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A detailed analysis has been carried out to study efficient heating due to microwaves for
one-dimensional samples placed on ceramic supports sAl2O3, SiCd. The greater effects on
microwave heating of samples have been illustrated via average power within a sample versus
sample thickness diagram for various cases. The maxima in power, also termed as “resonances,” is
observed for specific sample thicknesses and the two consecutive maxima in average power are
termed as R1 and R2 modes. The greater heating effects leading to hot spots would occur in water
samples during both-sides incidence when the sample is kept on Al2O3 support. SiC support may be
recommended for water samples due to uniform heating throughout the sample. In contrast, SiC
support could cause local hot spots or thermal runaway for oil samples. The localized hot spots are
more pronounced for the samples exposed to microwaves on both faces. The choice of support may
not be trivial due to the complex dielectric response of sample-support assembly. Current analysis
has been illustrated for low- and high-dielectric materials swater and oild and a representative case
study has also been shown for beef samples. Based on such observations, a generalized heating
strategy for materials due to uniform plane waves has been derived. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1871356g
I. INTRODUCTION

Electromagnetic radiations in the frequency range from
300 MHz to 300 GHz are known as microwaves sMWsd and
the typical wavelengths of MWs are within a few millimeters
to 30 cm. Unique applications of microwave heat processing
are baking, cooking, curing, drying, enzyme inactivation,
heating, precooking, thawing, tempering, and many more.
During MW heating, the material dielectric loss which is a
function of frequency of MWs is responsible to convert electric energy into heat. Dielectric response for various materials plays an important role to carry out efficient material
processing and a significant amount of earlier research was
devoted to understand the physics on microwave-assisted
transport and heating characteristics.1–6 Maxima in average
power or spatial maxima in power occurring for specific
sample dimensions lead to greater rates of thermal processing. Some of these nontrivial and counterintuitive heating
effects received significant attention based on enhanced thermal processing due to volumetric effects of MW propagation.
A detailed analysis on modeling of microwave heating
has been carried out by Ayappa et al.5,6 and their investigations were based on heating of one-dimensional s1Dd slabs
and two-dimensional s2Dd cylinders. They have done detailed theoretical analysis on coupled MW and heat transport
for pure and multilayered slabs typically used in the food
industry. Ayappa et al.5 analyzed the heating characteristics
for multilayered food sandwich and nonuniform or local
heating was observed for 1D bread-beef food slabs. The
analysis was later extended for 2D samples due to transverse
ad
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electromagnetic sTEMd modes on heating and localized nonuniform heating was still observed for samples with specific
radii.6
The localized or nonuniform heating in samples occur
due to volumetric heating effects and considerable further
studies were devoted on the analysis of maxima in power or
“resonances” due to MW propagation. Ayappa et al.7
Ayappa,8 and Barringer et al.9 found the maxima in average
power occurring only for the fixed sample dimension in 1D
slabs and 2D cylinders. They also observed that the heating
rates are considerably greater for those sample dimensions
and the suitable relationships between the occurrence of
resonance and the sample size were established. Microwave
heating and transport models were further applied for thawing and heating of multiphase systems in recent
investigations10–14 and greater rates in material processing
were observed due to resonances. All these earlier works on
heating and melting were carried out to investigate the heating effects solely due to the materials. Typically, materials
are kept with a support in an oven or waveguide, and therefore, the foreign supporting materials may interfere with the
heating strategies.
The suitable supports may be recommended as alumina
sAl2O3d and SiC as they withstand high temperature, which
may be the case during MW heating.15 In addition, ceramic
supports also prevent typical food substances from corrosion.
Heating characteristics and MW power absorption of ceramic materials show that Al2O3 absorbs much less power
than SiC, resulting in greater temperature rise in SiC.15 The
temperature profile within the ceramic materials is uniform
due to higher thermal conductivity and these materials may
be the perfect choice to be used as a support for various
samples. Although Al2O3 support allows greater MW power
to penetrate through, the coupled dielectric response of the
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sample-support assembly may not be trivial. The suitable
choice of the support based on the dielectric properties of the
sample would be important to carry out faster and/or uniform
thermal material processing.
Current work attempts to analyze the efficient heating
strategies in the presence of resonances or maxima in power
within the sample. During resonances, a material absorbs
greater power and the presence of a support may alter power
absorption within a material. The resonating phenomena will
be quite cumbersome for a material-ceramic composite and a
detailed investigation on resonances for such materialceramic systems has been carried out to achieve efficient
heating strategies for material processing. We have analyzed
the influence of supports for materials such as water, which
is a highly lossy substance, and oil, with low dielectric loss,
and these two limits would be useful to determine the heating strategies for other materials.

