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Numerical Analysis of Heat–Mass Transport and Pressure
Build-Up in 1D Unsaturated Porous Medium Subjected to a
Combined Microwave and Vacuum System

K. Chaiyo and P. Rattanadecho
Research Center of Microwave Utilization in Engineering, Department of Mechanical Engineering,
Faculty of Engineering, Thammasat University, Patumthani, Thailand

This article presents one-dimensional numerical analysis of heat-
mass transport and pressure build-up inside an unsaturated porous
media under microwave energy at a vacuum pressure condition.
The unsaturated porous media is composed of glass beads, water,
and air. The absorbed microwave power term is computed based
on Lambert’s law. The finite difference method together with
Newton-Raphson technique is employed to predict the heat, multi-
phase flow, and pressure build-up. Based on the numerical analysis
of the effects of vacuum pressure and types of dielectric materials,
it was found that the vacuum pressure had a strong effect on tem-
perature, absorbed microwave power, saturation and pressure
build-up distribution, and movement of fluid inside the unsaturated
porous media during the microwave drying process.

Keywords Microwave; Porous media; Vacuum

INTRODUCTION

Microwave technology has been applied to many drying
processes for several decades. In microwave drying, that
heat is generated by directly transforming the electromag-
netic 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] Datta and Anantheswaran.[3] In
vacuum drying, processes can offer reduced drying times
and higher end-product quality in comparison with a con-
ventional drying.[4,5] Indeed, operating at low pressure
reduces the boiling point of water, and provides low tem-
perature to treat product throughout the drying process.
Vacuum drying is well known in the metallurgical 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 tem-
perature of the product below a prescribed limit. Figure 1
shows the boiling point temperature of water versus
pressure range of 1–133 kPa (about 0.1–1000 torr). For vac-
uum drying, the pressure range of 1.33–26.6 kPa (about
10–200 torr) is a more successful application to drying
heat-sensitive materials such as pharmaceutical products
and other chemicals. The critical breakdown electric field
should also be carefully selected to avoid breakdown elec-
tric field responses causing the effect of breakdown in gas
such as air or water vapor.[2]

Microwave vacuum drying provides higher product
qualities and an improved drying rate compared to con-
ventional drying processing by experimental investigations
of many researchers. Some of the successful research of
experimental microwave vacuum drying has been as fol-
lows. Drouzas and Schubert[6] investigated experimentally
microwave vacuum dying of banana slices that dehydrated
products of excellent quality as examined by taste, color,
aroma, smell, and rehydration tests compared to conven-
tional drying. Drouzas et al.[7] used a laboratory micro-
wave vacuum drier to investigate drying kinetics
experiments with model fruit gel, simulating orange juice
concentrate in which the 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 package
of initially water-saturated glass beads and a package of
initially unsaturated pharmaceutical granules. Sunjka
et al.[9] investigated two drying methods of cranberries,
microwave-vacuum and microwave-convective, in which
microwave vacuum drying exhibited enhanced charac-
teristics in almost all observed parameters (color, textural
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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 microwave-vacuum combination drying using eda-
mame as the raw material; it was found that combined
hot air and microwave vacuum are able to increase drying
rate and enhance product quality.

In a theoretical analysis, heat and mass transfer in
porous materials were studied for several decades and can
be classified into three different fundamentals as follows.

1. The single variable model: one diffusion equation of
moisture content is used for simple configuration.

2. The two variables model: two dependent variables as
temperature and moisture content are employed, and
effect of pressure build-up can be neglected.

3. The three variables model: three dependent variables
(temperature, moisture content, and pressure build-up)
are used; this model provides better transport phenom-
ena details than other models.

The single-variable and two-variables models are mostly
applied to investigate conventional drying because they
are not complicated by a manipulated numerical scheme.
However, studies using the three-variables model are Datta
and Anantheswaran,[3] Perré and Turner,[11] Rattanadecho
et al.,[12] and Ni et al.[13]

A few researchers have numerically studied heat and
mass transport phenomena of porous material under
microwave drying processing, and most previous works
have not mentioned pressure build-up within porous
material.[14–19] Some previous researchers (Sungsoontorn
et al.[20] and Suwannapum et al.[21]) revealed pressure
build-up by using the three-variables model for microwave
drying of an unsaturated porous media. However, the
numerical studies in the case of microwave vacuum drying
of unsaturated porous media have not been investigated
before. Therefore, this research studies the influence of

vacuum pressure and material properties of solid particles
to affect internal phenomena of unsaturated porous
medium when applying microwave energy.

