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Abstract

A theoretical analysis has been carried out to study efficient microwave heating of porous dielectrics. The heating effects are analyzed
for two types of porous material: beef-air (b/a) and beef-oil (b/o) with and without ceramic supports (Al2O3 and SiC). Three test cases for
porosities (/) 0.3, 0.45 and 0.6 are considered. The maxima in average power corresponding to resonances occur at various sample thick-
nesses for all porous materials with and without supports and two dominant resonance modes R1 and R2 are considered where the aver-
age power at R1 is larger than that at R2. It is interesting to observe that average power absorption is enhanced for samples (b/a and b/o)
in presence of Al2O3 support whereas the average power is smaller with SiC support. From the analysis on spatial distribution of electric
field, power and temperature, it is seen that runaway heating is observed at the face which is not attached with support for b/a samples,
and the intensity of thermal runaway increases with porosity whereas lower thermal runaway is observed for b/o samples at all porosity
values. An efficient heating strategy has been investigated for various distributions of microwave incidences. It is observed that one side
incidence may correspond to the largest heating rates whereas distributed sources may correspond to smaller thermal runaway for both
beef-air (b/a) and beef-oil (b/o) samples.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electromagnetic radiations in the frequency range
300 MHz–300 GHz are known as microwaves and the typ-
ical wave lengths of microwaves are within few mm to
30 cm. Microwaves propagate through material and the
accompanying transport process results in dissipation of
electric energy into heat, which led to the term ‘volumetric
heat generation’. During microwave heating, the material
dielectric loss which is a function of frequency of micro-
waves, is responsible to convert electric energy to heat.
Dielectric response of various materials plays an important
role to carry out efficient material processing and a signif-
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icant amount of earlier research was devoted to understand
the physics on microwave assisted transport and heating
characteristics.

A detailed analysis on modeling of microwave heating
has been carried out by Ayappa et al. [1,2] and their inves-
tigations were based on heating of 1D slabs and 2D cylin-
ders. They carried out detailed theoretical analyses on
coupled microwave and heat transport for pure and multi-
layered slabs typically used in the food industry. The local-
ized or non-uniform heating in samples occur due to
volumetric heating effects, and considerable studies were
devoted to analyses of maxima in power or ‘resonances’
due to microwave propagation [3,4]. The heating effects
during resonances are considerably greater for specific
sample dimensions and the suitable relationships on occur-
rence of resonance with sample size were established [3,4].
Microwave heating and transport models were further
applied for thawing and heating of multiphase systems in
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Nomenclature

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

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
h heat transfer coefficient, W m�2 K�1

Hy magnetic field intensity, A m�1

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
t time, s
T temperature, K
u dimensionless field component
v dimensionless real field component
w dimensionless imaginary field component
z distance, m
z0 dimensionless distance

Greek symbols

c dimensionless propagation constant
�0 free space permittivity, Farad 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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recent investigations [5–9] and greater rates in material pro-
cessing are observed due to resonances. These extensive
investigations [1–9] are limited to enhanced heating effects
solely due to materials. Recently, Basak and Priya [10,11]
investigated the heating of water (high dielectric loss) and
oil (low dielectric loss) on ceramic (Al2O3 and SiC) and
metallic supports. In their work, the optimal heating effects
with suitable support assemblies were analyzed. Common
to all these studies was the study of the heating effect for
pure substances in the absence of porous medium.

Current work focuses on the application of microwave
heating for typical food systems. The food material may
be realistically characterized as porous substances and the
dielectric response of the porous substance would be non-
trivial due to the effective dielectric properties of solid
matrix and the fluid occupying the void space. A few earlier
studies on microwave heating of porous systems were car-
ried out for several applications such as drying of porous
materials [12–14], heat and mass transfer for two phase
porous materials [15] and convective drying processes
[16]. Chen et al. [12] has carried out theoretical analysis
on microwave heating patterns on batch fluidized bed dry-
ing of porous material. Their studies are based on three
wave patterns (uniform, sinusoidal and rectangular) and
the drying time is a strong function of the patterns. Rata-
nadecho et al. [13] carried out detailed theoretical and
experimental analyses of capillary porous materials. Their
analyses show that variation in particle size and initial
moisture content influences the degree of penetration and
rate of microwave power absorbed within the sample.
Their analysis is based on strong coupling between the
heating model and electromagnetic model with effective
dielectric properties of the porous bed. Later Wu et al.
[14] carried out theoretical analysis on conjugate heat and
mass transfer on microwave freeze drying. Although their
model is based on detailed analysis on heat and mass trans-
port for drying within particles, the microwave energy is
weakly coupled within the porous material. Heat and mass
transfer models were also developed by Dincov et al. [15]
and Salagnac et al. [16]; however the distribution of micro-
wave power absorption within the porous bed due to effec-
tive dielectric response was absent in these analyses [14–16].
Except for the preliminary studies by Ratanadecho et al.
[13], a detailed analysis which involves microwave propa-
gation and interference of waves within the porous bed
and heating effects as function of porosity is yet to appear
in the literature.

The present work is an attempt to study the heating
effects of typical food substances (porous beef) with or
without support in the presence of microwaves. The analy-
sis involves two typical porous bodies such as beef-air (b/a)
and beef-oil (b/o) where air or oil is assumed to be the fluid
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medium of the porous body. The dielectric response is
modeled using effective dielectric properties for various
porosity values. The efficient heating strategy correspond-
ing to ‘resonances’ or maxima in microwave power has
been studied for various porosity regimes. The resonances
will be quite complex for a porous material–ceramic com-
posite and as a first attempt an analysis on the resonances
has been carried out for material–ceramic composite
systems to study this effect on efficient heating strategies.
The role of traveling waves within the porous body and
ceramic supports on the heating rates are analyzed. The
efficient heating mechanism characterized by ‘maxima in
temperature rise with minimal thermal runaway effects’
has been illustrated for both beef-air (b/a) and beef-oil
(b/o) with various porosity regimes and distributed micro-
wave sources.

