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Numerical Model of Microwave
Driven Convection in Multilayer
Porous Packed Bed Using a
Rectangular Waveguide
The present work studies numerically the heating of multilayer porous packed bed which
is subjected to the microwave radiation with a rectangular waveguide. The multilayer po-
rous packed bed consists of the layers of fine and coarse beds. The simulations of electro-
magnetic field are described by solving Maxwell’s equations with the finite difference
time domain (FDTD) method. The flow fields and the temperature profiles are determined
by the solutions of the Brinkman–Forchheimer extended Darcy model, energy, and Max-
well’s equations. The study aims to understand of the influences of layered configuration,
layered thickness, and operating frequency on the transport processes in a multilayer po-
rous packed bed. The results show that all parameters have significant effect on the distri-
butions of electromagnetic field inside a waveguide, temperature profiles, and velocity
fields within the multilayer porous packed bed. [DOI: 10.1115/1.4005254]
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1 Introduction

Microwave heating has become an attractive alternative heating
method because the radiation can penetrate the surface and pro-
duce volumetric heat generation inside the materials, thus leading
to high energy efficiency and short process time. The microwave
technology is utilized in many applications, such as the domestic
microwave oven, food drying, freeze drying, pasteurization, steri-
lization, ceramic processing, curing of rubber, changing in chemi-
cal reaction, etc. The studies of heating process in materials due to
microwave energy have been investigated both experimentally
[1–5] and theoretically using analytical [6–13]. Because of the
complexity of the microwave heating process, numerical model-
ing has been widely used to study phenomena during the micro-
wave heating. Most previous works predicted the distributions of
electromagnetic fields inside cavities and waveguides from the so-
lution of Maxwell’s equations; but, other studies assumed a source
term with exponential decay (Lambert’s law) [14–17]. The finite
difference time domain (FDTD) method has been widely used to
solve Maxwell’s equations [18–21]. Of many previous studies on
modeling of microwave heat transfer, most were concentrated on
single-layer materials. A few studies considered modeling of
microwave heating of layered materials, especially a detailed
study of the parametric effect on heating and flow patterns. This is
because complicated of the dielectric and thermal properties in
each layer as affected by the microwave field and flow field within
the layered materials.

Studies in microwave heating of multilayer materials have been
investigated [21–30]. Rattanadecho et al. [26] investigated micro-
wave heating of a multilayered material in a rectangular wave-
guide by numerical and experimental means. Their work
demonstrated the effect of antireflection layer thickness on the
heating process. The results showed that absorption and distribu-
tion of temperatures within the sample microwave energy were
enhanced when a layer of lower dielectric material was attached
in front of the sample. In addition, Rattanadecho [27] studied both

theoretically and experimentally thawing of layered samples due
to microwave energy in the oven. Variations of layered configura-
tions and layer thickness on the degree of temperature level within
the layered sample and thawing rate were shown. Recent analyti-
cal work heat and mass transfer in multilayer samples subjected to
electric fields was presented by Chaktranond and Rattanadecho
[31]. They studied experimentally the influences of electrical volt-
age, particle sizes, and layer arrangement in the packed bed sub-
jected to electrohydrodynamic (EHD). Their results showed that
the single-layer packed bed with small glass beads had a higher
removal rate of water and a higher rate of heat transfer than a
single-layer packed bed with big glass beads. Moreover, a packed
bed in the case of a fine-coarse multilayer gave drying rate higher
than that given by a coarse-fine packed bed.

Investigations of microwave heating of multilayer materials are
very complicated. Various effects, such as layered thickness, lay-
ered configuration, and operating frequency, are still not com-
pletely understood. The objectives of this study are to numerically
analyze the effects of layered thickness, layered configuration,
and operating frequency, on microwave heating of multilayer po-
rous packed beds using rectangular waveguide. The analysis from
this research serves as essential fundamentals to development of
mathematic models of flow and heat transfer phenomena.