The present paper introduces the numerical approach to
investigate heat–mass transport and pressure build-up
phenomena during the vacuum drying process in a uni-
form, porous, packed bed (as sample) under microwave
energy. In an analysis, absorbed microwave power is
assumed to decay exponentially into the sample following
Lambert’s law. The objective of this study is carried out
to predict temperature, absorbed microwave power, press-
ure build-up distributions, and moisture profiles at vacuum
and atmospheric pressure. Furthermore, the influence of
material properties is investigated.

RELATED THEORIES

A one-dimensional model of the analytical model for
microwave vacuum drying of the sample is schematically
shown in Fig. 2. The sample is an unsaturated porous
medium and is assumed to be a non-hygroscopic porous
medium that is homogeneous, isotropic, and reproducible.
It is composed of solid particles (glass beads), water, and
air. The rate of volumetric energy absorbed corresponding
to the absorbed microwave power is assumed to decay
exponentially into the sample according to Lambert’s law.
The basic equation to calculate the density of absorbed
microwave power by dielectric material can be written in
the final form as[20,22]:

Q ¼ � @P

@ z
d z ¼ 2 aPd z ¼ 2 a d z � 2 p f e0 ðtan dÞE2e�2 a z

ð1Þ

where E is the electromagnetic field intensity, f is the fre-
quency of the microwave, tan d is the dielectric loss tangent
coefficient, and a is the attenuation constant, which can be

FIG. 2. Analytical model of the sample exposed to microwave irradiation.

FIG. 1. Saturation vapor pressure of water as a function of temperature.
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calculated as:

a ¼ 2pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0r
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2 dþ 1

p
� 1

� �r
ð2Þ

The attenuation parameter controls the rate at which the
incident field decays, and is inversely proportional to the
skin depth (a¼ 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 con-
tent) and temperature. In order to determine the functional
dependence of the combination of moisture content and
temperature, the theory surrounding mixing formulas is
used, in which the volume fractions (t) of water saturation,
vapor, and glass beads is considered, as follows[14,22]:

eðs;TÞ ¼ e0ðs;TÞ � je00ðs;TÞ ð3Þ

where

½e0ðs;TÞ�m ¼
X3
i¼1

ti½e0riðTÞ�m ¼ / � s½e0rlðTÞ�m

þ /ð1� sÞ½e0ra�
m þ ð1� /Þ½e0rp�

m

ð4Þ

½e00ðs;TÞ�m ¼
X3
i¼1

ti½e00i ðTÞ�m ¼ / � s½e00rlðTÞ�m

þ /ð1� sÞ½e00ra�
m þ ð1� /Þ½e00rp�

m

ð5Þ

in which the parameter m is likely to vary over the range
0� 1, as suggested by Wang and Schmugge.[23] The loss
tangent coefficient can be expressed as follows:

tan d ¼ e00

e0
ð6Þ

where e0 is a dielectric constant and e00 is a dielectric loss
factor.

The dielectric properties of water taken from Von
Hippe[24] are a function of temperature. The dielectric
properties of gas are assumed to be constant. The numeri-
cal values for skin depth, relative permittivity, and loss
tangent at various moisture contents for present study
are listed in Table 1.

In this analysis, 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 assumptions involved in the formulation of the
transport model are:

1. The unsaturated porous material is rigid and chemical
reactions did not occur in the sample.

2. The local thermodynamics equilibrium among each
phase 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 phase and gas

phase.
6. Gravity is included, particularly in the liquid phase

and gas phase.
7. The permeability of liquid and gas can be expressed in

terms of relative permeability.
8. In a macroscopic sense, the sample is assumed to be

homogeneous and isotropic, and liquid water is not
bound to the solid matrix. Therefore, the volume aver-
age 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 be in one-
dimensional form.

10. The non-thermal effect of microwave irradiation is
neglected.

Mass Conservation

The macroscopic mass conservation equations for
liquid, vapor, and air phase are written, respectively, as:

Liquid phase ql/
@s

@t
þ ql

@ul
@z

¼ �n ð7Þ

Vapor phase
@

@t
½qv/ð1� sÞ� þ @

@z
ðqvuvÞ ¼ n ð8Þ

Air phase
@

@t
½qa/ ð1� sÞ� þ @

@z
ðqauaÞ ¼ 0 ð9Þ

where n is the condensation rate or the evaporation rate
during a phase change. The 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.

