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In this article, the heat and mass transfer and pressure buildup in
unsaturated porous media under microwave energy is theoretically
investigated. The unsaturated porous media is composed of glass
beads, water, and air. The microwave power generation is computed
based on Lambert’s law. The ﬁnite control volume (FCV) method is
used to predict the heat and multiphase ﬂow and pressure buildup in
unsaturated porous media under various conditions. Most importantly, this work focuses on the inﬂuence of frequency, particle size,
and electric ﬁeld intensity to predict heat and mass transfer and
pressure built up in porous media due to microwave energy. The
results show that variations of frequency, particle size, and electric
ﬁeld intensity play an important role on overall drying kinetics.
Furthermore, the ﬁndings of this research will serve as a fundamental tool for applications involving in the microwave drying process of
porous media.
Keywords Electric ﬁeld intensity; Frequency; Microwave energy;
Particle size; Porous media; Pressure

INTRODUCTION
Microwave is a form of electromagnetic wave, with
wavelengths ranging from 1 m down to 1 mm, with frequencies between 0.3 and 300 GHz. Microwave is used in
many industries and households as a source of thermal
energy. It is used in the drying of textiles, paper, photographic ﬁlm, and leather. Other uses include vulcanization,
casting, and cross-linking polymers. Perhaps the largest
consumption of microwave power is in the food industry,
where it is used for cooking, thawing, freeze drying, sterilization, pasteurization, etc. Microwave energy can lower the
drying temperature in several porous materials by several
hundred degrees, shorten drying times, reduce drying
defects, provide greater throughput, increase energy efﬁciency, and reduce ﬂoor-space requirements in comparison
Correspondence: P. Rattanadecho, Research Center of Microwave Utilization in Engineering (RCME), Department of
Mechanical Engineering, Faculty of Engineering, Thammasat
University (Rangsit Campus), 99 Moo 18, Patumthani 12120,
Thailand; E-mail: ratphadu@engr.tu.ac.th

with conventional drying methods. It is also environmentally friendly and integrates easily into ﬂexible, automated
manufacturing systems.
In order to maintain product quality, a uniform distribution of heat is of paramount importance in these
processes. Factors that inﬂuence the uniform distribution
of heat are load factors and microwave system factors.
For example, dielectric properties, load geometry, and mixture ratio are load factors. Microwave system factors are
turntable, operating frequency, placement inside the oven,
oven size, and geometry. Knowledge of several parameters
is required to accurately account for all the phenomena
that occur in a dielectric heated by microwaves. This
includes a description of the electromagnetic ﬁeld distribution, microwave power absorption, temperature, and
multiphase ﬂow. For this reason, we need to solve the
coupled differential equations including moisture transport
equation, pressure equation, energy equation, and electromagnetic equation. Due to the complexity and number of
equations involved, the numerical method is the only
approach that conducts realistic process simulations.
A number of analyses of the drying process and the
microwave heating process have appeared in recent
research.[1–17] Excellent reviews of the drying techniques of
porous material using microwave energy have been
presented by Mujumdar,[18] Metaxas and Meridith,[19]
Datta and Anantheswaran,[20] and Schubert and Regier.[21]
Recently, Perré and May[22] systematically presented multiple sets of macroscopic equations proposed for simulation
of the drying process. Considerations concerning the potential of these formulations, together with the number of space
dimensions used in the simulation, were discussed in detail.
The ﬁrst fundamental difference between them lies in the
number of state variables used to describe the medium:
1. Model 1, three variables: moisture content (or an
equivalent variable: saturation, water potential), temperature (or an equivalent variable: enthalpy), and
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gaseous pressure (or an equivalent variable: air density,
intrinsic air density).
2. Model 2, two variables: moisture content (or equivalent variable) and temperature (or an equivalent
variable).
3. Model 3, one variable: moisture content (or equivalent
variable).
Although a number of studies were conducted to investigate the microwave heating and drying processes, most
were carried out using a simpliﬁed model, that is, model
2 or model 3, as deﬁned above. A few papers focused
on model 1.[22] Furthermore, in previous work, the inﬂuences of the frequency, particle size, and electric ﬁeld
intensity on the drying kinetics have not been clearly studied. In general, during the microwave drying process of
porous material, the phenomenon is too complex for
theoretical explanation, due to the strong effects of the
interaction between dielectric material and wave characteristics. Consequently, from a macroscopic point of view,
these effects on heat and mass transport and microwaveabsorbed energy within porous material during the
microwave drying process must be clariﬁed in detail. This
current study is extended from the work of Ratanadecho
et al.[10] to systematically investigate the inﬂuences of
frequency, particle size, and electric ﬁeld intensity on the
overall drying kinetics. In the present study, the model
formulation is based on model 1, as deﬁned earlier. The
comprehensive set of equations used at macroscopic level
describes the system using three independent state variables. A more detailed description of these equations
and related assumptions can be found in the relevant
section. In analysis of the microwave energy absorbed
term, the energy absorption is assumed to decay exponentially into the sample following Lambert’s law. Most
importantly, this study focuses on the results of the distributions of microwave-absorbed energy, temperature, and
moisture proﬁles within the porous materials. Furthermore, the multiphase ﬂow behavior is discussed in detail.
The results presented herein provide a basis for fundamental understanding of the microwave drying of porous
materials.
RELATED THEORIES
Figure 1 shows the analytical model for microwave
drying of the sample. The rate of volumetric energy
absorbed corresponding to the microwave-absorbed energy
was assumed to decay exponentially into the sample,
according to Lambert’s law. The basic equation to calculate the density of microwave power absorbed by dielectric
material can be written in the ﬁnal form as[10]:
Q¼

