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Analysis of Heat–Mass Transport and Pressure Buildup
Induced inside Unsaturated Porous Media Subjected to
Microwave Energy Using a Single (TE10) Mode Cavity

Nattawut Suwannapum and Phadungsak Rattanadecho
Research Center of Microwave Utilization in Engineering (RCME), Department of Mechanical
Engineering, Faculty of Engineering, Thammasat University, Pathumthani, Thailand

This article presents the two-dimensional numerical analysis of
heat and mass transport and pressure built up inside an unsaturated
porous packed bed under microwave energy at a frequency of
2.45GHz using a rectangular waveguide (TE10 mode). The unsatu-
rated porous packed beds were composed by glass beads, water, and
air. The samples were prepared by compacting uniformly with various
thicknesses d¼ 30, 50, and 80mm and particle sizes d¼ 0.15mm (fine
packed bed) and 0.4mm (coarse packed bed), respectively. A pro-
posed model used to investigate heat–mass transport and pressure
buildup phenomena inside the porous packed bed in which the
rectangular waveguide with varying glass bead sizes and sample thick-
nesses was inserted. The results show that the effect of particle sizes
and thicknesses of porous packed bed are primary factors determining
heat and mass transport with multiphase flow. These findings can
explain the phenomena taking place inside unsaturated porous media
in a microwave drying process using a rectangular waveguide.

Keywords Microwave drying; Numerical; Particle size; Porous
packed bed; Rectangular sample thickness; Waveguide

INTRODUCTION

In the past decade, many successful examples of micro-
wave heating and drying applications have been appeared
in the recent literature.[1–7]

In theoretical analysis, microwave power absorbed is gen-
erally assumed to decay exponentially into the absorbed
material as Lambert’s law. However, this law is valid for sam-
ples of large dimensions for which the depth of sample ismuch
larger than the penetration depth, but it is not valid for small
samples for which the depth of the sample is smaller than the
penetration depth.[1] Therefore, analysis of the electromag-
netic fieldwithin a small sample cloudwas obtained by solving
Maxwell’s equations. Two-dimensional models by solving
Maxwell’s equations have been used for study numerous heat-
ing processes in microwave applicator configurations.[8,9]

However, most previous investigations considered simula-
tions of microwave heating in homogeneous material.

Theoretical analysis of heat and mass transfer in porous
materials has been studied for several decades. Most the-
ories based on Whitaker’s theory have been proposed to
explain the physical phenomena of drying process in porous
materials. Those theories have three main difference funda-
mental to describing porous materials.

1. One variable: This fundamental uses one single dif-
fusion equation and is used for simple configurations.

2. Two variables: This fundamental uses two independent
variables (temperature and moisture content). In this
model, the effect of pressure buildup can be neglected.
This fundamental can describe the most important
feature of drying at low temperature.

3. Three variables: This fundamental uses three independent
variables (temperature, moisture content, and pressure
buildup). This model provides better phenomena detail
than a two variable model because it can describe all dry-
ing behaviors. Furthermore, it can also be used in case of
high-temperature convective drying, vacuum drying,
radio-frequency (RF)=vacuum drying, etc.

However, most of the literature has targeted one or two
variables in case of conventional drying process[10–12] because
they are easier to discretize and solve than three variables.
For example, a few studies that used three variable para-
meters are Perre and Turner[8] and Rattanadecho et al.[13]

Nevertheless, a few of researchers have studied the inter-
action between microwave energy and heat–mass transfer
of porous material, such as microwave heating and drying
process.[8,14–20] Additionally, most previous works have not
mentioned two-dimensional pressure buildup and flow field
inside porous materials with varying particle sizes.

A recent work carried out a systematic investigation on
heat–mass transport and pressure buildup phenomena during
the drying process in a uniform porous packed bed by micro-
wave energy that extends from Rattanadecho et al.’s[21] work
(the effect of pressure buildup in mathematical modeling was
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neglected) in which the effect of particle sizes and thicknesses
of porous packed bed are primary factors determining heat
and mass transport with multiphase flow. Due to the limited
amount of theoretical and experimental analysis on micro-
wave drying of uniform porous materials, the various effects
are not fully understood and a number of critical issues
remain unresolved. In this study, mathematical models are
numerically solved and compared with experiments. The
effects of sample thickness and sample size on overall heat
and multiphase flow are also investigated in detail.

