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a b s t r a c t

This paper presents two-dimensional numerical analysis of heat-mass transport and pressure buildup
inside an unsaturated porous packed bed which is filled in a rectangular waveguide and subjected to a
combined microwave and vacuum system. A microwave system supplies a monochromatic wave in a
fundamental TE10 mode. The unsaturated porous media is composed of glass beads, water and air. The
finite difference time domain method is used to determine the electromagnetic field distribution in
the rectangular waveguide by solving the transient Maxwell’s equations. The finite difference method
together with Newton–Rephson technique is employed to predict the heat, multiphase flow and pressure
buildup. The influences of vacuum pressure and operating microwave frequency on temperature, micro-
wave power absorbed, saturation and pressure buildup distribution, and movement of fluid inside the
unsaturated porous media are investigated during microwave vacuum drying process.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Microwave technology has been applied to many drying pro-
cesses for several decades. In microwave drying, that heat is gener-
ated by directly transforming the electromagnetic energy into
kinetic energy, thus heat is generated deep within the material
to be dried. Some of the successful examples of microwave drying
are in a ceramics process for drying and sintering, drying of paper,
freeze drying and vulcanization of rubber. Furthermore, excellent
reviews of microwave drying are presented by Mujumdar [1],
Metaxas and Meridith [2] and Datta and Anantheswaran [3]. In
vacuum drying processes can offer reduced drying times and high-
er end-product quality in comparison with a conventional drying
[4–5]. Indeed, operating at low pressure reduces the boiling point
of water, and provides low temperature to treat product through-
out drying process. Vacuum drying is well known in the metallur-
gical industries for processing of high purity alloys. It is apparent
that microwaves can provide a substantial increase rate of heating
in a vacuum environment compared with other methods. However
it may be limited not only by the usual restraint of mass transfer
but also by the onset breakdown electric filed. Fundamental to
the operation of a vacuum drying system is the operating pressure
to control the temperature of the product below a prescribed limit.

Fig. 1 shows the boiling point temperature of water versus pres-
sure range of 1–133 kPa (about 0.1–1000 torr). For vacuum drying,
the pressure range of 1.33–26.6 kPa (about 10–200 torr) is more
successful application to dry heat sensitive materials such as phar-
maceutical products and other chemicals. The critical breakdown
electric field should be also carefully selected to avoid breakdown
electric field responses causing the effect of breakdown in gas such
air or water vapor [2].

Microwave vacuum drying provides higher product qualities
and an improved drying rate compared to conventional drying pro-
cessing by experimentally investigated of many researchers. Some
of the successful researches of experimental microwave vacuum
drying are as followings. Drouzas and Schubert [6] investigated
experimentally microwave vacuum dying of banana slices that
dehydrated products of excellent quality as examined by taste, col-
or, aroma, smell and rehydration tests compared to conventional
drying. Drouzas et al. [7] used a laboratory microwave vacuum
drier to investigate drying kinetics experiments with model fruit
gel, simulating orange juice concentrate that drying rate constant
of the thin-layer drying model is increased with increasing micro-
wave power output and decreasing absolute pressure in vacuum
drying. Péré and Rodie [8] presented experimental results obtained
by microwave vacuum drying of a packing of initially water
saturated glass beads and a packing of initially unsaturated
pharmaceutical granules. Sunjka et al. [9] investigated two
drying methods of cranberries such microwave-vacuum and
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microwave-convective that microwave vacuum drying exhibited
to enhance characteristics in almost all observed parameters (col-
or, textural characteristics, organoleptic properties) and was more
energy-efficient when compared to microwave-convective drying.
Hu et al. [10] compared the characteristics of hot air and micro-
wave vacuum combination drying using edamame as the raw
material, it was found that combined hot air and microwave vac-
uum is enable to increase drying rate and enhance product quality.

In a theoretical analysis of heat and mass transfer in porous
materials has been studied for several decades and it can be classi-
fied into three difference fundamentals as following details.

(1) The single variable model: one diffusion equation of mois-
ture content is used for simple configuration.

(2) The two variables model: two dependent variables as tem-
perature and moisture content are employed, and effect of
pressure buildup can be neglected.

(3) The three variables model: three dependent variables as
temperature, moisture content, and pressure buildup are
used; this model provides better transport phenomena
details than other models.

The single variable and two variables model are mostly ap-
plied to investigate for a conventional drying because they are
not complicated to manipulate numerical scheme. However, a
few studies used the three variables model are Datta and Anan-
theswaran [3], Perré and Turner [11], Rattanadecho [12], and Ni
et al. [13].

A few of researchers have numerically studied heat and mass
transport phenomena of porous material under microwave drying
processing, and most previous works have not mentioned pressure
buildup within porous material [14–19]. Some of previous re-
searches [20–21] revealed pressure buildup by using the three
variables model for microwave drying of an unsaturated porous
media. However, the studies in case of numerically microwave vac-
uum drying of unsaturated porous material in a rectangular wave-
guide of a microwave system supplies a monochromatic wave in a

fundamental mode (TE10 mode) with operating frequency of
2.45 GHz have not been investigated before. Therefore, this re-
search studies the influence of vacuum pressure and operating
microwave frequency to affect internal phenomena of unsaturated
porous medium when apply microwave energy.

The objective of this study is carried out to predict temperature,
microwave power absorbed and pressure buildup distribution,
moisture profile, and movement of fluid inside the unsaturated
porous media at vacuum and atmospheric pressures. Furthermore,
the influence of material properties is investigated.