@P
dz ¼ 2aPdz ¼ 2adz  2pf eðtan dÞE 2 e2a z
@z

ð1Þ

FIG. 1.

Analytical model.

where E is the electromagnetic ﬁeld intensity; f is the
frequency of the microwave; x is the angular velocity of
the microwave; tan d is the dielectric loss tangent coefﬁcient; and a is the attenuation constant, which can be
calculated from[10]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

e0 er l0
a ¼ 2pf
tan2 d þ 1  1
2
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2pf er pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tan2 d þ 1  1
¼
c
2

ð2Þ

The attenuation parameter (a) controls the rate at
which the incident ﬁeld decays and is inversely proportional to the skin depth; that is, a ¼ 1=ds. In this work,
the effects of the overall drying kinetics are examined by
selecting the dielectric properties as a function of water
saturation (moisture content) and temperature. The
theory mixing the formulas by Wang and Schmugge[23]
is used.
The loss tangent coefﬁcient can be expressed as follows:
tan d ¼

e00
e0

ð3Þ

where e00 is a dielectric loss factor and e0 is a dielectric
constant.
The dielectric properties of water taken from Von
Hippel[24] are a function of temperature. The dielectric
properties of gas are assumed constant. The numerical
values for skin depth, relative permittivity, and loss tangent
at various moisture contents are listed in Table 1.
The main transport mechanisms that enable moisture
movement during the microwave drying of the sample are
liquid ﬂows driven by capillary pressure gradient and
gravity. However, the vapor is driven by the gradient of
the partial pressure of the evaporating species. The main
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TABLE 1
Dielectric properties of the sample (corresponding to
T ¼ 20 C and f ¼ 2.45 GHz)[10]
Moisture
content (s)
0.0
0.25
0.5
0.75
1.0

Relative
permittivity (er0 )

Loss tangent
(tan d)

Skin
depth (ds)

3.5420
10.9606
18.3110
25.6955
33.0801

0.0062
0.0190
0.0319
0.0447
0.0589

3.338119
0.607039
0.285429
0.171784
0.117645
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assumptions involved in the formulation of the transport
model are the following:
1. The capillary porous material is rigid. No chemical
reactions occur in the sample.
2. The local thermodynamics equilibrium among phases
is assumed.
3. The gas phase is ideal in the thermodynamic sense.
4. The contribution of convection to energy transport is
included.
5. Darcy’s law holds valid for the liquid and gas phases.
6. Gravity is included, particularly in the liquid and gas
phases.
7. The permeability of liquid and gas can be expressed in
terms of relative permeability.
8. In a macroscopic sense, the packed bed is assumed to
be homogeneous and isotropic, and liquid water is not
bound to the solid matrix. Therefore, the volume average model for a homogeneous and isotropic material
can be used in the theoretical model and analysis.
9. Corresponding to the electric ﬁeld, the temperature
and moisture proﬁles are assumed to have a onedimensional form.
10. The microwave absorbed energy is assumed to decay
exponentially into the sample, according to Lambert’s
law.
11. The nonthermal effect of microwave irradiation is
neglected.

Mass Conservation
The macroscopic mass conservation equations for
liquid, water vapor, air, and gas phases are written, respectively, as:

Liquid phase: ql /

Vapor phase:

@s
@ul
þ ql
¼ n_
@t
@z

@
@
ðqv /ð1  sÞÞ þ
ðq uv Þ ¼ n_
@t
@z v

ð4Þ
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Air phase:

@
@
ðqa /ð1  sÞÞ þ
ð q ua Þ ¼ 0
@t
@z a

ð6Þ

Gas phase:



@
@ 
q /ð1  sÞ þ
q ug ¼ n_
@t g
@z g

ð7Þ

where n_ is the condensation rate or the evaporation rate
during a phase change. The water vapor and air mass ﬂux
are the sum of the convective term with the gas superﬁcial
velocity and diffusive term.
Energy Conservation
The temperature of the sample exposed to irradiation is
obtained by solving the conventional heat transport equation with the microwave energy absorbed included as a
local heat generation term. The governing energy equation
describing the temperature rise in the sample is the time.
The energy conservation equation is represented by:
  @ 