2 Mathematical Model

Figure 1(a) shows the model for microwave heating of the mul-
tilayer porous packed bed using a rectangular waveguide. The
computational domain consists of the packed bed of glass beads
filling the waveguide. The considered wave in TE10 mode is
applied along the z direction of the guide with inside dimensions
of 109.22 mm� 54.61 mm x� yð Þ. The TE10 mode is one of the
basic types of electromagnetic propagation by a rectangular wave-
guide. The TE (transverse electric) signifies that all electric fields
are transverse to the direction of propagation and that no longitu-
dinal electric field is present. The both ends of the waveguide are
assumed to be absorbing conditions and the walls perfectly
conducting. For temperature and flow fields, the computational
domain is limited to the region enclosed by the container.
Figure 1(b) shows the samples, called saturated porous packed
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beds, which are compose of glass beads and water (water satura-
tion(s) is 1.0). The dimensions of the packed bed are chosen to be
109.22 mm� 50 mm x� zð Þ. The samples are prepared in two
cases: a single-layer porous packed bed (fine bed with diameter of
0.15 mm (F-bed) and coarse bed with diameter of 0.40 mm
(C-bed)) and the two-layer porous packed bed. In the case of two-
layer porous packed bed, there are two configurations: FC-bed
(fine beads with diameter of 0.15 mm on coarse beads with diame-
ter of 0.40 mm) and CF-bed (coarse beads with diameter of
0.40 mm on fine beads with diameter of 0.15 mm).

2.1 Analysis of Electromagnetic Field. From the Fig. 1(a),
this study is based on the following assumptions:

(1) Since the electromagnetic wave in the TE10 mode does not
change in the direction between the broad faces, the analy-
sis of electromagnetic field inside the guide is considered
on only the x-z plane [21].

(2) The absorption of microwave energy inside the cavity (by
container and air) is neglected.

(3) The walls of a rectangular waveguide are perfectly con-
ducting walls.

The Maxwell’s equations are solved for simulation the distribu-
tion of electromagnetic field inside the waveguide. For electro-
magnetic wave in TE10 mode, the governing equations can be
written as [21]
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where permittivity or dielectric constant, e, magnetic permeabil-
ity, l, and electric conductivity, r, are defined by [21]

e ¼ e0er; l ¼ l0lr; r ¼ 2pf e tan d (4)

The dielectric properties or electrical properties of a material
can determine the absorption of microwave energy and conse-
quent heating behavior of the materials in the microwave heating
process. The dielectric properties are functions of moisture con-
tent and temperature, as follows [21]:
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The parameter m is varied over the range 0–1, as suggested by
Wang and Schmugge [32]. For this study, a value of m ¼ 0:33
was used because this value made the computational dielectric
properties close to the dielectric properties from measurements.

The loss tangent coefficient tan d can be expressed as [21]

tan d ¼ e00r s;Tð Þ
e0r s;Tð Þ (8)

2.1.1 Boundary and Initial Conditions

(1) Perfect conduction conditions are utilized at the inner wall
of the 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 (9)

where subscripts t; n denote the components of tangential
and normal directions, respectively.

(2) The first order absorbing conditions by Mur [33] are used at
both ends of the waveguide

@Ey

@t
¼ 6t

@Ey

@z
(10)

where 6 are represented forward and backward directions
and t denotes the phase velocity of the propagation wave.

(3) The input microwave sources are simulated by these equa-
tions [21]

Ey ¼ Eyin sin
px

Lx

� �
sin 2pftð Þ (11)

Hx ¼
Eyin

ZH
sin

px

Lx

� �
sin 2pftð Þ (12)

where f is the frequency of microwave, Lx is the width of a
rectangular waveguide, ZH is the wave impedance, and Eyin

is the input value of the electric field intensity. By applying
the Poynting theorem, the input value of the electric field
intensity is evaluated using the microwave power input as

Eyin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ZHPin

A

r
(13)

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 E
0

t; Ht ¼ H
0

t (14)

Dn ¼ D
0

n; Bn ¼ B
0

n (15)

(5) At t ¼ 0 all components of E;H are zero.

Fig. 1 Configuration model: (a) computational domain and (b)
various kinds of multilayer porous packed bed (sample)
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2.2 Analysis of Flow Field and Heat Transfer. The sche-
matic configuration of the heat and flow problem is showed in
Fig. 1(b). The width and total depth of all samples are 109.22 mm and
50 mm, respectively. To reduce complexity of the problem, several
assumptions have been offered into the flow and energy equations.