2. Theory

2.1. Theory of microwave radiation in porous dielectrics

with ceramic supports

The porous dielectric–ceramic assembly is modeled as a
one dimensional slab. The wave propagation due to uni-
form electric field Ex is given by Maxwell’s equation

d2Ex

dz2
þ k2Ex ¼ 0 ð1Þ

where Ex lies in the x–y plane and varies only in the direc-
tion of propagation, z-axis (Fig. 1). Here, 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, x = 2pf, where f is
the frequency of the electromagnetic wave and c is the
velocity of light. In a n multilayered sample, the equation
Fig. 1. Schematic illustration of a porous dielectric beef sample exposed to
a plane electromagnetic wave. Two cases of porous dielectrics are
considered: beef-air (b/a) and beef-oil (b/o).
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 = 1, . . . ,n. Assuming each layer
has constant dielectric properties, the general solution to
Eq. (2) represented as a linear combination of transmitted
and reflected waves propagating in opposite directions is

Ex;1 ¼ Et;1eik1z þ Er;1e�ik1z Air layer

Ex;l ¼ Et;le
iklz þ Er;le

�iklz Porous media and support

l ¼ 2; . . . ; n� 1

Ex;n ¼ Et;neiknz þ Er;ne�iknz Air layer;

ð3Þ
where Et,l and Er,l are the coefficients due to transmission
and reflection, respectively. The boundary conditions at
the interface are

Ex;l�1 ¼ Ex;l

dEx;l�1

dz
¼ dEx;l

dz

9=
; l ¼ 2; . . . ; n

z ¼ z1; z2; . . . ; zn�1

ð4Þ

Here z1,z2, . . . ,zn�1 denote the boundaries between inter-
faces as seen in Fig. 1.

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

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

ð5Þ
As the incident field intensities from the left and right are
known, i.e. Et,l = EL and Er,n = ER, Eq. (5) are solved for
the remaining 2n � 2 coefficients using MATLAB
[7,8,10,11]. 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

ð6Þ

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 ð7Þ

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

" # ð8Þ
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where the superscript, ‘*’ in Eq. (7) 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
ð9Þ

and the difference in phase angle is given by

dx;l ¼ dt
x;l � dr

x;l ð10Þ

where the quantities Ex,l and E�x;l in Eq. (9) are evaluated
using Eqs. (3) and (6). At the resonance, the difference in
phase angle is zero, i.e., dx,l = 0.

The absorbed power in the lth layer, obtained from
Poynting vector theorem is

qlðzÞ ¼
1

2
x�0j

00
effð/ÞEx;lðzÞE�x;lðzÞ ð11Þ

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

j�effð/Þ ¼ j0effð/Þ þ ij00effð/Þ ð12Þ
and for a porous medium, the effective dielectric properties
j�eff can be obtained from Fricke’s complex conductivity
model [17]

j�eff ¼
j�c ½j�dð1þ 2/Þ þ 2j�cð1� /Þ�

j�dð1� /Þ þ j�cð2þ /Þ ð13Þ

Here j�c and j�d are the relative complex dielectric properties
of the continuous (beef) and dispersed (air/oil) phases,
respectively. The dispersed media or the void space is
assumed to be spherical. 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 ð14Þ

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. Note that, 2L is the thickness of the entire slab
consisting of sample and supports and Ls is the thickness
of the sample and L0 is the thickness of the support such
that 2L = Ls + L0. The average power for a sample of
thickness Ls is

qav ¼
1

n

Xn

i¼1

qlðziÞ; for 0 6 zi 6 Ls ð15Þ
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

o
2T

oz2
þ qðzÞ ð16Þ

where q, the effective density, cp, the effective specific heat
and k, the effective thermal conductivity are
q ¼ ð1� /Þqc þ /qd ð17Þ
cp ¼ ð1� /Þcpc þ /cpd ð18Þ

and

k ¼ ð1� /Þkc þ /kd ð19Þ
The volumetric heat source, in Eq. (16), q(z) is defined in
Eq. (11). In a n multilayered sample, the energy balance
equation for the lth layer obtained from Eq. (16) is

ðqcpÞl
oT l

ot
¼ kl

o2T l

oz2
þ qlðzÞ l ¼ 1; . . . ; n ð20Þ

The boundary conditions are

k1

oT 1

oz
¼ hðT 1 � T1Þ z ¼ z1 ð21Þ

and

�kn�1

oT n�1

oz
¼ hðT n�1 � T1Þ z ¼ zn�1 ð22Þ

The interface conditions between material–ceramic are

T l ¼ T lþ1

kl
oT l

oz
¼ klþ1

oT lþ1

oz

9=
; l ¼ 2; 3; . . . ; n� 2

z ¼ z2; z3; . . . ; zn�2

ð23Þ

The wave propagation equation for a particular medium
(ceramic/material) is given in Eq. (2). As microwave power,
ql(z) is a function of electric field as seen in Eq. (11) and
hence a functional representation of electric field is neces-
sary to solve the energy balance equation (Eq. (20)). The
evaluation of functional form of electric field is difficult
for a multilayered sample, and therefore, the energy bal-
ance and wave equations (Eqs. (20) and (2)) are solved
numerically as discussed below.

Using the dimensionless variables,

u ¼ Ex

E0

and
d

dz0
� 2L

d

dz

Eq. (1) reduces to

d2u
dz02
þ c2u ¼ 0 ð24Þ

where u is the electric field intensity, c ¼ 2Lx
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j0 þ ij00
p

is the
propagation constant and 2L is the thickness of the slab.
Substituting the complex field variable u = v + iw into
Eq. (24) and equating the real and imaginary components,
we get

d2v
dz02
þ v1v� v2w ¼ 0 ð25Þ

and

d2w
dz02
þ v2vþ v1w ¼ 0 ð26Þ

with v1 ¼ 4L2x2

c2 j0 and v2 ¼ 4L2x2

c2 j00. The boundary condi-
tions for the real and imaginary components are [1],
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dv
dz0
� 2xL

c
w ¼ 4xL

c
sin

xL
c

� �
dw
dz0
þ 2xL

c
v ¼ 4xL

c
cosðxL

c
Þ

9>>=
>>; at z0 ¼ 0 ð27Þ

and

dv
dz0
þ 2xL

c
w ¼ �ER

EL

4xL
c

sin
xL
c

� �
dw
dz0
� 2xL

c
v ¼ �ER

EL

4xL
c

cos
xL
c

� �
9>>>=
>>>;

at z0 ¼ 1: ð28Þ

The dimensionless form of the energy balance equation in
the presence of microwaves (Eq. (20)) is written as

