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Abstract

The heating of porous dielectrics, beef–air (b/a) and beef–oil (b/o), attached with ceramic, metallic or ceramic–metallic composite
supports, has been studied analytically using microwaves. Three test porosities were considered, 0.3, 0.45 and 0.6. A preliminary under-
standing of enhanced heating and power absorption within the material was obtained from the average power vs slab depth plots. The
maxima in power, also termed as ‘resonances’, are observed for specific sample thicknesses and the two consecutive resonances are
termed as R1 and R2 modes. It is observed that, for both b/a and b/o samples, higher intensity of resonances for power absorption occur
in the presence of metallic and alumina–metallic composite supports. The detailed spatial distribution of power illustrates that the sample
attached with the metallic support attains lower power distribution for both b/a and b/o samples. The low power absorption near the
unexposed face has been enhanced by ceramic–metallic composite support. The overall heating efficiency is also enhanced with ceramic–
metallic composite supports. The optimal heating strategy has been derived based on large heating rate with small thermal runaway.
Metallic support may be recommended as optimal heating strategy for higher porosities ð/ P 0:45Þ whereas alumina–metallic composite
support may be suitable for smaller porosities ð/ 6 0:45Þ for b/a samples. Metallic or alumina–metallic composite supports give optimal
heating effects for b/o samples. For both b/a and b/o samples, the thermal runaway is larger at higher porosities.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Microwaves are electromagnetic waves in the frequency
range 300 MHz to 300 GHz. Microwaves propagate
through materials and the accompanying transport pro-
cesses result in dissipation of electric energy into heat,
which led to the term ‘volumetric heat generation’. Due
to volumetric effects microwaves are used extensively for
thermal processing in various operations such as baking,
concentrating, cooking, curing, thawing-tempering, and
many more. Dielectric response of various materials play
an important role in carrying out efficient material process-
ing and a significant amount of earlier research was
devoted to understand the physics of microwave assisted
transport and heating characteristics. Microwaves are
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widely preferred over conventional heating due to shorter
processing times. In conventional heating, heat is radiated
from the burner to the surface of the material and the
material is heated due to surface heat flux. In contrast, dur-
ing microwave heating, the material dielectric loss which is
a function of frequency of microwaves, is responsible for
the conversion of electric energy to heat.

A significant amount of theoretical studies has been car-
ried out by earlier researchers of microwaves [1–4] to
understand spatial power and temperature distributions
within samples. Ayappa et al. [1,2] carried out detailed the-
oretical analyses for microwave heating of 1D slabs and 2D
cylinders. Transient temperature profiles were predicted
within multilayered slabs and cylinders of dielectric materi-
als by simultaneously solving Maxwell’s equation and heat
equation. Further studies have been carried out on reso-
nances due to microwave propagation [3,4]. At a resonant
condition the average power absorption within the sample
is a local maximum and the effect of sample size on
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Nomenclature

Ax,l amplitude of stationary wave for lth layer,
V m�1

A Ampere
Bi Biot number, –
cp specific heat capacity, J kg�1 K�1

c velocity of light, m s�1

Ex electric field intensity, V m�1

f frequency, Hz
Hy magnetic field intensity, A m�1

Im imaginary part
k thermal conductivity, W m�1 K�1

k propagation constant
L half-slab thickness, m
Ls sample thickness, m
q microwave source term, W m�3

Q dimensionless microwave source term
Re real part
t time, s
T temperature, K
u dimensionless field component
v dimensionless real field component
V volt
w dimensionless imaginary field component
z distance, m
z0 dimensionless distance

Greek symbols

c dimensionless propagation constant
�0 free space permittivity, F m�1

h dimensionless temperature
j0 relative dielectric constant
j00 relative dielectric loss
j* relative complex dielectric properties
km wavelength in the medium, m
q density, kg m�3

/ porosity, –
s dimensionless time
dx,l phase difference in stationary wave for lth layer
x angular frequency, rad s�1

Subscripts

c continuous phase
d dispersed phase
eff effective property
l layer number

Superscripts

t transmitted wave
r reflected wave
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enhanced microwave heating rate was analyzed in the pres-
ence of resonances by Barringer et al. [3] and Ayappa et al.
[4]. Microwave heating and transport models were further
applied for thawing and heating of multiphase systems in
recent investigations [5–9] and greater rates in material pro-
cessing were observed due to resonances. All these earlier
works on heating and melting were carried out to investi-
gate the heating effects solely due to the materials. Typi-
cally, materials are kept with a support in an oven or
waveguide, and therefore, the foreign materials may inter-
fere with the heating scenarios in the sample.

Basak and Priya [10] investigated the role of ceramic
supports on microwave heating of materials with low and
high dielectric loss (oil and water). A generalized heating
strategy for materials due to uniform plane waves was
derived. A theoretical analysis of microwave heating of
food slabs supported by ceramic plates was also carried
out by Basak and Meenakshi [11,12]. Their study involves
processing of beef with oil layers with or without support
for various cases. They also studied the effect of one side
heating and distributed heating strategies for heating of
low and high dielectric loss materials (beef and oil). Com-
mon to all these studies, is microwave heating of pure or
non-porous substances.