FIG. 1. Schematic illustration of a multilayered sample exposed to a plane
electromagnetic wave.

d2Ex,l
+ k2l Ex,l = 0,
dz2

where zl−1 ø z ø zl and l = 1…n. We assume each layer has
constant dielectric properties and, hence, the general solution
to Eq. s2d represented as a linear combination of transmitted
and reflected waves propagating in opposite directions is

II. MODELING OF MICROWAVE TRANSPORT
IN A MULTILAYERED SAMPLE
A. Electric field and power evaluations

Ex,1 = Et,1eik1z + Er,1e−ik1z,

We assume that the sample thickness is much smaller
compared to the lateral dimensions and, hence, onedimensional slab is a reasonable representation for the
material-ceramics assembly. A similar modeling assumption
can be found in earlier literatures.5,8,10,13–17 The wave propagation due to uniform electric field Ex, given by Maxwell’s
equation, is
d 2E x
+ k2Ex = 0,
dz2

s1d

where Ex lies in the x-y plane and varies only in the direction
of propagation, z axis sFig. 1d. In Eq. s1d, k = sv / cdÎk8 + ik9
is the propagation constant which depends on the dielectric
constant k8 and the dielectric loss k9; v = 2p f, where f is the
frequency of the electromagnetic wave, and c is the velocity
of light. In an n-multilayered sample the electric field for the
lth layer obtained from Eq. s1d is

H

Et,leiklzl + Er,le−iklzl − Et,l+1eikl+1zl − Er,l+1e−ikl+1zl
klEt,le

iklzl

− klEr,le

−iklzl

− kl+1Et,l+1e

ikl+1zl

+ kl+1Er,l+1e

= Et,le

iklz

=

t
t idx,l
Ax,l
e ,

Ex,l = Et,leiklz + Er,le−iklz,

First layer
Intermediate layers

l = 2…n − 1
Ex,n = Et,neiknz + Er,ne−iknz,

nth layer,

s3d

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

5

Ex,l−1 = Ex,l
dEx,l−1 dEx,l
=
dz
dz

6

l = 2…n
z = z1…zn−1

.

s4d

Here z1 , z2…zn−1 denote the boundaries between interfaces,
as seen in Fig. 1.
The interface conditions fEqs. s4dg and the general solutions fEqs. s3dg are used to obtain the coefficients Et,l and Er,l
via solving the set of algebraic equations

=0
−ikl+1zl

As the incident field intensities from the left and right are
known, i.e., Et,1 = EL and Er,n = ER, Eqs. s5d are solved for the
remaining 2n − 2 coefficients using MATLAB.13,14 For the lth
layer, the transmitted and reflected waves are

t
Ex,l

s2d

=0

J

s5d

l = 1…n − 1.

r

r
r idx,l
Ex,l
= Er,le−iklz = Ax,l
e ,

s6d

where the corresponding amplitudes are given by
t *
t
t
= ÎEx,l
Ex,l
,
Ax,l
r *
r
r
= ÎEx,l
Ex,l
,
Ax,l

s7d

and the phase states are given by
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s r c pd l

,

] Tl
] 2T l
= kl 2 + qlszd,
]t
]z

l = 1…n.

s15d

The boundary conditions are
s8d

,

where the superscript “*” in Eq. s7d denotes the complex
conjugate. For a stationary wave in the lth layer, the amplitude is given by
*
Ax,l = ÎEx,lEx,l

k1

] T1
= hsT1 − T`d,
]z

s16d

z = z1

and

s9d

− kn−1

] Tn−1
= hsTn−1 − T`d,
]z

z = zn−1 .