2. Experimental apparatus

Fig. 2 shows the experimental apparatus is used. The micro-
wave system is a monochromatic wave of TE10 mode at operating
frequency of 2.45 GHz. Microwave energy is generated by magne-
tron, and it is transmitted along z-direction of the rectangular
waveguide with inside dimensions of 110 mm � 54.61 mm toward
water load that is situated at the end of the waveguide. In addition,

Nomenclatures

C velocity of light (m/s)
Cp specific heat capacity (J/kg K)
D binary mass diffusion (m2/s)
Dm effective molecular mass diffusion (m2/s)
E electromagnetic field intensity (V/m)
f frequency of the microwave (Hz)
g gravitational constant (m/s2)
Hv specific heat of evaporation (J/kg)
hc Heat transfer coefficient (W/m2 K)
hm mass transfer coefficient (m/s)
J Leverett functions
K permeability (m2)
M molecular weight (kg/mol)
_n phase change term (kg/m3 s)
P microwave power (W)
p pressure (Pa)
pms partial pressure of the saturation vapor (Pa)
Q microwave power absorbed term (W/m3)
R universal gas constant (J/mol K)
S water saturation
Se effective water saturation
Sir irreducible water saturation
T temperature (�C)
t time (s)
u, w velocity (m/s)

Greek letters
a attenuation constant
tan d loss tangent coefficient
ds skin depth
e complex permittivity (F/m)
e0 permittivity or dielectric constant
e00 dielectric loss factor
/ porosity
keff effective thermal conductivity (W/m K)
l magnetic permeability (H/m) or Dynamic viscosity

(Pa s)
q density (kg/m3)
r gas–liquid interfacial tension

Subscripts
0 free space
a air
c capillary
g gas
l liquid
p particle
r relative
v water vapor
x, z Cartesian coordinate
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Fig. 1. Saturation vapor pressure of water as a function of temperature.
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an isolator is used to trap any microwave reflected from the sample
to prevent it from damaging the magnetron. The powers of inci-
dent, reflected and transmitted waves were measured by a watt-
meter using a directional coupler.

As shown in Fig. 2(c), the sample is a single-layered porous
packed bed, which is composed of glass beads and water. A sample
container is made from quartz. The sample of packed bed is in-
serted in the rectangular waveguide. The distributions of tempera-
ture within the sample are measured using fiber-optical
temperature. The water saturations in the packed bed were defined
as the fraction of the volume occupied by water to volume of the
pores, and can be described in the following:

s ¼
qpð1� /Þðmw �mdÞ

ql/md
ð1Þ

where s is water saturation, mw and md are wet and dry mass of the
sample, respectively, / is porosity, ql and qp are densities of water
and particle, respectively.

3. Analysis of mathematical modeling

Generally, studies on the microwave drying involve solutions of
the equations governing electromagnetic propagation, i.e., Max-
well’s equations, either by themselves or coupled with the heat
transport equation. The surface of a sample is exposed to the
monochromatic wave of TE10 mode with operating frequency of
2.45 GHz (shown as Fig. 2(a)).

3.1. Analysis of electromagnetic model

Fig. 3 shows the physical model used for analyzing microwave
drying of capillary porous materials in a rectangular waveguide.
The proposed model is based on the following assumptions:

(1) Since the microwave field in the TE10 mode has no variation of
field in the direction between the broad faces, a two-dimen-
sional model over the x–z plane is applicable to analysis of
electromagnetic field inside a rectangular waveguide [22,23]
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Fig. 2. Schematic of experimental apparatus: (a) a combined microwave and vacuum system, and (b) single-layered porous packed bed (sample) in rectangular waveguide.
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(2) The absorption of microwave energy by the cavity (including
air) in the rectangular waveguide is negligible

(3) The walls of a rectangular waveguide are perfect conductors
(4) The effect of the sample container (made of quartz) on the

electromagnetic field can be neglected because it did not
absorb microwave energy

3.1.1. Basic equations of electromagnetic
The electromagnetic field is solved according to the theory of

Maxwell’s equations. In this study, the microwave of a fundamen-
tal TE10 mode is considered; therefore the Maxwell’s equations in

terms of the electric field intensity E and magnetic intensity H
are given by:

@Ey

@z
¼ l @Hx

@t
ð2Þ

@Ey

@x
¼ �l @Hz

@t
ð3Þ

� @Hz

@x
� @Hx

@z

� �
¼ rEy þ e

@Ey

@t
ð4Þ

where the permittivity e, magnetic permeability l and electric con-
ductivity r as:

e ¼ e0 ¼ er; l ¼ l0lr ; r ¼ 2pf e tan d ð5Þ

Additionally if magnetic effects are negligible, which is proven to be
a valid assumption for most dielectric materials used in microwave
heating applications, the magnetic permeability l is well approxi-
mated by its value l0 in the free space. Let tan d is the loss tangent

Fig. 3. Physical model for the microwave and dielectric material interactions inside
a rectangular waveguide.

Fig. 4. Physical single layer model.
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coefficient. In this work, the dielectric properties are assumed to
vary with temperature only.

In this study, the effects on the overall drying kinetics are exam-
ined by selecting the dielectric properties as a function of moisture
content and temperature. In order to determine the functional
dependence of the combination of moisture content and tempera-
ture, the theory surrounding mixing formulas is used [24] in which
the volume fractions (m) of water saturation, water vapor and glass
particle were considered, as follows:

eðs; TÞ ¼ e0ðs; TÞ � je00ðs; TÞ ð6Þ

where

½e0ðs; TÞ�m ¼
X3

i¼1

ti½e0riðTÞ�
m ¼ /:s½e0rlðTÞ�

mþ

¼ /ð1� sÞ½e0ra�
m þ ð1� /Þ½e0rp�

m ð7Þ

½e00ðs; TÞ�m ¼
X3

i¼1

ti½e00i ðTÞ�
m ¼ /:s½e00rlðTÞ�

mþ

¼ /ð1� sÞ½e00ra�
m þ ð1� /Þ½e00rp�

m ð8Þ

In above equations, the parameter m is likely to vary over the range
0–1, as suggested by Wang and Schmugge [24]. A value of m = 0.33
has been used throughout in this study. The loss tangent coefficient
can be expressed as follow:

tan d ¼ e00r ðs; tÞ
e0rðs; tÞ

ð9Þ

When the material is heated unilaterally, it is found that as the
dielectric constant and loss tangent coefficient vary, the penetration
depth and the electric field within the dielectric material varies. The
penetration depth is used to denote the depth at which the power

Table 1
Thermophysical and electromagnetic properties (at microwave frequency of 2.45 GHz) used in the computations.

