is utilized [1,2]
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Boundary and initial conditions:
From Fig. 1, no slip boundary conditions are applied at all the

solid walls which are kept at a constant temperature. Thus, the
boundary conditions are as follows:

Tf ð0; yÞ ¼ Tsð0; yÞ ¼ Te ¼ 27 �C
Tf ðx;HÞ ¼ Tsðx;HÞ ¼ TH ¼ 67 �C
Tf ðx;0Þ ¼ Tsðx;0Þ ¼ TL ¼ 15 �C
uð0; yÞ ¼ ue; Rep ¼ qf uedp=l
uðx;HÞ ¼ 0
uðx;0Þ ¼ 0

Cð0; yÞ ¼ Ce ¼ 30; 0:03 mol=dm3

Cðx;HÞ ¼ CH ¼ 20 mol=dm3

Cðx;0Þ ¼ CL ¼ 10 mol=dm3
From Fig. 1, Outlet boundary conditions are used for model flow
exits where the details of the flow velocity and pressure are not
known prior to solution of the flow problem. There are appropriate
where the exit flow is close to a fully developed condition, as the
outlet boundary condition assumes a zero normal gradient for all
flow variables except pressure.

@C
@x

¼ 0;
@u
@x

¼ 0;
@T
@x

¼ 0:

Initial conditions are as follows:

T ¼ T0 ¼ 27 �C
u ¼ u0

C ¼ C0 ¼ 0 mol=dm 3; t ¼ 0

The Dielectric and thermal properties are listed in Table 1 [13].
3. Numerical simulations

Maxwell’s equations are solved using the finite-difference time-
domain (FDTD) method. The electric (E) and magnetic (H) field
components are discretized using a central differencing scheme
(second-order) in both space and time domains. The equations
are solved using the leap-frog methodology; the electric field is
solved at a given time step, the magnetic field is solved at the next
time step, and the process is repeated sequentially. The fluid flow
and heat transport within a porous medium are expressed through
Eqs. (13)–(22). These equations are coupled to Maxwell’s equa-
tions. These equations are solved numerically using a finite control
volume approach along with the SIMPLE algorithm. The proposed
discretization conserves the fluxes and avoids generation of a par-
asitic source. The basic strategy for the finite control volume dis-
cretization method is to divide the computational domain into a
number of control volumes and then integrate the conservation
equations over this control volume within an interval of time
½t; t þ Dt�. At the boundaries of the computational domain, integrat-
ing over half the control volume and taking into account the
boundary conditions discretizes the conservation equations and
at the corners a quarter of the control volume is utilized. The fully
implicit time discretization finite difference scheme is used to
arrive at the solution in time. To insure stability of the time-
stepping algorithm Dt is chosen to satisfy the courant stability
condition.

Dt 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDxÞ2 þ ðDyÞ2

q
c

ð24Þ

and the spatial resolution of each cell satisfies:

Dx; Dy 6 kg
10

ffiffiffiffifficrp ð25Þ

where kg is the wavelength of microwave in the rectangular waveg-
uide and cr is the relative electric permittivity.

The following set of simulation parameters are used to satisfy
conditions given by Eqs. (24) and (25):

(1) Grid size: Dx ¼ 1:0 mm and Dy ¼ 1:0 mm.
(2) Time steps: Dt ¼ 2� 10�12 s is used corresponding to elec-

tromagnetic field and Dt ¼ 0:01 is used corresponding to
temperature field, velocity field and concentration
calculations.

(3) Relative error in the iteration procedures is ensured to be
less than 10�6.
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4. Results and discussions

4.1. Validation

The computational results are displayed in Fig. 2. The results are
in excellent agreement with the results given by Klinbun [13]. This
model can be used to describe the fundamental attributes of forced
convection in a porous medium subject to an imposed electromag-
netic field.

In order to verify the accuracy of the present model, the numer-
ical results for the case without concentration transport are vali-
dated against the analytical results under the same conditions as
obtained by Klinbun [13].