s17d

and the difference in phase angle is given by
t
r
− dx,l
,
dx,l = dx,l

s10d

*
that appeared in Eq. s9d are
where the quantities Ex,l and Ex,l
evaluated using Eqs. s3d and s6d. At the resonance, the difference in phase angle is zero, i.e., dx,l = 0.
The absorbed power in the lth layer obtained from the
Poynting vector theorem is

1
*
szd.
qlszd = ve0k9Ex,lszdEx,l
2

s11d

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

1
2L

E

n

+L

qlszddz <

−L

1
qlszid.
n i=1

o

s12d

Here −L and L denote the left and right faces of the slab,
respectively, 0 ø zi ø 2L , n denotes the total number of data
set, and qlszid denotes the power as a function of zi where zi
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. We will denote Ls as the thickness of
the sample and L8 as the total thickness of the support such
that 2L = Ls + L8. The average power for a sample of thickness
Ls is
1
qlszid,
n i=1

o

5

6

l = 2…n − 2
z = z2…zn−2

.

s18d

u=

Ex
E0

and
d
d
; 2L ,
dz
dz8

d 2u
+ g2u = 0,
dz82

s19d

where u is the electric-field intensity, g = s2Lv / cdÎk8 + ik9 is
the propagation constant, and 2L is the thickness of the slab.
Substituting the complex field variable u = v + iw into Eq.
s19d and equating the real and imaginary components, we get

B. Modeling of microwave heating and solution
strategy

The energy balance equation due to the microwaveassisted heat source is

]T
] 2T
= k 2 + qszd,
]t
]z

] Tl
] Tl+1
kl
= kl+1
]z
]z

The wave propagation equation for a particular medium
sceramic/materiald is given in Eq. s2d. As microwave power,
qlszd is a function of electric field as seen in Eq. s11d and,
hence, a functional representation of the electric field is necessary to solve the energy balance equation fEq. s15dg. The
evaluation of the functional form of the electric field may be
difficult for a multilayered sample, and we are unaware of
such a solution till date. Alternatively, the energy balance
and wave equations fEqs. s2d and s15dg are solved numerically as discussed next.
Using the dimensionless variables,

s13d

where 0 ø zi ø Ls.

r cp

Tl = Tl+1

Eq. s1d reduces to

n

qav =

The interface conditions between ceramic-material are

s14d

where r is the density, c p is the specific heat, k is the thermal
conductivity and the volumetric heat source, qszd is defined
in a similar manner as in Eq. s11d. In an n-multilayered
sample, the energy balance equation for the lth layer obtained from Eq. s14d is

d 2v
+ x 1v − x 2w = 0
dz82

s20d

d 2w
+ x2v + x1w = 0,
dz82

s21d

and

with x1 = s4L2v2 / c2dk8 and x2 = s4L2v2 / c2dk9. The boundary
conditions for the real and imaginary components are5
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TABLE I. The thermal and dielectric properties are given for water, oil, raw beef, Al2O3, and SiC sRefs.
5,13,15d.
Material property

Water

Oil

Raw beef

Al2O3

SiC

Heat capacity, C p sJ kg−1 ° K−1d
Thermal conductivity, k sW m−1 ° K−1d
Density, r skg m−3d
Dielectric constant s2450 MHzd, k8
Dielectric loss s2450 MHzd, k9

4190
0.609
1000
78.1
10.44

2000
0.168
900
2.8
0.15

2510
0.491
1070
43
15

1046
26
3750
10.8
0.1566

3300
40
3100
26.66
27.99

S D
S D

5

4vL
dv 2vL
vL
−
w=
sin
dz8
c
c
c
4vL
dw 2vL
vL
+
cos
v=
dz8
c
c
c

5

dv 2vL
vL
ER 4vL
sin
+
w=−
dz8
c
EL c
c
dw 2vL
vL
ER 4vL
cos
−
v=−
dz8
c
EL c
c

and

6

at z8 = 0

S D
S D

6

at z8 = 1.