(1) The effect of the phase change can be neglected.
(2) The Boussinesq approximation takes into account of the

effect of density variation on the buoyancy force.
(3) The thermophysical properties of the sample are taken to be

constant.
(4) The solid particle is spherical, uniform shape, and

incompressible.
(5) Local thermodynamic equilibrium is assumed.

Continuity equation
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keff ¼ 1� /ð Þks þ /kf (21)

Qeff ¼ 1� /ð ÞQs þ /Qf (22)

are the overall heat capacity per unit volume, overall thermal con-
ductivity, and overall heat generation per unit volume of the po-
rous packed bed, respectively.

The microwave power absorbed term Qð Þ, is a function of the
electric field and dielectric properties [21].

Q ¼ 2pf � e0 � e0r tan dð ÞE2
y (23)

The permeability j and geometric function F in Eqs. (17) and (18)
are as followed [35–37]:

j ¼
/3d2

p

175 1� /ð Þ2
(24)

F ¼ 1:75 1� /ð Þ
dp/

3
(25)

The porosity near the impermeable boundaries is assumed to vary
exponentially with distance along the wall, this work proposed the
variation of porosity within three confined walls of the bed: a bot-
tom wall and two lateral walls. The expression that considers the
variation of porosity in two directions in the x-z plane is given by
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where dp is the diameter of glass bead, /1 is the free stream po-
rosity, a1; a2 are empirical constants, and W is the width of the
packed bed. The dependencies of a1 and a2 to the ratio of the bed
to bead diameter is small [37]. Vafai [37] suggested 0.98 and 1.0
for the values of a1 and a2.

2.2.1 Boundary and Initial Conditions. Figure 1(b) shows
that no slip boundary conditions are applied at all solid walls and
the walls are insulated except for the upper surface which can
exchange with an ambient air.

(1) Heat is lost from the surface of the porous packed bed due
to natural convection

� k
@T

@z
¼ hc T � T1ð Þ (27)

(2) At the upper surface, the velocity in the normal direction
(w) and the shear stress in the horizontal direction are
assumed to be zero. Complete the analysis of fluid flow, the
influence of Marangoni flow is applied

g
@u

@z
¼ � dn

dT

@T

@x
(28)

where g is dynamic viscosity and n is surface tension.

(3) The interface boundary conditions between layer 1st and
layer 2nd are given by

k1

@T1

@z
¼ k2

@T2

@z
; T1 ¼ T2 (29)

g1

@u1

@z
¼ g2

@u2

@z
; u1 ¼ u2 (30)

(4) The initial temperature of the porous packed bed and air
inside the rectangular waveguide are constant at 28 �C.

3 Numerical Solution

The Maxwell’s equations (Eqs. (1)–(3)) are solved using the
FDTD method with boundary conditions given by Eqs. (9)–(15).
The electric field components Eð Þ and the magnetic field compo-
nents Hð Þ are discretized by a central difference method (second-
order accurate) in both spatial and time domain [34]. The equa-
tions are solved in a leap-frog manner; the electric field is solved
at a given instant in time, then the magnetic field is solved at the
next time, and the process is repeated over and over again. To
ensure stability of the time-stepping algorithm, Dt is chosen to
satisfy the courant stability condition

Dt �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dxð Þ2þ Dzð Þ2

q
c

(31)

And the spatial resolution of each cell is defined as in

Dx; Dz � kg

10
ffiffiffiffi
er
p (32)

In this work, a time step of Dt ¼ 2� 10�12 s is used to solve
the Maxwell’s equations. The grid sizes are Dx ¼ 1:0922 mm and
Dz ¼ 1:0 mm.

The fluid flow and heat transport within the porous packed bed
are expressed as Eqs. (16)–(19). These equations are coupled to
Maxwell’s equations by Eq. (23). Equations (16)–(19) are solved
numerically by using a cell-centered, finite control volume along
with the SIMPLE algorithm developed by Patankar [38]. The time
step is 0.01 s. The reason to use this method is its advantage in
flux conservation that avoids generation of parasitic sources. The
basic strategy of the finite control volume discretization method is
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to divide the calculated domain into a number of control volumes
and then integrate the conservation equations over this control
volume over an interval of time t; tþ Dt½ �. At the boundaries of
the calculated domain, the conservation equations are discretized
by integrating over half the control volume and taking into
account the boundary conditions. At the corners of the calculated
domain, we used a quarter of control volume. The fully implicit
time-discretization finite difference, scheme is used to arrive at
the solution in time. Time step iterations are continued until the
relative error is less than 10�6 error � 10�6

	 

.

