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a b s t r a c t

A detailed theoretical analysis has been carried out to study efficient heating due to microwaves for one-
dimensional (1D) oil–water emulsion samples placed on various ceramic, metallic (reflective) and cera-
mic–metallic composite supports. Two typical emulsion systems are considered such as oil-in-water (o/
w) and water-in-oil (w/o). A preliminary study has been carried out via average power vs emulsion thick-
ness diagram to estimate microwave power absorption within emulsion samples for various cases. The
maxima in average power, also termed as ‘resonances’, are observed for specific emulsion thicknesses
and the two consecutive resonances of significant magnitudes are termed as R1 and R2 modes. For both
o/w and w/o emulsions, it is observed that microwave power absorption is enhanced in presence of
metallic and composite supports during both R1 and R2 modes. The efficient heating strategies character-
ized by ‘large heating rates’ with ‘minimal thermal runaway’ i.e. uniform temperature distributions
within the sample have been assessed for each type of emulsion. Based on the detailed spatial distribu-
tions of power and temperature for various cases, SiC-metallic composite support may be recommended
as an optimal heating strategy for o/w samples with higher oil fractions (/ P 0:45) whereas metallic and
Alumina-metallic composite supports may be favored for samples with smaller oil fractions (/ ¼ 0:3)
during R1 mode. For w/o samples, SiC-metallic composite support may be suitable heating strategy for
all ranges of water fractions during R1 mode. During R2 mode, metallic and Alumina-metallic composite
supports are favored for both o/w and w/o emulsion samples. Current study recommends the efficient
way to use microwaves in a single mode waveguide and the heating strategy can be suitably extended
for heating of any other emulsions for which dielectric properties are easily measurable or available in
the literature.

Crown copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Electromagnetic radiations in the frequency range 300 MHz to
300 GHz are known as microwaves. During microwave heating,
the material dielectric loss which is a function of frequency of
microwaves causes electrical energy to convert into heat within
material and this involves the mechanism termed as ‘volumetric
heating’ which is responsible to carry out uniform and faster pro-
cessing of materials. Microwave energy has largely been used for
thermal processing in a wide range of food and chemical process
industries for pasteurizing, heating, drying, petroleum refining,
sintering of ceramics, and many others [1–15]. Oil–water emulsion
heating is a very common industrial practice in petroleum refining
as about 80% of exploited crude oils exist in the form of emulsion
08 Published by Elsevier Ltd. All r
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[13]. Various oil-in-water (o/w) and water-in-oil (w/o) emulsions
also occur in other industrial operations, such as oil and gas pro-
duction, food processing industries, which include dressings,
sauces, butter, mayonnaise, and many more. Efficient heating of
emulsions is required for a faster processing based on industrial
demand and microwave heating has largely been used due to its
‘volumetric heating’ effects.

Enhanced power absorption and large volumetric heating ef-
fects occur for samples with specific dimensions in presence of
‘resonances’ of microwave power. A number of theoretical and
experimental investigations were carried out by earlier researchers
on various aspects of microwave heating, especially on resonances.
Ayappa et al. [16–18] carried out theoretical and numerical studies
on microwave heating of 1D slabs and 2D cylinders. Further, Ayap-
pa et al. [19] and Ayappa [20] analyzed resonances occurring only
for fixed sample dimensions of 1D slabs and 2D cylinders. They
also established suitable relationships on occurrence of resonance
with sample size. Microwave heating and transport models were
further applied for thawing and heating of multiphase systems
ights reserved.
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Nomenclature

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

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

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

t time, s
T temperature, K
z distance, m

Greek symbols
�0 free space permittivity, Farad m�1

j propagation constant

j0 relative dielectric constant
j00 relative dielectric loss
j� relative complex dielectric properties
q density, kg m�3

/ fraction of the dispersed phase (–)
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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[21–26] and greater rates in material processing were achieved
due to resonances. Although microwave heating in presence of res-
onances accelerates the processing rates, the local thermal run-
away or overheating may occur within the sample. The local
thermal runaway associated with resonances was also observed
for heating of materials supported on various ceramic plates [27].
All these studies are limited within microwave heating of simple
systems where complex dielectric interaction was absent for pre-
dictions of heating rates.