Properties Air Water Glass bead

q(kg/m3) 1.205 1000.0 2500.0
Cp(J/kg K) 1.007 4.186 0.80
kðW=m KÞ 0.0262 0.609 0.14
e0rðF=mÞ 1.0 88.15 � 0.414T + 3.13 � 10�3T2 � 4.60 � 10�6T3 5.1
tan d (–) 0.0 0.323 � 9.499 � 10�3T + 1.27 � 10�4T2 � 6.13 � 10�2T3 0.01

Fig. 6. Computational scheme.
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density has decreased to 37% of its initial value at the surface
[25,26]

Dp ¼
1

2pf
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0r

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þtan2d
p

�1
� �

2

r ð10Þ

3.1.2. Boundary conditions
Corresponding to the physical model shown in Fig. 4, boundary

conditions are given in the following list.

(a) Perfectly conducting boundaries; boundary conditions on
the inner wall surface of a rectangular waveguide are given
by using Faraday’s law and Gauss’ theorem:

Et ¼ 0; Hn ¼ 0 ð11Þ

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

(b) Continuity boundary condition; boundary conditions along
the interface between different materials, for example
between air and dielectric material surface, are given by
using Ampere’s law and Gauss’ theorem:

Et ¼ E0t; Ht ¼ H0t; Dn ¼ D0n; Bn ¼ B0n ð12Þ

where D is the electric flux density and B is the magnetic induction.
The superscript 0 denotes one of the different materials.

(c) Absorbing boundary condition; at both ends of the rectangu-
lar waveguide, the first order absorbing conditions proposed
by Mur [27] are applied:

@Ey

@t
¼ �t

@Ey

@z
ð13Þ

Here, the symbol ± represents forward or backward waves and t is
phase velocity of the microwave.

(d) Oscillation of the electric and magnetic field intensities by
magnetron; incident wave due to magnetron is given by
the following equations:

Ey ¼ Eyinsin
px
Lx

� �
sinð2pftÞ ð14aÞ

Hx ¼
Eyin

ZH
sin

px
Lx

� �
sinð2pftÞ ð14bÞ

where ZH is the wave impedance defined as

ZH ¼
kgZI

k0
¼ kg

k0

ffiffiffiffiffiffi
l0

e0

r
ð15Þ

3.2. Analysis of heat and mass transfer

A schematic diagram of model is illustrated in Fig. 4. By conser-
vations of mass and energy in the capillary porous sample, the gov-
erning equation of mass and energy for all phases can be derived
by using the volume average technique [28]. The main transport
mechanisms that enable moisture movement during microwave
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Fig. 7. Temperature profile in times at various depths (P = 50 W, d = 0.15 mm,
S0 = 0.6): (a) experiment result obtained by Ratanadecho et al. [26]; and (b)
numerical result of the present study.
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drying of sample are: liquid flow driven by capillary pressure gra-
dient and gravity while the vapor is driven by the gradient of the
partial pressure of the evaporating species. The surface of the sam-
ple is exposed to external vacuum condition. Microwaves in the
form of plane wave also incident on this surface. Other surfaces
are insulated, and the heat and mass fluxes are set equal to zero.
In this study, several simplifying assumptions are made in order
to obtain a closed set of governing macroscopic equations:

(1) The capillary porous material is rigid, no chemical reactions
take place in the sample.

(2) Local thermodynamic equilibrium is assumed.
(3) Simultaneous heat and mass transport occurs at a constant

pressure, where the dominant mechanisms are capillary
transport, vapor diffusion and gravity: such is generally the
case in drying of capillary porous medium at specified vac-
uum pressure or atmospheric pressure when the tempera-
ture is lower than the boiling point.

(4) The gas binary mixture of air and water vapor behaves like
an ideal gas.

(5) Darcy’s law holds for the liquid and gas phases.
(6) Gravity is included for the liquid and gas phases.
(7) Permeability of liquid and gas can be expressed in term of

relative permeability.
(8) The solid matrix is further assumed to be rigid and

nondeformable.
(9) In a macroscopic sense, the porous packed bed is assumed to

be homogeneous and isotropic, and water not bound to the
solid matrix. Therefore, the volume average model for a
homogeneous and isotropic material can be used in the the-
oretical modeling and analysis.

(10) Corresponding to electromagnetic field, temperature and
moisture profiles also can be assumed to be two-dimen-
sional in the x–z plane.

The governing equations based on a volume average approach
led to the following conservation equations describing the drying
process of capillary porous materials:

3.2.1. Mass conservation
The microscopic mass conservation equations for liquid, water

vapor, and air phase, are written, respectively, as

Liquid phase :
@

@t
ðql/sÞ þ @

@x
ðqlulÞ þ

@

@z
ðqlwlÞ ¼ � _n ð16Þ

Vapor phase :
@

@t
½qm/ð1� sÞ� þ @

@x
ðqmumÞ þ

@

@z
ðqmwmÞ ¼ _n ð17Þ

Air phase :
@

@t
½qa/ð1� sÞ� þ @

@x
ðqauaÞ þ

@

@z
ðqawaÞ ¼ 0 ð18Þ

where _n is the condensation rate or evaporation rate during phase
change and / is the porosity of porous medium. The water vapor
and air mass flux is the sum of the convective term with the gas
superficial velocity and diffusive term. Additionally, the gas phase
is assumed to be an ideal mixture of air and vapor phase.

3.2.2. Energy conservation
Ignoring kinetic energy and pressure terms which are usually

unimportant, this can be obtained from the total energy conserva-
tion for a combined solid, water vapor and air phase and by invok-
ing the assumption that local thermodynamic equilibrium prevails
among the all phases, the temperature of the sample exposed to
irradiation is obtained by solving the conventional heat transport
equation with the microwave power absorbed included as a local
electromagnetic heat generation term.

The governing energy equation describing the temperature rise
in the sample is the time dependent equation:

qCp
@T
@t
þr½fqCpl~ul þ ðqaCpa þ qmCpmÞ~uggT� þ Hv _n ¼ �rqþ Q ð19Þ

where Hv is the latent heat of vaporization of water and Q is the
microwave power absorbed term, which is a function of the electric
field and defined as:

Q ¼ 2pf e0e0rðtandÞE2
y ð20Þ

where e0r denotes relative dielectric constant, e0 denotes the permit-
tivity of free space and tan d denotes the loss tangent coefficient.