Overall, the results of the present study are in excellent agree-
ment with the analytical results obtained by Klinbun [13]. This
highly favourable comparison lends confidence to the accuracy of
the present numerical model.
4.2. Analysis of electromagnetic field

Fig. 3 shows a simulation of an electric field at a microwave fre-
quency of 2.45 GHz, microwave power of 500 W, Particle Reynolds
number ðRep ¼ qf uedp=lÞ ¼ 0:1, where the centre of the porous
media can be seen that large amplitude and gradually decreases
as the wave moves into the porous media. Most waves are reflected
back from the surface and show resonance with a large amplitude,
while the electric field in the material gradually decreases and dis-
appears because of the wave penetration.
4.3. The influence of microwave power on the distribution of
temperature, velocity, and concentration of fluid in porous media

4.3.1. Distribution of temperature
Related to the problem of the process of heat from the micro-

wave that is related to the electromagnetic field and the distribu-
tion of the temperature. This study estimates the electromagnetic
field, which indicates the power of the microwaves inside the
dielectric materials and also indicates that the power gradually
decreased. This means that the power of the wave is changed into
another form that we call heat. In other words, the power of the
microwaves decreases slightly, because it has been absorbed by
the dielectric materials and the wave has been changed into the
heat form, which is called internal heat generation. In contrast,
the properties of the electric materials have a large effect on the
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Fig. 2. Comparisons of fluid phase temperature for the present work versus the
results of Klinbun et al.
microwaves by dropping off the power generator of the
microwave.

Figs. 4 and 5 display the effect of variations in the microwave
power on the distribution of temperature. The results show that
the highest temperatures values correspond to the highest micro-
wave power. The highest temperature values for the cases consid-
ered here correspond to a microwave power of 1600 W, while a
microwave power of 800 W produces the lowest values of the tem-
perature. Since the power of the microwave is more intense than
the electromagnetic field, the materials can absorb a huge energy
from the microwave power. The most absorption occurs at the
middle of the porous media, because of the high density of the
electromagnetic field around the centre of the porous media, which
gives this area the highest temperature. The distribution of tem-
perature happens on the left side that takes the microwave wave
has a high temperature, which slowly decreases along the x-axis.
From the figure, it can be seen that the upper boundary of the dis-
tribution of temperature is higher than the lower boundary
because this study specified that the upper boundary has the high
temperature.

To classify the outcome on qualitative ratings for the LTE
assumption, this may be expressed in the following form
% LTE ¼ Tf ði;jÞ � Tsði;jÞ
Tf ði;jÞ

� �
� 100 ð26Þ

Comparing the distribution of temperature on the x and y axis
at 60 s, the left side obviously has high temperature and gradually
down along the depth. After all, the mechanism process of the high
absorption of porous media as we called High Lossy Material. Most
of the waves incident on the material are always absorbed by the
porous media, except for those that are reflected out to the surface.
Also, the waves that are transmitted through the layer of the
porous media are less.

Fig. 6 compares the percentage difference between the distribu-
tions of temperature of the fluid phase and the solid phase at
0–60 s at 25 mm on the x-axis, and 99 mm on y-axis, at a
microwave frequency of 2.45 GHz and microwave powers of 500,
800, 1000 and 1600 W. At the time of 10 s, it can be seen that
the percentage difference in the distributions of temperature of
the fluid phase and solid phase is highest at the microwave power
of 1600W (% LTE = 14). At microwave powers of 500, 800, and
1000W, the% LTE is 3–8. As can be seen, the assumption of local
thermal equilibrium deteriorates as the microwave power
increase. The local thermal equilibrium assumption is suitable in
the case of a microwave power of 1600 W.
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Fig. 4. Distribution of temperature in porous media (�C) with elapsed times: (a) 20 s (b) 40 s (c) 60 s at microwave power of 800 W (microwave frequency of 2.45 GHz,
Reynolds number (Rep) = 0.1, inlet concentration (Cin) = 30 mol/dm3).