Typical food systems may be realistically characterized
as porous substances and the dielectric response of the por-
ous substance would be non-trivial due to the effective
dielectric properties of solid matrix and the fluid occupying
the void space. Earlier studies on microwave heating of
porous systems were carried out for several applications.
Microwaves have been used for fabrication of ceramics
[14,15]. Oh et al. [14] carried out fabrication of porous alu-
mina in the presence of microwaves and Wang et al. [15]
used microwave sintering for fabrication and characteriza-
tion of porous ceramics. Microwaves have also been used
for drying of materials [16–19]. Lyons et al. [16] carried
out an experimental investigation of drying of a porous
medium with internal heat generation. Drying of unsatu-
rated porous materials was numerically and experimentally
studied by Ratanadecho et al. [18]. Use of combined heat-
ing for drying of porous materials was studied by experi-
mental investigation by Glouannec et al. [17]. This work
was extended by Salagnac et al. [19] when they developed
a numerical model for combined hot air, infrared and
microwave drying of a porous material and experimental
and simulated values were compared. Various models have
been developed to describe heat transfer processes in por-
ous systems. Ni et al. [20] developed a multiphase porous
media model to predict moisture transport during intensive
microwave heating of porous biomaterials. The effects of
microwave heating of a batch fluidized bed was investi-
gated by solving a coupled heat and mass transfer model
by Chen et al. [21]. Wang and Sun [22] have reviewed the
recent developments in numerical modeling of heating
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and cooling processes in the food industry. A multiphase
porous media model has also been developed by Dincov
[23] to predict the heating mechanism for intensive micro-
wave heating of porous materials. Datta [24] developed a
general multiphase model which described a number of
heat and mass transfer processes in foods, particularly
those involving internal evaporation. However, the distri-
bution of microwave power absorption within the porous
bed due to effective dielectric response was absent in these
analyses. Recently, the effect of ceramic supports on micro-
wave heating of porous dielectrics was investigated by
Basak et al. [13]. They studied heating of porous samples
in presence of various distributions of microwaves and an
efficient heating strategy was developed. However, this
work was limited to studies involving microwave heating
of samples supported on ceramic plates alone. Realistically,
food substances can be supported on various ceramic/
metallic substances when they are heated using micro-
waves. In the current work an analysis has been presented
for microwave heating of porous samples supported on
metallic and composite metallic–ceramic plates.
Fig. 1. Schematic illustration of a porous dielectric beef sample exposed to a p
beef–air (b/a) and beef–oil (b/o).
The present work attempts to study the heating effects of
typical food substances (porous beef) with metallic, cera-
mic and composite supports in the presence of microwaves.
The analysis has been carried out in the presence of reso-
nances or maxima in power within the sample for various
porosity regimes. During resonances, material absorbs
greater power and the presence of a support may alter
the power absorption within the material. The analysis
involves two typical porous materials such as beef–air
(b/a) and beef–oil (b/o) where air or oil is assumed to be
the fluid medium of the porous body. The dielectric
response is modeled using effective dielectric properties
for various porosity values. The resonating phenomena is
quite complicated for material-support complex and a
detailed investigation on resonances for such material-sup-
port (metallic or ceramic–metallic composite) has been car-
ried out to achieve efficient heating strategies for material
processing. The role of traveling waves within the porous
body and various supports on the heating rates are
analyzed. The efficient heating mechanism characterized
by ‘maxima in temperature rise with minimal thermal
lane electromagnetic wave. Two cases of porous dielectrics are considered:
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runaway effects’ has been illustrated for both beef–air
(b/a) and beef–oil (b/o) samples with various porosity
regimes.

2. Theory

2.1. Microwave propagation in porous multilayered dielectric

with metallic and ceramic supports

The porous dielectric with ceramic/metallic support may
be represented as a one dimensional slab. Similar assump-
Table 1
Thermal and dielectric properties for air, oil, raw beef, Al2O3 and SiC
[10,11,18]

Material property Air Oil Raw
beef

Al2O3 SiC

Heat capacity, cp

(J kg�1 K�1)
1158.93 2000 2510 1046 3300

Thermal conductivity, k

(Wm�1 K�1)
0.0706 0.168 0.491 26 40

Density, q (kg m�3) 0.325 900 1070 3750 3100
Dielectric constant, j0

(2450 MHz)
1.0 2.8 43 10.8 26.66

Dielectric loss, j00

(2450 MHz)
0.0 0.15 15 0.1566 27.99
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Fig. 2. Average power (W cm�3) vs sample thickness (cm) for beef–air (b/a) sa
alumina–metallic support and (e) SiC–metallic support with porosities / ¼ 0
denotes R1 mode and the symbol, j, denotes R2 mode of resonances.
tions are also found in earlier literature [5–11]. The wave
propagation due to uniform electric field, Ex, obtained
from Maxwell’s equation is

d2Ex

dz2
þ k2Ex ¼ 0; ð1Þ

where Ex lies in x–y plane and varies only in the direction of
propagation, z-axis (Fig. 1). It may be noted that,
k ¼ x

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j0 þ ij00
p

is the propagation constant which depends
on the dielectric constant, j0 and the dielectric loss, j00.
Note that x ¼ 2pf , where f is the frequency of the
electromagnetic wave and c is the velocity of light. In a n

multilayered sample the equation for wave propagation
due to electric field for the lth layer obtained from Eq.
(1) is

d2Ex;l

dz2
þ k2

l Ex;l ¼ 0; ð2Þ

where zl�1 6 z 6 zl and l ¼ 1; . . . ; n. Assuming that each
layer has constant dielectric properties, the general solution
to Eq. (2) represented as a linear combination of transmit-
ted and reflected waves propagating in opposite directions
is
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mples with (a) metallic support, (b) alumina support, (c) SiC support, (d)
:3, 0.45 and 0.6 exposed to microwaves at the left face. The symbol, d,



3076 K. Aparna et al. / International Journal of Heat and Mass Transfer 50 (2007) 3072–3089
Ex;1 ¼ Et;1eik1z þ Er;1e�ik1z

First or air layer;

Ex;l ¼ Et;le
iklz þ Er;le

�iklz

Porous media and support l ¼ 2; . . . ; n� 1;

ð3Þ

where Et,l and Er,l are the coefficients due to transmission
and reflection respectively.