s22d

s23d

The dimensionless form of the energy balance equation in
the presence of microwave, Eq. s14d is
s r c pd l

] ul
] 2u l
= k̄l 2 + Qlsz8d,
]t
] z8

s24d
III. RESULTS AND DISCUSSION

where
Tl − T`
ul =
,
T0

A. Average power absorption: Materials
versus supports

s r c pd l
,
s r c pd l =
r 0c p0

and
k̄l =

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
Reddy18 and Ayappa et al.5 To discretize the time domain,
the Crank–Nicholson method is used, and the nonlinear residual equations are solved using a Newton–Raphson
method.5,10,13
For all computations, the dielectric and thermal properties are obtained from Table I. Note that dielectric properties
correspond to a MW frequency of 2450 MHz. In all cases,
the sample is exposed to the MW radiation of intensity
3 W cm−2 and heat transfer coefficient at the outer faces is
maintained at 2 W m−2 K−1. The temperature of the sample
and the support is 300 K at t = 0 s. Analysis will be carried
out for MWs incident on one face and on both faces.

kl
.
k0

Here T0 denotes the initial temperature of the sample. The
expression for the microwave power term in Eq. s24d is
Qlsz8d =

2L2ve0k9E20 2
sv + w2d.
k 0T 0

s25d

The boundary conditions in dimensionless form, Eqs. s16d
and s17d, are

] u1
− Bi1su1d = 0,
] z8

s26d

z8 = 0

and

] un−1
+ Bin−1sun−1d = 0,
] z8

z8 = 1.

s27d

The initial condition used in the analysis is

ust = 0d =

T0 − T`
,
T0

for 0 ø z8 ø 1.

s28d

The energy balance equation and the electric-field equations with the appropriate boundary conditions are solved
using Galerkin finite element method. The interface conditions for the energy balance and electric-field equations due

We have carried out detailed analysis on microwave
power and temperature distributions for water shigh dielectric lossd, oil slow dielectric lossd, and raw beef. We will
illustrate the influence of ceramic supports such as Al2O3 and
SiC on MW power and thermal characteristics for various
substances in the presence of resonances.
The resonances can be best illustrated by maxima in average power versus sample thickness diagram. We will carry
out our case studies for resonances to illustrate the influence
of ceramic supports. The significant resonances occur at two
consecutive R1 and R2 modes and the average power at R1
mode is generally greater than that at R2 mode.
Figure 2 illustrates the average power distributions with
ceramic supports and without any support when the samples
are incident on one face only. During one-side incidence, the
average power for a sample without any support exhibits
maxima at Ls = 0.5lm and lm during R1 and R2 modes, respectively. Note that the wavelengths slmd for the water, oil,
and raw beef samples are 1.38, 7.3, and 1.84 cm, respectively.
The efficient heating due to MWs may be either at R1 or
R2 mode and the occurrence of the maxima corresponding to
a sample thickness is dependent on the support for various
materials sas seen in Fig. 2d. Note that the circles indicate R1
mode and the boxes indicate R2 mode in Fig. 2. We have
assumed a thickness of the support being 0.2 cm for all test
cases. Note that Al2O3 is a transparent medium and SiC absorbs MWs significantly.15 Therefore, we assumed a smaller
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FIG. 2. Average power sqav , W cm−3d vs sample thickness sLs, cmd for sad
water, sbd oil, and scd raw beef samples exposed to microwaves on one face.
The filled circle denotes R1 mode and the filled rectangle denotes R2 mode
of resonances.