(a) (a)

(b) (b)
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Liquid Phase Solid Phase
Fig. 5. Distribution of temperature in porous media (�C) with elapsed times: (a) 20 s (b) 40 s (c) 60 s at microwave power of 1600 W (microwave frequency of 2.45 GHz,
Reynolds number (Rep) = 0.1, inlet concentration (Cin) = 30 mol/dm3).
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Fig. 7 shows the relationship of the temperature of the fluid and
solid phases at operating inlet microwave powers of P = 500, 800,
1000, 1600W at 99 mm on the y-axis, and frequency of 2.45 GHz
at 60 s. The temperature increased and reached a maximum at
about 25 mm on x-axis and then gradually decreased along the
x-axis. The temperature decreases in the direction of the wave,
which is consistent with the conditions of resonance of a standing
wave. The microwave energy is changed into heat energy in the
porous media. The maximum temperatures in the porous media
are approximately 40, 51, 63, and 97 �C at values of microwave
power of 500, 800, 1000, and 1600 W, respectively at a microwave
frequency of 2.45 GHz.

This study proves the distribution of temperature in the porous
media; in the case of higher power, there is a higher distribution of
temperature. The middle of the porous has a constant distribution
of temperature. The influence of the fluid (Marangoni effect) makes
the heat move from the middle to the surrounding surface. Includ-
ing, this figure also shows that the temperature inside the porous
media increases slightly at the beginning of the heating process.
After that, the temperature gradually decreases because the action
of the dielectric loss factor decreases when the temperature
increases.
(a)

4.3.2. Flow pattern

Velocity fields within the porous media at t = 60 s are discussed,
and it can be seen that the microwave power has an important
effects on the velocity field. This study investigates three values
of powers, namely 500, 800, and 1600W. The physical data are
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Fig. 7. Distribution of temperature of the solid and fluid phase at difference
microwave power along x-axis at y-axis = 99 mm (microwave frequency of
2.45 GHz at time 60 s inlet concentration (Cin) = 30 mol/dm3).
f = 2.45 GHz, Rep = 0.1, and Cin = 0.3 mol/l. Figs. 8 and 9 show the
flow field inside the porous media when the porous media is
inserted in the waveguide during microwave heating with operat-
ing powers of 800 and 1600W, respectively. Fluid flow fields are in
the same direction but the magnitudes of velocity are clearly dif-
ferent: in the case of a microwave power of 1600 W, the density
of the electric field in the porous media is higher than in the case
of a microwave power of 800 W. The upstream region has strong
velocity fields, because the upper layer of the porous media
receives a strong incident wave. The vectors are rigorous near
the upper right corner of the porous media and the velocity fields
have a trend corresponding to the distribution of temperature.

The velocity vector has moved from the left because the differ-
ence in temperature between the left and the right parts of the por-
ous media, leads to a difference in density. The volumetric
expansion of the fluid and the buoyancy force driving the fluid
motion are shown. In figure, the upper boundary of the distribution
of velocity is similar to the distribution of temperature due to set
on the edge of the area with high temperatures. The difference in
temperature causes the velocity vector to move away from this
position.

Figs. 8 and 9, flow field explains more of the process: at the very
beginning of heating, the flow field has less influence on the heat
convection but more influence on heat conduction. As the time
increases, the difference between the surfaces of the porous media
makes the process become convection fluid. Therefore, the fluid
flowmoves from the heated area to the cooler surrounding surface.
This situation becomes the incidence that the heat convection pro-
cess is very important in this procedure.
(b)

(c)

Fig. 8. Flow field with elapsed times: (a) 20 s (b) 40 s (c) 60 s at microwave power
of 800 W (microwave frequency of 2.45 GHz, Rep = 0.1, inlet concentration (Cin)
= 30 mol/dm3).



(a)

(b)

(c)

Fig. 9. Flow field with elapsed times: (a) 20 s (b) 40 s (c) 60 s at microwave power
of 1600 W (microwave frequency of 2.45 GHz, Rep = 0.1, inlet concentration (Cin)
= 30 mol/dm3).