Ex;n ¼
Et;neiknz þ Er;ne�iknz ðairÞ;
0 ðmetallic supportÞ;

�
ð4Þ

The boundary conditions at the interface are

Ex;l�1 ¼ Ex;l

dEx;l�1

dz ¼
dEx;l

dz

)
l ¼ 2; . . . ; n;

z ¼ z1; . . . ; zn�1;
ð5Þ

Here z1; z2; . . . ; zn�1 denote the boundaries between
interfaces.

The interface conditions (Eq. (5)) and the general solu-
tions (Eqs. (3) and (4)) are used to obtain the coefficients,
Et,l and Er,l by solving the set of algebraic equations.
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Et;le
iklzl þ Er;le

�iklzl � Et;lþ1eiklþ1zl

�Er;lþ1e�iklþ1zl ¼ 0

klEt;le
iklzl � klEr;le

�iklzl � klþ1Et;lþ1eiklþ1zl

þklþ1Er;lþ1e�iklþ1zl ¼ 0

9>>>>>=
>>>>>;

l ¼ 1; . . . ; n� 1:

ð6Þ
As the incident field intensities from the left and right
are known, i.e. Et;1 ¼ E0 and Er;n ¼ 0, Eq. (6) are solved
for the remaining 2n� 2 coefficients using MATLAB
[7,8,10]. For the lth layer, the transmitted and reflected
waves are

Et
x;l ¼ Et;le

iklz ¼ At
x;le

idt
x;l ;

Er
x;l ¼ Er;le

�iklz ¼ Ar
x;le

idr
x;l ;

ð7Þ
where corresponding amplitudes are given by

At
x;l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Et

x;lE
t
x;l
�

q
;

Ar
x;l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er

x;lE
r
x;l
�

q ð8Þ
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and the phase states are given by

dt
x;l ¼ tan�1

ImðEt
x;lÞ

ReðEt
x;lÞ

" #
;

dr
x;l ¼ tan�1

ImðEr
x;lÞ

ReðEr
x;lÞ

" #
;

ð9Þ

where the superscript, ‘*’ in Eq. (8) denotes the complex
conjugate. For a stationary wave in the lth layer, the ampli-
tude is given by

Ax;l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ex;lE�x;l

q
ð10Þ

and the difference in phase angle is given by

dx;l ¼ dt
x;l � dr

x;l; ð11Þ
where the quantities Ex,l and E�x;l in Eq. (10) are evaluated
using Eqs. (3), (4) and (7). At the resonance, the difference
in phase angle is zero, i.e., dx;l ¼ 0. The absorbed power in
lth layer, obtained from Poynting vector theorem is

qlðzÞ ¼
1

2
x�0j

00
effð/ÞEx;lðzÞE�x;lðzÞ: ð12Þ

Here �0 is the free space permittivity, / is the porosity and
j00eff is the effective dielectric loss where,

jeffð/Þ ¼ j0effð/Þ þ ij00effð/Þ ð13Þ
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and for a porous medium, the effective dielectric properties
jeff can be obtained from Fricke’s complex conductivity
model [25]:

jeff ¼
j�c ½j�dð1þ a/Þ þ aj�cð1� /Þ�

j�dð1� /Þ þ j�cðaþ /Þ ð14Þ

Here j�c and j�d are the relative complex dielectric properties
of the continuous (beef) and dispersed (air/oil) phases
respectively. It may be noted that a ¼ 2 for spherical dis-
persions and a ¼ 1 for cylindrical dispersions. Based on
experimental observations, a ¼ 2 is chosen for this study.

The average power obtained by integrating the power
across the slab is

�q ¼ 1

2L

Z þL

�L
qlðzÞdz � 1

2L

X2L

z¼0

qlðzÞ: ð15Þ

Here �L and L denote the left and right faces of the slab
respectively and ql(z) denotes the power as a function of
z where z may be measured from the left edge of the slab
or sample. It may be noted that, 2L is the thickness of
the entire slab consisting of sample and supports. Ls is
the thickness of the sample and L0 is the total thickness
of the support such that 2L ¼ Ls þ L0. The average power
for a sample of thickness Ls is
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qav ¼
1

n

Xn

i¼1

qlðziÞ for 0 6 zi 6 Ls: ð16Þ
2.2. Modeling of microwave heating and solution strategy

The energy balance equation for heating of a porous
dielectric by microwave radiation is

qcp
oT
ot
¼ k

o2T
oz2
þ qðzÞ; ð17Þ

where q, the effective density, cp, the effective specific heat
capacity and k, the effective thermal conductivity and are
given by

q ¼ ð1� /Þqc þ /qd; ð18Þ
cp ¼ ð1� /Þcpc þ /cpd ð19Þ

and

k ¼ ð1� /Þkc þ /kd: ð20Þ

It may be noted that the subscripts ‘c’ and ‘d’ represent the
continuous and dispersed phases, respectively. The density
q in Eq. (18) describes the effective density and it is as-
sumed to be uniform bulk density throughout the sample.
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The volumetric heat source, in Eq. (17), q(z) is defined as
in Eq. (12). In a n multilayered sample, the energy balance
equation for the lth layer obtained from Eq. (17) is

ðqcpÞl
oT l

ot
¼ kl

o2T l

oz2
þ qlðzÞ l ¼ 1; . . . ; n ð21Þ

The boundary conditions are

k1

oT 1

oz
¼ 0 z ¼ z1 ð22Þ

and

�kn�1
oT n�1

oz
¼ 0 z ¼ zn�1; ð23Þ

The interface conditions between phase interfaces are

T l ¼ T lþ1

kl
oT l
oz ¼ klþ1

oT lþ1

oz

�
l ¼ 2; . . . ; n� 2

z ¼ z2; . . . ; zn�2

ð24Þ

The wave propagation equation for a particular medium is
given in Eq. (2). As microwave power, ql(z) is a function of
electric field as seen in Eq. (12), a functional representation
of electric field is necessary to solve the energy balance
equation (Eq. (21)). The evaluation of functional form
of electric field is difficult for a multilayered sample.
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Alternatively, the energy balance and wave equations (Eqs.
(21) and (2)) are solved numerically.