The results presented here provide a basis for under-
standing the fundamentals of microwave drying of multi-
layered porous media.

MATHEMATICAL FORMULATION

Dielectric Properties

The problem of microwave drying directly relates to
electromagnetic fields and temperature and moisture distri-
butions within the absorbed material. Therefore, under-
standing the absorbed material’s dielectric properties is
an essential primary factor for theoretical prediction.

In this study, the effects on overall drying kinetic were
investigated by selecting the dielectric properties (er) as a
function of water saturation (s) and temperature. For the
combination of water saturation and temperature of dielec-
tric properties, the volume fractions of water saturation,
water vapor, and solid particles in porous material were
take into account as follows:

e0r s;Tð Þ ¼ /se0rl þ / 1� sð Þe0rg þ 1� /ð Þe0rp ð1Þ

e00r ðs;TÞ ¼ /se00rl þ /ð1� sÞe00rg þ ð1� /Þe00rp ð2Þ

where e0r is the real part of relative permittivity, e00r is the
imaginary part of relative permittivity, / is the porosity
of porous material, and subscripts l, g, and p represent
liquid, gas, and solid particle, respectively.

Furthermore, the relative permittivity and loss tangent
coefficient of water at a frequency of 2.45GHz can be writ-
ten in empirical formula as a temperature function:[21]

e0rlðTÞ ¼ð88:15� 0:414T þ ð0:131� 10�2Þ
T2 � ð0:046� 10�4ÞT3Þ ð3Þ

tan dlðTÞ ¼ ð0:323� ð9:499� 10�3ÞT
þ ð1:27� 10�4ÞT2 � ð6:13� 10�7ÞT3Þ ð4Þ

where tan d is the loss tangent coefficient, which can be
expressed as follows:[22]

tan d ¼ e0rðs;TÞ
e0rðs;TÞ : ð5Þ

Maxwell’s Equation

The basic equations for analyzing the electromagnetic
fields are the well-known Maxwell’s relations. For the
microwave of TE10 mode, the governing equations can be
written in terms of the component notations of electric
and magnetic field intensities:[21]

@Ey

@z
¼ l

@Hx

@t
ð6Þ

@Ey

@x
¼ �l

@Hz

@t
ð7Þ

� @Hz

@x
� @Hx

@z

� �
¼ rEy þ e

@Ey

@t
ð8Þ

where permittivity e, magnetic permeability l, and electric
conductivity rare given by:

e ¼ e0er; l ¼ l0lr; r ¼ 2pf e tan d ð9Þ

where f is the frequency of the microwave, tand is the
dielectric loss tangent, and er and lr are the relative permit-
tivity and relative magnetic permeability, respectively.

Analysis of Heat and Mass Transport

A schematic of the porous packed bed model is shown in
Fig. 1. Based on the conservation of mass and energy in capil-
lary porous materials, the governing equation of mass and
energy of all phases can be derived using the volume-averaging
technique.[23] The surface of the sample is exposed to the exter-
nal drying conditions.Microwaves in the form of a plane wave
are also incident to this surface. In addition, other surfaces are
insulated and the heat and mass fluxes are set equal to zero.

Moisture Transport Equation

Considering Darcy’s law and Fick’s law and assuming
that the phenomenon of moisture transport in the sample
is described by the mass balance equations of water
and water vapor, the moisture transport equation in two-
dimensional scalar forms can be expressed as follows:

/
@

@t
ql sþ qvð1� sÞf g þ @

@x

ql
KKrl

ll
@pc
@x � @pg

@x

� �
þ

qv
KKrg

lg
� @pg

@x

� �
�Dm

@qv
@x

2
64

3
75

þ @

@z

ql
KKrl

ll
@pc
@z � @pg

@x þ qlgz
� �

þq KKrg

lg
� @pg

@x þ qggz
� �

�Dm
@qv
@z

2
64

3
75 ¼ 0: ð10Þ

Total Pressure Equation

Considering Darcy’s law and Fick’s law and assuming
that the gaseous phase is an ideal mixture of perfect gases,
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the pressure equation in two-dimensional scalar forms can
be expressed as follows:

/
@

@t
qað1� sÞf g þ @

@x

"
qa

KKrg

lg
� @pg

@x

� �
�Dm

@qa
@x

#

þ @

@z

"
qa

KKrg

lg
� @pg

@z
þ qggz

� �
�Dm

@qa
@z

#
¼ 0: ð11Þ

Equilibrium Relations and State Equations

The system of conservation equations obtained for
multiphase transport mode requires a constitutive equation
for relative permeabilities Kr, capillary pressure pc, and
capillary pressure functions (Leverett functions). This
typical set of constitutive relationships for liquid and gas
systems is given by:

Krl ¼ s3e ð12Þ

Krg ¼ ð1� seÞ3 ð13Þ

where se is the effective water saturation considered the
irreducible water saturation sir and is defined by:

se ¼ s� sir
1� sir

: ð14Þ

The capillary pressure pc is further assumed to be
adequately represented by Leverett’s well-known J(se)
functions; the relationship between the capillary pressure

and the water saturation is defined by using Leverett
functions J(se):

pc ¼ pg � pl ¼ nffiffiffiffiffiffiffiffiffiffi
K /=

p JðseÞ ð15Þ

in which n is the gas–liquid interfacial tension, where J(se)
was correlated capillary pressure data obtained by Leverett
as follows to give J(se):

JðseÞ ¼ 0:325ð1 se= � 1Þ0:217: ð16Þ

Energy Balance Equation

Thermal equilibrium among the water, gas, and matrix
at any specific place in the unsaturated packed bed were
assumed. Considering the enthalpy transport, heat conduc-
tion, latent heat transport, and volumetric heat generation,
the energy balance equation is then represented by:

@

@t
qCp

� �
T
T

	 
þ @

@x
qlCplul þ qaCpa þ qvCpv

� �
ug

� �
T

	 

þ @

@z
qlCplwl þ qaCpa þ qvCpv

� �
wg

� �
T

	 
þHv _mm

¼ @

@x
keff

@T

@x

 �
þ @

@z
keff

@T

@z

 �
þQ ð17Þ

where (qCp)T is the effective heat capacitance of the water–
gas matrix mixture:

ðqCpÞT ¼ qlCpl/sþ qgCpg/ð1� sÞ þ qpCppð1� /Þ ð18Þ

FIG. 1. Physical model and measured point.
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and

_mm ¼ @

@t
qv/ð1� sÞf g þ @

@x
�Dm

@qv
@x

 �

þ @

@z
qv

KKrg

lg
qggz �Dm

@qv
@z

" #
: ð19Þ

Hv is the latent heat of evaporation, and keff is the effective
thermal conductivity and can be written in an empirical
form as:[21]

keff ¼ 0:8

1þ 3:78e�5:95s
: ð20Þ

The rate of volumetric heat generation due to the
absorption of microwaves, Q, is represented in the follow-
ing equation[21]:

Q ¼ xe0rE
2 ¼ 2pf e0e

0
r tan dð ÞE2

y : ð21Þ

Boundary and Initial Conditions

Corresponding to Fig. 1, there are two necessary types
of boundary conditions for solutions of the governing
equations. These types were applied on the permeable sur-
face, impermeable surface, and layer interface. A detailed
analysis of each condition follows.

Permeable Surface

The boundary conditions on the permeable surface, the
exchange of energy at the open boundary, can be described
in the following form:

�keff
@T

@z
¼ hcðT � T1Þ þ _mmHv: ð22Þ

Mass transfer at the permeable surface is modeled by a
constant mass transfer coefficient, which is related to the
local water vapor flux density:

m
: ¼ qvwv ¼ hm qv � qv1ð Þ ð23Þ

where qv is the density of water vapor at the permeable
surface and qv1 is reference vapor density in the gas phase
surrounding the permeable surface.

The total pressure on the permeable surface can be
defined as:

pg ¼ p0: ð24Þ

Impermeable Surface

The boundary condition at the closed impermeable
boundary expresses symmetry and without heat or mass

exchange can be described by the following equation

@T

@x
¼ @T

@z
¼ 0 ð25Þ

@u

@x
¼ @u

@z
¼ 0: ð26Þ

Numerical Solution

The heat, mass transfer, and total pressure equations
were coupled to Maxwell’s equations to find all phenomena
within the sample.