TABLE 1
Dielectric properties of the sample (corresponding to:

T¼ 20[�C] and f¼ 2.45GHz)[22]

Moisture
content

Relative
permittivity

Loss
tangent

Skin
depth

(s) (e0r) (tan d) (ds)

0.00 3.5420 0.0062 3.338119
0.25 10.9606 0.0190 0.607039
0.50 18.3110 0.0319 0.285429
0.75 25.6955 0.0447 0.171784
1.00 33.0801 0.0589 0.117645
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Energy Conservation

The temperature of the sample exposed to irradiation
is obtained by solving the conventional heat transport
equation with the absorbed microwave power included
as a local heat-generation term. The governing energy
equation describing the temperature rise in the sample is
the time-dependent equation as:

qCp
@T

@t
þ @

@z

�
qlCplul þ ðqaCpa þ qvCpvÞ ug
� �

T

�

þHv n ¼ @

@z
keff

@T

@z

� 	
þQ

ð10Þ

Phenomenological Relations

In order to complete the system of equations, the expres-
sions for the superficial average velocity of the liquid and
gas phase, the generalized Darcy’s law in the following
form, is used by Ratanadecho et al.[22]:

ul ¼ �KKrl

ll

@pg
@z

� @pc
@z

� qlg


 �
ð11Þ

ug ¼ �KKrg

lg

@pg
@z

� qgg


 �
ð12Þ

where ll and lg denote the viscosity of liquid and gas
phases, respectively. The capillary pressure pc is related to
the gas and liquid phase, and can be written as:

pc ¼ pg � pl ð13Þ

For the velocity of vapor and air phase, the generalized
Fick’s law in the following form is used as:

qvuv ¼ qvug � qgDm
@

@ z

qv
qg

 !
ð14Þ

qaua ¼ qaug � qgDm
@

@ z

qa
qg

 !
ð15Þ

and Dm is the effective molecular mass diffusion[25] as:

Dm ¼ 2/
3� /

ð1� sÞD ð16Þ

where D is binary mass diffusion in plain media and can be
defined as:

D ¼ D0
p0
p

� 	
T

T0

� 	2:2

ð17Þ

Equilibrium Relations

The system of conservation equations obtained for
multiphase transport mode requires a constitutive equation
for a relative liquid permeability Krl, and a relative gas per-
meability Krg. A typical set of constitutive relationships for
liquid and gas system is given by Ratanadecho et al.[22]:

Krl ¼ s3e ð18Þ

Krg ¼ ð1� seÞ3 ð19Þ

where se is the effective water saturation considered the
irreducible water saturation (sir¼ 0.06) and defined by:

se ¼
s� sir
1� sir

ð20Þ

The capillary pressure is further assumed to be
adequately represented by well-known Leverett’s J(se)
functions; the relationship between the capillary pressure
and the water saturation is defined by using Leverett func-
tions J(se) as:

pc ¼ pg � pl ¼
rffiffiffiffiffiffiffiffiffiffi
K=/

p JðseÞ ð21Þ

where r is the gas-liquid interfacial tension, and Leverett
functions are given by:

JðseÞ ¼ 0:325ð1=se � 1Þ0:217 ð22Þ

Figure 3 shows the typical moisture characteristic curve
(the relationship between capillary pressure and water satu-
ration) for different particle sizes obtained from Ratanade-
cho et al.[22] 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.

FIG. 3. Typical relationship between pc and se.
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The effective thermal conductivity of the unsaturated
porous medium in the case of glass beads is a function of
water saturation that can be written as:

keff ¼
0:8

1þ 3:78e�5:95s
ð23Þ

In the case of a solid particle, alumina, the effective
thermal conductivity[26] is defined by

keff ¼ keff ;g þ
ffiffi
s

p
� ðkeff ;l � keff ;gÞ ð24Þ

where

keff ;l ¼ k/l � k1�/
p ð25Þ

keff ;g ¼ k/g � k1�/
p ð26Þ

Equations of State

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 equations of state:

qa ¼
paMa

R0T
; qv ¼

pvMv

R0T

qg ¼ qa þ qv

pa ¼ qaRaT ; pv ¼ qvRvT

pg ¼ pa þ pv

qgug ¼ qaug þ qvuv

ð27Þ

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

pv ¼ pvs exp
pc

qlRvT

� 	
ð28Þ

where pvs is the partial pressure of the saturation vapor as a
function of temperature[14,27] that is shown in Fig. 1 and is
defined by:

pvs ¼ C0 þ C1T þ C2T
2 þ C3T

3 þ C4T
4 þ C5T

5 ð29Þ

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:

Heat Transport Equation

The kinetic energy and pressure terms, which are usually
unimportant, are ignored. Local thermodynamics equilib-
rium 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,
the conduction heat and latent heat transfer are due to evap-
oration. The energy conservation equation is represented by:

qCp
@T

@t
þ @

@z

�
½ql Cpl ul þ ðqaCpa þ qvCpvÞ ug�T

�

¼ @

@z
keff

@T

@z

� 	
�Hv

�
@

@t
½qv / ð1� sÞ�

þ @

@z



qv

KKrg

lg
� @pg

@z
þ qggz

� 	

� qgDm
@

@z

qv
qg

 !��
þQ

ð30Þ

where

qCp ¼ ql Cpl / sþ qa Cpa þ qv Cpv

� �
/ ð1� sÞ þ qpCppð1�/Þ:

Mass Transport Equation

The phenomenon of moisture transport in the sample is
described by the mass conservation equations for the liquid
phase and the vapor portion of the gas phase since the
total water content is of interest. The addition of those
one-dimensional equations (Eqs. (7) and (8)) yields total
moisture content as follows:

/
@

@t
½ql sþ qvð1� sÞ� þ @

@z



ql
KKrl

ll

�
@pc
@z

� @pg
@z

þ qlgz

	

þ qv
KKrg

lg

�
� @pg

@z
þ qggz

	
� qgDm

@

@z

�
qv
qg

	�
¼ 0 ð31Þ

The Pressure Build-Up in Porous Media Equation

The pressure build-up in the porous media is obtained
from an air-balance equation (Eq. (9)), as follows:

/
@

@t
½qað1� sÞ� þ @

@z



qa

KKrg

lg

�
� @pg

@z
þ qggz

	

� qgDm
@

@z

�
qa
qg

	�
¼ 0

ð32Þ

TABLE 2
The characteristic of water transport in porous material[22]

Diameter,
d [mm]

Porosity,
/[-]

Permeability,
K [m2]

0.15 0.385 8.41� 10�12

0.40 0.371 3.52� 10�11
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Boundary and Initial Conditions

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.
Regardless of the volumetric evaporation rate inside, any
remaining liquid flux arriving at the surface is evaporated
at the open boundary. The exchange of energy at the open
boundary can be described in the following form:

�keff
@T

@z
¼ hcðT � T1Þ þ nHv ð33Þ

where hcis the local heat transfer coefficient.
Mass transfer at the open boundary is modeled by

means of a locally constant mass transfer coefficient, which
is related to the local water vapor flux density described as:

qlul þ qvuv ¼ hm ðqv � q1Þ ð34Þ

where hm is the mass transfer coefficient, qv is the density of
vapor at the open boundary, and q1 is reference vapor
density in the gas phase surrounding the open boundary,
and assuming in this case the analogy between heat and
mass transfer, in which the local mass transfer coefficient
hm can be expressed as[25]:

hm ¼ hc
qgCpgLe2=3

ð35Þ

where

Le ¼ ag
D

ð36Þ

The total pressure at open boundary is fixed pressure
boundary, pb, as:

pg ¼ pb ð37Þ

where pb is equal to or less than 101.325 kPa in the case of
atmospheric pressure and vacuum pressure, respectively.

The boundary conditions at the impermeable boundary
where no heat and mass exchange take place are given by:

@T

@z
¼ 0 ð38Þ

u ¼ 0 ð39Þ

The initial conditions are uniform initial temperature
and moisture in the case with gravitational force.

NUMERICAL PROCEDURE

The system of nonlinear partial differential equations
(Eqs. (30)–(32)) must be solved by the method of finite

differences based on the notation of control volume as
described by Patankar.[28] At each time increment, the
nodal values of s, T, and pg were solved iteratively and
the convergence was checked on three variables. The
Newton-Raphson method was employed at each iteration
to improve the convergence rate. The discretized form of
the heat transport equation (Eq. (30)) is given by:

ðqCpÞnþ1
k Tnþ1

k � ðqCpÞnkTn
k

Dt
þ ql Cpl

Dz
ðunþ1

lk Tnþ1
k

� unþ1
lk�1T

nþ1
k�1Þ þ

qa Cpa þ qv Cpv

Dz
ðunþ1

gk Tnþ1
k

� unþ1
gk�1T

nþ1
k�1Þ �

1

Dz

�
knþ1
eff ;kþ1

2

�
Tnþ1
kþ1 �Tnþ1

k

Dz

	