3.2.3. Phenomenological relation
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 vector form
is used:

~ul ¼ �
KKrl

ll
½rpg �rpc � ql~g� ð21Þ

~ug ¼ �
KKrg

lg
½rpg � qg~g� ð22Þ

The velocity of vapor water and air phase the generalized Fick’s law
for a two component gas mixture can be expressed in vector form
as:

qm~um ¼ qv~ug � qgDmr
qv
qg

 !
ð23Þ

qa~ua ¼ qa~ug � qgDmr
qm
qg

 !
ð24Þ
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Fig. 9. Temperature profile in times with different z-depths at x-width of
54.61 mm: (a) atmospheric pressure, (b) vacuum pressure of 13.3 kPa.
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where the capillary pressure pc is related to the gas and liquid
phases can be written by

pc ¼ pg � pl ð25Þ

and Dm is the effective molecular mass diffusion [29] as:

Dm ¼
2/

3� /
ð1� sÞD ð26Þ

where D is the binary mass diffusion in plain media, and can be de-
fined as:

D ¼ D0
p0

p

� �
T
T0

� �2:2

ð27Þ

Fourier’s law is used to define the heat flux through the porous
material

q ¼ �keffrT ð28Þ

3.2.4. Equilibrium relation
The system of conservation equations obtained for multiphase

transport mode requires constitutive equation for relative perme-
ability Kr, capillary pressure pc, capillary pressure functions or Lev-
erett functions J(se), and the effective thermal conductivity keff . A
typical set of constitutive relationships for liquid and gas system
is given by Kaviany and Mittal [30]

Krl ¼ s3
e ;Krg ¼ ð1� seÞ3 ð29Þ

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

se ¼
s� sir

1� sir
ð30Þ

The capillary pressure pc is further assumed to be a function of
water saturation or Leverett functions J(se) and surface tension
n(T). The Leverett functions J(se) is dependent on the internal struc-
ture of the porous materials and defined by Aoki et al. [31]:

JðseÞ ¼ 0:325 1=se � 1ð Þ0:217 ð31Þ

The relationship between the capillary pressure and the water sat-
uration is defined by using Leverett functions J(se):

pc ¼ pg � pl ¼
nffiffiffiffiffiffiffiffiffi
K=/

p JðseÞ ð32Þ

where K the permeability of capillary porous materials is found
from the Carman–Kozeny equation [32]:

K ¼ d2

180
/3

ð1� /Þ2
ð33Þ

Fig. 5 shows the typical moisture characteristic curve for different
particle sizes obtained from present experiments. It is seen that,
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Fig. 10. Temperature distribution inside the sample at atmospheric pressure and microwave frequency of 2.45 GHz: (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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in the case of the same water saturation, a smaller particle size cor-
responds to a higher capillary pressure.

Based on the experimental results of Aoki et al. [31] using a
glass beads unsaturated with water, the effective thermal conduc-
tivity is further assumed to be a function of water saturation and
defined by

keff ¼
0:8

1þ 3:78e�5:95s
ð34Þ

3.2.5. State equation
The gas phase is assumed to be an ideal mixture of perfect

gases, so that the species density can be determined by the state
equations, with the classical definitions for total density of the
gas, qg, and the mass average velocity of the gas:

qa ¼
paMa

R0T
ð35Þ

qv ¼
pmMm

R0T
ð36Þ

qg ¼ qa þ qm ð37Þ

pa ¼ qaRaT ð38Þ

Pv ¼ qmRmT ð39Þ

pg ¼ pa þ pm ð40Þ

qgug ¼ qaua þ qmum ð41Þ

The partial pressure of the vapor is given by Kelvin’s equation con-
sidered the capillary force defined by:

pm ¼ pmsexp
pc

qlRmT

� �
ð42Þ

where pvs is the partial pressure of the saturation vapor as a
function of temperature [14,33] that shown in Fig. 1 and defined
by

pms ¼ C0 þ C1T þ C2T2 þ C3T3 þ C4T4 þ C5T5 ð43Þ

where

C0 ¼ 610:8; C1 ¼ 43:87; C2 ¼ 1:47; C3 ¼ 0:025;

C4 ¼ 2:88� 10�4; C5 ¼ 2:71� 10�6

3.2.6. Moisture transport equation
The phenomenon of moisture transport in the sample is de-

scribed by the mass conservation equations for the liquid phase
(Eq. (15)), and the vapor portion of the gas phase (Eq. (16)). Since
the total water content is interested, these equations in two-
dimensional scalar forms can be added together to yield an equa-
tion for the total moisture content as follows:
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Fig. 11. Temperature distribution inside the sample at vacuum pressure of 13.3 kPa and microwave frequency of 2.45 GHz: (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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ð44Þ

Using Darcy’s generalized equation (Eqs.(20) and (21)) and Fick’s law
(Eqs.(22) and (23)), the moisture transport equation is written as:

/
@

@t
½qlsþ qmð1� sÞ�

þ @

@x
ql

KKrl
lg

@pc

@x
�
@pg

@x
þ qlgx

� �
þ qm

KKrg

lg
�
@pg

@x
þ qggx

� �
� Dm

@qm
@x

" #

þ @

@z
¼ ql

KKrl

ll

@pc

@z
�
@pg

@z
þ qlgz

� �
þ qm

KKrg

lg
�
@pg

@z
þ qggz

� �
� Dm

@qm
@z

" #
¼ 0

ð45Þ

In addition, it is assumed that gravitational effect in x-direction is
negligible. Thus, Eq. (38) becomes:

/
@

@t
fqlsþ qmð1� sÞg

þ @

@x
ql

KKrl
lg

@pc

@x
�
@pg

@x

� �
þ qm

KKrg

lg
�
@pg

@x

� �
� Dm

@qm

@x

" #

þ @

@z
ql

KKrl

ll

@pc

@z
�
@pg

@x
þ qlgz

� �
þ qm

KKrg

lg
�
@pg

@x
þ qggz

� �
� Dm

@qm
@z

" #
¼ 0

ð46Þ

3.2.7. Total pressure equation
Considering the Darcy’s law and Fick’s law, and assuming that the

gaseous phase is an ideal mixture of perfect gases, Eq. (17) becomes:
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Fig. 12. Saturation profile in times with different z-depths at x-width of 54.61 mm:
(a) atmospheric pressure, (b) vacuum pressure of 13.3 kPa.
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Fig. 13. Microwave power absorbed profile in times with different z-depths at x-
width of 54.61 mm: (a) atmospheric pressure, (b) vacuum pressure of 13.3 kPa.
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Fig. 14. Pressure difference profile in times with different z-depths at x-width of
54.61 mm: (a) atmospheric pressure, (b) vacuum pressure of 13.3 kPa.
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3.2.8. Heat transport equation
For a nonisothermal flow, we must add temperature as a depen-

dent variable. The conservation of energy equation for the two-
dimensional model allows prediction of the temperature. Thus,
Eq. (18) leads to:

qCp
@T
@t
þ @

@x
fqlCplul þ ðqaCpa þ qmCpmÞuggT
� �

þ @

@z
fqlCplwl þ ðqaCpa þ qmCpmÞwggT
� �

þ Hm _n

¼ @

@x
keff

@T
@x

	 

þ @

@z
keff

@T
@z

	 

þ Q ð48Þ

where qCp is the effective heat capacitance of water–gas matrix
mixtures:

qCp ¼ qlCpl/sþ ðqaCpa þ qmCpmÞ/ð1� sÞ þ qpCppð1� /Þ ð49Þ

Also, the phase change term is given by

_n
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þ @

@z
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KKrg

lg
qggz � Dm

@qm

@z

" #
ð50Þ

3.2.9. Boundary and initial conditions
In Fig. 4 two types of boundary conditions for solution of the

governing equations are formulated at the open and impermeable
boundaries. At open boundary (as vacuum boundary), the liquid
and vapor flux reaching the boundary from the interior is fully
evaporated and convected away as vapor to the ambient. Regard-
less of the volumetric evaporation rate inside, any remaining liquid
flux arriving at the surface is evaporated at the open boundary. The
exchanger of energy at the open boundary which can be described
in the following form:

�keff
@T
@z
¼ hcðT � T1Þ þ _nHm ð51Þ

where hc is the local heat transfer coefficient, and T1 is the refer-
ence temperature in the gas phase surrounding the vacuum
boundary.

Mass transfer at the open boundary is modeled by means of a
locally constant mass transfer coefficient, which is related to the
local vapor flux density, and is described as:

qlwl þ qmwm ¼ hmðqm � q1Þ ð52Þ

where qv is the density of vapor at the open boundary and q1 is ref-
erence vapor density in the gas phase surrounding the open bound-

(a)

(b)

(c)

Fig. 15. Vector and streamline of vapor flux inside the sample at atmospheric
pressure (scale � 9,000,000): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.

(a)

(b)

(c)

Fig. 16. Vector and streamline of liquid flux inside the sample at atmospheric
pressure (scale � 2500): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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ary, and assuming in this case the analogy between heat and mass
transfer [32], the local mass transfer coefficient, hm can be ex-
pressed as:

hm ¼
hc

qgCpgLe2=3 ð53Þ

where

Le ¼ ag

D
ð54Þ

The total pressure at open boundary (the external drying surface) is
fixed at boundary pressure, pb as:

pg ¼ pb ð55Þ

where pb is equal to or less than 101.325 kPa in case of atmospheric
pressure and vacuum pressure, respectively. Considering boundary
conditions at the impermeable boundary that no heat and mass ex-
change taken place are given by:

@T
@x
¼ @T
@z
¼ 0; qu ¼ qw ¼ 0 ð56Þ

The initial conditions are given by uniform initial temperature and
moisture content.

4. Numerical solution procedure

4.1. Model discretization

The description of heat, mass transfer and total pressure equa-
tions (Eqs. (39)–(41)) requires specification of temperature (T), to-
tal pressure (pg) and the moisture content (s) within the sample.
These equations are coupled to the Maxwell equations (Eqs. (2)–
(4) by Eq. (19)). The later equation represents the local microwave
power absorbed in the sample.

In order to predict the electromagnetic field (Eqs. (2)–(4)), a
finite difference time domain (FDTD) method is applied. The
system of nonlinear partial differential equations (Eqs. (39)–
(41)) are solved by a finite difference method. The Newton
Raphson method is employed at each iteration to quicken the
convergence. Initially, the temperature and moisture profiles
were set to be equal at all nodes at values corresponding to
the measured capillary porous medium conditions. Considering
the microwave drying in TE10 mode, it is the lowest mode of
the supported microwave field for waves transmitted in the
present rectangular waveguide without power dissipation. The
type of wave mode is prescribed by the frequency and wave-
guide dimension.

(a)

(b)

(c)

Fig. 17. Vector and streamline of air flux inside the sample at atmospheric pressure
(scale � 30,000,000): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.

(a)

(b)

(c)

Fig. 18. Vector and streamline of vapor flux inside the sample at vacuum pressure
of 13.3 kPa (scale � 9,000,000): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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4.2. The stability and accuracy of calculation

Spatial and temporal resolution is selected to ensure of stability
and accuracy. Eqs. (2)–(4) are solved on a grid system, and tempo-
rally they are solved alternatively for both the electric and mag-
netic fields. To insure stability of the time-stepping algorithm, Dt
was chosen to satisfy the courant stability condition:

Dt �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDxÞ2 þ ðDzÞ2

q
t

ð57Þ

and the spatial resolution of each cell defined as

Dx;Dz � kg

10
ffiffiffiffi
er
p ¼ kmg

10
ð58Þ

The relative errors in the iteration procedure of 10�8 are chosen.
One aspect of model verification is to compare drying data from
experiments run under different conditions with mathematical sim-
ulations using parameter values obtained from Table 1. The details
of computational scheme and strategy are illustrated in Fig. 6.