The dielectric properties are obtained from Table 1. It
may be noted that dielectric properties correspond to
microwave frequency 2450 MHz. The porous dielectric
substance may be represented by either beef–air or beef–
oil (see Fig. 1). The typical values of porosities 0.3, 0.45
and 0.6 are considered for the computation. The micro-
wave incidence is assumed to be from left side of the sample
as seen in Fig. 1. The temperature of the sample and sup-
port is 300 K at t ¼ 0 s. The thickness of the sample varies
between 0.1 and 5 cm and a thickness of support of 0.2 cm
for all test cases has been assumed. Al2O3 is a transparent
medium and SiC absorbs microwave significantly [26]. It is
assumed smaller thickness of support and influence of
various thicknesses of support on microwave heating of
materials may not be important.

The energy balance equation and the electric field equa-
tions with the appropriate boundary conditions are solved
using Galerkin finite element method. The interface condi-
tions for energy balance and electric field equations due to
multiple phases are automatically satisfied via an interface
element common to two phases. At the interface node, the
field variable and fluxes are continuous as discussed by
Reddy [27] and Ayappa et al. [1]. To discretize the time
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domain, Crank–Nicholson method is used, and the non-
linear residual equations are solved using Newton Raphson
Method [7,8]. Due to the lack of a good initial guess to
begin the Newton scheme, a small time step Dt ¼ 1�
10�4 s was used in the first step. Unless specified otherwise
Dt ¼ 0:1 s was used for subsequent steps and typically 25–
50 quadratic elements were used. It was found that the
maximum difference for the values of the unknowns at
the nodes was less than 1% when the values were compared
for 25 and 50 elements. Similarly the maximum difference
was less than 1% when the results were compared for
Dt ¼ 0:05 s and 0.1 s.

3. Results and discussion

3.1. Microwave power and temperature distributions for

beef–air samples

A preliminary study has been carried out to analyze the
role of metallic and ceramic supports on microwave heat-
ing of porous dielectrics via the average power vs sample
thickness diagram. Note that in all cases, the sample is
exposed to a microwave radiation of intensity 1 W cm�2.
The maxima in average power is often termed as reso-
nances and the two consecutive resonances may be referred
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to as R1 and R2 modes. The significant resonances occur at
two consecutive R1 and R2 modes. The resonances R1 and
R2 are due to constructive interferences between transmit-
ted and reflected waves and the amplitudes of the transmit-
ted and reflected waves are generally larger for smaller
sample dimensions corresponding to the R1 mode. Hence,
the average power at R1 mode is generally greater than that
at R2 mode irrespective of the materials. Fig. 2a–e illus-
trates the average power vs sample thickness diagram for
samples with metallic, ceramic (alumina and SiC) and com-
posite (alumina–metallic and SiC–metallic) supports. Note
that, the wavelength of microwaves for beef–air for the
three porosities are 2.33, 2.70 and 3.22 cm, respectively.

It is observed from Fig. 2a that largest average power
corresponds to beef–air with porosity / ¼ 0:3 and average
power decreases as porosity increases during both R1 and
R2 modes for samples with metallic support. It is also
observed that the average power is greater during R1 mode
for all the three porosity cases. In addition, the sample
thickness corresponding to R1 and R2 modes is found to
increase as porosity increases. A similar pattern of average
power with porosities is observed for microwave heating of
samples with ceramic and composite supports and the sup-
port may play a significant role on microwave heating as
seen in Fig. 2a–e. Fig. 2b shows that average power during
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R1 mode is much smaller than that for metallic support as
seen in Fig. 2a for all porosities. It may be noted that
the average power of beef sample with metallic support
for porosity / ¼ 0:3 during R1 mode is 1.65 W cm�3

whereas it is 0.52 W cm�3 for samples with alumina sup-
port, 0.38 W cm�3 with SiC support, 2.5 W cm�3 with alu-
mina–metallic support and 2.08 W cm�3 with SiC–metallic
support. It is interesting to note that for all three porosities,
beef sample with alumina–metallic composite support cor-
responds to the largest average power and the sample with
SiC support corresponds to the smallest average power for
R1 mode.

An efficient use of supports depends on factors such as
faster thermal processing, porosity of the beef sample and
controlled or uniform thermal processing. The interesting
features as seen in Fig. 2a–e thus provide the stimulus for
determining the role of supports on efficient heating of beef
samples using microwaves. A detailed analysis of micro-
wave power characteristics and electric field distributions
at various resonance modes would be useful to understand
the interference of waves and the critical role of the specific
support on food/material processing.