4 Results and Discussion

4.1 Validation. The simulation results have been validated
against the results obtained by Cha-um et al. [4]. Some of the
computational data for electromagnetic field and thermophysical
properties are given in Table 1. Figures 2(a) and 2(b) show
the comparison for the temperature distributions within the single-
layer porous packed bed (F-bed) between the predicted and previ-
ous results [4] as a function of width (x) at various depths and
various times, respectively. The field variables for the comparison
were chosen as: P ¼ 300 W; f ¼ 2:45 GHz; dp ¼ 0:15 mm.
From the figures, on sees that the predicted temperature distribu-
tion and experimental data [4]are in good agreement and the dif-
ferences lie within 3 �C. It was found that the previous
experimental study [4] considered only the single-layer porous
packed bed. However, in practical applications of microwave
heating, most samples are multilayer porous materials. The struc-
ture has a significant effect on temperature and velocity profiles.

4.2 Parametric Study. In this study, the influences of three
parameters, such as the layered configuration (the single and mul-
tilayer porous packed bed), the layered thickness (1F3C, 2F2C,
and 3F1C), and the operating frequency (1.5, 2.45, and 5.8 GHz)
have been investigated. From parametric studies we observe the
effects of each of these factors, separately, and analyze their con-
tributions in determining the electric field distributions and tem-
perature and velocity profiles.

Thus, the following cases have been considered:

(1) The single and multilayer porous packed bed with fixed
power input (P¼ 500 W), operating frequency (f¼ 2.45
GHz), and the layered thickness (2F2C and 2C2F).

(2) The multilayer porous packed bed with fixed power input
(P¼ 500 W), operating frequency (f¼ 2.45 GHz), and the
layered configuration (FC-bed).

(3) The multilayer porous packed bed with fixed layered con-
figuration (FC-bed), the layered thickness (2F2C), and
power input (P¼ 500 W).

The distributions of electric field inside a rectangular wave-
guide, temperature, and flow field within the porous packed bed
were shown for all cases.

4.3 Effect of Layered Configuration. In this topic,
the effect of layered configuration is studied. The simulations
are displayed for four different configurations, namely, F-bed,

C-bed, 2F2C-bed, and 2C2F-bed. The physical data are:
P ¼ 500 W; f ¼ 2:45 GHz; and t ¼ 60 s. In case of the multi-
layer porous packed bed, layer thickness of the fine bed is equal to
the coarse bed thickness, 25.0 mm. Figure 3 shows the distribution
of electric field in the TE10 mode along the center axis (x¼ 54.61
mm) of the rectangular waveguide at different layered configura-
tions. As shown in the figure, the vertical axis represents the elec-
tric field intensity, Ey, which is divided by the input electric field,
Eyin. Figures 3(a) and 3(b) show a standing wave with strong am-
plitude is formed inside the cavity and is extinguished within the
sample. This is because the permittivity of air inside the cavity is
lower than the permittivity of the packed bed, thus, the majority

Table 1 The dielectric and thermal properties in computations [21]

e0 ¼ 8:85419� 10�12ðF=mÞ l0 ¼ 4p� 10�7ðH=mÞ
era ¼ 1:0 erp ¼ 5:1
lra ¼ 1:0 lrp ¼ 1:0 lrw ¼ 1:0
tan da ¼ 0:0 tan dp ¼ 0:01
qa ¼ 1:205ðkg=m