ðqcpÞl
ohl

os
¼ �kl

o2hl

oz02
þ Qlðz0Þ ð29Þ

where

hl ¼
T l � T1

T 0

; ðqcpÞl ¼
ðqcpÞl
q0cp0

and �kl ¼
kl

k0

The expression for the microwave power term in Eq. (29) is

Qlðz0Þ ¼
2L2x�0j00effð/ÞE2

0

k0T 0

ðv2 þ w2Þ ð30Þ

The boundary conditions in dimensionless form, Eqs. (21)
and (22) are

oh1

oz0
� Bi1h1 ¼ 0; z0 ¼ 0 ð31Þ

and

ohn�1

oz0
þ Bin�1hn�1 ¼ 0; z0 ¼ 1 ð32Þ

The initial condition used in the analysis is

hðs ¼ 0Þ ¼ T 0 � T1
T 0

; for 0 6 z0 6 1 ð33Þ

The dielectric properties are given in Table 1. Note that
dielectric properties correspond to a microwave frequency
of 2450 MHz. The porous dielectric may be represented
by either beef-air or beef-oil with various porosities (see
Fig. 1). Typical values of porosities 0.3, 0.45 and 0.6 are
considered for the computation. The microwave incidence
may be distributed via one source or both the sources at
Table 1
Thermal and dielectric properties for water, oil, raw beef, Al2O3 and SiC
[10,11,18]

Material property Water Oil Raw beef Al2O3 SiC

Heat capacity,
Cp (J kg�1 K�1)

4190 2000 2510 1046 3300

Thermal conductivity,
k (W m�1 K�1)

0.609 0.168 0.491 26 40

Density, q (kg m�3) 1000 900 1070 3750 3100
Dielectric constant,

j0 (2450 MHz)
78.1 2.8 43 10.8 26.66

Dielectric loss,
j00 (2450 MHz)

10.44 0.15 15 0.1566 27.99
the sides as seen in Fig. 1. In all cases, the sample is exposed
to the total microwave radiation intensity of 3 W cm�2.
The heat transfer coefficient at the outer surfaces is main-
tained at 2 W m�2 K�1. The temperature of the sample
and support is 300 K at t = 0 s. The thickness of the sample
varies between 0.1 and 5 cm and a support thickness of
0.2 cm has been assumed for all cases. It may be noted that
Al2O3 is a transparent medium and SiC absorbs micro-
waves significantly [18]. A smaller thickness of support
was assumed and the influence of various thicknesses of
support on microwave heating of materials may not be
important for the current work.

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 the two phases. At the interface node,
the field variables and fluxes are continuous as discussed by
Reddy [19] and Ayappa et al. [1]. To discretize the time
domain, the Crank–Nicholson method is used, and the
non-linear residual equations are solved using the Newton
Raphson Method [7,8]. Due to the lack of a good initial
guess to begin the Newton scheme, a small time step
Dt = 1 � 10�4 s was used in the first step. Unless specified
otherwise Dt = 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 max-
imum difference was less than 1% when the results were
compared for Dt = 0.05 and 0.1 s.

3. Results and discussion

3.1. Microwave power and temperature distributions for

beef-air samples: one side incidence

A preliminary analysis on the role of ceramic supports
has been carried out by examining the average power vs
sample thickness diagram. The average power vs sample
thickness diagram is important to further study material
processing at greater heating rates which correspond to
maxima in average power. The maxima in average power
generally occurs at specific sample thicknesses for various
materials. The maxima in average power, often termed as
resonances and the two consecutive resonances may be
referred 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
transmitted and reflected waves and the amplitudes of
transmitted 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
that at R2 mode irrespective of the materials. Fig. 2(a)–
(d) illustrate the average power vs sample thickness for
samples without any support, with Alumina support on
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Fig. 2. Average power (W cm�3) vs sample thickness (cm) for beef-air
(b/a) samples with (a) no support, (b) Alumina support at the left face (c)
Alumina support at the right face and (d) SiC support at the right face for
pure beef and porous beef with porosities / = 0.3, 0.45 and 0.6 exposed to
microwaves at one face. The symbol, d, denotes R1 mode and the symbol,
j, denotes R2 mode of resonances. Higher average power is achieved with
pure beef than with porous beef at R1 mode. The sample with Alumina
support at the left face exhibits larger power for pure and porous beefs at
R1 mode.
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the left face, with Alumina support on the right face and
with SiC support on the right face respectively. During
one side incidence, the average power for a sample without
any support exhibits maxima at Ls = 0.5km and km during
R1 and R2 modes, respectively [3,4]. Note that the wave-
lengths (km) for the pure beef sample is 1.84 cm whereas
the wavelengths for the beef samples with / = 0.3, 0.45
and 0.6 are 2.33, 2.70 and 3.22 cm, respectively.

It is observed from Fig. 2(a) that pure beef corresponds
to greater average power than that with porous beef for all
porosity values at a specific resonance mode (R1 or R2)
without any support. It is also observed that the average
power for all samples with various porosities is greater dur-
ing R1 mode. In addition, the sample thickness correspond-
ing to R1 and R2 modes is found to increase as porosity
increases as seen in Fig. 2(a). A similar pattern of average
power with porosities is observed for microwave heating of
samples with Alumina and SiC supports and the support
may play a significant role on microwave heating as seen
in Fig. 2(a)–(d). Fig. 2(b) shows that the average power
with Alumina support at the left face enhances significantly
the average power for the beef sample during R1 mode. It
may be noted that the average power is 1.75 W cm�3 for
pure beef without any support whereas the average power
is 1.98 W cm�3 with the Alumina support at the left face,
1.82 W cm�3 with Alumina support at the right face and
1.25 W cm�3 with SiC support. It is also observed that
for all the three porosities, beef sample with Alumina sup-
port at the left side corresponds to the largest average
power and the sample with SiC support corresponds to
the smallest average power for both R1 and R2 modes.

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. 2(a)–(d) for various cases thus pro-
vide the stimulus for determining the role of supports on
efficient heating of beef samples using microwaves. A
detailed analysis of microwave 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 ceramic support on
food/material processing.