In order to predict the electromagnetic field, a finite
difference time domain (FDTD) method was applied.

In order to predict heat, mass transfer, and total press-
ure equations, a finite difference based on control volumes
as describe by Patankar[24] was applied.

Details of the computational schemes and strategy are
illustrated in Fig. 2. The input data for porous physical

FIG. 2. Computational scheme.
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properties of the fine-packed bed (F-bed) and coarse-
packed bed (C-bed) are given in Table 1. Some of the input
data for electromagnetic and thermophysical properties
and drying conditions are given in Table 2.

RESULTS AND DISCUSSION

The simulated results for heat, multiphase flow, and
pressure buildup in an unsaturated porous packed bed sub-
jected to microwave energy were classified into two parts.
Part one focused on the influence of different glass bead
sizes (F-bed and C-bed). Part two focused on the influence
of sample thicknesses. Additionally, details of the porous
packed bed used for analyses are shown in Fig. 3.

The result of heat and mass transfer phenomena sub-
jected to microwave energy inside unsaturated porous
packed bed can be presented as follows.

Electric Field Simulation inside a Rectangular
Waveguide

To understand the detailed structures of the electric field
developed inside a rectangular waveguide, numerical
simulations of the following four cases are presented:

1. The rectangular waveguide is empty. Dielectric proper-
ties are constant value inside all of rectangular wave-
guide which corresponds to air as shown in Fig. 4.

3. The rectangular waveguide is filled with a fine porous
packed bed with various thicknesses during early heat-
ing (10min) as shown in Figs. 5a and 6a.

4. The rectangular waveguide is filled with a fine porous
packed bed with various thicknesses at heating time of
100min as shown in Figs. 5b and 6b.

5. The rectangular waveguide is filled with a fine porous
packed bed with various thicknesses at the end stage
of heating as shown in Figs. 5c and 6c.

Figure 4 shows the stationary wave inside the empty rec-
tangular waveguide with completely absorbed power at the
end of the rectangular waveguide. It is observed that the
electric field distribution displays a wavy behavior with
an almost uniform amplitude along the rectangular
waveguide. This result is similar to the results obtained
by Rattanadecho et al.[21]

Electric Field Distribution inside a Rectangular Waveguide
at Various Elapsed Times

Figures 5a and 6a show the electric field distribution in
the case of a fine porous packed bed having moist porous
material (initial saturation¼ 0.6, F-bed) inserted in the
rectangular waveguide at heating time of 10min. Within
the sample, the electric field attenuates due to energy
absorption due to the sample’s dielectric properties, and

TABLE 2
Electromagnetic (dielectric) and thermophysical properties

and drying conditions used in the computations

e0¼ 8.85419� 1012 [F=m] l0¼ 4.0p� 10�7 [H=m]
era¼ 1.0, lra¼ 1.0 erp¼ 5.1, lrp¼ 1.0
lrl¼ 1.0 tan dp¼ 0.01, tan da¼ 0.00
qa¼ 1.205 [kg=m3] ql¼ 1,000 [kg=m3]
qp¼ 2,500 [kg=m3] Cpa¼ 1.007 [kJ=(kg �K)
Cpp¼ 0.80 [kJ=(kg �K)] Cpp¼ 4.186 [kJ=(kg �K)]
kl¼ 0.610 [W=(m �K)] kp¼ 1.0 [W=(m �K)]
ka¼ 0.0256 [W=(m �K)] Initial saturation (s)¼ 0.6
T1¼ 25�C hc¼ 20 [W=(m2 �K)]
%RH¼ 55 f¼ 2.45 [GHz]
Power¼ 50 [watt] Tint¼ 25�C
U1 ¼ 1 ½m s= � pint¼ patm

TABLE 1
Porous physical properties of a packed bed used in

the computations

Particle size d (mm.) Porosity / Permeability K (m2)

0.15 (F-bed) 0.385 8.41� 10�12

0.4 (C-bed) 0.371 3.52� 10�11

FIG. 3. Porous packed bed samples: (a) F-bed and (b) C-bed.
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then the absorbed energy is converted to thermal energy,
which increases the sample temperature. In the figure, the
electric field within the sample is almost extinguished inside
the sample which lead to short wavelength and amplitude
of electric field because the sample at this period has a very
high moisture content. However, focusing attention on the
field pattern outside the sample, the strong standing wave
with large amplitude is formed by interference between
the forward wave and the reflection wave that occurred
at the top surface of the sample.