5. Results and discussion

The numerical results for heat, multiphase flow and pressure
buildup in an unsaturated porous packed bed (composed of glass
beads, water, and air) filled in a rectangular waveguide and sub-
jected to a combined microwave and vacuum system are investi-
gated. A microwave system supplies a monochromatic wave in a
fundamental mode (TE10 mode) with operating frequency of
2.45 GHz and input microwave power of 50 W.

5.1. Numerical validation

Fig. 7(a) and (b) shows the present simulation results compared
with experimental data from Ratanadecho et al. [26] of tempera-
ture profiles within the sample, corresponding to the initial tem-
perature of 10.4 �C, initial saturation sin of 0.6, particle size dp of
0.15 mm and input microwave power of 50 W. It is observed that
the trends of results are in good agreement. The source of the dis-
crepancy is the non-uniform heating effect along the axis, which
accounts for the fact that the incident microwave at the surface
of the sample is non-uniform. Numerically, the discrepancy may
be attributed to uncertainties in the thermal and dielectric prop-
erty database. On the other hand during the experiment of micro-
wave drying process, the impact on the uncertainty of our data

(a)

(b)

(c)

Fig. 19. Vector and streamline of liquid flux inside the sample at vacuum pressure
of 13.3 kPa (scale � 2500): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.

(a)

(b)

(c)

Fig. 20. Vector and streamline of air flux inside the sample at vacuum pressure of
13.3 kPa (30,000,000): (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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may cause by variations in humidity, room temperature and an-
other effects.

5.2. The effect of vacuum pressure level

The numerical results for heat, multiphase flow and pressure
buildup in an unsaturated porous packed bed subjected to micro-
wave energy are investigated at vacuum pressure of 13.3 kPa
(100 torr) compared with atmospheric pressure condition. How-
ever, two drying processes using the operating microwave fre-
quency of 2.45 GHz, the input microwave power of 50 W, initial
temperature of 25 �C, initial saturation of 0.6, and particle size of
0.15 mm are selected. In the selected vacuum pressure of
13.3 kPa is in typical range of pressure (1.33–26.66 kPa) in vacuum
processing and is similar to Changrue [34] in which microwave
vacuum processing is applied to investigate drying of carrots
cubes. The input microwave power of 50 W is also lower than
the critical breakdown electric field [2]. Therefore, the effect of
gas breakdown is not appeared in this drying condition.

Fig. 8(a) illustrates the electric field distribution along the cen-
ter axis (x = 54.61 mm) of the empty rectangular waveguide at dif-
ferent drying times (t = 10, 100 and 360 min) in case of
atmospheric pressure which is similar to vacuum pressure of
13.3 kPa. In this figure, the vertical axis represents the intensity
of the electric fields Ey, which is normalized to the amplitude of

the input electric fields Eyin, it is seen that the stationary wave in-
side the empty waveguide with completely power is absorbed by
water load at the end of the waveguide.

Fig. 8(b) and (c) shows the electric filed distribution along the
center axis (x = 54.61 mm) of the rectangular waveguide when in-
serted the sample at different drying times (t = 10, 100 and
360 min) in case of atmospheric pressure and vacuum pressure
of 13.3 kPa, respectively. Since the sample is composed of glass
beads, water and air that is implied to be a lossy material (moist
porous material). For the case of atmospheric pressure, it is ob-
served from Fig. 8(b) that the resonance of standing wave configu-
ration inside the sample is weak as compared to left-hand side of
the sample. Focusing attention of the electric filed distribution in-
side the cavity (left-hand side), a stronger standing wave with
large amplitude is formed by interference between the incident
waves and reflected waves from the surface of sample due to the
different dielectric properties of materials (air and sample) at the
interface. It is evident from the results that the electric filed distri-
bution within the sample attenuates owing to the microwave
power absorbed, and thereafter the microwave power absorbed
is converted to the thermal energy. The some part of microwaves
is transmitted through the sample and then absorbed by water
load at the end of the waveguide. At drying time t = 10 min, the
sample having moist porous material, the electric field attenuates
due to microwave power absorbed to the sample and then the
microwave power absorbed is converted to thermal energy, caus-
ing increase temperature within the sample. Furthermore the elec-
tric field within the sample is almost extinguished lead to short
wavelength and small amplitude of electric field. As drying proceed
t = 100 and 360 min, a majority of the moist content has been re-
moved, the effect of reflected waves from the surface of sample
is reduced which increases the large part of microwaves inside
the sample. Consequently, the reflected and transmitted wave at
each interface will contribute to the resonance of standing wave
configuration with the larger amplitude and wavelength inside
the sample where the moisture content is small in comparison
with early stage of drying time (t = 10 min).

For the case of vacuum pressure of 13.3 kPa (as seen in Fig. 8(c)),
the electric fields with small amplitude are formed within the
sample, while the stronger standing wave outside the sample
(left-hand side) with a lager amplitude is formed by interference
between the incident waves and reflected waves from the surface
of sample. In addition, the electric field within the sample attenu-
ates owing to microwave power absorbed, and thereafter the
microwave power absorbed is converted to thermal energy (simi-
lar to atmospheric pressure condition). However, it is interesting
to observe that the electric field intensity in case of vacuum

Table 2
Penetration depth of unsaturated packed bed at various times.

Time (min) Penetration depth Dp (mm)

f = 2.45 GHz f = 5.80 GHz

0 200.12 52.18
10 265.73 57.02

100 377.09 94.86
360 946.67 258.62
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Fig. 21. Electric field distribution in case of vacuum pressure of 13.3 kPa and
microwave frequency of 5.8 GHz: (a) the rectangular waveguide is empty, (b) the
sample is inserted in the rectangular waveguide.
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Fig. 22. Temperature profile in times with different z-depths at x-width of
54.61 mm in case of vacuum pressure of 13.3 kPa and microwave frequency of
5.80 GHz.
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pressure of 13.3 kPa is greater than in case of atmospheric pressure
when drying proceed (such as t = 100 and 360 min). This is because
moisture content is removed with higher rate as compared to
atmospheric pressure.