3Þ qp ¼ 2500ðkg=m
3Þ qw ¼ 1000ðkg=m

3Þ

Cpa ¼ 1:007½kJ=ðkgKÞ� Cpp ¼ 0:80½kJ=ðkgKÞ� Cpw ¼ 4:186½kJ=ðkgKÞ�

erw ¼ 88:15� 0:414T þ 0:131� 10�2
	 


T2

� 0:046� 10�4
	 


T3

tan dw ¼ 0:323� 9:499� 10�3
	 


T þ 1:27� 10�4
	 


T2

� 6:13� 10�7
	 


T3

Fig. 2 Temperature distribution within single-layer porous
packed bed: Comparison with experiment
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of the incident wave is reflected and resonated while the minor
part is transmitted. Figure 4 shows the comparison of electric field
intensity for each case along with z-axis of the waveguide. It
reveals the large amplitude of electric field corresponding to the
case of the single-layer porous packed bed (F, C-bed). Since the
structure of the single-layer porous packed beds is uniform the
electric field amplitude is higher. Considering the distribution of
electric field in the case of the multilayer porous packed bed
(2F2C and 2C2F), one finds a similar profile with a slight differ-
ence in magnitude.

Temperature profiles within the single and multilayer porous
packed bed at t¼ 60 s are shown in Figs. 5(a) and 5(b), respec-
tively. It is found that the temperature profiles show excellent
agreement with the electric field distribution. Figure 5 shows that
the temperature is highest at the center of the porous packed bed
and distributes to the wall because standing waves are formulated
within the porous packed bed. The comparison of temperature
profiles between the single and multilayer porous packed bed
along x and z axis are displayed in Figs. 6(a) and 6(b), respec-
tively. Figure 6(a) shows that the temperature is highest at the
center of the packed bed. This is because the intensity of electric
field in the TE10 mode is high around the middle of the guide. Fig-
ure 6(b) shows that the highest temperature is at the surface of the
porous packed bed and decreases along the depth of the packed
bed due to the penetration depth of the microwave. It is interesting
to observe that the temperature of the single-layer porous packed
bed is higher than the temperature of the multilayer porous packed
bed. This is because the incident wave can penetrate and convert
to thermal energy in the uniform packed bed (single-layer) higher
than that in the case nonuniform packed bed (multilayer). In case
of the single-layer, the temperature of the C-bed is higher than the
temperature of the F-bed due to the effect of the glass bead
arrangement. The porous packed bed with small glass beads
aligned quite tightly with the big glass beads results in higher
reflected wave intensity from the packed bed.

Velocity fields within the single and multilayer porous packed
bed at t¼ 60 s are illustrated in Fig. 7. From the figure, one sees
that the layered arrangement has important effects on the velocity
field, due to the permeability, j, of the porous packed bed. The
flow pattern is symmetrical between left and right sides. In case of
an attaching fine bed on the coarse bed (2F2C-bed), as shown in
Fig. 7(b), both layers have strong velocity fields. This causes the
upper layer (F-bed) receive strong incident wave while the bottom
layer (C-bed) is of high permeability. On the other hand, the
attaching fine bed under the coarse bed (2C2F-bed) is illustrated
in Fig. 7(c). It is shown that the velocity field in the bottom layer
(F-bed) is very weak. Since the permeability of the porous packed
bed with the small glass beads (F-bed) is low, many glass beads
resist the flow motion of liquid in the voids. Moreover, the bottom

Fig. 3 Distribution of electric field inside a rectangular wave-
guide: Effect of layered configuration (a) in case F-bed and (b)
in case 2F2C-bed

Fig. 4 Comparison of electric field distribution between single
and multilayer porous packed bed

Fig. 5 Temperature distribution within porous packed bed:
effect of layered configuration (a) in case F-bed and (b) in case
2F2C-bed (P ¼ 500 W; f ¼ 2:45 GHz; and t ¼ 60 s)
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layer has received a weakened microwave field. In addition, Fig.
7(c) indicates that with low permeability, the convective heat
transfer mechanism is almost suppressed, while conduction plays
an important role in heat transfer.