Fig. 3 illustrates the spatial distribution of amplitude,
power and temperature for beef–air samples with metallic
and ceramic supports with porosity / ¼ 0:3 during R1
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mode. For all these cases, the slab depth (Ls) corresponding
to R1 mode are 0.55, 1.05 and 0.9 cm for sample with
metallic support, alumina support and SiC support, respec-
tively. It is observed that amplitude of the transmitted wave
is a decreasing function of distance whereas the amplitude
of the reflected wave is an increasing function within the
sample for all the cases. The difference in phase angle vs
distance within the slabs illustrates the strength of the sta-
tionary wave and zero phase difference signifies construc-
tive interference, which is also termed as resonance (see
inset). It is also observed that the amplitude of the trans-
mitted and reflected waves are identical near the metallic
support. Although the amplitudes are equal in the sample
near the metallic support, the destructive interference as
illustrated by the phase shift between �p and p (see inset)
occurs at the unexposed face resulting in zero electric field.
The stationary electric field forms a maxima at the exposed
face for the sample with metallic support. The metallic sup-
port does not allow the waves to penetrate through and
significant amount of reflection would cause stronger
stationary waves within the sample. The interference of
waves within the sample is also quite strong resulting in
greater power absorption throughout the sample except
at the unexposed face. The power profile follows the same
trend as the stationary electric field and the average power
for metallic support is 1.65 W cm�3.
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The amplitude of the stationary electric field has two
maxima occurring at the surfaces when the sample is
attached to alumina support unlike the one spatial reso-
nance that occurs with metallic support. The waves do pen-
etrate through and reflect out of the ceramic supports and
thus the interference of waves within the sample are cou-
pled with propagation of waves in ceramic supports. There-
fore, the stationary waves within the sample are weaker
than those within the sample with metallic support. It is
also observed that, due to smaller dielectric loss of alumina
support ðj00 ¼ 0:1566Þ, the microwave power absorption is
quite small within the support. In contrast, due to greater
dielectric loss of SiC ðj00 ¼ 27:99Þ, significant power
absorption occurs within SiC support. The role of SiC sup-
port may be illustrated by the fact that more transmission
and reflection within the support may decrease the ampli-
tudes of traveling waves within the sample. The power pro-
file follows the same trend as the stationary electric field for
ceramic supports. Due to significant reflection within the
metallic support, power absorbed within the sample is
larger than that with ceramic supports.

The spatial distributions of temperature within the sam-
ple during 20, 40 and 60 s have also been illustrated in
Fig. 3. The temperature varies within 316–348 K for the
sample with metallic support during 60 s whereas it varies
within 307–326 K for alumina support and within 307–
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319 K for SiC support. The greater temperature distribu-
tions with the metallic support are due to greater power
distributions which is in contrast with ceramic supports.
It is interesting to note that, although the power at the
regime near the metallic support is almost zero, the temper-
ature profile is significantly high, due to the larger thermal
conductivity of the beef sample. Similar to metallic sup-
port, the temperature at the exposed face is larger than that
at the unexposed face for ceramic supports.

Fig. 4 shows the amplitude, power and temperature dis-
tributions for beef–air samples with metallic and ceramic
supports for porosity / ¼ 0:6 during R1 mode. The ampli-
tudes of traveling waves within the sample and supports are
qualitatively similar to sample with porosity 0.3. As in
Fig. 3, the electric field is zero near the metallic support.
It is noted that, the stationary electric field forms a maxima
at the exposed face for metallic support, whereas for alu-
mina and SiC supports, two maxima are formed at the
exposed and unexposed faces. It may be noted that, the
slab depths are 0.8, 1.45 and 1.1 cm for metallic, alumina
and SiC support cases, respectively. It is interesting to note
that the samples with porosity / ¼ 0:6 correspond to
greater sample thickness than that with porosity / ¼ 0:3.
The power absorption for the three support cases are
1.24, 0.40 and 0.35 W cm�3 respectively, whereas the
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d, denotes R1 mode and the symbol, j, denotes R2 mode of resonances.
absorbed power for beef with porosity / ¼ 0:3 are 1.65,
0.52 and 0.38 W cm�3 respectively. It may be noted that
the absorbed power for porosity / ¼ 0:6 is less than that
for / ¼ 0:3 for metallic and ceramic supports. Similar to
beef with porosity 0.3, the average power within the beef
sample is higher for metallic support than that with cera-
mic supports. Fig. 4 also illustrates the spatial distribution
of temperature within the sample during 20, 40 and 60 s. It
is seen that, the temperatures for metallic and ceramic sup-
ports are higher than that for samples with porosity
/ ¼ 0:3 (Fig. 3). The temperatures during 60 s varies within
370–434 K, 307–349 K and 309–339 K respectively for
metallic, alumina and SiC supports, whereas the tempera-
tures are 316–348 K for metallic support, 307–326 K for
alumina support and 307–319 K for SiC support for
/ ¼ 0:3. It may be observed that the temperature distribu-
tion increases as porosity increases and larger porosity
corresponds to smaller average power.

A comparison of power and temperature distributions
for various porosities with metallic support is shown in
Fig. 5 with the spatial distribution of amplitude, power
and temperature for samples with metallic support during
R1 mode for the three porosities, 0.3, 0.45 and 0.6, respec-
tively. The sample thicknesses are 0.55, 0.65 and 0.8 cm for
/ ¼ 0:3, 0.45 and 0.6, respectively. It is observed that the
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amplitude of the transmitted wave is a decreasing function
of distance within the sample while amplitude of the
reflected wave is an increasing function of distance within
the sample, for all porosity ranges. It is seen that the ampli-
tude of the transmitted and reflected waves are identical
near the metallic support. Although the amplitudes are
equal at the sample face attached to the metallic support,
the destructive interference illustrated by the phase shift
as seen in the inset, occurs at the unexposed face resulting
in zero electric field. The distribution of amplitudes of both
the transmitted and reflected waves are greater for beef
sample with / ¼ 0:6 whereas the sample with / ¼ 0:3
exhibits the larger spatial distribution of power due to
greater dielectric loss (j00). The average powers (qav) are
1.65, 1.47 and 1.24 W cm�3 for the three porosities, respec-
tively. Values of j00 ¼ 9:13, 6.73 and 4.61 for / ¼ 0:3, 0.45
and 0.6, respectively.