Figures 5b and 6b show the electric field distribution in
the case of a fine porous packed bed having moist porous
material (initial saturation¼ 0.6, F-bed) inserted in the rec-
tangular waveguide and heating time of 100min. Within the
sample, the electric field attenuates due to energy absorp-
tion and changes to the thermal energy, which is similar
to the early stage. However, the amplitude and wavelength
at this time are higher and longer than in the early period. In
the figure, the electric field is mostly extinguished inside the
sample, but some remainder can penetrate from the sample
to the air because the sample’s dielectric properties are

changed by a moisture content effect, and moisture at this
time is lower than in the early stage due to the influence
of thermal energy. Furthermore, some remainder of the
electric field turned into the reflection wave at the bottom
surface of the sample due to the difference of dielectric
properties of the material (sample and air) that lead to a

FIG. 5. Distribution of electric field for the sample inserted in the rec-

tangular wave guide (F-bed particle, 30mm thicknesses): (a) early stage

of drying time, (b) 100min drying time, and (c) latter stage of drying time.

FIG. 4. Distribution of electric field in the case of an empty rectangular

waveguide (x¼ 55mm): (a) result of the present study and (b) result

obtained by Rattandecho et al.[21]
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stronger standing wave within the sample than in the early
stage. Moreover, the strong standing wave with large ampli-
tude outside (top) the sample is formed by interference
between the forward wave and the reflection wave, which
is similar to the results in the early stage of heating.

Figure 5c and 6c show the wave distribution of the elec-
tric field when a dielectric material or sample (F-bed) is
inserted in the rectangular waveguide at the end stage of

heating. In this case, the effect of the reflection wave from
the surface of the sample is reduced, which increases the
large part of microwaves inside the sample. Consequently,
the reflection and transmission components at each interface
will contribute to the resonance of the standing waves con-
figuration with the larger amplitude and the longer wave-
length inside the sample compared with the previous cases.

Electric Field Distribution and Sample Thickness

Figures 5 and 6 show the electric field distribution at dif-
ferent sample thicknesses (30 and 80mm, respectively). In
the case of an 80-mm thickness layer packed bed, from
the early stage until the end stage of heating time, the elec-
tric field distribution changes little because the thickness of
the sample is close to the penetration depth, leading to a
weaker standing wave than that of the case of a thin
sample. As a result, lower thermal energy transformation
induces low heat and mass transfer rates. Furthermore,
dielectric properties (er) as function of moisture content or
water saturation (s) and temperature (T) represent the
microwave power dissipation or electric field distribution.
If the sample has a higher water saturation, it can called
high lossy material, which causes a weak standing wave in

FIG. 7. Comparison of temperature and water saturation profiles and

time with different depths (F-bed, sample thickness 50mm): (a) experi-

mental result and (b) simulated result.

FIG. 6. Distribution of electric field for the sample inserted in the rec-

tangular wave guide (F-bed particle, 80mm thicknesses): (a) early stage

of drying time, (b) drying time of 100min, and (c) latter stage of drying time.
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the sample. This is because the wavelength in high lossy
material is shorter than that in low lossy material and leads
to low penetration depth in high lossy material. Therefore,
a thick layer packed bed (80mm),which has a lowmass trans-
fer rate, is still a high lossy material because the packed bed
retains a high moisture content. On the other hand, the elec-
tric field distribution in the case of thin layer packed bed
(30mm) changes greatly because the thickness of the sample
is possibly lower than the penetration depth, which causes a
stronger standing wave than in the case of a thick sample.
This leads to highmicrowave power absorbed (Q) and a strong
standing wave, which has high electromagnetic field ampli-
tude (E), that leads to a lot of thermal energy transformed
as well as heat and mass transfer rates. Furthermore, a high
driving force can reduce the moisture content and change
dielectric properties of the sample from high lossy to low
lossymaterial. Therefore, a thin layer packed bed can reduce
moisture content or water saturation and increase tempera-
ture faster than the thick layer packed bed. However,

numerical simulations of the electromagnetic field in the
F-bed and C-bed samples at the same thickness are not
shown in this article because those have similar electric field
pattern results.