Fig. 9 shows temperature profile at various times in case of vac-
uum pressure of 13.3 kPa and atmospheric pressure. In contrast to

that in a conventional drying, a microwave drying provides higher
temperature inside the drying sample while the surface tempera-
ture stays colder due to effect of surrounding air. At same time
the evaporation takes place at the surface of sample at lower tem-
perature due to evaporative cooling. It is seen that the temperature
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Fig. 23. Temperature distribution inside the sample at vacuum pressure of 13.3 kPa and microwave frequency of 5.80 GHz: (a) t = 10 min, (b) t = 100 min, and (c) t = 360 min.
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Fig. 25. Microwave power absorbed profile in times with different z-depths at x-
width of 54.61 mm in case of vacuum pressure of 13.3 kPa and microwave
frequency of 5.80 GHz.
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in case of vacuum pressure of 13.3 kPa and microwave frequency of 5.80 GHz.
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profile within the sample rise up steadily in the early stages of dry-
ing. Due to the large initial moisture content, the skin depth heat-
ing effect causes a majority of microwave to be decay, resulting in a

lower rate of microwave power absorbed in the interior. As the
drying process proceeds, moisture content is removed from the
sample; the microwave can penetrate further into the sample as
material dries. During this state of drying, temperature profile
slows down considerably because moisture inside the sample is
significant reduced, reducing dielectric loss factor as well as micro-
wave power absorbed also. Nevertheless, temperature profiles at
vacuum pressure are lower than atmospheric pressure as shown
in Figs. 9–11 because the boiling point of water is fallen down un-
der vacuum condition. It is found that at vacuum pressure of
13.3 kPa, water evaporation takes place within the sample and
the temperature of sample is always lower than the boiling point
of water which is equal to 56.02 �C. Consequently the sample pro-
cessing temperature can be significant lower than atmospheric
condition.

Fig. 12 presents the moisture profile in term of saturation pro-
file at vacuum and atmospheric pressure. In the early state of dry-
ing, the internal movement of moisture is due to liquid flow by
capillary action and vapor flow by molecular diffusion. As the dry-
ing process proceeds, the capillary action plays an important role
in the moisture migration mechanism and maintains a good supply
of liquid to the surface, and would cause the average moisture
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Fig. 26. Pressure difference profile in times with different z-depths at x-width of
54.61 mm in case of vacuum pressure of 13.3 kPa and microwave frequency of
5.80 GHz.

(a)
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(c)

Fig. 27. Vector and streamline of vapor flux inside the sample at vacuum pressure
of 13.3 kPa and microwave frequency of 5.80 GHz (scale � 9,000,000): (a)
t = 10 min, (b) t = 100 min, and (c) t = 360 min.

(a)

(b)

(c)

Fig. 28. Vector and streamline of liquid flux inside the sample at vacuum pressure
of 13.3 kPa and microwave frequency of 5.80 GHz (scale � 2,500): (a) t = 10 min, (b)
t = 100 min, and (c) t = 360 min.
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content inside the sample to decrease. However, at long stages of
drying about 180 min, the vapor diffusion effect plays important
role in the moisture migration mechanism because of the sus-
tained evaporation that is generated within the sample. The ob-
served moisture profiles in case of vacuum pressure is lower
than atmospheric pressure with following reasons. First, at vacuum
processing provides the lower boiling point to increase rate of the
water evaporation, and so causes moisture to transport upward.
Second, vapor flow is greatly improved by increased total pressure
gradients, and the effective molecular mass diffusion and binary
mass diffusion (as displayed in Eqs. (25) and (26)). Finally, vacuum
pressure enhances the mass transfer because of an increased pres-
sure gradient between inside and outside of the sample to be dried.

Fig. 13 shows the microwave power absorbed profile in case of
at vacuum pressure of 13.3 kPa and atmospheric pressure, it can be
seen that the maximum of microwave power absorbed is occurred
for early stage of drying time and is decreased with increasing the
elapsed time. As the drying process proceeds, it would eventually
cause the average moisture content to decrease and lead to a
microwave power absorbed is decreased. The microwave power
absorbed is directly affected by dielectric properties as a function
of temperature and moisture content. The dielectric loss coefficient
is significantly decreased with increasing temperature (further de-
tails shown in [35]). Therefore, the microwave power absorbed in
case of vacuum pressure is lower than atmospheric pressure be-
cause of vacuum pressure corresponding to lower moisture con-

tent and higher pressure gradient between inside and outside the
sample.

Fig. 14 shows pressure difference profile within the sample at
vacuum and atmospheric pressure drying condition. The pressure
difference is defined as total gas pressure pg is subtracted by
boundary pressure pb. It is found that pb is equal to 13.3 kPa and
101.325 kPa in case of vacuum and atmospheric pressure, respec-
tively. As the drying process proceeds, total pressure is rapidly
buildup within the sample and is increasingly contributed by the
amount of accumulated vapor owing to the high diffusive vapor
flux. It is seen that high temperature and pressure gradient are
generated within the sample during particularly the constant rate
period. As a result, the capillary action plays an important role in
the moisture migration mechanism, and maintains a good supply
of liquid to the surface. However, in vacuum pressure drying pro-
vides the greater pressure gradient than atmospheric pressure dry-
ing, because water evaporation within the sample is accelerated by
the higher microwave power absorbed together with the lower
boiling point of water.

In order to get more insight into the fluid transport, it is impor-
tant to investigate the fluid movements within the sample in
depth. The vapor, liquid and air flux profiles in case of atmospheric
and vacuum pressure at various drying times as 1 of 10, 100 and
360 min are shown in Figs. 15–20, respectively. It can be seen that
the vapor flux flows within the sample toward the surface which
water evaporation is taken place inside the sample and on the sur-
face. As drying process proceeds, the vapor flux flows throughout
the sample migrates in the direction of decreasing saturation. For
the liquid flux, it can be observed that almost all of the liquid
has migrated toward the upper surface of the sample due to capil-
lary pressure and gas pressure buildup, which are simultaneously
changed due to the effect of saturation and temperature distribu-
tion in each time period. The air flux moves toward the heated sur-
face with a lower than the vapor flux because the air diffusion is
decreased by the convective air flux whereas the vapor diffusion
is enhanced by the convective vapor flux. As the rate of liquid sup-
ply to the surface becomes lower than the water evaporation rate
lead to the void volume is increased; therefore, allowing air flows
away from heated surface toward the other surface. The results of
all flux profiles in case of vacuum pressure is greater than atmo-
spheric pressure because water evaporation within the sample is
accelerated by lower boiling point of water together with higher
microwave power absorbed, and higher pressure gradient.