4.4 Effect of Layered Thickness. It is interesting to
investigate the effects of changing the layered thickness because
it makes the different samples have different heating and flow
patterns. The simulation of electric field distributions and
temperature and velocity profiles are shown for various layered
thicknesses, such as 1F3C (zF ¼ 12:5 mm and zC ¼ 37:5 mm),
2F2C (zF ¼ 25:0 mm and zC ¼ 25:0 mm), and 3F1C
(zF ¼ 37:5 mm and zC ¼ 12:5 mm) where the configuration of
the porous packed bed is FC-bed (attaching fine bed
on coarse bed). The physical data are: P ¼ 500 W;
f ¼ 2:45 GHz; and t ¼ 60 s. Figure 8 shows the comparison of
electric field intensity between the different layered thicknesses
along z-axis of a rectangular waveguide in the TE10 mode. As
seen from the figure, the amplitudes of the electric fields are high
over the surface of the packed bed (left hand side) and almost
extinguished within the packed bed. It is found that the distribu-
tions of electric fields are same pattern but are a little different in
magnitude for each case.

Fig. 7 Velocity field within multilayer porous packed bed:
effect of layered configuration (a) in case F-bed, (b) in case
2F2C-bed, and (c) in case 2C2F-bed (P ¼ 500 W; f ¼ 2:45 GHz;
and t ¼ 60 s)

Fig. 8 Comparison of electric field distribution between differ-
ent layered thicknesses

Fig. 6 Comparison of temperature profile between single and
multilayer porous packed bed: (a) along x-axis and (b) along
z-axis

042605-6 / Vol. 134, APRIL 2012 Transactions of the ASME



Figures 9(a) and 9(b) illustrate temperature profiles within the
multilayer porous packed bed with various layered thicknesses
along the x and z axes, respectively. It is observed that the highest
temperature occurs at the center and upper surface of the packed
bed for the 3F1C-bed case. It indicates the effect of layered thick-
ness on heat transfer. Figures 10(a) and 10(b) show flow fields of
water in the voids at t¼ 60 s for the 1F3C and 3F1C-beds, respec-
tively. The velocity fields of both layers clearly separate at the
interface between the layers. However, the patterns are similar to
each other. As already explained in the previous topic, the key
factor affecting the flow of fluid in the multilayer porous packed
bed is permeability, j, of each layer.

4.5 Effect of Operating Frequency. Changes in the operat-
ing frequencies have significant effects on the electric field distri-
bution and temperature and velocity fields. This study has three
frequencies in the range of application, 1.5, 2.45, and 5.8 GHz.
The physical data are: P ¼ 500 W, 2F2C-bed and t ¼ 60 s. Fig-
ures 11(a) and 11(b) show the electric field distribution inside a
rectangular waveguide when the 2F2C packed bed is inserted in
the waveguide during microwave heating with operating fre-
quency of 1.5 and 5.8 GHz, respectively. In the case of 1.5 GHz,
the penetration depth of microwave is higher than the total depth

Fig. 9 Comparison of temperature profile between different
layered thicknesses: (a) along x-axis and (b) along z-axis

Fig. 10 Velocity field within FC-bed: Effect of layered thick-
ness (a) in case 1F3C-bed and (b) in case 3F1C-bed
(P ¼ 500 W; f ¼ 2:45 GHz;and t ¼ 60 s)

Fig. 11 Distribution of electric field inside a rectangular wave-
guide: effect of operating frequency (a) in case 1.5 GHz and (b)
in case 5.8 GHz
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of the porous packed bed; thus, a majority of the incident wave
penetrates and transmits to the packed bed (as seen in Fig. 11(a)).
In contrast, in the case of 5.8 GHz, the microwave operating at a
high frequency has a shorter wavelength which corresponds to
smaller penetration depth compared with the depth of the porous
packed bed. Therefore, the incident wave can penetrate and are
absorbed only within the upper surface of the packed bed. A com-
parison of electric field magnitudes for various operating frequen-
cies is illustrated in Fig. 12. The highest amplitude of the electric
field corresponds to a frequency of 1.5 GHz while the frequency
of 5.8 GHz as the lowest electric field amplitude.