Fig. 3 shows the amplitude of the electric fields, power
and temperature distributions for porous beef samples of
porosities 0.3, 0.45 and 0.6 without support during R1

mode. For all these cases, the sample thickness (Ls) corre-
sponding to R1 mode are 1.15, 1.3 and 1.55 cm for / = 0.3,
0.45 and 0.6, respectively. It is observed that the amplitude
of the transmitted wave is a decreasing function of distance
whereas the amplitude of the reflected wave is an increas-
ing function within the sample for all porosity ranges.
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Although the distribution of amplitudes of both the trans-
mitted and reflected waves are found to be greater for beef
sample with / = 0.6, the sample with / = 0.3 exhibits the
larger spatial distribution of power due to greater dielectric
loss (j00). Therefore, the average power (qav) is 1.48, 1.33
and 1.15 W cm�3 for / = 0.3, 0.45 and 0.6, respectively.
Note that, j00 = 9.13, 6.73 and 4.61 for / = 0.3, 0.45 and
0.6, respectively.

The insets illustrate the distribution of phase difference
between the traveling waves within the sample, and a con-
structive interference or spatial resonance is indicated by
zero phase difference. It is observed that two resonances
in stationary electric field and microwave power occur at
the faces of the sample. Due to greater dielectric loss, the
intensity of spatial resonance is greater for sample with
/ = 0.3. The temperature distributions are illustrated for
t = 20, 40 and 60 s. The temperature distributions qualita-
tively follow the power distributions and the two maxima
in temperature occur at the faces of the samples at all times.
It is interesting to note that, the sample with / = 0.6, which
corresponds to smallest average power, exhibits greatest
spatial temperature distribution due to smaller effective
heat capacity. The specific heat capacities are 2104.67,
1902 and 1699 J kg�1 K�1 for / = 0.3, 0.45 and 0.6, respec-
tively. At 60 s, the left face of the sample with / = 0.45 and
0.6 reaches around 400–430 K and as a result, runaway
heating may occur for samples with higher porosity.

Fig. 4 illustrates the spatial distributions of amplitudes
of electric fields, power and temperature for the beef sam-
ples attached with Alumina support at the left face. It is
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Fig. 4. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions and

temperature profiles for beef-air (b/a) samples with Alumina support at
the left face for porosities, / = 0.3, 0.45 and 0.6 during R1 mode. The
ceramic support thickness = 0.2 cm. (— —) Transmitted wave; (� � �)
reflected wave; (—–) stationary wave. The shaded regime denotes the
ceramic support. The inset shows phase difference (dx,l) vs z. A sharp
increase in temperature at the unexposed face is observed specially for / =
0.6.
observed that the two maxima or resonances in stationary
field and power occur at the faces of the sample, as in the
case without supports in Fig. 3. It is interesting to observe
that there is a significant jump in amplitude of the transmit-
ted wave within the Alumina support, especially for / =
0.3 and 0.45. As in the case without supports, the ampli-
tudes of the traveling and stationary waves within the sam-
ple are slightly larger for / = 0.6. In addition, the Alumina
support seems to enhance further the amplitudes of the
waves within the sample and therefore the larger spatial
power distributions are observed for samples with specific
porosities. It may be noted that, the average power,
qav = 1.67, 1.49 and 1.26 W cm�3 for / = 0.3, 0.45 and
0.6, respectively with the Alumina support on the left face
whereas qav = 1.48, 1.33 and 1.15 W cm�3 for the case
without support with similar porosities. The processing
thickness of the sample (Ls) corresponding to R1 mode is
smaller in the presence of Alumina support at the left face
and Ls = 1.05, 1.2 and 1.4 cm for / = 0.3, 0.45 and 0.6,
respectively. It is interesting to note that, although the
amplitudes of the traveling waves are quite high within
Alumina support, the spatial absorption of power within
Alumina is very small due to very low dielectric loss
j00 = 0.1566. Therefore Alumina supports can be used with-
out additional power consumption.

The temperature distributions are shown for t = 20, 40
and 60 s. The temperature profile does not follow qualita-
tively the power distribution due to the presence of Alu-
mina support. It is observed that the temperature at the
unexposed face is larger than that at the exposed face.
Due to greater thermal conductivity of Alumina, the tem-
perature distributions within the support are almost flat
and due to almost insulated boundary conditions
(h = 2 W m�2 K�1), the temperature on the unexposed face
is larger. In addition, the greater heating rate at the unex-
posed face due to the support is more pronounced for
greater porosity (/ = 0.6). It is observed that the unex-
posed face reaches 366 K for / = 0.3, 383 K for / = 0.45
and 411 K for / = 0.6 at 60 s. It is observed that the local-
ized runaway heating does occur at the unexposed face
within the sample in the presence of support, however,
the presence of Alumina support may reduce the maxima
in temperature at the runaway regime. The exposed face
of the sample with / = 0.6 reaches 428 K during 60 s with-
out any support, as seen earlier in Fig. 3.

Fig. 5 illustrates the amplitude, power and temperature
distributions for porous beef attached with Alumina sup-
port at the right side. Here too, two maxima in power occur
at the two faces of the sample and the processing lengths
(Ls) for specific porosities are almost identical with the pre-
vious case where the Alumina support is attached to the left
face of the sample. It is observed that, the amplitudes of the
traveling and stationary waves within the Alumina support
at the right face of the sample are smaller than that within
Alumina support attached at the exposed face of the sam-
ple for specific porosities (Figs. 4 and 5). It is further
observed that the spatial power absorption within the
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Fig. 5. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions and

temperature profiles for beef-air (b/a) samples with Alumina support at
the right face for porosities, / = 0.3, 0.45 and 0.6 during R1 mode. The
ceramic support thickness = 0.2 cm. (— —) Transmitted wave; (� � �)
reflected wave; (—–) stationary wave. The shaded regime denotes the
ceramic support. The inset shows phase difference (dx,l) vs z. A sharp
increase in temperature at the exposed face is observed specially for / =
0.6.
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Fig. 6. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions and

temperature profiles for beef-air (b/a) samples with SiC support at the
right face for porosities, / = 0.3, 0.45 and 0.6 during R1 mode. The
ceramic support thickness = 0.2 cm. (— —) Transmitted wave; (� � �)
reflected wave; (—–) stationary wave. The shaded regime denotes the
ceramic support. The inset shows phase difference (dx,l) vs z. The power
absorption is smaller than that with Alumina support and with no
support. A sharp increase in temperature at the exposed face is observed
particularly for / = 0.6.
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sample is smaller than that in the samples with support
attached to the left face. However, the average power
within the samples with Alumina support either on the left
or right face for specific porosities is still higher than that
without support. Therefore, the Alumina support either
at the left or right face of the sample enhances the power
within the sample and are qualitatively similar.