  
@ 
qCp T T þ
ql Cpl ul þ qa Cpa þ qv Cpv ug T
@t
@z


@
@T
k
þ Hv n_ ¼
þQ
ð8Þ
@z
@z
Phenomenological Relations
In order to complete the system of equations, the expressions for the superﬁcial average velocity of the liquid and
gas phases, the generalized Darcy’s law in the following
form was used by Ratanadecho et al.[10]:
ul ¼ 



KKrl @Pg @Pc
KKrg @Pg

 q l g ; ug ¼ 
 qg g
ll
@z
@z
lg
@z
ð9Þ

where ll and lg denote the viscosity of liquid and gas
phases, respectively.
For the velocity of water vapor and air phases, the
generalized Fick’s law in the following form is used:
!
!
@ qv
@ qa
qv uv ¼ qv ug  qg Dm
; qa ua ¼ qa ug  qg Dm
@z qg
@z qg
ð10Þ
where the capillary pressure (Pc) is related to the gas and
liquid phases and can be written as:
Pc ¼ Pg  Pl

ð11Þ

and Dm is the effective molecular mass diffusion[10]:
ð5Þ

Dm ¼

2/
ð1  sÞD
3/

ð12Þ
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Equilibrium Relations
The system of conservation equations obtained for
multiphase transport mode requires a constitutive equation
for liquid relative permeability Krl and gas relative permeability Krg. A typical set of constitutive relationships
for liquid and gas system was given by Ratanadecho
et al.[10]:
Krl ¼ s3e ; Krg ¼ 1:2984  1:9832se þ 0:7432s2e
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s  sir
1  sir

ð14Þ

The capillary pressure is further assumed to be
adequately represented by Leverett’s well-known J(se)
functions, and the relationship between the capillary pressure and the water saturation is deﬁned by using Leverett
functions J(se):
r
Pc ¼ Pg  Pl ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Jðse Þ
K =/

Diameter, d (mm)

Porosity, /

Permeability, k (m2)

0.385
0.371

8.41  1012
3.52  1011

0.15
0.4

ð13Þ

where se is the effective water saturation considering the
irreducible water saturation (sir ¼ 0.06) and is deﬁned by:
se ¼

TABLE 2
Characteristics of water transport in porous material[10]

The effective thermal conductivity of the capillary
porous medium is a function of water saturation that can
be written as:
k¼

0:8
1 þ 3:78e5:95s

Stated Equations
The gas phase is assumed to be an ideal mixture of air
and vapor, so the density of each phase can be determined
by the stated equations,[15]

ð15Þ

qa ¼

Pa Ma
Ro T

Here r is the gas–liquid interfacial tension, and Leverett
functions are given by:

qv ¼

Pv Mv
Ro T

Jðse Þ ¼ 0:325ð1=se  1Þ0:217

ð16Þ

Figure 2 shows the typical moisture characteristic curve
(the relationship between capillary pressure and water saturation) for different particle sizes obtained from present
experiments. It can be seen that, in the case of the same
water saturation, a small particle size corresponds to a
higher capillary pressure. The characteristics of water
transport in porous material obtained here are shown in
Table 2.

ð17Þ

qg ¼ qa þ qv
Pa ¼ qa Ra T
Pv ¼ qv Rv T
q g u g ¼ q a u g þ qv u v

ð18Þ

The partial pressure of the vapor is given by
Kelvin’s equation, based on the capillary force as
deﬁned by:


Pc
Pv ¼ Pvs exp
ð19Þ
ql Rv T
where Pvs is the partial pressure of the saturation
vapor.

FIG. 2.

Typical relationship between Pc and se.[10]

Heat Transport Equation
The kinetic energy and pressure terms, which are usually
unimportant, are ignored. Local thermodynamics equilibrium among all phases is assumed. The temperature of
unsaturated porous media is obtained by solving the
conventional heat transport equation. Considering
the enthalpy transport based on the water and gas ﬂows,
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the conduction heat and latent heat transfer are due
to evaporation. The energy conservation equation is
represented by:
@
@
ððqCp ÞT TÞ þ ððql Cpl wl þ ðqa Cpa þ qv Cpv Þwg ÞTÞ
@t

 @z 
@
@T
@
ðq / ð1  sÞÞ
¼
k
 Hv
@z
@z
@t v

 


@
KKrg
@Pg
@ qv
þ qg gz  qg Dm
qv
þ

þQ
@z
@z qg
lg
@z

Boundary and Initial Conditions
The boundary conditions proposed for the open
boundary of the sample deﬁne the exchange of energy
at the open boundary, which can be described in the
following form:

k
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ð20Þ
Mass Transport Equation
The phenomenon of moisture transport is described by
the mass conservation equations for the liquid phase and
for the water vapor in the gas phase because the total water
content is of interest. The addition of the one-dimensional
equations (Eqs. (4) and (5)) yields total moisture content as
follows:



@
@ KKrl @Pc @Pg
/ fs þ Yv ð1  sÞg þ

þ gz
@t
@z
ll
@z
@z


KKrg
@Pg
@
þ Yv
þ qg gz  Yg Dm ðWv Þ ¼ 0 ð21Þ

@z
lg
@z
where

qv
ql

¼ Yv ,

qg
ql

¼ Yg ,

qa
ql

¼ Ya , and

Yv
Yg

@T
¼ hc ðT  Ta Þ
@z

ql wl þ qv wv ¼ hm ðqv  qva Þ

ð23Þ

ð24Þ

where hc is the heat transfer coefﬁcient, hm is the mass
transfer coefﬁcient, qv is the density of water vapor at
the open boundary, and qva is reference vapor density in
the gas phase surrounding the open boundary. The
boundary conditions at the symmetrical impermeable surface are given by:

@T
@w
¼ 0;
¼0
@z
@z

ð25Þ

¼ Wv

The Pressure Built Up in Porous Media Equation
The pressure built up in the porous media is obtained
from the air-balance equation (Eq. (6)) as follows:
"


@
@
KKrg
@Pg
Ya
þ qg gz
/ fYa ð1  sÞg þ

@t
@z
lg
@z
!#
@ qa
Yg Dm
¼0
ð22Þ
@z qg

NUMERICAL PROCEDURE
The system of nonlinear partial differential equations
(Eqs. (20)–(25)) must be solved by the ﬁnite difference
method based on the notation of control volume as
described by Patankar.[25] At each time increment, the nodal
values of s, T, and P were solved iteratively and convergence
was checked on both variables. The Newton-Raphson
method was employed at each iteration to speed up the
convergence. The discretized form of the heat transport
equation (Eq. (20)) is given by:

 ðq C Þ 

nþ1
ðq Cp Þnþ1
 ðq Cp ÞnTk Tkn ql Cpl  nþ1 nþ1
p av
Tk Tk
nþ1
nþ1 nþ1
nþ1
nþ1
þ
w
T
T

w
T
þ
wlk Tk  wnþ1
lk1 k1
gk
k
gk1 k1
Dt
Dz
Dz
!
!
 nþ1
nþ1
nþ1
nþ1 


Tkþ1  Tk
Tk  Tk1
1
Hv qv / 
n
knþ1

ð1  sir Þ snþ1
 knþ1
þ
1
1
ek  sek
kþ
k
2
2
Dz
Dt
Dz
Dz
  nþ1 nþ1 

  nþ1 nþ1 
 1
0
Pgkþ1 Pgk
Pgk Pgk1
nþ1 KKrg
nþ1 KKrg
q


þ qg gz  qvk1 l
þ qg g z
Dz
Dz
g
C
B vk lg kþ12
k12
C
0
0
1
0
1
1








1 B
nþ1
nþ1
nþ1
nþ1
C
B
 B
qv
qv
qv
qv
CQ¼0
 q
qg
C
Dz B B nþ1 nþ1 B qg kþ1  qg k C
nþ1
nþ1
g
B
C
C
k
k1
A
@ @qgk D 1 @
A  qgk1 Dmk1 @
AA
Dz
Dz
mkþ
2
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Similarly, the discretized form of the mass transport
equation (Eq. (21)) can be written as

2.45 and 5 GHz. However, there are other ﬁxed parameters
including the particle size of 0.15 mm, the electric ﬁeld



/
n
nþ1
nþ1
n
n
ð1  sir Þ ðsnþ1
ek  sek Þ þ ðYvk ð1  sek Þ  Yvk ð1  sek ÞÞ
Dt



 1
0
 Pnþ1 Pnþ1 
 Pnþ1 Pnþ1 
Pnþ1
Pnþ1
Pnþ1
Pnþ1
KKrl
KKrl
gkþ1
gk
gk
gk1
ckþ1
ck
ck
ck1


þ gz  l
þ gz
Dz
Dz
Dz
Dz
l
C
B ll kþ 12
k12
C
B










C
nþ1
nþ1
nþ1
nþ1
1 B
Pgkþ1 Pgk
Pgk Pgk1
KKrg
C¼0
B þY nþ1 KKrg
þ

g

g
þ
q

þ
q
C
B
z
z
g
g
vk
lg
Dz
lg
Dz
Dz B
kþ 12
k12
C
A
@






nþ1
nþ1
nþ1
nþ1
W
W
nþ1
nþ1
nþ1
W W
Ygk Dmkþ1 vkþ1Dz vk  Dmk1 vk Dz vk1
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2

ð27Þ

2

The discretized form of the pressure built up in the porous
media equation (Eq. (22)) can also be written as:

intensity of 4,200 V=m, and the initial moisture content of
0.7. The microwave energy absorbed is shown in Fig. 5.