� knþ1
k�1

2

�
Tnþ1
k �Tnþ1

k�1

Dz

		
þHvqv/

Dt
ðð1� sirÞðsnþ1

ek � snekÞÞ

� 1

Dz

�
qnþ1
vk

KKrg

lg

����
nþ1

kþ1
2

� pnþ1
gkþ1

�pnþ1
gk

Dz

� 	
þ qggz

� 	

�qnþ1
vk�1

KKrg

lg

����
nþ1

k�1
2

� pnþ1
gk

�pnþ1
gk�1

Dz

� 	
þ qggz

� 		

�
�
qnþ1
gk Dm

����
nþ1

kþ1
2

� qv
qg

� �nþ1

kþ1

� qv
qg

� �nþ1

k

Dz

	

�qnþ1
gk�1Dm

����
nþ1

k�1
2

� qv
qg

� �nþ1

k

� qv
qg

� �nþ1

k�1

Dz

		

0
BBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCA

�Q¼ 0

ð40Þ

Similarly, the discretized form of mass transport
equation (Eq. (31)) can be written as

/
Dt

ð1� sirÞ½qlðsnþ1
ek � snekÞ þ ðqnþ1

vk ð1� snþ1
ek Þ � qnvkð1� snekÞÞ�

þ 1

Dz

�
ql

KKrl

ll

����
nþ1

kþ1
2

��
pnþ1
ckþ1

�pnþ1
ck

Dz

	
�
�

pnþ1
gkþ1

�pnþ1
gk

Dz

	
þ qlgz
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¼ 0

ð41Þ
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The discretized form of the pressure build-up in the
porous media equation (Eq. (32)) can also be written as:

/
Dt

½ð1� sirÞðqnþ1
ak ð1� snþ1

ek Þ � qnakð1� snekÞÞ�

þ 1

Dz

qnþ1
ak

�
KKrg

lg

����
nþ1

kþ1
2

�
�
�

pnþ1
gkþ1

�pnþ1
gk

Dz

	
þ qnþ1

kg gz

	

� KKrg
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����
nþ1

k�1
2

�
�
�

pnþ1
gk

�pnþ1
gk�1

Dz

	
þ qnþ1

kg gz

		

�qnþ1
gk

�
Dm

����
nþ1

kþ1
2

� qa
qg

� �nþ1

kþ1

� qa
qg

� �nþ1

k

Dz

	

�Dm

����
nþ1

k�1
2

� qa
qg

� �nþ1

k

� qa
qg

� �nþ1

k�1

Dz

		

0
BBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCA

¼ 0

ð42Þ

where

knþ1
eff ;kþ1

2
¼

knþ1
eff ;k þ knþ1

eff ;kþ1

2
ð43Þ

knþ1
eff ;kþ1

2

¼
knþ1
eff ;k þ knþ1

eff ;k�1

2
ð44Þ

KKrg

��nþ1

kþ1
2

¼
KKrg

��nþ1

k
þKKrg

��nþ1

kþ1

2
ð45Þ

KKrg

��nþ1

k�1
2

¼
KKrg

��nþ1

k
þKKrg

��nþ1

k�1

2
ð46Þ

KKrl jnþ1
kþ1

2
¼

KKrl jnþ1
k þKKrl jnþ1

kþ1

2
ð47Þ

KKrl jnþ1
k�1

2
¼ KKrl jnþ1

k þKKrl jnþ1
k�1

2
ð48Þ

Dmjnþ1
kþ1

2
¼

Dmjnþ1
k þDmjnþ1

kþ1

2
ð49Þ

Dmjnþ1
k�1

2
¼ Dmjnþ1

k þDmjnþ1
k�1

2
ð50Þ

The details of computational scheme and strategy for
solving the discretized transport equations (Eqs. (40)–
(42)) are illustrated in Fig. 4. For numerical validation,
the present numerical results are validated against the

FIG. 4. Computer scheme.

FIG. 5. Saturation profile at various times: (a) results of Rogers and

Kaviany; (b) present results.
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results obtained by Rogers and Kaviany[25] in convective
heating of an initially partially saturated packed bed prob-
lem. Figure 5 shows the numerical results from Rogers and
Kaviany, and the present numerical results. It is observed
that the trends of results are in good agreement. However,
at longer times (114.3min) the present saturation profile
gradually declines at the unheated surface from x=L of
0.7 onwards; this discrepancy may be attributed to the
additional conditions.