thickness of the support and the influence of various thicknesses of the support on microwave heating of materials may
not be important for current work. The average power versus
sample thickness diagram for water indicates that the occurrence of R1 and R2 modes corresponding to specific sample
thicknesses is almost unaffected by the presence of supports
except that the less MW power deposition occurs within a
sample with SiC supports fFig. 2sadg. It is interesting to note
that the smaller average power versus sample thicknesses is
observed with SiC support. A detailed investigation on the
suitability of supports will be analyzed later to address the
thermal runaway and efficient heating for various materials.
The average power versus sample thickness diagram for
oil fFig. 2sbdg indicates that the occurrence of R1 and R2
modes corresponding to specific sample thicknesses is significantly influenced by the presence of supports and the
sample thicknesses corresponding to R1 and R2 modes are
shifted, which are in contrast with the water samples. It is
interesting to note that both the resonances sR1 , R2d occur at
smaller thickness with supports for oil samples. In addition,
we observe that the oil samples with smaller thickness can
absorb greater power with SiC supports as seen in Fig. 2sbd.
Figure 2scd illustrates the average power distributions for raw
beef and it is observed that similar to water, the occurrence
of resonances is almost unaffected by the presence of supports and also a less MW power deposition is observed due
to SiC support at the unexposed end.
Figure 3 illustrates the average power versus sample
thickness for the samples with both-sides incidence. The av-

J. Appl. Phys. 97, 083537 ~2005!

FIG. 3. Average power sqav , W cm−3d vs sample thickness sLs, cmd for sad
water, sbd oil, and scd raw beef samples exposed to microwaves on both
faces.

erage power distributions are qualitatively similar to one-side
incidence cases, as seen in Fig. 2. For both-sides incidence,
the sample thicknesses corresponding to resonances for all
cases are greater than that due to one-side incidence. In addition, for oil samples, the resonances occur at much smaller
thicknesses with SiC supports, as seen in Fig. 3sbd.
The efficient use of supports depends on factors such as
faster thermal processing, controlled or uniform thermal processing, selective heating, and many others. The interesting
features as seen in Figs. 2 and 3 for various cases thus provide a stimulus for determining the role of the support on
efficient heating due to MWs. The detailed analysis on MW
power characteristics and electric-field distribution at various
resonance modes would be useful to understand the interference of waves and the critical role of the specific ceramic
support.
B. Microwave power and temperature distributions
for water samples

Figure 4 illustrates the amplitude, power, and temperature distributions for the water sample during R1 mode due to
one-side incidence. For all the cases with and without supports, we study the MW power and field distribution for a
fixed sample thickness sLs = 0.69 cmd as the occurrence of
the R1 mode corresponds to the same sample thickness, as
seen in Fig. 2sad. As seen in Fig. 4, for all cases, the amplitude of the transmitted wave is a decreasing function of the
distance, whereas the amplitude of the reflected wave is an
increasing function of the distance within the sample. It is
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FIG. 4. Amplitudes of electric field sAx,l , Ax,l
, Ax,l
d,
power distributions, and temperature profiles for water
samples exposed to microwaves from the left face 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 sdx,ld
vs z.

interesting to note that there is a significant jump in the amplitudes of the transmitted wave and reflected waves within
Al2O3 supports. The amplitude of the reflected wave is
smaller than that of the transmitted wave, signifying smaller
standing waves being formed within the support. In addition,
due to the smaller dielectric loss of the Al2O3 support, the
MW power absorption is quite small within the sample.
Therefore, Al2O3 supports can be efficiently used due to the
less power consumption.
The role of SiC support may be illustrated with a fact
that more transmission and reflection within the support may
decrease the amplitudes of traveling waves within the
sample. Therefore, SiC support is preferred to be kept at the
unexposed face of the sample. As seen in insets, the difference in phase angles versus distance within the slabs illustrates the strength of stationary waves and zero phase difference signifies the constructive interference, which is also
termed as resonances. The resonances or maxima in power
occur on both faces of the sample except the samples with
SiC support, which correspond to a smaller power deposition
at the unexposed end attached with SiC. The power absorption versus distance plot justifies that the average power absorbed by the sample is almost unaffected by the presence of
Al2O3, whereas the SiC layer absorbs greater power resulting
in less microwave power absorption within a material. Note
that the average power absorption within a sample with
Al2O3 support at the right face is around 2.07 W cm−3,
whereas the average power is only 0.80 W cm−3 for samples
with SiC supports.