/
nþ1
n
n
ð1  sir ÞðYak
ð1  snþ1
ek Þ  Yak ð1  sek ÞÞ
Dt

  nþ1 nþ1 

  nþ1 nþ1 
 1
0
Pgkþ1 Pgk
Pgk Pgk1
nþ1
KKrg
KKrg
Yak

g

g
þ
q

þ
q
g z
g z
lg
Dz
lg
Dz
C
B
kþ12
k12
C
0
0
1
0
1
1








1 B
nþ1
nþ1
nþ1
nþ1
C
B
þ B
qa
qa
qa
qa
C¼0
 q
 q
qg
qg
C
Dz B
g
nþ1 B
nþ1
nþ1
g
B
C
B
C
C
kþ1
k
k
k1
A
@ Ygk @D 1 @

D
A
AA
Dz
Dz
mkþ
mk1 @
2

2

Details of the computational schemes and strategy are
illustrated in Fig. 3. The electromagnetic and thermophysical properties used in the computation are given in Table 3.
To verify the accuracy of the presented numerical study,
the resulting data are validated against the results obtained
by Kaviany and Rogers.[26] Figure 4a shows the predicted
result[26] and Fig. 4b shows the results from the present
study. Both are in good agreement. At t ¼ 114 min, the
study shows that the distribution curve gradually declines
at unheated surface from X=L of 0.7 onwards. This
suggests that the additional conditions in the present model
under the same numerical approach yield a nontrivial
difference at t ¼ 114 min.
RESULTS AND DISCUSSION
In this section, the effects of various parameters on
microwave drying are investigated. The effects of microwave frequency (f) are examined ﬁrst, followed by the
effects of particle size and electric ﬁeld intensity.
Influence of Frequency
The case of frequency effects is the ﬁrst condition. The
numerical results are based on two different frequencies,

FIG. 3. Computational scheme.

ð28Þ
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TABLE 3
Electromagnetic and thermophysical properties used in the computations
e0 ¼ 8.85419  1012 [F=m]
l0 ¼ 4.0px 107 [H=m]
lrl ¼ 1.0
qa ¼ 1.205 [kg=m3]
Cpa ¼ 1.007 [kJ=(kg  K)]
ka [W=(m  K)]
Initial saturation (s) ¼ 0.7
htc ¼ 15 [W=(m2  K)]

era ¼ 1.0
lra ¼ 1.0
tan da ¼ 0.0
qp ¼ 2, 500 [kg=m3]
Cpp ¼ 0.80 [kJ=(kg  K)]
kp ¼ 1.0 [W=(m  K)]
Tair ¼ 30 C
hr ¼ 0.58 [m=s)]

erp ¼ 5.1
lrp ¼ 1.0
tan dp ¼ 0.01
ql ¼ 1, 000 [kg=m3]
Cpa ¼ 4.186 [kJ=(kg  K)]
kl ¼ 0.610 [W=(m  K)]

Downloaded By: [2008-2009 Thammasat University] At: 04:49 9 February 2011

In Fig. 5, it can be seen that the maximum value of the
microwave energy absorbed occurs at a depth of 2 cm
and decreases with increasing elapsed time. Therefore, continued drying would eventually cause the average moisture
content inside the sample to decrease and lead to a decrease
in microwave energy absorbed. This phenomenon explains
why the microwave energy absorbed within the sample in
the end stage of drying (10 h) is slightly lower than that
observed in the early stage of drying. This result is the same
in the case of higher frequency. In Fig. 6, it is seen that the
temperature proﬁle within the sample rises quickly in the
early stage of the drying process, after which it slows
down considerably, because the dielectric loss coefﬁcient
decreases signiﬁcantly with increasing temperature. This
is the same reason that the microwave energy absorbed
in the last stage of drying is lower as shown in Fig. 5.
Distributions of temperature have trends similar to the
distributions of energy absorbed depicted in Fig. 5.
Figure 7 shows the moisture proﬁles for two frequencies
(f ¼ 2.45 GHz and f ¼ 5 GHz) that correspond to the initial
moisture content of 0.7. The observed moisture proﬁles in
the case of higher frequency are lower than those in the

FIG. 4. Saturation proﬁles with respect to elapsed time: (a) result
predicted[26] and (b) result predicted from present study.