The spatial temperature distributions are illustrated for
t ¼ 20, 40 and 60 s. The temperature distributions qualita-
tively follow the power distributions. At / ¼ 0:6, which
corresponds to the smallest average power, the highest tem-
perature distribution due to smaller effective heat capacity
is noticed. The specific heat capacities are 2104.67, 1902
and 1699 J kg�1 K�1 respectively for the three porosities
/ ¼ 0:3, 0.45 and 0.6, respectively.
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Effect of ceramic–metallic composite supports on
enhancement of power absorption has been analyzed in
detail for various porosities in Figs. 6 and 7. In addition,
situation of zero power absorption due to metallic support
can be improved by using the ceramic–metallic composite
support. Fig. 6 illustrates the spatial distribution of ampli-
tude, power and temperature for sample with alumina–
metallic composite support during R1 mode. It is observed
that a maxima in stationary field and power occurs at the
exposed face of the sample, as in the case of metallic sup-
port (Fig. 5). There is a significant jump in amplitude of
the transmitted and reflected wave within the alumina sup-
port, especially for / ¼ 0:3 and 0.45. As in the case of
metallic support, the amplitude of the traveling and sta-
tionary waves are slightly larger for / ¼ 0:6. In addition,
the presence of alumina–metallic composite support seems
to enhance the amplitudes of the waves within the sample
and therefore the larger spatial power distributions are
observed for sample with specific porosities. It may be
noted that the average power absorption (qav) within the
beef sample are 2.5, 2.1 and 1.64 W cm�3 for / ¼ 0:3,
0.45 and 0.6, respectively with alumina–metallic support
whereas qav ¼ 1:65, 1.47 and 1.24 W cm�3 respectively for
metallic support with similar porosities. Although the com-
posite support gives larger average power, the total power
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absorption is larger with metallic support. The slab depth
(Ls) with composite support corresponding to R1 mode is
smaller than that with metallic support. The value of
Ls ¼ 0:35, 0.45 and 0.6 cm for / ¼ 0:3, 0.45 and 0.6,
respectively for the composite support.

The temperature distributions are illustrated for t ¼ 20,
40 and 60 s in Fig. 6. The temperature at the exposed face is
higher than that at the unexposed face. The temperatures
are within 331–363 K, 330–386 K and 327–421 K, respec-
tively for / ¼ 0:3, 0.45 and 0.6 for composite support
whereas the temperatures are within 349–377, 358–400
and 370–435 K for metallic support. As with the metallic
support, the temperature at the exposed face increases with
increase in porosity.

Fig. 7 shows the spatial distribution of amplitude, power
and temperature for beef with SiC–metallic composite sup-
port during R1 mode. As in Fig. 6, the sample thicknesses
in this case are Ls ¼ 0:35, 0.45 and 0.55 cm for / ¼ 0:3,
0.45 and 0.6, respectively during R1 mode. As in earlier
cases, the amplitudes of the transmitted and reflected waves
increase with increase in porosity. The amplitude of the
reflected wave within the sample is smaller due to the pres-
ence of SiC support and therefore, the strength of the sta-
tionary wave within the sample is reduced. In addition, the
smaller power within the sample may be due to greater
Hy

Ex

z

0 0.75
-7
0
7

0 0.2 0.4 0.6
Slab Depth, cm

0

3

6 Amplitude, 103xV⋅m-1

Metallic Support 

(Ls = 0.55 cm)
(beef-oil, φ = 0.3)

0

3

6

0 0.85
-7
0
7

0 0.2 0.4 0.6 0.8
Slab Depth, cm

0

3

6
Metallic Support 

(Ls = 0.65 cm)
(beef-oil, φ = 0.45)

0

3

6

0 0.95
-7
0
7

0 0.2 0.4 0.6 0.8
Slab Depth, cm

0

3

6
Metallic Support

(Ls = 0.75 cm)
(beef-oil, φ = 0.6)

0

3

6

Fig. 11. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions and

porosities, / ¼ 0:3, 0.45 and 0.6 exposed to microwaves from the left face du
wave. The inset shows phase difference ðdx;lÞ vs z.
power absorption within the SiC support due to the fact
that SiC support has a greater dielectric loss. As a result,
power absorption within the sample is smaller than that
with alumina–metallic support. It is interesting to note that
even though the average power absorption within the sam-
ple with SiC–metallic support is smaller than that with alu-
mina–metallic support, the average power is higher than
that with metallic support. However, the total power
absorption with SiC–metallic support is smaller than that
with metallic support. The average power absorption with
SiC–metallic support are 2.08, 1.77 and 1.43 W cm�3 for
/ ¼ 0:3, 0.45 and 0.6, respectively. As in the earlier cases,
the maxima in temperature is found to occur at the exposed
face. The temperature within the sample varies within 316–
348 K for / ¼ 0:3, 316–368 K for / ¼ 0:45 and 315–395 K
for / ¼ 0:6, at 60 s.

An efficient microwave heating policy is accompanied by
maxima in heating rates with minimal thermal runaway.
Fig. 8a–e shows temperature difference (DTb) vs time distri-
bution for beef with metallic, ceramic, and composite sup-
ports for the porosities 0.3, 0.45 and 0.6. DTb is defined as
the difference between the maximum and minimum temper-
atures within the sample. It can be seen that temperature
difference increases with increase in porosity for all cases
(Fig. 8). It is also observed that, the largest temperature
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difference is found in the case of beef with alumina–metallic
composite support, especially for higher porosities. For
alumina–metallic support, the temperature difference
(DTb) is around 33 K for / ¼ 0:3, 57 K for / ¼ 0:45 and
101.7 K for / ¼ 0:6 at 80 s, whereas DTb is 28.7 K for
/ ¼ 0:3, 42.7 K for / ¼ 0:45 and 66.9 K for / ¼ 0:6 for
metallic support.