Variation of the amplitude and wavelength of the
electromagnetic field of thermal behavior in a typical
porous packed bed is described by Eq. (21).

Temperature, Saturation, and Pressure Buildup Profiles
Within the Samples

Numerical analysis results of a single-layered porous
packed bed were compared with the temperature, satu-
ration, and pressure distribution profiles between F-bed
and C-bed conditions at the same boundary conditions.

In order to verify the numerical results, the predicted
results of fine and coarse single layered porous packed
bed at 30, 50, and 80mm thicknesses were validated against
the experimental data (no other work exists for validation).
The predicted results are agreement with the experimental
results for the cases of single-layer porous packed bed.

FIG. 8. Temperature profiles and time with different depths (F-bed): (a)

sample thickness of 30mm and (b) sample thickness of 80mm.

FIG. 9. Temperature profiles and time with different depths (sample

thickness of 50mm): (a) F-bed and (b) C-bed.
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Some of the validated temperature and water saturation
profile results are shown in Fig. 7. Nevertheless, with the
limitations of the experimental apparatus, the pressure
buildup and multiphase flow data inside the sample cannot
be recorded; therefore, there are no pressure and multiphase
flow experimental data for comparison with numerical data.

Figures 8 and 9 show the numerical result of the tem-
perature profile versus elapsed time at various sample
thicknesses (30, 50, and 80mm). As shown in Figs. 8 and
9, microwave energy induces a higher temperature inside
the sample than at the surface because microwave energy
can be transmitted directly into the sample and trans-
formed to thermal energy inside the sample. After starting
microwave heating, the temperature inside the sample is
rapidly increased by microwave energy, whereas the sur-
face temperature remains cold due to the cooling effect of
surrounding air. At the same time, the evaporation at the
surface of the sample takes place at a lower temperature
due to evaporative cooling. After 30min of heating, the
temperature inside the sample increased slowly compared
with the beginning heating time due to the coupling effect
of evaporative cooling near the surface and dielectric
properties of the samples that are functions of moisture

content and temperature. However, the temperature inside
the samples increased rapidly until the highest temperature
point due to the effect of stronger standing wave with
longer wavelength inside the low moisture sample that
cause higher microwave power absorption than in the early
stage of heating. After the highest temperature point in the
heating process, the temperature is slowly decreased until
the end of the process because moisture content has been
removed gradually from the sample (the sample was chan-
ged from high lossy material to low lossy material). The
effect of sample thickness is presented clearly in Figs. 8a,
8b, and 9a. These results show that the temperature profile
of the thin layer packed beds differs from the thick layer
packed beds because the sample thickness affects the elec-
tromagnetic wave pattern inside the cavity and sample as
explained in the previous section. The thin sample can
induce a resonance effect or strong standing wave more
easily than that of the thick sample, which corresponds
to a greater effect of microwave power absorbed and
thermal energy transformation inside the sample.

From Figs. 9a and 9b, the effect of particle size on
the temperature profile is not clearly seen in the packed
bed.

FIG. 10. Water saturation profiles and time with different depths

(F-bed): (a) sample thickness of 30mm and (b) sample thickness of 50mm.

FIG. 11. Water saturation profiles and time with different depths

(sample thickness of 80mm): (a) F-bed and (b) C-bed.

1018 SUWANNAPUM AND RATTANADECHO

D
ow

nl
oa

de
d 

by
 [

T
ha

m
m

as
at

 U
ni

ve
rs

ity
] 

at
 2

1:
26

 0
3 

Ju
ly

 2
01

1 



Figures 10 and 11 show the numerical result of water
saturation at various sample thicknesses (30, 50, and
80mm). The results are linked between the temperature
profiles and saturation profiles. High temperature gradient
profiles lead to high rates of moisture evaporation and high
water saturaion profiles lead to higher temperature rise. On
the other hand, a decrease of temperature gradient profiles
leads to slow moisture evaporation and low water satur-
aion profiles lead to lower thermal energy transformed.