FIG. 5. Energy absorbed proﬁles at various frequencies (d ¼ 0.15 mm,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).
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FIG. 6. Temperature proﬁles at various frequencies (d ¼ 0.15 mm,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

case of lower frequency. This is because higher frequency
(which corresponds to a higher energy absorbed, as in
Eq. (1)) can cause moisture to transport upward at a higher
rate than that in the case of lower frequency. However, the
ease with which the water can move in the liquid phase
depends on the nature of the matrix structure within the
porous material. In fact, for capillary porous materials, a
natural redistribution of the moisture occurs from inside
the material as water evaporates at the surface.
As shown in Fig. 8, total pressure distributions up to 5 h
are partly a vacuum because the gases formed do not ﬁll in
the voids completely. Five hours later, total pressure
rapidly builds up within the sample. The amount of
accumulated vapor due to the high diffusive vapor ﬂux
contributes to a fast increase in total pressure. Overall,
the pressure keeps rising with time. High temperature
and pressure gradient are generated within the sample,
particularly during the constant rate period, initiating a

FIG. 7. Moisture proﬁles at
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

various

frequencies (d ¼ 0.15 mm,

FIG. 8. Pressure distribution at various frequencies (d ¼ 0.15 mm,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

pumping effect. As a result, a great amount of liquid is supplied to the surface. The mechanism of moisture transfer is
mainly inﬂuenced by capillary pressure.

FIG. 9. Fluid movement pattern at 4 h in case of frequency (a) 2.45 GHz
(vector length [relative]: 30 grid units=magnitude) and (b) 5 GHz (vector
length [relative]: 10 grid units=magnitude).

Downloaded By: [2008-2009 Thammasat University] At: 04:49 9 February 2011

HEAT AND MASS TRANSPORT IN UNSATURATED POROUS MATERIALS

In order to get more insight into the ﬂuid transport, it is
important to study the ﬂuid movements within the sample
in depth. The proﬁles of liquid ﬂux, vapor ﬂux, and air ﬂux
for the cases of frequency f ¼ 2.45 GHz and f ¼ 5 GHz at
various times are shown in Figs. 9 and 10, respectively.
The results show the same trends for both cases. It can
be seen in Fig. 9a that most of the vapor ﬂows within the
sample to the surface where evaporation takes place.
During the 4th hour, vapor and liquid ﬂow in both directions but opposite to each other because liquid vaporizes,
whereas vapor condenses, along the path. Air moves
toward the heated surface at the smallest rate. Vapor ﬂux
is greater than air ﬂux because convective vapor ﬂux
enhances vapor diffusion, whereas convective air ﬂow
slows down air diffusion. In the 10th hour (Fig. 10), vapor
throughout the medium migrates in the direction of
decreasing saturation. As the rate of liquid supply to the
surface becomes lower than the evaporation rate, the void
volume increases, allowing air to ﬂow away from the
heated surface toward the other surface. Figures 11a and
11b depict the evolution of the ﬂux proﬁles at a depth of

FIG. 10. Fluid movement pattern at 10 h in case of frequency (a)
2.45 GHz (vector length [relative]: 1 grid units=magnitude) and (b)
5 GHz (vector length [relative]: 12 grid units=magnitude).
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4 cm in the cases of two different frequencies, 2.45 and
5 GHz. The observed vapor ﬂux moves from inside to the
surface at the 4th and 2nd hours in cases of microwave
frequency at 2.45 and 5 GHz, respectively. However, the
quantity of vapor ﬂux at 5 GHz is higher than that found
in the case of 2.45 GHz. The higher frequency (which
corresponds to a higher energy absorbed, as shown in
Fig. 5) can cause moisture to transport upwards at a higher
rate than that in the case of lower frequency.
Influence of Particle Size
Particle size is directly related to water saturation in the
packed bed. Water saturation is deﬁned as the fraction of
the ratio of water volume to pore volume that means the
large particle size have low water saturation. That is, the
space among the large particles is smaller than the space

FIG. 11. Flux proﬁles at 4 cm in case of frequency (a) 2.45 GHz and (b)
5 GHz (d ¼ 0.15 mm, Ein ¼ 4,200 V=m, Sin ¼ 0.7).
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FIG. 12. Energy-absorbed proﬁles at
(f ¼ 2.45 GHz, Ein ¼ 4,200 V=m, Sin ¼ 0.7).
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various

particle

sizes

FIG. 15. Pressure distribution at various particle sizes (f ¼ 2.45 GHz,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

between small particles. Therefore, the water content inside
a packed bed containing large particles is lower than that in
a packed bed containing small particles. The following

FIG. 13. Temperature proﬁles at various particle sizes (f ¼ 2.45 GHz,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

FIG. 14. Moisture proﬁles at various particle sizes (f ¼ 2.45 GHz,
Ein ¼ 4,200 V=m, Sin ¼ 0.7).