Table 2
Distribution of concentration with elapsed time 60 s at difference microwave power
in the range of y-axis is 199 mm Reynolds number (Rep) = 0.1, inlet concentration
(Cin) = 30 mol/dm3.

x-axis (mm) Concentration of fluid at 60 s (mol/dm3)

f2.45/P800 f2.45/P1600

1 9.61965 9.62001
5 8.97575 8.97792
15 8.77418 8.77020
55 8.63806 8.64581
95 8.63620 8.64615
135 8.63887 8.64771
175 8.63998 8.64618
215 8.64015 8.64402
255 8.64033 8.64189
295 8.64068 8.63898
335 8.64193 8.64424
375 8.64355 8.64473
415 8.68535 8.68609
455 9.00130 9.00171
495 12.44990 12.44996
500 13.55696 13.55693
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4.3.3. Distribution of concentration
Fig. 1 shows a schematic diagram of the problem under consid-

eration, from which it can be determined that has a higher concen-
tration than the downward, and then the diffusion expands from
the high to the low of the concentration. Considering the spread
of the concentration from the left to the right of the porous media
when fluid is input on the left, the concentration of the fluid
decreases slowly until it is constantly at 55 mm and is maximal
at the top and right of the porous media at 500 mm on the x-axis
and 199 mm on the y-axis. Therefore, it shows the distribution of
the concentration at 199 mm (y-axis).

The distributions of concentration within the porous media at
an elapsed time of 60 s at microwave powers of 800 and 1600W
and a microwave frequency of 2.45 GHz are listed in Table 2. At
the microwave power of 1600W, is distributed higher concentra-
tion; for example, at 455 mm on the x-axis at an elapsed time of
60 s and microwave powers of 1600 and 800W, concentrations
of 9.00171 and 9.00130 mol/dm3 are found with respect to the
high microwave power and high density of the electric field. In
the case of microwave power of 1600W, the diffusion rate of
Table 1
Thermal and dielectric properties used in the computations [13].

Material property Air Water

Density, q (kg m�3) 1.1 989
Specific heat, Cp (J kg�1 K�1) 1008 4180
Thermal conductivity, k (Wm�1 K�1) 0.028 0.640
Viscosity, l (kg m�1 s�1) � 105 1.9 57.7
Dielectric constant, cr 1.0 88:15�
Loss tangent, tan d 0.0 0:323�
concentration is better than in the case of microwave power of
800 W. The distribution of concentration is caused by diffusion,
with the movement of solutes from areas of high concentration
to areas of low concentration, and the movement stops when the
concentration reaches equilibrium.

4.4. The influence of inlet velocity on the distribution of temperature,
velocity and concentration of fluids in the porous media

4.4.1. Distribution of temperature
The distribution of temperature within the porous media at

operating inlet velocities of Rep = 0.5 and 10 is displayed in Figs. 10
and 11, respectively. It seems that Rep = 10 expands the distribu-
tion of temperature further because water is fed in at a higher
speed.

4.4.2. Flow pattern
The velocity fields within the porous media at operating inlet

velocities of Rep = 0.1, 0.5, and 10 are displayed in Fig. 12(a)–(c),
respectively. The velocity fields are in the same direction but the
magnitudes of velocity are clearly different. Fig. 12(a) clearly dis-
plays the magnitude of velocity because the effect of the electro-
magnetic wave and natural convection is greater. Fig. 12(c)
displays the flow cell at the upstream and downstream parts are
absolutely because the inlet velocity overcomes effect of the elec-
tromagnetic field and natural convection.
Soda lime

2225
835
1.4
-

0:414T þ ð0:131� 10�2ÞT2 � ð0:046� 10�4ÞT3 7.5

ð9:499� 10�3ÞT þ ð1:27� 10�4ÞT2 � ð6:13� 10�7ÞT3 0.0125



(a) (a)

(b)    (b) 

(c) (c)

Liquid Phase Solid Phase
Fig. 10. Distribution of temperature in porous media (�C) with elapsed times: (a) 20 s (b) 40 s (c) 60 s at Reynolds number (Rep) = 0.5 (microwave frequency of 2.45 GHz,
microwave power of 1600 W, inlet concentration (Cin) = 30 mol/dm3).