To date, a few studies are based on microwave heating and pro-
cessing of multiphase systems, especially emulsions. Emulsion
consists of a continuous phase and a dispersed phase and based
on the nature of continuous medium, two typical emulsions are
considered as oil-in-water (o/w) and water-in-oil (w/o). A few ear-
lier studies on microwave heating of oil–water emulsions were
carried out for several applications such as measurement of dielec-
tric properties of oil–water emulsions [28,29], heating of oil–water
emulsions [25,26], and demulsification of water-in-oil emulsions
[11,12]. Pal [28] reported a comprehensive review of the available
techniques on measurement of the oil and water content of emul-
sions and effective dielectric properties of oil–water emulsions. La-
ter, Erle et al. [29] also studied dielectric properties of o/w and w/o
emulsions measured at a frequency of 2.45 GHz by an open-ended
coaxial-line probe. They proposed correlations for the effective
dielectric properties of oil–water emulsions and their correlations
show well agreement with the experimental results.

An earlier theoretical and experimental investigation on micro-
wave heating of oil–water emulsion systems was carried out by
Barringer et al. [25]. They carried out experimental studies for var-
ious oil–water fractions with fixed beaker radii in a microwave
oven. Based on the experimental observations they found reso-
nance (maxima in average power) occurring only for fixed sample
dimensions. Fang and Lai [11] and Chan and Chen [12] carried out
experimental studies on the conditions of demulsification, espe-
cially on water-in-oil emulsions. Basak [26] carried out preliminary
theoretical analysis on enhanced heating of oil–water emulsions
(o/w and w/o) for specific emulsion contents in absence of any sup-
port. A detailed analysis on microwave heating of emulsions in
presence of various ceramic and/or metallic plates may be impor-
tant for studying efficient heating process which may be useful for
industrial processing. Microwave heating of emulsion in presence
of various ceramic–metallic composite supports may be non-trivial
due to complex interaction between emulsions (o/w and w/o) and
supports. In addition, ceramic–metallic composite support assem-
bly may pose some interesting issues on optimal thermal runaway
for systems involving multiple interfaces, which were overlooked
by earlier researchers. Efficient heating strategies for emulsion-
support assembly where support may consist of ceramic and/or
metallic plates will find direct application in chemical process
industries (CPI), especially in petroleum refineries and these stud-
ies are yet to appear in literature.

Current studies attempt to carry out a detailed theoretical
investigation on microwave processing of oil–water emulsions
supported on ceramic and/or metallic plates. We have modeled
the effective dielectric response of the oil–water emulsions (both
o/w and w/o) based on the study of Erle et al. [29] and their corre-
lation [29] is suitable for the current investigation with the fre-
quency of 2.45 GHz at which domestic microwave ovens operate.
Maxwell’s equations and the non-linear heat conduction equation
are simultaneously solved using Galerkin’s finite element method
to obtain power absorption and transient temperature profile for
the emulsion and support. A detailed analysis has been carried
out for ‘resonances’ or maxima in microwave power absorption
during heating of o/w and w/o emulsions with various fractions
of the dispersed phase. During resonances, an emulsion absorbs
greater power and the presence of a support may alter power
absorption within an emulsion. The resonating phenomena is quite
complex for an emulsion-support composite and a preliminary
study has been carried out on the resonances to estimate power
absorption for such emulsion-support composites. The role of indi-
vidual traveling waves on spatial power and temperature distribu-
tions within the emulsion sample and support has also been
analyzed. The efficient heating strategies characterized by ‘large
heating rates’ with ‘minimal thermal runaway effects’ within the
sample have been assessed for each type of emulsion. Optimal
strategies for thermal processing of emulsion-support composites
have been recommended based on several case studies for both
o/w and w/o emulsions.