FIG. 16. Fluid movement pattern at 4 h in case of particle size (a)
0.15 mm (vector length [relative]: 30 grid units=magnitude) and (b)
0.4 mm (vector length [relative]: 65 grid units=magnitude).
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FIG. 17. Fluid movement pattern at 10 h in case of particle size (a)
0.15 mm (vector length [relative]: 1 grid units=magnitude) and (b)
0.4 mm (vector length [relative]: 35 grid units=magnitude).

discussion refers to the effect of glass bead size under the
same conditions. The microwave energy absorbed, temperature proﬁles, moisture proﬁles, and pressure distribution are shown in Figs. 12–15, respectively. Figure 14
shows the moisture proﬁles for two particle sizes
(d ¼ 0.15 mm and d ¼ 0.4 mm), based on a frequency of
2.45 GHz, electric ﬁeld intensity of 4,200 V=m, and initial
moisture content of 0.7. The observed moisture proﬁles
near the heated edge of the sample in the case of small
particle size are higher than the others because a higher
capillary force causes moisture to reach the surface at a
higher rate than in the case of large particle size due to
the microwave energy absorbed (Fig. 12). Figure 13 shows
the temperature proﬁles at various particle sizes. It is found
that the temperature of the small particle is higher than the
large particle at all drying times, because the moisture
content for the small particle is higher and hence more
microwave energy is absorbed. Figure 15 shows that total
pressure is much higher when a long drying time is reached.
Figures 16 and 17 depict the ﬂuid movement patterns
within the sample as a function of depth during the 4th

FIG. 18. Flux proﬁles at 4 cm in case of particle size (a) 0.15 mm and (b)
0.4 mm (f ¼ 2.45 GHz, Ein ¼ 4,200 V=m, Sin ¼ 0.7).

and 10th hours, respectively. The vector proﬁle presented
has an advantage of better clariﬁcation over the directions
and magnitudes. In Figs. 16a and 16b, during the 4th hour,
the vapor and liquid ﬂow in both directions with different
orders of magnitude, because liquid vaporizes, whereas
vapor condenses, along its path. In addition, the result of
the small particle size has a larger ﬂux than the larger
particle size. (The ratios of grid units to magnitude in the
case of small particle size and larger particle size are 30
and 65, respectively.) However, the air ﬂux of 0.15 mm particle size moves toward the surface, but in the case of
0.4 mm size the air ﬂows in the opposite direction because
of the effect of capillary pressure. Figure 17a describes the
ﬂux proﬁle of 0.15 mm size during the 10th hour. It was
found that the vapor ﬂows throughout, and has a higher
rate near the central region into which it migrates, in the
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direction of decreasing saturation. In the case of 0.4 mm
(Fig. 17b), the vapor and liquid ﬂow in the opposite directions, as observed previously. The larger particle size
(which corresponds to a higher moisture proﬁle, as shown
in Fig. 14) causes moisture to transport upward at a lower
rate than in the case of small particle size. The ﬂux proﬁles
for two different particle sizes (d ¼ 0.15 mm and
d ¼ 0.4 mm) as a function of time at a depth of 4 cm are
shown in Figs. 18a and 18b, respectively. The ﬂux proﬁles
in the case of small particle size exhibit larger magnitudes
than those in the case of larger particle size because small
particle size corresponds to a higher capillary force and
causes moisture to transport upward at a higher rate than
in the case of large particle size.
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FIG. 19. Energy-absorbed proﬁles at various electric ﬁeld intensities
(f ¼ 2.45 GHz, d ¼ 0.15 mm, Sin ¼ 0.7).

FIG. 20. Temperature proﬁles at various electric ﬁeld intensities
(f ¼ 2.45 GHz, d ¼ 0.15 mm, Sin ¼ 0.7).

Influence of Electric Field Intensity
The following discussion focuses on the effect of electric
ﬁeld intensity under the following conditions: frequency of
2.45 GHz, particle size of 0.15 mm, and initial moisture
content of 0.7. The microwave energy absorbed for two
different electric ﬁeld intensities (Ein ¼ 2,800 V=m and
Ein ¼ 4,200 V=m) as a function of distance at various times
is shown in Fig. 19. The microwave energy absorbed whose
maximum value occurs inside the medium decreases with
time. Therefore, continued drying would eventually cause
the average moisture content inside the sample to decrease
and consequently lead to decreased microwave energy
absorbed. The observed microwave energy in the case of
higher electric ﬁeld intensity is higher than that in the case
of lower electric ﬁeld intensity because the energy absorbed
is proportional to an electric ﬁeld intensity as indicated in
Eq. (1).

FIG. 21. Moisture proﬁles at various electric ﬁeld intensities (f ¼ 2.45 GHz, d ¼ 0.15 mm, Sin ¼ 0.7).
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FIG. 22. Pressure distribution at various electric ﬁeld intensities (f ¼ 2.45 GHz, d ¼ 0.15 mm, Sin ¼ 0.7).

Accordingly, temperature proﬁles within the sample in
the case of higher electric ﬁeld intensity are higher than
those in the case of lower electric ﬁeld intensity, as shown
in Fig. 20. In Fig. 21, it is observed that the electric ﬁeld

intensity peaks near the high-temperature side, where
moisture is relatively low. Figure 22 shows the distributions
of pressure within the medium. During the 10th hour,
pressure in the case of higher electric ﬁeld intensity is much

FIG. 23. Fluid movement pattern at 4 h in case of electric ﬁeld intensity
(a) 2,800 V=m (vector length [relative]: 150 grid units=magnitude) and (b)
4,200 V=m (vector length [relative]: 30 grid units=magnitude).