As shown in Figs. 10a, 10b, and 11a, the effects of
sample thickness strongly affect the temperature profiles
and saturation profiles, particulary the thick packed bed
because moisture content or water saturation is condensed
near the bottom surface of the packed bed by gravitaional
force, whereas the upper surface always has lower satu-
ration than the bottom surface. Therefore, moisture in
the thick packed bed requires high thermal energy to evap-
orate and remain evaporated when it passes through the
upper surface to the surrounding air. Furthermore, the
thick packed bed has more water than the thin packed
bed at the same water saturation and requires more
thermal energy to evaporate the moisture content inside.

From Fig. 11, the effect of particle size on temperature
profile is not clear, but it is prominent in water saturation
profiles. This is because the small particle size has a higher
capillary force than the large particle size, which strongly
affects the fluid flow pattern and moisture distibution inside
the sample.

Figures 12 and 13 show the numerical result of pressure
profiles at various depths (30, 50, and 80mm). The results
are linked between the temperature profiles and pressure
buildup profiles. The pressure buildup profile pattern is simi-
lar to the temperature profile pattern because there is a direct
relationship between temperature and pressure gradients.

The effect of sample thickness directly affects the differ-
ent pressure buildup profiles due to the temperature profile,
which follows the distribution of electromagnectic field pat-
tern, as seen in Figs. 12a, 12b, and 13a.

The effect of particle size is not only prominent in water
saturation profiles but also clear in pressure buildup pro-
files, as seen in Fig. 13. This is because small particle size
has greater capillary action than large particle size, which
leads to a strong effect of flow pattern, resulting in stronger

FIG. 12. Pressure profiles and time with different depths (F-bed): (a)

sample thickness of 30mm and (b) sample thickness of 80mm.

FIG. 13. Pressure profiles and time with different depths (sample thick-

ness of 50mm): (a) F-bed and (b) C-bed.
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pressure buildup profiles inside the small particle size
packed bed.

Figures 14 and 15 show the numerical result of micro-
wave power absorption profile versus elapsed times at
various sample thickness (30, 50, and 80mm). The results
are linked between the temperature profiles and microwave
power absorption profiles. This is because the microwave
power absorbed is mainly electromagnetic heating, which is
transformed from electromagnetic energy into thermal
energy.

The effects of sample thickness are presented clearly in
Figs. 14a, 15a, and 14b. The microwave power absorption
profiles of thin layer packed beds differ from thick layer
packed beds. This is because the sample size strongly
affects the electromagnetic wave pattern inside the cavity.
This explanation for this is similar to the temperature pro-
file discussion previously.

From Fig. 15, the effects of particle size on microwave
power absorption profiles is not clearly seen in a thick layer

packed bed but is clearly seen in a thin layer packed bed
due to the same reasons discussed for temperature profiles.

Figures 16 and 17 show the temperature distribution,
water saturation distribution, and pressure buildup distri-
bution in the case of an F-bed subject to microwave
heating times of 10, 100, and 360min, respectively. They dis-
play a wavy behavior and all cases of temperature distri-
bution in packed beds of various thicknesses have cold and
hot spot zones inside the samples. Furthermore, hot spot
zones appear at the mid-plane near the bottom surface of
the sample and cold spot zones appear at the wall of the wave-
guide near the upper surface of the sample. Additionally, the
hot spot zone can be more than one point if the relationship
between sample thickness and microwave penetration depth,
directly corresponding to electromagnetic field patterns, is
suitable for a strong standing wave effect.

The water saturation is strongly affected by temperature
distribution as discussed in the previous section because the
high temperature near the mid-plane of the sample leads to
a higher driving forced due to capillary flow and vapor
diffusion, which cause moisture to migrate from hot spot
zones to cold spot zones.

FIG. 14. Microwave power absorption profiles and time with different

depths (F-bed): (a) sample thickness of 30mm and (b) sample thickness

of 80mm.

FIG. 15. Microwave power absorption profiles profiles and time with

different depths (sample thickness of 50mm): (a) F-bed and (b) C-bed.
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Temperature distribution not only affects water satu-
ration but also pressure buildup distribution. A detailed
explanation is given in the discussion on pressure buildup
profiles.