RESULTS AND DISCUSSION

The Effect of Vacuum Pressure

The numerical results for heat, multiphase flow, and
pressure build-up in an unsaturated porous packed bed
(composed of water, glass beads, and air) subjected to
microwave energy are investigated at vacuum pressure of
13.3 kPa (100 torr) compared with atmospheric pressure
condition. However, two drying processes using the operat-
ing microwave frequency of 2.45GHz, the electric field
intensity of 4,200V=m, initial temperature of 25�C, initial
moisture content of 0.5, and particle size of 0.15mm are
selected. The selected vacuum pressure of 13.3 kPa is in
the typical range of pressure (1.33–26.66 kPa) for vacuum
processing,[2] and is similar to Changrue[29] in which micro-
wave vacuum processing is applied to investigate drying of
carrot cubes. The input electric field intensity of 4,200V=m
is also lower than the critical breakdown electric field.
Therefore, the effect of gas breakdown does not appear
in this drying condition.

Figure 6 shows temperature profile at various times in
the case of vacuum and atmospheric pressure. In contrast
to that in a conventional drying, a microwave drying

provides higher temperature inside the drying sample while
the surface temperature stays colder due to the effect of
surrounding air. At the same time, the evaporation takes
place at the surface of the sample at lower temperature
due to evaporative cooling. It is seen that the temperature
profile within the sample rises up steadily in the early stages
of drying. Due to the large initial moisture content, the skin
depth heating effect causes a majority of the microwave to
decay exponentially into the sample according to Lambert’s
law, resulting in a lower rate of absorbed microwave power
in the interior. As the drying process proceeds, moisture
content is removed from the sample; the microwave can
penetrate further into the sample as the material dries. Dur-
ing this state of drying, the temperature profile slows down
considerably because moisture inside the sample is signifi-
cantly reduced, reducing the dielectric loss factor as well
as the absorbed microwave power. Nevertheless, tempera-
ture profiles at vacuum pressure are lower than atmospheric
pressure, as shown in Fig. 7, because the boiling point of
water falls under vacuum condition. It is found that at vac-
uum pressure of 13.3 kPa, water evaporation takes place
within the sample and the temperature of the sample is
always lower than the boiling point of water, which is equal
to 56�C. Consequently, the sample processing temperature
can be significantly lower than the atmospheric condition.

Figure 8 shows the absorbed microwave power profile in
the case of vacuum and atmospheric pressure; it can be seen
that the maximum of absorbed microwave power occurs at
a depth of 2 cm and decreases with increasing the elapsed
time. As the drying process proceeds, it would eventually
cause the average moisture content to decrease and lead to
decreased absorbed microwave power. The absorbed
microwave power is directly affected by dielectric properties
as a function of temperature and moisture content. The

FIG. 6. Temperature profile at various times (d ¼ 0:15;mm, E0 ¼
4; 200V=m, s0 ¼ 0:5).

FIG. 7. Temperature profile at depth of 6 cm (d ¼ 0:15mm, E0 ¼
4; 200V=m, s0 ¼ 0:5).
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dielectric loss coefficient is significantly decreased with
increasing temperature (further details shown in Ratanade-
cho et al.[22]). Therefore, the absorbed microwave power,
atmospheric pressure is lower than vacuum pressure
because of atmospheric pressure corresponding to a higher
temperature profile.

Figure 9 presents the moisture profile at vacuum and
atmospheric pressure. In the early state of drying, the inter-
nal movement of moisture is due to liquid flow by capillary
action and vapor flow by molecular diffusion. As the drying
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 content inside the sample to decrease.
However, at long stages of drying (10 h), the vapor diffusion

effect plays an important role in the moisture migration
mechanism because of the sustained evaporation that is
generated within the sample. The observed moisture profiles
in the case of vacuum pressure are lower than atmospheric
pressure for the following reasons. First, vacuum processing
provides the lower boiling point and the higher absorbed
microwave power to increase the rate of the water evapor-
ation, 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. (16) and (17)).
Finally, liquid flow is grown by capillary pressure.

Figure 10 shows total pressure distribution within the
sample in the case of vacuum and atmospheric pressure dry-
ing conditions. As the drying process proceeds, total press-
ure is rapidly built up within the sample and is increasingly
contributed to by the amount of accumulated vapor owing
to the high diffusive vapor flux. It is seen that high tempera-
ture and pressure gradient are generated within the sample
during the constant rate period. As a result, the capillary
action plays an important role in the moisture migration

FIG. 9. Saturation profile at various times (d ¼ 0:15;mm, E0 ¼
4; 200V=m, s0 ¼ 0:5).