The temperature distribution within the sample illus-
trates that the maximum temperature occurs at the exposed
face which is in contrast to the case where the support was
on the left face (where maxima in temperature was found in
the unexposed face of the beef layer). The unexposed face is
found to be at very low temperature for all porosity values
due to smaller power absorption within the Alumina sup-
port attached to the right face. At 60 s, it is observed that
the maxima in temperatures that occur at the exposed face
are 378, 402 and 444 K for / = 0.3, 0.45 and 0.6, respec-
tively. Although Alumina support on the right face still
enhances microwave power and heating rate, the runaway
heating at the exposed face is greater than that without any
support specially for samples with high porosity. There-
fore, Alumina support attached to the unexposed face
may not be suitable for efficient thermal processing.

The amplitude, power and temperature distributions are
shown for porous beef attached to SiC support on the right
face in Fig. 6. The sample thickness in this case is Ls = 0.88,
0.95 and 1.1 cm for / = 0.3, 0.45 and 0.6, respectively. The
inset shows the variation of phase angle with slab depth
showing zero phase difference signifying a constructive
interference. Similar to earlier cases, the amplitudes of
the transmitted and reflected waves increase with increase
in porosity. It is interesting to note that the amplitude of
the reflected wave within the sample is smaller due to the
presence of SiC support and therefore, the strength of the
stationary wave within the sample is considerably reduced.
In addition, the smaller power within the sample may be
due to greater power absorption within SiC support as
SiC support corresponds to greater dielectric loss. As a
consequence, the average power absorbed within the
sample is lower compared to the other two cases with
and without support. The average powers are 1.14, 1.09
and 1.04 W cm�3 for / = 0.3, 0.45 and 0.6, respectively.
As in the earlier case, the maximum temperature is found
to occur at the exposed face and the temperature decreases
monotonically with the distance within the sample. Due to
high thermal conductivity, the temperature profile is found
to be uniform within SiC support. The temperature within
the sample varies within 321–357 K for / = 0.3, 324–377 K
for / = 0.45 and 328–418 K for / = 0.6 at 60 s. Due to
lower effective heat capacities, the sample with / = 0.6
would exhibit runaway heating effect near the exposed face.
The maximum temperature for / = 0.6 is 418 K. Similar to
the case where Alumina support was attached to the right
side, a larger temperature is reached for the case of porous
beef attached to SiC support on the right side, in contrast
to the situation with Alumina support attached to the left
side.

Fig. 7(a)–(d) show temperature difference (DTb) vs time
for porous beef (b/a) without support, with Alumina sup-
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Fig. 7. The temperature difference, DTb (K) vs time (s) for porous beef-air
samples (/ = 0.3, 0.45 and 0.6) exposed to microwaves at one face during
R1 mode for (a) no support, (b) Alumina support at the left face, (c)
Alumina support at the right face and (d) SiC support at the right face.
The inset shows average temperature, T b (K) vs time (s). Larger thermal
runaway is observed for higher porosity. The samples with Alumina and
SiC supports at the right face show larger temperature difference or
thermal runaway specially for / = 0.6.
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Fig. 8. Average power (W cm�3) vs sample thickness (cm) for beef-oil
(b/o) samples with (a) no support, (b) Alumina support at the left face, (c)
Alumina support at the right face and (d) SiC support at the right face for
pure beef and porous beef with porosities / = 0.3, 0.45 and 0.6 exposed to
microwaves at one face. The symbol, d, denotes R1 mode and the symbol,
j, denotes R2 mode of resonances. Higher average power is achieved with
pure beef than with porous beef at R1 mode. The sample with Alumina
support at the left face exhibits larger power for pure and porous beefs at
R1 mode.
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port at left and right sides and SiC support at the right side
for the three porosities mentioned earlier. It may be noted
that, DTb is defined as the difference between the maximum
and minimum temperatures within the sample. It can be
seen that temperature difference increases with increase in
porosity for all cases (Fig. 7(a)–(d)). It is observed that,
the largest temperature difference is found in the case of
beef with Alumina support attached on the right side. In
this case, the temperature difference (DTb) is around
148 K for / = 0.6, 95 K for / = 0.45 and 67 K for / =
0.3 at 80 s.

The inset shows the average temperature ðT bÞ vs time
plot where the slope of the plot indicates the heating rate
which is directly proportional to the microwave power
absorbed. It is observed that the average temperature dis-
tribution has larger slopes for higher porosities. The aver-
age temperature vs time curve is steep for / = 0.6 for
Alumina and SiC supports on the right side (Fig. 7(c)
and (d)). The average temperatures for / = 0.6 at 80 s
are 424, 403, 407.8 and 400.7 K for porous sample without
any support, with Alumina support at the left face, with
Alumina support at the right face, with SiC support at
the right face, respectively. Although the average heating
rate is greater for Alumina support at the left face, the
greater temperature differences for supports attached at
the right face is due to the steep gradient in the temperature
especially for larger porosities. For small porosities (/ �
0.3), the supports either attached at the left or right side
does not alter significantly the temperature difference.
The runaway situation as seen from greater DTb values
would occur for larger porosities. It is observed that the
lower temperature differences for all porosity values occur
for samples without support. The support influences the
heating pattern significantly. Based on the above, the
Alumina support at the left face may be recommended
for optimal heating of the porous beef (b/a) sample at all
porosities.