The temperature distributions within the samples are illustrated by spatial temperature versus sample thickness diagram, as seen in Fig. 4. Here the temperatures are shown at
20, 60, and 80 s. During 80 s, the temperature varies within
340–348 K for the samples without support, and the temperature is within 324–342 K for samples with Al2O3 support at left/right side. Note that the location of the Al2O3
support either at the left or right side does not influence
much the heating rate, as seen in Fig. 4, however, greater
average power is observed for the samples with Al2O3 support at the left side. The heating rate of the sample is uniform
with SiC supports due to lower power deposition throughout
the sample, as seen in Fig. 4, and the temperature varies
within 318–320 K. Although the temperature variation is
smaller, SiC support could be useful to avoid hot spots for
highly lossy substances like water. We have also carried out
studies for R2 mode sfigures are not shownd and, similar to
R1 mode, the heating rate of the sample is uniform with SiC
supports due to lower power deposition throughout the
sample.
Figure 5 illustrates the amplitude, power, and temperature distributions for the water sample during R1 mode due to
both-sides incidence. As the samples are exposed on both
faces, the transmitted and reflected waves are symmetric
with each other within the sample, signifying more standing
waves being formed. This leads to more power absorption in
the sample than the one-side incidence case. The spatial distributions of the amplitude of traveling waves within the supports are qualitatively similar to that of the one-side inci-
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r
FIG. 5. Amplitudes of electric field sAx,l , Ax,l
, Ax,l
d,
power distributions, and temperature profiles for water
samples exposed to microwaves on both faces 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 sdx,ld
vs z.

dence case as seen in Fig. 4 and three maxima in spatial
power occurs within the samples, as seen in Fig. 5. Similar to
one-side incidences, the average power absorption is almost
unaffected by the presence of Al2O3 and lower power depositions are observed within samples with SiC supports as SiC
absorbs a significant amount of power, as seen in Fig. 5.
Note that the average power absorption within a sample with
Al2O3 support is around 3.97 W cm−3, whereas the average
power is only 1.70 W cm−3 for the samples with SiC supports. During 80 s, the temperature varies within 351–386 K
for the samples with Al2O3 support, whereas the variation is
within 341–355 K in samples with SiC supports.
As MWs are incident on both sides and the Al2O3 support does not absorb much power, the temperature rise on the
left face is small and the heating rates on the other face are
larger. Consequently, a high temperature leading to a runaway heating effect would occur at the other face which is
not attached to the Al2O3 support. In contrast, the SiC support may act as a heat source due to greater power absorption. Therefore, the uniform and lower temperature distribution is observed within the sample as the less MW energy
would penetrate through the sample. During R2 mode, we
found more power peaks with smaller magnitudes within the
samples, and spatial power distributions are much smaller for
samples with SiC supports sfigures are not shownd.
Figure 6 illustrates the distribution of average temperature versus time for water samples with various cases. Note
that the slope of the average temperature versus time denotes
the heating rate and the heating rate is directly proportional
to the MW power absorption as the heat loss to the ambiance
is very small. Figure 6sad illustrates the average temperature
distributions for one-side incidence cases during R1 and R2
modes. During R1 mode, the heating rate without support is
greater than that with supports. Al2O3 supports reduce the
rate by a small amount and the heating rate is much smaller

with SiC supports. During 80 s, the average temperature
without support is 343 K, whereas the average temperature
with Al2O3 support is around 334 K sfor both left and right
supportsd. In contrast, the average temperature with SiC support is around 318 K only. The heating rate during R2 mode
is not much influenced by the Al2O3 supports, and the SiC
support reduces the rate by a smaller amount. During 80 s,
the average temperature without support is 320 K and that
with SiC support is 311 K. The temperature distributions
during both-sides incidence case as seen in Fig. 6sbd are
qualitatively similar to one-side incidence cases. Similar to
one-side incidence cases, SiC supports reduce the heating
rate significantly.
C. Microwave power and temperature distributions
for oil samples