The inset shows the average temperature ðT bÞ vs time
plot where the slope of the plot represents the heating rate
which is directly proportional to the microwave power
absorption. It is observed that the average temperature
distribution has larger slopes for higher porosities. The
average temperature vs time curve is very steep for
/ ¼ 0:6 for metallic support and alumina–metallic support
(Fig. 8a and d). The average temperatures for / ¼ 0:6 at
80 s are 436 K for metallic support, 405 K for alumina–
metallic support, 377 K for SiC–metallic support, 336 K
for alumina support and 333 K for SiC support. For lower
porosity / ¼ 0:3, the average temperatures are 384 K for
metallic support, 365 K for alumina–metallic support,
344 K for SiC–metallic support, 321 K for alumina support
and 317 K for SiC support. Therefore, an optimal heating
strategy may be suggested as the metallic support for
greater porosities ð/ P 0:45Þ and alumina–metallic sup-
port for smaller porosities ð/ 6 0:45Þ.
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Fig. 12. Amplitudes of electric field ðAx;l;A
t
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r
x;lÞ, power distributions and

composite support for porosities, / ¼ 0:3, 0.45 and 0.6 exposed to microwaves
wave; —, stationary wave. The inset shows phase difference ðdx;lÞ vs z.
3.2. Microwave power and temperature distributions for

beef–oil samples

Fig. 9a–e illustrates the average power vs sample thick-
ness diagram for beef–oil sample with metallic, ceramic and
composite supports, for three porosities, 0.3, 0.45 and 0.6.
The distributions are qualitatively similar to beef–air case.
As in Fig. 2, the highest average power corresponds to
sample with composite supports, and average power is
found to decrease with increase in porosity for all cases.
As porosity increases, the sample thickness corresponding
to R1 and R2 modes increases for all supports. As in
beef–air sample, the highest average power corresponds
to alumina–metallic support. The average power absorp-
tion with alumina–metallic support is 2.58 W cm�3,
whereas it is 2.12 W cm�3 with SiC–metallic support and
1.70 W cm�3 for metallic support corresponding to
/ ¼ 0:3. The minimum average power corresponds to cera-
mic supports. The average power for the sample with SiC
support corresponding to / ¼ 0:3 is 0.38 W cm�3 and aver-
age power corresponding to / ¼ 0:6 is 0.34 W cm�3.

Fig. 10 shows the spatial distribution of amplitude,
power and temperature for beef–oil samples with metallic
and ceramic supports for the porosity, / ¼ 0:6 during R1

mode. It may be noted that, the sample with metallic
2L

0.2 0.4 0.6
Slab Depth, cm

Power, W⋅cm-3

av = 2.58 W⋅cm-3

0 0.2 0.4 0.6
Slab Depth, cm

300

400

500
Temperature, K

t=20 s
t=40 s
t=60 s

0.2 0.4 0.6 0.8
Slab Depth, cm

av = 2.17 W⋅cm-3

0 0.2 0.4 0.6 0.8
Slab Depth, cm

300

400

500

0.2 0.4 0.6 0.8
Slab Depth, cm

av = 1.76 W⋅cm-3

0 0.2 0.4 0.6 0.8
Slab Depth, cm

300

400

500

temperature profiles for beef–oil (b/o) samples with alumina–metallic
from the left face during R1 mode. — —, transmitted wave; � � �, reflected



3086 K. Aparna et al. / International Journal of Heat and Mass Transfer 50 (2007) 3072–3089
support shows a maxima in stationary electric field on the
exposed face of the beef sample while alumina support
shows two maxima in electric field on both faces. The
power profile follows qualitatively the stationary electric
field distribution. The sample with metallic support corre-
sponds to the smallest sample thickness at R1 mode. The
sample thicknesses are 0.75 cm, 1.35 cm and 1.05 cm within
the beef sample for metallic, alumina and SiC supports,
respectively. As in the beef–air case, the amplitudes of
the transmitted and reflected waves are equal in the sample
regime near the metallic support. Further, as in the beef–air
case with metallic support, destructive interference results
in zero electric field at the unexposed end attached to the
metallic support. The average power absorption within
the sample with metallic support is 1.30 W cm�3. The aver-
age power absorption is larger than that with ceramic sup-
ports. The average power absorption for alumina support
is 0.41 W cm�3 and for SiC support it is 0.34 W cm�3. As
in the beef–air case (Fig. 4) the highest average power cor-
responds to metallic support whereas the lowest corre-
sponds to SiC support. The temperature profile at 20, 40
and 60 s with metallic and ceramic supports are also
shown. The temperature within the sample at 60 s varies
from 317 to 356 K for metallic support case, 305 to
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support for porosities, / ¼ 0:3, 0.45 and 0.6 exposed to microwaves from the
stationary wave. The inset shows phase difference ðdx;lÞ vs z.
319 K for alumina support case and 308 to 315 K for SiC
support case.

Fig. 11 shows the spatial distribution for beef–oil sample
with metallic support for the three porosities 0.3, 0.45 and
0.6. The spatial distributions are qualitatively similar to
Fig. 5 for all porosities. The slab depth for the three poros-
ities are 0.55, 0.65 and 0.75 cm respectively. The power
profile qualitatively follows the stationary electric field dis-
tributions. The average power absorptions for the three
porosities are 1.70, 1.51 and 1.30 W cm�3, respectively.
As in Fig. 5, the power absorption in the sample layer very
close to the metallic support is nearly zero. Similar to
power profile, temperature profiles show a maxima at the
exposed face. Although the power absorption in the regime
near the metallic support is almost zero, the temperature
profile shows a high value because of the higher thermal
conductivity of beef–oil sample. The temperatures are
329–355 K for / ¼ 0:3, 323–357 K for / ¼ 0:45 and 317–
356 K for / ¼ 0:6 at t ¼ 60 s. It may be interesting to note
that, while power profile decreases with increase in poros-
ity, the temperature variation remains almost the same
for the three porosities.