3.2. Microwave power and temperature distributions for

beef-oil samples: one side incidence

Fig. 8(a)–(d) show the average power vs sample thick-
ness with no support, Alumina support on left side,
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Fig. 9. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions and

temperature profiles for beef-oil (b/o) samples with Alumina support at
the left face for porosities, / = 0.3, 0.45 and 0.6 during R1 mode. The
ceramic support thickness = 0.2 cm. (— —) Transmitted wave; (� � �)
reflected wave; (—–) stationary wave. The shaded regime denotes the
ceramic support. The inset shows phase difference (dx,l) vs z. A larger
temperature is observed at the unexposed face specially for / = 0.6.
However, the temperature rise is smaller than that with beef-air (b/a)
samples as seen in Fig. 4.
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Alumina support on right side and SiC support on right
side, respectively. The distributions are qualitatively similar
to that for the beef-air case. As in Fig. 2, pure beef with
zero porosity exhibits the highest average power, and as
porosity increases the sample thickness corresponding to
R1 mode increases. The average power for pure beef at
R1 mode are 1.75, 1.98, 1.82 and 1.25 W cm�3 with no sup-
port, Alumina support at left side, Alumina support at
right side and SiC support at right side, respectively.
Higher power absorption occurs in presence of Alumina
support at left side whereas lower power absorption is
found with SiC support on right side.

The spatial distributions of power and temperature for
porous beef samples of porosities 0.3, 0.45 and 0.6 without
support (figures not shown) have been analyzed. Similar to
beef-air sample, the sample thickness (Ls) for / = 0.6 is
greater than that for smaller porosities. The spatial distri-
butions of amplitudes of the traveling and stationary waves
are qualitatively similar to those of beef-air sample for all
porosity values and similar to beef-air case the average
power for / = 0.3 is the largest due to high dielectric loss.
The temperature profile follows qualitatively the power
profile and the temperatures at 60 s vary within 339–
351 K, 338–351 K and 336–352 K for / = 0.3, 0.45 and
0.6, respectively. Unlike the beef-air sample, the runaway
situation at the left face of the sample does not occur due
to the higher values of effective heat capacity for various
porosities of beef-oil samples.

Fig. 9 shows the spatial distribution of amplitude,
power and temperature for porous beef with Alumina
support attached to the left face. Similar to the beef-air
case, there are two power maxima at the two sides of
the porous body and the average power is greater than
that with no support for all porosity values. The average
power is 1.69, 1.51 and 1.30 W cm�3 for / = 0.3, 0.45
and 0.6, respectively, while it was 1.51, 1.36 and
1.18 W cm�3 for the no support case. At 60 s, the temper-
ature varies between 326–345 K, 325–345 K and 322–
345 K for /=0.3, 0.45 and 0.6, respectively. Similar to
the no support situation, there is no thermal runaway
situation at the outer faces of the sample. In contrast,
beef-air sample with Alumina support exhibits thermal
runaway at the unexposed face especially with / = 0.6
(Fig. 4). The heating procedure for samples with Alumina
and SiC supports attached at the right side (figures are not
shown) were also analyzed. The overall heating rate is
found to be higher with Alumina support attached at right
side whereas the heating rates are smaller with SiC sup-
port. The power absorbed with Alumina support are
1.57, 1.41 and 1.23 W cm�3 whereas with SiC support
the power is 1.13, 1.08 and 1.01 W cm�3 for the three
porosities respectively. The variation of temperature is
between 315 and 360 K with Alumina support at the right
face whereas with SiC support the temperature varies
between 319 and 344 K at 60 s for / = 0.6. As in the case
with Alumina support at the left face, there may be no sig-
nificant thermal runaway at the outer faces of the sample.
Fig. 10 shows the temperature difference (DTb) and aver-
age temperature ðT bÞ vs time curves for porous beef-oil
samples with and without support. It is observed that for
all porosity values, the temperature difference is much
smaller than that within beef-air samples. As with the
beef-air samples, the temperature difference is largest for
the sample with Alumina support on the right side. The
temperature difference with Alumina support at the right
side is around 53 K for / = 0.6 whereas it is around 36 K
with no support. The temperature difference (DTb) for Alu-
mina support on the left side is around 29 K while for SiC
support, the temperature difference is around 26 K at 80 s.
The heating rates are shown via the inset plots and it is
observed that the heating rates are not enhanced signifi-
cantly in b/o samples with ceramic supports unlike the
heating rates in b/a samples. The average temperature for
/ = 0.6 is around 340 K for SiC support, 340 K for Alu-
mina support (right), 341 K for Alumina support (left)
and 343 K for no support at 80 s.

3.3. Efficient heating strategies for beef-air and beef-oil

systems: role of distributed microwave incidence

This section deals with microwave heating of b/a and
b/o samples with different supports and with microwave
incidence at both sides. As in the previous sections, the
thickness of the support is assumed to be 0.2 cm for all
the test cases. For both sides incidence, Alumina support
is attached to the left side of the sample whereas SiC



2L

Hy

Ex

z

Time, s

300

350

400

T
b

|

0 40 80
Time, s

0

50

100

150

ΔT
b

(b) Alumina (Left)

Time, s

300

350

400

T
b

|

0 40 80
Time, s

0

50

100

150

ΔT
b

(a)

___ φ = 0.3_ _ φ = 0.45
..... φ = 0.6

 No Support

Time, s

300

350

400

T
b|

0 40 80
Time, s

0

50

100

150

ΔT
b

(c)  Alumina (Right)

Time, s

300

350

400

T
b|

0 40 80
Time, s

0

50

100

150

ΔT
b

(d) SiC (Right)

0 40 80 0 40 80

0 40 80 0 40 80

Fig. 10. The temperature difference, DTb (K) vs time (s) for porous beef-
oil samples (/ = 0.3, 0.45 and 0.6) exposed to microwaves at one face
during R1 mode for (a) no support, (b) Alumina support at the left face, (c)
Alumina support at the right face and (d) SiC support at the right face.
The inset shows average temperature, T b (K) vs time (s). Larger thermal
runaway is observed for the samples with Alumina support at the right
face. However, the degree of thermal runaway is smaller for b/o samples
than that for b/a samples as seen in Fig. 7.
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Fig. 11. Average power (W cm�3) vs various distributions of microwave
incidences (types A–D) for (a) beef-air sample with / = 0.3, (b) beef-air
sample with / = 0.6, (c) beef-oil sample with / = 0.3 and (d) beef-oil
sample with / = 0.6. The symbol, j, denotes no support, the symbol, d,
denotes the Alumina support at the left face and the symbol, I, denotes
SiC support at the right face. For all the cases, the type A distribution or
one side incidence gives larger average power within the samples.
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support is attached to the right face of the sample. For
both sides incidence the total intensity of incident micro-
waves is maintained at 3 W cm�2. Various combinations
of microwave incidence at both sides are designated as A,
B, C and D and the intensities at left and right sides are
(3 and 0 W cm�2), (2.5 and 0.5 W cm�2), (2 and 1 W cm�2)
and (1.5 and 1.5 W cm�2) for types A, B, C and D,
respectively.