(a) (a)

(b)    (b) 

(c) (c)

Liquid Phase Solid Phase
Fig. 11. Distribution of temperature in porous media (�C) with elapsed times: (a) 20 s (b) 40 s (c) 60 s at Reynolds number (Rep) = 10 (microwave frequency of 2.45 GHz,
microwave power of 1600 W, concentration (Cin) = 30 mol/dm3).
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(a)

(b) 

(c) 

Fig. 12. Flow field with elapsed time 60 s at Reynolds number (Rep): (a) 0.1 (b) 0.5
(c) 10 (microwave frequency of 2.45 GHz, microwave power of 1600 W, inlet
concentration (Cin) = 30 mol/dm3).

Table 3
Distribution of concentration elapsed time 60 s at Reynolds number (Rep) = 0.1, 0.5,
10 (microwave frequency of 2.45 GHz, microwave power of 1600 W, concentration
(Cin) = 30 mol/dm3, y-axis is 199 mm).

y

x

=199mmy

x-axis (mm) Concentration of fluid at 60 s (mol/dm3)

Rep = 0.1 Rep = 0.5 Rep = 10

1 9.62001 11.59102 23.90462
5 8.97792 9.21239 16.44801
15 8.77020 8.76842 8.01331
55 8.64581 8.61002 7.89893
95 8.64615 8.60577 7.87235
135 8.64771 8.60721 7.87485
175 8.64618 8.60589 7.87882
215 8.64402 8.60377 7.88000
255 8.64189 8.60158 7.87990
295 8.63898 8.59872 7.87859
335 8.64424 8.60442 7.88114
375 8.64473 8.60648 7.88745
415 8.68609 8.64976 7.90925
455 9.00171 8.97866 8.14963
495 12.44996 12.44666 12.38851
500 13.55693 13.55896 13.64876
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4.4.3. Distribution of concentration
The distributions of concentration within the porous media at

operating inlet velocities of Rep = 0.1, 0.5, and 10 are displayed in
Table 3. It seems that the trend of the concentration of the fluid
at 60 s decreases along the x-axis and gradually increases after
335 mm on the x-axis. At 455 mm on the x-axis, inlet velocities
of Rep = 0.1, 0.5, and 10 give concentrations of 9.00171, 8.97866,
and 8.14963 mol/dm3, respectively.
5. Conclusions

The effect of an electromagnetic field on transportation through
a porous medium is analyzed in this research. The transient Max-
well’s equations are utilized to describe the electromagnetic field
distribution inside the waveguide and the porous medium while
the flow field is simulated by using the Brinkman–Forchheimer
and Darcy model. Furthermore, the extended concentration equa-
tion of the LTNE model is employed to express the heat transport
phenomena in a porous medium.

The conclusions drawn from this work can be summarizes as
follow:

The model was developed to describe the flow behavior, distri-
bution of concentration, and distribution of temperature in a por-
ous media. The magnitude of electromagnetic wave power has a
substantial impact on the temperature of the porous media. An
increase in the electromagnetic wave power produces a higher
temperature of the porous media and causes a larger temperature
difference between the solid and fluid phases. The high microwave
power (1600W) has the most influence on the distribution of tem-
perature, flow fields, and distribution of concentration of the fluid
within the porous media during saturated flow. The high inlet fluid
velocity (Rep = 10) has the most influence on the distribution of the
temperature. During the application of high microwave power
(1600W), the LTNE model is suitable for testing this simulation.
Our results show that an imposed electromagnetic field has a sub-
stantial effect on altering the LTE between the solid and fluid
phases in a porous media.
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