Figure 7 illustrates the amplitude, power, and temperature distributions for oil samples during R1 mode for oneside incidence. The maxima in average power during R1 and
R2 modes for oil samples do not occur at an identical sample
thickness as seen in Fig. 2sbd and we will illustrate the MW
power, fields, and temperature distributions for a fixed resonance mode with various sample thicknesses, as seen in Fig.
7. It is interesting to note that the amplitude of the reflected
wave is more within the sample when the Al2O3 support is
placed at the right side than that with the support placed at
the left side. This signifies more standing waves being
formed in the sample, resulting in greater power absorption.
In addition, the larger sample thickness can be processed for
samples with the Al2O3 support at the right side. We also
observe that the oil samples with SiC supports with smaller
thickness sLs = 2.25 cmd absorb greater power, especially
near the regime attached with the support. Note that the average power absorption within a sample without a support is
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FIG. 6. Average temperature sKd vs sample thickness
scmd for water samples exposed to microwaves on sad
one face and sbd both faces during R1 and R2 modes.

around 0.14 W cm−3, whereas the average power is around
0.15 W cm−3 for samples with Al2O3 support at the right side
and that with SiC support is 0.20 W cm−3.
The temperature distributions within the samples are illustrated by spatial temperature versus sample thickness dia-

gram, as seen in Fig. 7. Here the temperatures are shown at
20, 60, and 80 s. Note that the location of the Al2O3 support
either at the left or right side does not influence much the
heating rate, as seen in Fig. 7. The SiC support acts as a heat
source and can be used for localized or surface heating. Dur-

t
r
FIG. 7. Amplitudes of electric field sAx,l , Ax,l
, Ax,l
d,
power distributions, and temperature profiles for oil
samples exposed to microwaves from the left face 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 sdx,ld
vs z.
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FIG. 8. Amplitudes of electric field sAx,l , Ax,l
, Ax,l
d,
power distributions, and temperature profiles for oil
samples exposed to microwaves on both faces during
R2
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 sdx,ld
vs z.

ing 80 s, the temperature near the SiC support is around 354
K, whereas the rest of the sample is at a lower temperature.
Hence, the SiC support may not be suitable as the runaway
heating would occur when the sample is exposed to MWs for
longer duration.
Figure 8 illustrates the amplitude, power, and temperature distributions for oil samples during R2 mode due to
both-sides incidence. As the samples are exposed to MWs on

both faces, the transmitted and reflected waves are symmetric with each other, resulting in more power absorption than
the one-side incidence case. During R2 mode, we observe
more power peaks within the samples and the spatial distributions of power remain unaffected by the Al2O3 support.
The SiC support absorbs a considerably greater amount of
power, resulting in a very small power deposition within the
sample. Note that the average power absorption within a

FIG. 9. Average temperature sKd vs sample thickness
scmd for oil samples exposed to microwaves on sad one
face and sbd both faces during R1 and R2 modes.
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FIG. 10. Amplitudes of electric field sAx,l , Ax,l
, Ax,l
d,
power distributions, and temperature profiles for raw
beef samples exposed to microwaves from the left face
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 sdx,ld
vs z.

sample without a support is around 0.28 W cm−3, whereas
the average power is around 0.29 W cm−3 for samples with
Al2O3 supports and that with a SiC support is 0.24 W cm−3.
The temperature distribution within the samples follows a
similar trend to the power distributions and are not influenced by the Al2O3 support. Due to greater power absorption
within the SiC support, the runaway heating occurs near the
support resulting in a very high temperature, 394 K, whereas
the rest of the sample is at lower temperatures. The runaway
heating effect is more pronounced in R2 mode and a similar
runaway heating effect with less intensity also occurs during
R1 mode with both-sides incidences sfigures are not shownd.
Figure 9 illustrates the distribution of average temperature versus time for oil samples with various cases. The average temperature versus time for one-side incidence shows
that the heating rate is not much influenced by the Al2O3
support and in addition, Al2O3 at the right side results in a
slightly greater heating rate fFig. 9sadg. The greater heating
rate is observed due to the SiC support, based on the greater
slope of the average temperature versus time plot. It is interesting to note that the greater heating rate does not imply the
greater volumetric heating, but the runaway heating effect at
a localized regime of the sample near the support, as seen in
Fig. 7. We have also shown the heating rates due to R2 mode,
where the SiC support causes the lesser runaway heating
effect and the Al2O3 supports do not alter the heating rates
significantly fFig. 9sadg.
The average heating rates for both-sides incidence are
shown in Fig. 9sbd. During R1 mode, the heating rates with