Figures 18 and 19 show the fluid movements between
the liquid and gas phases inside the packed bed in case of
an F-bed at various heating times (10, 100, and 360min).
For the liquid flux vector, it can be observed that almost
all of the liquid has migrated toward the upper surface of
the sample due to capillary pressure and gas pressure build-
up, which are simultaneously changed due to the effect of
water saturation distribution and temperature distribution
in each time period. For the case of 50-mm-thick samples,
at heating time of 10min there is less liquid movement due
to the greater amount of saturated water inside the pores.

This is because most of the microwave energy is used to
heat up the porous packed bed without a phase change
at this stage. At a heating time of 100min, liquid flux in
large quantities moves to the upper surface due to the effect
of pressure buildup, which is a function of temperature
together with capillary action. However, the liquid flux
rarely moves at the end of the heating time because the
temperature inside the sample is decreased and liquid quan-
tities are very low. For the case of an 80-mm-thick sample,
the results for heating times of 10 and 100min are similar
to the previous cases, whereas at the end of heating they
are different because water saturation and temperature are
still high. On the other hand, the gas flux direction for all
cases has different direction from liquid flux that corre-
sponds to pressure buildup and temperature distribution.

FIG. 17. Contour plot for F-bed (50mm) at drying times of 10, 100, and 360min: (a) temperature contour, (b) water saturation contour, and (c)

pressure contour.

FIG. 16. Contour plot for F-bed (30mm) at drying times of 10, 100, and 360min: (a) temperature contour, (b) water saturation contour, and (c) press-

ure contour.
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FIG. 18. Fluid movement pattern inside the F-bed (sample thickness of 50mm) at heating times of 10, 100, and 360min: (a) liquid flux (scale� 5,000)

and (b) gas flux (scale� 30,000,000).

FIG. 19. Fluid movement pattern inside the F-bed (sample thickness of 80mm) at heating times of 10, 100, and 360min: (a) liquid flux (scale� 5,000)

and (b) gas flux (scale� 30,000,000).
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This is because the nonuniform temperature distribution
leads to a discontinuous evaporation rate inside the sam-
ple, which induces a pressure explosion inside the sample.
The gas flux, which is function of pressure buildup, is
then moved because of these effects. Furthermore, the dif-
ference in temperature distribution of various sample
thicknesses results in different patterns of liquid and gas
flow.

CONCLUSION

The numerical analysis presented describes many impor-
tant interactions within a single-layer porous packed bed
with different particle sizes and different sample thick-
nesses during microwave heating using a rectangular
waveguide. The following paragraphs summarize the con-
clusions of this study.

A mathematical model for analysis of heat and mass
transfer and pressure buildup in typical porous packed beds
subjecting to microwave energy can be used successfully to
describe transport phenomena in several conditions.

The particle size significantly affects to describe pressure
buildup distribution, water saturation distribution, and
movement of fluid inside the unsaturated porous packed
bed. In addition, the saturated distribution can change the
electromagnetic field and heat and mass transfer patterns.

The sample thickness strongly influences heating beha-
vior because it can change electromagnetic field patterns,
microwave power absorption, and temperature distribution
profile results.

The results in this work are useful in designing
microwave drying and heating machines or to improve
the product quality from microwave processes.

NOMENCLATURE

Cp Specific heat capacity (J=kgK)
Dm Effective molecular mass diffusion (m2=s)
E Electric field intensity (V=m)
f Frequency (GHz)
gr Gravitational constant (m=s2)
H Magnetic field intensity (A=m)
Hv Specific heat of vaporization (J=kg)
hc Heat transfer constant (W=m2K)
hm Mass transfer constant (W=m2K)
K Permeability (m2)
_mm Phase change term (kg=m3s)
P Microwave power (W)
p Pressure (Pa)
Q Microwave power absorbed term (W=m3)
s Water saturation
T Temperature (�C)
t Time (s)
tan d Loss tangent coefficient
u, w Velocity (m=s)

Greek Letters

e Complex permittivity (F=m)
e0 Permittivity or dielectric constant
e00 Dielectric loss factor
keff Effective thermal conductivity (W=mK)
l Magnetic permeability (H=m)
l Dynamic viscosity (Pa s)
q Density (kg=m3)
/ Porosity

Subscripts

0 Free space
a Air
c Capillary
g Gas
l Liquid water
p Particle
r Relative
v Water vapor
x, z Coordinate axis (m)
1 Ambient condition
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