FIG. 24. Fluid movement pattern at 10 h in case of electric ﬁeld intensity
(a) 2,800 V=m (vector length [relative]: 100 grid units=magnitude) and (b)
4,200 V=m (vector length [relative]: 1 grid unit=magnitude).
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higher than that of lower intensity due to much higher temperature in the high-intensity case, as previously seen in
Fig. 20. For high intensity, there a vacuum appears during
the 5th hour. This vacuum is attributed to an increase in
void volumes where vapor and air are formed. The ﬂuid
movement patterns within the sample during the 4th and
10th hours are shown in Figs. 23 and 24, respectively.
Figures 25a and 25b depict ﬂux proﬁles during the 4th hour
in the cases of electric ﬁeld intensity of 2,800 V=m and
4,200 V=m, respectively. For both cases, the directions of
movement of vapor and liquid ﬂuxes are opposite. Liquid
is converted into vapor as vapor concurrently condenses.
The magnitudes of ﬂux in the case of electric ﬁeld intensity
of 4,200 V=m are greater than that in case of 2,800 V=m
(grid units per magnitude are 30 and 150, respectively).
Additionally, at 4,200 V=m, the propagation of air ﬂux is
toward the surface, whereas at 2,800 V=m, the air ﬂows
in the opposite direction, due to the effect of capillary
pressure. Figure 24a shows the electric ﬁeld intensity of
2,800 V=m during the 10th hour. It was conﬁrmed that

the vapor and liquid ﬂow in opposite directions.
Figure 24b shows the case of electric ﬁeld intensity
4,200 V=m. Liquid and air ﬂux move in the same direction
as the air ﬁlls up spaces from which the liquid ﬂows.
Figures 25a and 25b show the ﬂux proﬁles within the sample (4 cm) as a function of time. Although transient ﬂow
patterns exist in the early stage of drying for 4,200 V=m
in Fig. 25b, it has been observed that vapor ﬂux moves
from inside to the surface, whereas liquid moves in the
opposite direction. The higher electric ﬁeld intensity gives
larger ﬂux magnitudes than for lower electric ﬁeld intensity
because the energy absorbed is proportional to an electric
ﬁeld intensity, as indicated in Eq. (1) (consistent with a
higher energy absorbed, as shown in Fig. 19).
CONCLUSIONS
The numerical model presented in this work describes
many of the important interactions within a capillary
porous material during microwave drying. The effects of
various parameters on the microwave drying process are
investigated. Effects of controlled parameters including
frequency, particle size, and electric ﬁeld intensity on heat
and mass transport are summarized as follows:
1. A generalized mathematical model of drying by microwave energy is proposed. It is used successfully to
describe the drying phenomena under various conditions.
2. The effects of irradiation time, frequency, particle size,
and electric ﬁeld intensity on the microwave drying
kinetics are clariﬁed in detail, taking into account the
inﬂuence of vapor diffusion and capillary ﬂow.
3. Moisture transports near the heated edge of the sample
in the case of higher frequency are higher than those in
the case of lower frequency. This is because the higher
frequency, which corresponds to a higher energy
absorbed, causes moisture to reach the surface at a
higher rate.
4. Pressure built up near the heated surface is attributed to
high diffusive ﬂux of accumulated vapor inside the
medium.
5. The small bead size leads to much higher capillary
forces, resulting in a faster drying time.
6. The ﬂuid movements in porous media depend on the
size of the pores, the size of the particles, and the ﬂuid
ﬂow rate.

FIG. 25. Flux proﬁles at 4 cm in case of electric ﬁeld intensity (a)
2,800 V=m and (b) 4,200 V=m (f ¼ 2.45 GHz, d ¼ 0.15 mm, Sin ¼ 0.7).

Additionally, in this work, the microwave energy
absorbed was assumed to decay exponentially into the
sample, according to Lambert’s law. This assumption is
valid for the large dimensions of the sample as considered
in the study. For a small sample, the spatial variations of
the electromagnetic ﬁeld and microwave energy absorbed
within the sample must be obtained by a complete solution
of the unsteady Maxwell’s equations. Finally, the ﬁndings
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of this study are signiﬁcant and can lead to further
research, conducted along similar lines, as well as to applications related to the heat and mass transfers in porous
media.

Network for the Joint Ph.D. Program Thai Doctoral
degree for this research.

NOMENCLATURE
c
Velocity of light (m=s)
Dm
Effective molecular mass diffusion (m2=s)
Dp
Penetration depth (m)
E
Electric ﬁeld intensity (V=cm)
f
Frequency (GHz)
g
Gravitational constant (m=s2)
Hv
Speciﬁc heat of vaporization (J=kg)
hc
Heat transfer constant (W=m2K)
hm
Mass transfer constant (W=m2K)
k
Permeability (m2)
n_
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)
w
Velocity (m=s)
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