2. Theory

2.1. Electric field and power evaluations in multilayered and
multiphase system

Consider a multilayered slab of thickness 2L exposed to micro-
waves as shown in Fig. 1. We will investigate the heating charac-
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Fig. 1. Schematic illustration of a sample with single/composite support exposed to a plane electromagnetic wave.
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teristics of emulsion samples either on metallic or ceramic or cera-
mic–metallic composite support as shown in Fig. 1. The electro-
magnetic wave propagation due to uniform electric field Ex, given
by Maxwell’s equation is

d2Ex

dz2 þ j2Ex ¼ 0; ð1Þ

where Ex lies in x–y plane and varies only in the direction of prop-
agation, z axis (Fig. 1). In Eq. (1), j ¼ x

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j0 þ ij00
p

is the propagation
constant which depends on the dielectric constant, j0 and the
dielectric loss, j00. It may be noted that, x ¼ 2pf , where f is the fre-
quency of the electromagnetic wave and c is the velocity of light. In
a n multilayered sample the electric field for the lth layer obtained
from Eq. (1) is

d2Ex;l

dz2 þ j2
l Ex;l ¼ 0; ð2Þ

where zl�1 6 z 6 zl and l ¼ 1 . . . n. Here zl denotes the coordinate of
the phase interface between lth and ðlþ 1Þth layers. Note that, l ¼ 1
denotes air layer, l ¼ 2 denotes emulsion layer and the ceramic/
metallic support may be denoted as l ¼ 3;4; . . .. We assume that
the dielectric properties are independent of temperature and con-
stant in each layer. Hence, the general solution to Eq. (2) repre-
sented as a linear combination of transmitted and reflected waves
propagating in opposite directions is



Table 1
The thermal and dielectric properties are given for water, oil, Al2O3 and SiC [26,27,14]

Material property Water Oil Al2O3 SiC

Heat capacity, Cp (J kg �1 K�1) 4190 2000 1046 3300
Thermal conductivity, k (W m�1 K�1) 0.609 0.168 26 40
Density, q (kg m�3) 1000 900 3750 3100
Dielectric constant (2450 MHz), j0 78.1 2.8 10.8 26.66
Dielectric loss (2450 MHz), j00 10.44 0.15 0.1566 27.99
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Ex;1 ¼ Et;1eij1z þ Er;1e�ij1z; z 6 z1;

Ex;l ¼ Et;leijl z þ Er;le�ijlz; zl�1 6 z 6 zl;

Ex;n ¼
Et;neijnz þ Er;ne�ijnz; z ¼ zn ðairÞ;
0; z ¼ zn ðmetallic supportÞ;

( ð3Þ

where Et;l and Er;l are the coefficients due to transmission and reflec-
tion, respectively. The boundary conditions at the interface are

Ex;l�1 ¼ Ex;l

dEx;l�1
dz ¼

dEx;l
dz

)
l ¼ 2 . . . n

z ¼ z1 . . . zn�1:
ð4Þ

The interface conditions Eq. (4) and the general solutions Eq. (3), are
used to obtain the coefficients, Et;l and Er;l via solving the set of alge-
braic equations:

Et;leijlzl þ Er;le�ijlzl � Et;lþ1eijlþ1zl � Er;lþ1e�ijlþ1zl ¼ 0
jlEt;leijl zl � jlEr;le�ijl zl � jlþ1Et;lþ1eijlþ1zl

þjlþ1Er;lþ1e�ijlþ1zl ¼ 0

9>=
>; l ¼ 1 . . . n� 1:

ð5Þ

The electric field intensities at the first and last mediums are
known, i.e. Et;1 ¼ E0 and Er;n ¼ 0 (for air) and Et;n ¼ Er;n ¼ 0 (for
metallic support). The incident field at the left face E0 can be ob-
tained from the intensity of microwave source, I0 as

E0 ¼

ffiffiffiffiffiffiffi
2I0

c�0

s
: ð6Þ

Eq. (5) are solved for the remaining 2n� 2 coefficients using OC-
TAVE/MATLAB [24,26,27]. For the lth layer, the transmitted and re-
flected waves are