5.3. The effect of microwave frequency

The investigated microwave frequencies are 2.45 and 5.8 GHz in
discussion the effect of microwave frequency, which are chosen to
show microwave heating phenomena because there are in set of
frequencies reserved for industrial, scientific, and medical (ISM
band) use. The dielectric properties of water at microwave fre-
quency of 5.8 GHz is refer to Meissner and Wentz [36]. The pene-
tration depth for operating microwave frequencies of 2.45 GHz
and 5.8 GHz are 200.11 mm and 52.05 mm, respectively, at initial
saturation of Sin = 0.6.

Fig. 8(c) shows the electric field distribution inside a rectangu-
lar waveguide when the sample is inserted within the waveguide
during microwave heating with operating microwave frequency
of 2.45 GHz and vacuum pressure of 13.3 kPa. Since the typical
depth of sample (50.0 mm) is less than the penetration depth of
microwave (200.11 mm), so a large part of microwave is able to
penetrate through the sample. The reflected waves occur on each
interface, from air (cavity) to upper surface and from lower surface
of sample to air (cavity). The reflection and transmission compo-
nents at each interface contribute to the resonance of standing
wave configuration inside the sample and give rise to a microwave

(a)

(b)

(c)

Fig. 29. Vector and streamline of air flux inside the sample at vacuum pressure of
13.3 kPa and microwave frequency of 5.80 GHz (scale � 30,000,000): (a) t = 10 min,
(b) t = 100 min, and (c) t = 360 min.
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power absorbed peak further from the surface exposed to incident
microwaves as seen in Fig. 13(b). Thereafter the microwave power
absorbed is converted to the thermal energy and temperature is
increased.

Fig. 8(c) presents the electric field distribution inside a rectan-
gular waveguide when the sample is inserted inside the waveguide
during microwave heating with the frequency of 2.45 GHz. The
penetration of this microwave is higher than the typical depth of
sample as seen in Table 2, thus a large part of microwaves are able
to penetrate through the sample. The reflected wave occurs on
each interface, from air (cavity) to upper surface and from lower
surface of sample to air (cavity). The reflection and transmission
components at each interface contribute to the resonance of stand-
ing wave configuration inside the sample and give rise to a micro-
wave absorption peak further from the surface exposed to incident
microwaves. Thereafter the microwave power absorbed is con-
verted to the thermal energy, which increases the sample
temperature.

Fig. 21(b) illustrates the electric field distributions inside a rect-
angular waveguide when the sample is inserted in the waveguide
during microwave heating with the microwave frequency of
5.8 GHz. In contrast to the electric field configuration in case of
2.45 GHz, this is a result of a transmitted wave at the incident face
and a reflected wave from the lower surface of the sample. This is
due to the fact that microwave operating at a high frequency has a
short wavelength which corresponds to a smaller penetration
depth of microwave as compared with in case of 2.45 GHz (as seen
in Table 2) and slightly higher than the depth of sample. Conse-
quently, most microwaves are absorbed by the sample.

Fig. 22 shows the temperature profiles with different z-depths
at x-width of 54.61 mm in case of vacuum pressure of 13.3 kPa
and microwave frequency of 5.80 GHz. Fig. 23 shows temperature
distribution inside the sample at various drying time as 10, 100
and 360 min. Since the higher microwave frequency, 5.8 GHz, has
a short wavelength which corresponds to a smaller penetration
of microwave. Consequently, most microwaves are absorbed by
the sample. Therefore the microwave power absorbed is the great-
est at the surface exposed to incident microwave as shown in
Fig. 25, and decays exponentially along the propagating direction
with a small wavelength. As a result, maximum temperatures are
occurred at depth-z of 22.0, 46.0 and 46.0 mm for exposure time
of 10, 100 and 360 min, respectively, as shown in Fig. 23. In con-
trast that to in case of 2.45 GHz illustrated in Fig. 11, maximum
temperatures are at the depth-z of 44.0, 48.0 and 48.0 mm for dry-
ing time of 10, 100 and 360 min, respectively.

Fig. 24 presents saturation profiles at vacuum pressure of
13.3 kPa and operating microwave frequency of 5.8 GHz. The ob-
served moisture profiles in case of 5.8 GHz are higher than
2.45 GHz because of lower microwave power absorbed.

Fig. 25 shows microwave power absorbed profile within the
sample in case of operating microwave frequency of 5.8 GHz. The
microwave power absorbed is lower than in case of 2.45 GHz be-
cause of a smaller penetration of microwave.

Fig. 26 shows pressure difference profile within the sample in
case of operating microwave frequency of 5.8 GHz. Total pressure
is lower than in case of 2.45 GHz because it is lower microwave
power absorbed profiles taken place inside the sample.

Figs. 27–29 illustrate fluid movement patterns inside the sam-
ple in case of microwave frequency of 5.8 GHz at various times
as 10, 100 and 360 min. For fluid transport phenomena in terms
of liquid, vapor and air flux are explained in previous subsection.

This study shows the capability of the numerical analysis to
handle heat-mass transport and pressure buildup in two-dimen-
sional porous medium subjected to a combined microwave and
vacuum system. With further quantitative validation of the present
method, this method can be used as a tool for investigating in de-

tail this particular microwave drying under vacuum pressure of
phase change in an unsaturated porous media at a fundamental
level.

6. Conclusions

The numerical analysis presented describes many important
interactions within the sample (as an unsaturated porous media)
during microwave vacuum drying. A generalized 2D mathematical
model for analysis of heat and mass transfer, and pressure buildup
in the sample subjected to microwave energy can be used success-
fully to descript transport phenomena under vacuum pressure con-
dition. The vacuum pressure significant influences to temperature,
microwave power absorbed, saturation and pressure buildup dis-
tribution, and movement of fluid inside the sample.
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