Fig. 12 shows the spatial distribution of amplitude,
power and temperature for beef–oil with alumina–metallic
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composite support. The sample thicknesses in this case are
0.35, 0.45 and 0.55 cm, respectively. There is a jump in
amplitude of the transmitted and reflected waves at the
sample–support interface due to the presence of ceramic
support. A maxima in the amplitude of the stationary elec-
tric field is seen on the exposed face of the sample. Simi-
larly, the power profile also shows a maxima on the
exposed face. The average power absorption for sample
with alumina–metallic support is significantly larger than
that with metallic support. The average power absorption
with the metallic support case are 1.70, 1.51, 1.30 W cm�3

whereas with alumina–metallic support, the average pow-
ers are 2.58, 2.17 and 1.76 W cm�3 for the three porosities.
It may be noted that, similar to metallic support case, there
is also a small variation in the temperature profile as poros-
ity increases. The temperature varies within 325–351 K for
/ ¼ 0:3, 320–356 K for / ¼ 0:45 and 314–356 K for
/ ¼ 0:6 at 60 s.

Fig. 13 shows the spatial distribution of amplitude,
power and temperature for beef–oil with SiC–metallic
composite support for the three porosities. The sample
thicknesses are 0.35, 0.45 and 0.55 cm, respectively. It is
interesting to note that, these sample thicknesses are iden-
tical to that for alumina–metallic support. Furthermore, as
in Fig. 12, stationary electric field has a maxima at the
exposed face of the sample and there is a jump in amplitude
of the transmitted and reflected waves at the sample–SiC
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interface. Similarly there is also a jump in the power profile
as can be seen from Fig. 13. There is negligible power
absorption within the alumina support as seen in Fig. 12
due to the small dielectric response of alumina whereas
there is significant power absorption within the SiC sup-
port as SiC has a high dielectric loss. Therefore, the power
absorption within the sample with SiC–metallic support is
smaller than that with alumina–metallic support. The aver-
age power absorption for the three cases are 2.13, 1.81 and
1.50 W cm�3 respectively. However, the power absorption
is still higher than that for some cases with metallic sup-
port. In addition, the problem of zero electric field near
the metallic support has been eliminated by the presence
of composite support and the overall power absorption
within the sample has been enhanced compared to metallic
support. The temperature within the sample for the three
porosities varies within 314–340 K, 312–346 K and 310–
348 K at 60 s.

Fig. 14a–e shows the temperature difference (DTb) vs
time distribution for beef–oil samples with metallic, cera-
mic and composite supports for the three porosities 0.3,
0.45 and 0.6. In contrast to beef–air samples, increase in
DTb with increase in porosity is quite small for beef–oil
samples with various supports. As in beef–air samples,
the temperature difference is largest for samples attached
with alumina–metallic support. It may be noted that the
temperature difference (DTb) for / ¼ 0:6 at 80 s for beef
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with metallic support, alumina–metallic support, SiC–
metallic support, alumina support and SiC support are
43.6 K, 47.5 K and 44.6 K, 17.7 K and 8.9 K, respectively.
Thermal runaway may be significant for metallic and com-
posite support cases. However, the higher heating rate
would suggest metallic and composite support for an effi-
cient heating policy.

The inset shows the average temperature T b (which indi-
cates the heating rate) vs time. The heating rates are almost
the same for samples with metallic and ceramic–metallic
composite supports, whereas it is slightly smaller for
samples with alumina and SiC supports. The average tem-
peratures at 80 s for beef–oil samples with metallic, alu-
mina–metallic, SiC–metallic, alumina and SiC supports
are 348.7 K, 351.1 K, 342 K, 313.4 K and 313.6 K, respec-
tively for porosity / ¼ 0:6. Therefore, as in beef–air sam-
ples metallic and alumina–metallic supports are suitable
for efficient thermal processing of beef–oil samples.

4. Conclusions

An extensive analysis of microwave heating of porous
beef, beef–air (b/a) and beef–oil (b/o) with metallic, cera-
mic and composite supports has been carried out with
microwave incidence on the left side for three porosities:
0.3, 0.45 and 0.6. A preliminary estimate of the microwave
power absorption within the samples, with various support
assemblies has been illustrated by plotting the average
power against sample thicknesses. The maxima in average
power are termed as resonances and the two consecutive
resonances are called R1 and R2 modes that occur at spe-
cific sample thicknesses.

The average power vs sample thickness diagram for b/a
samples show that samples with composite supports (alu-
mina–metallic and SiC–metallic) correspond to larger
power absorption whereas samples with ceramic supports
(alumina and SiC) correspond to smaller power absorp-
tion. A mathematical analysis has been carried out to study
the role of individual traveling waves on spatial power and
temperature distribution for b/a samples attached with
metallic, ceramic and composite supports. Unlike ceramic
supports, metallic supports do not allow the waves to pen-
etrate through and significant amount of reflection causes
stronger stationary waves within the sample. Therefore,
the power absorption in samples attached with metallic
supports is larger than that with ceramic supports.
Although metallic supports enhance the power absorption
within the sample, the power absorption is nearly zero at
the sample–support interface. This can be obviated by
using ceramic–metallic composite supports. An efficient
heating strategy has been described based on temperature
difference (DTb) and average temperature ðT bÞ vs time plot.
The heating rate is large for samples with alumina–metallic
support with significant thermal runaway especially for
higher porosities. Therefore, alumina–metallic support
may be recommended as an optimal heating strategy for
b/a samples with smaller porosities ð/ 6 0:45Þ and metallic
support may be a suitable choice for samples with larger
porosities ð/ P 0:45Þ.

Similar to b/a samples, the largest average power
absorption is observed for the samples with metallic and
alumina–metallic supports. In contrast to b/a samples, less
runaway is observed, and temperature difference and heat-
ing rate are found to be almost the same for b/o samples
with metallic and composite supports. As in to b/a samples,
the optimal heating strategy corresponds to metallic or alu-
mina–metallic support for b/o samples.

Overall, the analysis presents an efficient heating strat-
egy for thermal processing of porous substances (b/a or
b/o) supported on metallic substrates. Further, the spatial
inhomogenity of temperature due to lower power near
the metallic support can be enhanced with alumina–metal-
lic composite support.
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