FIG. 8. Absorbed microwave power profile at various times (d ¼
0:15mm, E0 ¼ 4; 200V=m, s0 ¼ 0:5).

FIG. 10. Pressure distribution at various times (d ¼ 0:15mm, E0 ¼
4; 200V=m, s0 ¼ 0:5): (a) atmospheric pressure; (b) vacuum pressure of

13.3 kPa.

692 CHAIYO AND RATTANADECHO

D
ow

nl
oa

de
d 

by
 [

T
ha

m
m

as
at

 U
ni

ve
rs

ity
 L

ib
ra

ri
es

] 
at

 0
1:

31
 1

8 
A

ug
us

t 2
01

4 



mechanism, and maintains a good supply of liquid to
the surface. The pressure gradients in terms of pressure
difference are shown in Fig. 10; it was found that micro-
wave vacuum drying allows a higher pressure gradient than
atmospheric condition. This is because water evaporation
inside the sample is accelerated by the higher absorbed
microwave power at the lower boiling point of water.

In order to get more insight into the fluid transport, it is
important to investigate the fluid movements within the
sample in depth. The liquid flux, vapor flux, and air flux pro-
files in the case of vacuum and atmospheric pressure at dry-
ing times of 1 h, 5 h, and 10 h are shown in Figs. 11–13,
respectively. It can be seen that the vapor flux flows within
the sample toward the surface, and water evaporation takes
place inside the sample and on the surface. As the drying
process proceeds, the vapor flux flows in both directions
at drying time of 5 h, but it flows in the same direction at
drying time of 10 h because the vapor throughout the sam-
ple migrates in the direction of decreasing saturation.

The air flux moves toward the heated surface with a
lower than the vapor flux because the air diffusion is
decreased by the convective air flux, whereas the vapor dif-
fusion is enhanced by the convective vapor flux. As the rate
of liquid supply to the surface becomes lower, the water
evaporation rate leading to the void volume is increased,
thus allowing air flows away from the heated surface toward

FIG. 12. Fluid movement patterns at 5 h (d ¼ 0:15mm,E0 ¼ 4; 200V=m,

s0 ¼ 0:5): (a) atmospheric pressure; (b) vacuum pressure of 13.3 kPa.

FIG. 11. Fluid movement patterns at 1 h (d ¼ 0:15mm, E0 ¼ 4; 200V=m,

s0 ¼ 0:5): (a) atmospheric pressure; (b) vacuum pressure of 13.3 kPa.

FIG. 13. Fluidmovement patterns at 10 h (d ¼ 0:15mm,E0 ¼ 4; 200V=m,

s0 ¼ 0:5): (a) atmospheric pressure; (b) vacuum pressure of 13.3 kPa.
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the other surface. 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 capillary pressure and gas
pressure build-up, which are simultaneously changed due
to the effect of saturation and temperature distribution in
each time period. The results of all flux profiles in the case
of vacuum pressure are greater than atmospheric pressure
because water evaporation within the sample is accelerated

by the lower boiling point of water together with higher
absorbed microwave power, and a high pressure gradient
is generated.

Figure 14 illustrates the evolution of the flux profiles at
depth of 6 cm in the case of vacuum and atmospheric
pressure. In the case of vacuum pressure, the quantity of
vapor flux is also higher than atmospheric pressure because
it corresponds to higher pressure gradient, microwave
power absorbtion, and rate of water evaporation.

The Effect of Type of Solid Particle

This section focuses on the effect of solid phase types,
such as glass beads and alumina, whose electromagnetic
and thermophysical properties are illustrated in Table 3.
The numerical results for heat, multiphase flow, and press-
ure build-up in an unsaturated porous packed bed at various

FIG. 14. Flux profile at depth of 6 cm (d ¼ 0:15mm, E0 ¼ 4; 200V=m,

s0 ¼ 0:5): (a) atmospheric pressure; (b) vacuum pressure of 13.3 kPa.

TABLE 3
Electromagnetic and thermophysical properties used in the

computations

Properties Air Water Glass bead Alumina

e0r 1.0 f(T) 5.1 10.8
tand 0.0 f(T) 0.01 0.0145
lr 1.0 1.0 1.0 1.0
q 1.205 1000.0 2500.0 3750.0
Cp 1.007 4.186 0.8 1.046
k 0.0262 0.610 1.0 26.0

FIG. 15. Temperature profile at various times of various particles

(d ¼ 0:15mm, E0 ¼ 4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa).