Figures 13(a) and 13(b) display the temperature contour within
the 2F2C-bed at the frequency of 1.5 and 5.8 GHz, respectively. It

is shown that the temperature profiles display a wavy behavior
corresponding to the resonance of electric field. This is because
the electric field within the porous packed bed attenuates owing to
energy absorption, and, thereafter, the absorbed energy is con-
verted to thermal energy, which increases the packed bed temper-
ature. Figures 14(a) and 14(b) show comparisons of temperature
distributions within the 2F2C-bed between various microwave fre-
quencies along x and z axis, respectively. From the figures one
sees that the highest and lowest temperatures correspond to the
case of frequencies at 1.5 and 5.8 GHz, respectively. Since the
high frequency (5.8 GHz) leads to small penetration depth and
electric field decay which is faster than that of the lower, fre-
quency. Thus, the microwave power absorbed is the greatest at the
surface exposed to the incident microwaves, and decays exponen-
tially along the propagating direction with a very small wave-
length, resulting in a thinner thermally stratified layer (Fig. 13(b)).

The flow fields within the 2F2C-bed at operating frequencies of
1.5 and 5.8 GHz are displayed in Figs. 15(a) and 15(b), respec-
tively. Fluid flow fields are in the same direction but the magni-
tudes of velocity are clearly different. The explanation of flow
behaviors was discussed in the section on the effects of layered
configuration.

Fig. 12 Comparison of electric field distribution between dif-
ferent operating frequencies

Fig. 13 Temperature distribution within 2F2C-bed: Effect of
operating frequency (a) in case 1.5 GHz and (b) in case 5.8 GHz
(P ¼ 500 W and t ¼ 60 s)

Fig. 14 Comparison of temperature profile between different
operating frequencies: (a) along x-axis and (b) along z-axis
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5 Conclusions

A numerical study is carried out to observe the effects of lay-
ered configuration, layered thickness, and operating frequency in
the case of the microwave heating of the multilayer porous packed
bed. The simulation results are validated with experimental data
from previous work. Thus, the conclusions of this work can be
summarized as following:

(1) The modeling of heating of the multilayer porous packed
bed by microwave energy with a rectangular waveguide
(TE10 mode) is presented and this model can use to success-
fully explain the heating phenomena under various
conditions.

(2) The layered configuration of the porous packed bed has sig-
nificant effects on the heating pattern and velocity field.

(3) The uniform porous packed bed with large particles corre-
sponds to the highest temperatures.

(4) The temperature increases with increase in the fine bed
thickness.

(5) Lower operating frequencies can generate the highest
temperatures.

The next steps of this research will be to investigate more asso-
ciated parameters and more details of the position of a sample
inside the waveguide and to develop a three-dimensional mathe-
matical model.
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Nomenclature
A ¼ area (m2)

a1; a2 ¼ empirical constants
Cp ¼ specific heat capacity (J/(kg K))

E ¼ electric fields intensity (V/m)
f ¼ frequency of incident wave (Hz)
F ¼ geometric function
g ¼ gravitational constant (m/s2)

hc ¼ local heat transfer coefficient (W/m2K)
H ¼ magnetic field intensity (A/m)
k ¼ thermal conductivity (W/mK)

Lx ¼ width of the rectangular waveguide (m)
P ¼ power (W)
p ¼ pressure (Pa)
Q ¼ local electromagnetic heat generation term (W/m3)
s ¼ moisture content
T ¼ temperature (�C)
t ¼ time (s)

tan d ¼ dielectric loss coefficient
u;w ¼ velocity component (m/s)

W ¼ width of packed bed (m)
ZH ¼ wave impedance (X)
Zl ¼ intrinsic impedance (X)

Greek Symbols
/ ¼ porosity
a ¼ thermal diffusivity (m2/s)
b ¼ coefficient of thermal expansion (1/K)
g ¼ dynamic viscosity (Pa/s)
e ¼ permittivity (F/m)
k ¼ wavelength (m)
j ¼ permeability (m2)
l ¼ magnetic permeability (H/m)
t ¼ velocity of propagation (m/s)
� ¼ kinematics viscosity (m2/s)
q ¼ density (kg/m3)
r ¼ electric conductivity (S/m)
x ¼ angular frequency (rad/s)
n ¼ surface tension (N/m)

Subscripts
0 ¼ free space
1¼ ambient condition
a ¼ air
C ¼ coarse bead

eff ¼ effective
f ¼ fluid
F ¼ fine bead
j ¼ layer number
s ¼ solid
r ¼ relative

in ¼ input
l ¼ liquid

x; y; z ¼ axis
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