Fig. 11(a) and (b) show average power during R1 mode
for b/a samples vs types of microwave incidences for /
= 0.3 and / = 0.6, respectively. It is observed that Alumina
support shows larger average power within the sample with
all types (A–D) of microwave incidences for / = 0.3 and
0.6 and the smallest power absorption within the sample
occurs with SiC support. It is also observed that higher
average power with and without supports are found for
type A microwave incidence which corresponds to only
one side incidence. The average power in the samples with
type A incidence for no support, Alumina support and SiC
support are 1.487, 1.673, and 1.144 W cm�3, respectively
corresponding to / = 0.3 (see Fig. 11(a)). The average
power with and without support are smaller for type B,
and the average power for types C and D incidences are
of similar order of magnitudes for no support and ceramic
support cases (see Fig. 11(a)). At / = 0.6, it is seen that
almost identical average power is observed for types B–D
incidences with Alumina support and without support
(Fig. 11(b)). The insets show the sample thickness corre-
sponding to R1 mode ðLR1

Þ vs types of incidence. For / =
0.3, it is observed that higher sample thicknesses occur with
types B–D microwave incidence with and without sup-
ports. For all types of incidence, SiC support corresponds
to smaller sample thickness than those with Alumina sup-
port and no support. Similar behavior of sample thickness
vs types of microwave incidence was observed for / = 0.6
with an exception of very small sample thickness with
SiC support for type B incidence. In general, it is observed
that average power absorption within the sample is smaller
for / = 0.6 whereas the sample thickness is larger for / =
0.6 at specific types of incidence and support.

Fig. 11(c) and (d) show the average power distributions
for b/o samples for / = 0.3 and 0.6. Variations in average
power with type of incidence are similar to the identical
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situation with b/a sample. For both b/a and b/o samples, it
may be inferred that type A results in higher average power
with and without support and for distributed microwave
incidence, type D with identical intensities of microwave
incidence at both sides results in higher average power.
The efficiency of microwave heating with either one side
incidence (type A) or with both sides incidence (type D)
may also depend on spatial temperature distribution and
thermal runaway situation which is examined next.

Fig. 12 shows the spatial distributions of electric fields,
power and temperature for porous beef samples (b/a,
/ = 0.6) with and without support and with both sides inci-
dence with equal intensities (type D). The distribution of
microwave incidence reduces the average microwave power
within the sample and it is seen that the average power
varies between 0.55 and 0.93 W cm�3 with and without
support. On the other hand, the average power varies
between 1.04 and 1.26 W cm�3 for / = 0.6 with type A
incidence. It is also seen that two spatial maxima in micro-
wave power occur at both the faces with type A incidence
whereas three maxima in spatial power occurs at the faces
and the center with type D incidence except with SiC sup-
port. The distribution of microwave incidence plays an
important role on spatial power absorption throughout
the domain. It is further observed that the resultant station-
ary wave has a lower amplitude and therefore spatial power
deposition is smaller than that in type A incidence. The
support plays the role of altering the microwave power dis-
tribution and is similar to type A incidence. Alumina sup-
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Fig. 12. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions

and temperature profiles for beef-air samples with type D or equi-
distributed microwaves incidence for / = 0.6 with no support, Alumina
support and SiC support cases during R1 mode. The ceramic support
thickness is 0.2 cm. (— —) Transmitted wave; (� � �) reflected wave; (—–)
stationary wave. The shaded regime denotes the ceramic support. The
inset shows phase difference (dx,l) vs z. Alumina support gives larger
average power and high thermal runaway within the sample.
port enhances the microwave power within the sample. The
spatial temperature distribution follows qualitatively the
power distribution with no support and thermal runaway
is observed at the center and both the faces with Alumina
support and no support, respectively unlike type A inci-
dence where thermal runaway occurs only near the faces.
The thermal runaway with SiC support in presence of
distributed microwave incidence is smaller than that with
SiC support and type A incidence.

Fig. 13 shows the spatial distributions of electric fields,
power and temperature for porous beef samples (b/o,
/ = 0.6) with and without support corresponding to both
sides incidence with equal intensities (type D). As in the
previous case for b/a sample, there are three local maxima
in microwave power within the sample except for SiC sup-
port and the equi-distributed microwave power from both
the faces reduce the microwave power distribution within
the sample. The average power varies between 0.56 and
0.97 W cm�3. Similar to microwave heating with type A
incidence, the maxima in temperature is around 342 K
for Alumina support and no support cases and the temper-
ature is lower at the faces with SiC support. It is observed
that the distribution of microwave incidence at both the
sides do not alter significantly the thermal runaway within
b/o samples with specific supports.

Fig. 14(a)–(c) show the temperature difference vs time
plots for beef-air (/ = 0.6) with and without support for
the four types of incidence A, B, C and D. The inset shows
average temperature vs time plots. For beef with no sup-
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Fig. 13. Amplitudes of electric field ðAx;l;A
t
x;l;A