Et
x;l ¼ Et;leijl z ¼ At

x;le
idt

x;l ;

Er
x;l ¼ Er;le�ijl z ¼ Ar

x;le
idr

x;l ;
ð7Þ

where corresponding amplitudes are given by

At
x;l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Et

x;lE
t
x;l
�

q
Ar

x;l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er

x;lE
r
x;l
�

q ð8Þ

and the phase states are given by

dt
x;l ¼ tan�1 ImðEt

x;lÞ
ReðEt

x;lÞ

" #
;

dr
x;l ¼ tan�1 ImðEr

x;lÞ
ReðEr

x;lÞ

" #
;

ð9Þ

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

Ax;l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ex;lE

�
x;l

q
ð10Þ

and the difference in phase angle is given by

dx;l ¼ dt
x;l � dr

x;l; ð11Þ

where the quantities Ex;l and E�x;l appeared in Eq. (10) are evaluated
using Eqs. (3) and (7). At the resonance, the difference in phase an-
gle is zero, i.e., dx;l ¼ 0.

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

qlðzÞ ¼
1
2

x�0j
00
effð/ÞEx;lðzÞE�x;lðzÞ: ð12Þ

Here �0 is the free space permittivity, / is the volume fraction of the
dispersed phase and j00eff is the effective dielectric loss where

j�effð/Þ ¼ j0eff ð/Þ þ ij00eff ð/Þ: ð13Þ

For o/w emulsion, the effective dielectric property (j�eff ) is [29]
j�eff ¼
j�c½j�dð1þ a/Þ þ aj�cð1� /Þ�

j�dð1� /Þ þ j�cðaþ /Þ : ð14Þ

Here j�c and j�d are the relative complex dielectric properties of the
continuous (water) and dispersed (oil) phases, respectively; a ¼ 2
for spherical dispersions and a ¼ 1 for cylindrical dispersions. Based
on the experimental observations, a ¼ 1 is chosen for o/w emulsion
study [29]. Experimental data on effective dielectric properties of
w/o emulsions were best fitted by Lichtenecker and Rother as re-
ported by Erle et al. [29] and effective dielectric properties are ob-
tained as

lnj�eff ¼ /lnj�d þ ð1� /Þlnj�c: ð15Þ

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

�q ¼ 1
2L

Z þL

�L
qlðzÞdz � 1

n

Xn

i¼1

qlðziÞ: ð16Þ

Here�L and L denote the left and right faces of the slab, respectively
and qlðzÞ denotes the power as a function of z where z may be mea-
sured from the left edge of the slab or sample. Note that, 2L is the
thickness of the entire slab consisting of emulsion sample and sup-
ports. We will denote Ls as the thickness of the emulsion sample
and L0 as the total thickness of the supports such that 2L ¼ Ls þ L0.
The average power for a sample of thickness Ls is

qav ¼
1
n

Xn

i¼1

qlðziÞ; for 0 6 zi 6 Ls: ð17Þ

It may be noted that, the effective power absorption (qeff ) within an
emulsion sample of thickness Ls may be obtained as

qeff ¼ qavLs; ð18Þ

where unit cross-section of the sample has been assumed.

2.2. Modeling of microwave heating

The energy balance equation due to microwave assisted heat
source is

qcp
oT
ot
¼ k

o2T
oz2 þ qðzÞ; ð19Þ

where q, the effective density, cp, the effective specific heat and k,
the effective thermal conductivity may be expressed as effective
property such that

q ¼ ð1� /Þqc þ /qd ð20Þ
cp ¼ ð1� /Þcpc þ /cpd ð21Þ

and

k ¼ ð1� /Þkc þ /kd: ð22Þ
It may be noted that the density, q in Eq. (20) is the effective den-
sity. An uniform bulk density throughout the emulsion is assumed
as difference in density between oil and water phase is very small
and the natural convection within the sample is neglected.