FIG. 16. Temperature profile at depth of 6 cm of various particles

(d ¼ 0:15mm, E0 ¼ 4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa).
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solid particle types subjected to microwave energy using the
operatingmicrowave frequency of 2.45GHz are investigated
at vacuum pressure of 13.3 kPa (100 torr), electric field
intensity of 4,200V=m, initial temperature of 25�C, and
initial moisture content of 0.5, as well as particle size of
0.15mm.

Figures 15 and 16 show temperature profile at various
times and depth of 6 cm, respectively, and Fig. 17 illustrates
the absorbed microwave power within the sample in the
case of alumina. It is seen that the absorbed microwave
power is greater than in the case of glass beads (as shown
in Fig. 8), because alumina have higher dielectric proper-
ties, as displayed in Table 3. However, temperature profiles
in the case of alumina are lower than for glass beads
because the heat capacitance of alumina is greater than that

FIG. 17. Absorbed microwave power profile at various times of various

particles (d ¼ 0:15mm, E0 ¼ 4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa).

FIG. 18. Saturation profile at various times of various particles

(d ¼ 0:15mm, E0 ¼ 4; 200V=m, s0 ¼ 0:5,P ¼ 13:3 kPa).

FIG. 19. Pressure distribution at various times of alumina (d ¼ 0:15mm,

E0 ¼ 4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa).

FIG. 20. Fluid movement patterns of alumina (d ¼ 0:15mm, E0 ¼
4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa): (a) 1 h; (b) 5 h; (c) 10 h.

HEAT–MASS TRANSPORT IN POROUS MEDIUM 695

D
ow

nl
oa

de
d 

by
 [

T
ha

m
m

as
at

 U
ni

ve
rs

ity
 L

ib
ra

ri
es

] 
at

 0
1:

31
 1

8 
A

ug
us

t 2
01

4 



of glass beads. Furthermore, it is found that the saturation
profile, illustrated in Fig. 18, is lower than that in the case
of glass beads.

Figure 19 shows pressure difference profile within the
sample in the case of alumina. Total pressure is lower than
in the case of glass beads because it is possible to have
lower temperature profiles taking place inside the sample.

Figure 20 illustrates fluid movement patterns inside the
sample in the case of alumina at various times such as 1,
5, and 10 h. For fluid transport phenomena, liquid, vapor,
and air flux are explained in the previous subsection. It is
observed that liquid flux within the sample is greater com-
pared with glass beads (as shown in Figs. 11(b), 12(b), and
13(b)). Additionally, liquid flux profile at a depth of 6 cm is
also greater than in the case of glass beads, as can be seen
in Fig. 21.

This study shows the capability of the numerical analy-
sis to handle heat–mass transport and pressure build-up in
a one-dimensional porous medium subjected to a micro-
wave vacuum drying problem. With further quantitative
validation of the present method, this method can be used
as a tool for investigating in detail this particular micro-
wave drying under vacuum pressure of phase change in
an unsaturated porous media at a fundamental level.

CONCLUSIONS

The numerical analysis presented describes many impor-
tant interactions within the sample (as an unsaturated
porous media) during microwave vacuum drying. A gener-
alized mathematical model for analysis of heat and mass
transfer, and pressure build-up in the sample subjected to
microwave energy, can be used successfully to describe
transport phenomena under vacuum pressure condition.
The vacuum pressure significantly influences temperature,

absorbed microwave power, saturation and pressure
build-up distribution, and movement of fluid inside the
sample. 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 completed solution of the unsteady
Maxwell’s equations. The next step, numerical analysis of
heat–mass transport and pressure build-up in a two-
dimensional unsaturated porous medium subjected to a
combined microwave and vacuum system, will be investi-
gated. However, these results provide understanding into
the vacuum drying of a porous medium subjected to electro-
magnetic energy which can be applied in industrial drying.

NOMENCLATURE

c Velocity of light (m=s)
Cp Specific heat capacity (J=kgK)
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=m2K)
hm Mass transfer coefficient (m=s)
J Leverett functions
K Permeability (m2)
Le Lewis number
M Molecular weight (kg=mol)
_nn Phase change term (kg=m3s)
P Microwave power (W)
p Pressure (Pa)
pvs Partial pressure of the saturation vapor (Pa)
Q Absorbed microwave power 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 Velocity (m=s)

Greek Letters

a Attenuation constant
tand 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)

FIG. 21. Flux profile at depth of 6 cm of alumina (d ¼ 0:15mm, E0 ¼
4; 200V=m, s0 ¼ 0:5, P ¼ 13:3 kPa).
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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
z Cartesian coordinate
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