Al2O3 support and without support are almost identical,
whereas the less heating rate due to the SiC support is observed. Although the SiC support causes the smaller heating
rate, the runaway heating is observed near the support. During R2 mode, the heating rates are almost identical irrespective of support and the runaway heating effects are observed
at the later stages of heating for SiC supports. Note that the
greater intensity of runaway heating effects are observed during R2 mode for both-sides heating, whereas the greater runway heating effects are observed during R1 mode for oneside heating. This analysis provides a suitable guideline to
choose the optimal thickness of the sample based on the
nature of the supports.
D. Microwave power and temperature distributions
for raw beef samples

Lastly, we illustrate the electric field, power, and temperature characteristics for a typical food substance, raw
beef. The dielectric properties of raw beef as seen in Table I
are within the properties of oil and water. Figure 10 illustrates the field, power, and temperature distributions of raw
beef for one-side incidence during R1 mode. As raw beef
absorbs less MW power than water, the resonances occur at a
greater length than that for water and the resonating length
for raw beef is 0.92 cm during R1 mode with one-side incidence. The spatial distributions of power and temperature
follow qualitatively similar to that of water. Note that raw
beef with Al2O3 support at the exposed side exhibits greater
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FIG. 11. The heating strategies for various samplesupport assembly due to microwave radiations on sad
one face and sbd on both faces. The shaded regime denotes the support.

average and spatial power distributions, and we have also
observed the similar features for water, where water exhibits
greater power with Al2O3 support. The temperature distribution is purely governed by thermal diffusion and for raw
beef, the spatial temperature near the surface is greater than
that for water. At this point, we may highlight that the dielectric response and power characteristics for a material would
be derived from the two limits; water and oil and a generalized material invariant analysis would possibly draw a generic guideline which would be useful for efficient thermal
processing. The detailed analysis on material invariant analysis is a subject of our ongoing research.
IV. CONCLUSIONS

A detailed analysis on MW power distributions has been
illustrated with the distributions of the transmitted and reflected waves for the water and oil samples with Al2O3 and
SiC supports. In general, the support attached to the unexposed face of the sample corresponds to greater heating rate
within samples when the heating is carried out with onesided MWs incidence. Due to lower dielectric loss, the Al2O3
support causes MWs with greater intensity to penetrate, and
the sample with greater dielectric loss swaterd would heat up
rapidly. During both-sides incidence for water samples, it is

observed that the temperature near the unsupported end
quickly reaches around 385 K when the sample is kept on
Al2O3 support. In contrast, the SiC support causes a uniform
temperature distribution within the sample. The localized
thermal runaway or hot spot is more pronounced for water
samples with Al2O3 support during both-side incidence. Although the SiC sample absorbs a greater amount of power,
the uniform heating of water is always found with the SiC
support.
We have also carried out investigations for oil samples
and due to the lower dielectric loss of oil, the MW power
absorption is observed to be low. Therefore, the Al2O3 support seems to be a suitable support and oil samples heat
uniformly for both one-side and two-sides incidence cases.
As the oil sample reflects a significant amount of electric
field for both-sides incidence cases, the power absorption
within the SiC support is greatly enhanced resulting in a hot
spot near the sample face attached with the SiC support. The
average heating rate within the oil sample is greater due to
the runaway situation and this fact should be considered to
decide the suitability of the support. We have also examined
the suitability of support for a typical food material.
We feel our analysis is general as we have studied materials with two limits of dielectric response. Our extensive
studies would decide the strategy to heat materials and opti-
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mal sample-support assembly can be constructed as suggested in Figs. 11sad and 11sbd for both one-side and bothsides heating. This assembly is useful for uniform planewave heating and the heating strategy of any material with
intermediate dielectric properties can be deduced from the
optimal guideline sFig. 11d.
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