r
x;lÞ, power distributions

and temperature profiles for beef-oil samples with type D or equi-
distributed microwaves incidence for / = 0.6 with no support, Alumina
support and SiC support cases during R1 mode. The ceramic support
thickness is 0.2 cm. (— —) Transmitted wave; (� � �) reflected wave; (—–)
stationary wave. The shaded regime denotes the ceramic support. The
inset shows phase difference (dx,l) vs z. The thermal runaway is in general
less for beef-oil samples.
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Fig. 14. The temperature difference, DTb (K) vs time (s) for porous beef-
air samples with / = 0.6 exposed to microwaves at both faces (types A–D)
during R1 mode for (a) no support, (b) Alumina support at the left face
and (c) SiC support at the right face. The inset shows average temperature,
T b (K) vs time (s). The slope of average temperature vs time is higher for
type A incidence with all cases. The thermal runaway is a strong function
of various distributions of microwaves incidence for specific support
assembly.
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Fig. 15. The temperature difference, DTb (K) vs time (s) for porous beef-
oil samples with / = 0.6 exposed to microwaves at both faces (types A–D)
during R1 mode for (a) no support, (b) Alumina support at the left face
and (c) SiC support at the right face. The inset shows average temperature,
T b (K) vs time (s). The slope of average temperature vs time is higher for
type A incidence with all cases. Various distributions of microwave
incidence do not have significant influence on the thermal runaway for
specific support assembly.
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port, it is observed that the temperature difference is high-
est with type B and lowest for type D at 80 s (Fig. 14(a)).
The temperature difference is indicative of the degree of
thermal runaway and it is observed that the thermal run-
away is higher with types B and C whereas the lower ther-
mal runaway is seen with one side incidence (type A) and
equi-distributed both sides incidence (type D). The heating
rate is quantified by the slope of average temperature vs
time and type A gives higher heating rate. On the other
hand, types A and D give rise to larger thermal runaway
than types B and C for samples with Alumina support
(Fig. 14(b)). For samples with SiC support, types B and
D give lower thermal runaway (Fig. 14(c)). For all these
cases, type A gives higher heating rates. The heating based
on lower thermal runaway may occur with either equi-
distributed or selectively distributed microwave incidence
for beef-air (b/a) samples.

Fig. 15(a)–(c) show the temperature difference vs time
plots for beef-oil (/ = 0.6) with and without support for
the four types of incidence A–D. The inset shows average
temperature vs time plots. For no support, type D gives
the lowest thermal runaway. For Alumina support cases,
it is seen that the thermal runaway is generally small irre-
spective of the type of incidences (Fig. 15(a) and (b)) and
for SiC support, type B incidence gives lower thermal run-
away (Fig. 15(c)). For all the three cases, it is observed that
type A incidence gives higher heating rates as can be seen
from the inset plots. It may be noted that for b/o samples,
selective types of incidence may reduce thermal runaway.

4. Conclusions

An extensive analysis on microwave heating of porous
beef (beef-air and beef-oil) samples with and without cera-
mic supports and with different distributions of microwave
incidence at both sides has been carried out. The average
power within beef-air (b/a) and beef-oil (b/o) samples vs
sample thicknesses for various porosities and with two res-
onance modes (R1 and R2) have been studied. Influence of
various ceramic supports (Alumina and SiC) on average
power distribution has been illustrated for three represen-
tative porosities (/ = 0.3, 0.45 and 0.6). A mathematical



Table 2
The generalized heating strategies for beef-air (b/a) and beef-oil (b/o) samples

Heating strategy Beef-air (b/a) Beef-oil (b/o)

No Support 	 Type A incidence gives largest heating rates
	 Types A and D incidences give lower thermal runaway
	 Types B–D incidences give larger processing thickness

	 Type A incidence gives largest heating rates
	 Type D incidence gives lower thermal runaway
	 Types B–D incidences give larger processing thickness

Alumina Support 	 Type A incidence gives largest heating rates
	 Types B and C incidences give lower thermal runaway
	 Types B–D incidences give larger processing thickness

	 Type A incidence gives largest heating rates
	 Type A incidence gives smallest thermal runaway; types

B–D also give small thermal runaway
	 Types B–D incidences give larger processing thickness

SiC Support 	 Type A incidence gives largest heating rate
	 Types B and D incidences give lower thermal runaway
	 Types C and D incidences give larger processing

thickness for higher porosity values

	 Type A incidence gives largest heating rate
	 Type B incidence gives smallest thermal runaway
	 Types C and D incidences give largest processing thickness

for higher porosity values
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analysis has been carried out to study the role of individual
traveling waves on spatial power and temperature distribu-
tion. It is observed that pure beef shows a higher average
power than porous beef and that microwave power absorp-
tion decreases with increase in porosity at specific reso-
nance modes (R1 and R2). For the beef-air (b/a) case,
highest power is absorbed for the samples with Alumina
support attached at the left face and lowest power with
SiC support on right face with one side incidence. For
beef-oil (b/o) cases, the supports have a smaller influence
on the power absorbed within the sample. Finally, an effi-
cient heating strategy has been described with temperature
difference (DTb) and average temperature ðT bÞ vs time plot
in presence of various distributed microwave incidences.
The heating rate may be quantified by the slope of average
temperature vs time plot and thermal runaway is measured
with the distribution of temperature difference. In general,
it is observed that the higher thermal runaway is observed
for / = 0.6 with b/a samples whereas the thermal runaway
is lower and almost independent of porosity for b/o
samples.

Table 2 shows the heating characteristics for various
heating strategies such as with no support, Alumina sup-
port and SiC support. Choice of suitable distributions of
microwave incidences is a strong function of heating with
various supports or without supports. The distributed heat-
ing or one side heating is preferred based on maxima in
heating rates with smaller thermal runaway.

It is observed that for no-support case with b/a samples,
types A and D incidences may be the optimal choices of
heating with smaller thermal runaway. In contrast, types
B and D incidences correspond to smaller thermal runaway
for heating b/a samples with Alumina and SiC supports. It
may be noted that, type A or one side heating gives the
largest heating rates for all the heating strategies with
and without support cases. The distributed heating with
type B, C or D may give larger processing thickness. There-
fore optimal and efficient processing of b/a samples would
depend on four factors such as heating rates, thermal run-
away, processing thickness and porosities.

It is observed that b/o sample with Alumina support
may be optimally heated with type A incidence as it corre-
sponds to largest heating rates with smaller thermal run-
away. Here, Alumina support with type A incidence
refers to the sample with support at the left face. For no
support and SiC support cases, type A may give largest
heating rates; however type B or D incidence gives smaller
thermal runaway. As in b/a sample, the larger processing
thickness is also obtained with type B, C or D incidence.

It is seen that the distributed microwave sources at both
the sides may reduce the runaway heating effects for certain
cases. The heating characteristics as seen in Table 2 may be
useful to provide a guideline for optimal microwave pro-
cessing of porous materials with/without different ceramic
supports.
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