The volumetric heat source, in Eq. (19), qðzÞ is defined in a sim-
ilar manner as in Eq. (12). In a n multilayered sample, the energy
balance equation for the lth layer obtained from Eq. (19) is
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ðqcpÞl
oTl

ot
¼ kl

o2Tl

oz2 þ qlðzÞ l ¼ 1 . . . n: ð23Þ

The boundary conditions are

oT1

oz
¼ 0 z ¼ z1 ð24Þ

and

oTn�1

oz
¼ 0 z ¼ zn�1: ð25Þ

The boundary condition Eq. (24) has been assumed for the interface
between air and the sample due to following objectives: (1) heating
effects are solely due to the heat generation and (2) the entire
microwave heating process is carried out with insulated situation
at end points and hence, heat loss to the ambiance is neglected.
The boundary condition Eq. (25) at the right end of ceramic/metallic
or composite support has been assumed to represent insulated con-
dition. Individual ceramic support is covered by insulated materials
whereas the thin metallic supports are assumed to surround insu-
lated materials and therefore within metallic supports no flux con-
dition is still valid.

The interface conditions between ceramic and material are

Tl ¼ Tlþ1

kl
oTl
oz ¼ klþ1

oTlþ1
oz

)
l ¼ 2 . . . n� 2
z ¼ z2 . . . zn�2:

ð26Þ
z
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It may be noted that the electric field (see wave propagation
equation, Eq. (2)) is a complex quantity. Therefore, the closed form
solution of electric field Eq. (2) within a sample with various sup-
port assemblies may be cumbersome. Alternatively, the complex
electric field can be viewed as a combination of real and imaginary
parts. Hence, Eq. (2) reduces to two coupled differential equations
for real and imaginary parts. In addition, boundary conditions of
differential equations for electric fields are also coupled and they
are Robin non-homogeneous types. Therefore, the coupled differ-
ential equations are solved numerically. The numerical solutions
of electric field have further been supplemented in heat generation
term (qlðzÞ) of energy balance equation Eq. (23) which also has
been solved numerically. Dimensionless forms of governing equa-
tions and boundary conditions are discussed next.

2.3. Dimensionless analysis

Note that, z0 ¼ zþL
2L as �L 6 z 6 L. Using dimensionless variables

u ¼ Ex;l

E0
and

d
dz0
¼ 2L

d
dz
:

Eq. (2) reduces to

d2u
dz02 þ c2u ¼ 0; ð27Þ
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where u is the electric field intensity, c ¼ 2Lx
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j0 þ ij00
p

is the propa-
gation constant and 2L is the thickness of the slab. Substituting the
complex field variable u ¼ vþ iw into Eq. (27) and equating the real
and imaginary components, we get

d2v
dz02 þ v1v� v2w ¼ 0 ð28Þ

and

d2w
dz02 þ v2vþ v1w ¼ 0; ð29Þ

with v1 ¼ 4L2x2

c2 j0 and v2 ¼ 4L2x2

c2 j00. The boundary conditions for the
real and imaginary components are [17]

dv
dz0 � 2xL

c w ¼ 4xL
c sin xL

c

� �
dw
dz0 þ 2xL

c v ¼ 4xL
c cos xL

c

� �
)

at z0 ¼ 0 ð30Þ

and

dv
dz0 þ 2xL

c w ¼ 0
dw
dz0 � 2xL

c v ¼ 0

)
at z0 ¼ 1: ð31Þ

Dimensionless form of the energy balance equation in presence of
microwave, Eq. (23), is

ðqcpÞl
ohl

os
¼ �kl

o2hl

oz02
þ Q lðz0Þ; ð32Þ
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where

hl ¼
Tl � T1

T0
; ðq cpÞl ¼

ðqcpÞl
q0cp0

and �kl ¼
kl

k0
:

The expression for the microwave power term in Eq. (32) is

Qlðz0Þ ¼
2L2x�0j00E

2
0

k0T0
ðv2 þw2Þ: ð33Þ

The boundary conditions in dimensionless form, Eqs. (24) and (25)
are

oh1

oz0
¼ 0; z0 ¼ 0 ð34Þ

and

ohn�1

oz0
¼ 0; z0 ¼ 1: ð35Þ

The initial condition used in the analysis is

hðs ¼ 0Þ ¼ T0 � T1
T0

; for 0 6 z0 6 1: ð36Þ

It may be noted that, the coupled differential equations Eqs.
(28) and (29) are associated with the coupled non-homogeneous
Robin boundary conditions Eqs. (30) and (31). Eqs. (28) and (29)
have been solved using Galerkin Finite Element method [30]. The
motivation of solution procedure in Galerkin weak form is due to
fact that the non-homogeneous coupled Robin boundary condi-
2L
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tions can be included automatically in boundary integrals of resid-
uals as discussed in earlier references [30,17]. The electric field
solutions are further employed for solving energy balance equation
via finite element method with identical basis functions for electric
fields and temperatures. In addition, for various interfaces with
support, the interface element automatically satisfies flux continu-
ity and field variable continuity as discussed by Reddy [30] and
Ayappa et al. [17].

To discretize the time domain, Crank–Nicholson method is
used, and residual equations are solved using Newton Raphson
Method [17,21,24]. Due to the lack of a good initial guess to begin
the Newton scheme, a small time step Dt ¼ 1� 10�4 s was used at
the first time step. Unless specified otherwise Dt ¼ 0:1 s was used
for subsequent steps. Note that, typically 30–60 elements for the
whole emulsion-support assembly (10–20 elements for supports
and 20–40 elements for sample) were used. It was found that the
maximum difference between the values of the unknowns at the
nodes was less than 1% when the values were compared for 30
and 60 elements. Similarly, the maximum difference was less than
1% when the results were compared for Dt ¼ 0:05 s and 0.1 s.

The dielectric and thermal properties are obtained from Table 1.
Note that, the dielectric properties correspond to a microwave fre-
quency of 2450 MHz. In all cases, the sample is exposed to the
microwave radiation of intensity 1 W cm�2 and the insulated
boundary condition has been assumed at the outer faces of the
assembly. The temperature of the emulsion and the support is
z

Hy

Ex

0 0.65
-7

0

7

0 0.2 0.4 0.6

Slab Depth, cm

0

3

6
Amplitude, 103xV⋅m-1

(Ls = 0.45 cm)

(o/w, φ = 0.3)

0

Sl

0

3

6
Po

qav=

0 0.75
-7

0

7

0 0.2 0.4 0.6

Slab Depth, cm

0

3

6

(Ls = 0.55 cm)

(o/w, φ = 0.45)

0 0

Sla

0

3

6
qav=

0 0.85
- 7
0
7

0 0.2 0.4 0.6 0.8

Slab Depth, cm

0

3

6

(Ls = 0.65 cm)

(o/w, φ = 0.6)

0 0.

Sla

0

3

6
qav=

Fig. 4. Amplitudes of electric field (Ax;l;A
t
x;l;A

r
x;l), power distributions and temperature pro

R1 mode. The metallic support thickness=0.2 cm. — —, transmitted wave; . . ., reflected w
inset shows phase difference (dx;l) vs z.
maintained at 300 K at t ¼ 0 s. The typical oil–water emulsion sys-
tems are considered as oil-in-water (o/w) and water-in-oil (w/o)
emulsions with various fractions (/) of the dispersed phase. We
have considered three / values for both the emulsion (o/w and
w/o) samples as 0.3, 0.45 and 0.6. We will illustrate the role of
ceramic, metallic and ceramic–metallic composites on microwave
power and thermal characteristics for various cases in presence
of ‘resonances’. The thickness of the sample varies between few
mm to few cm and we have assumed the thickness of the ceramic
support to be 0.2 cm for all test cases. Note that, Al2O3 is a trans-
parent medium [14], SiC absorbs microwave significantly [14]
and metallic support reflects microwave completely. Therefore,
we have assumed smaller thickness of support and the influence
of various thicknesses of support on microwave heating of emul-
sions may not be important for current work.

3. Results and discussion

3.1. Microwave power and temperature distributions for oil-in-water
(o/w) emulsions

A detailed analysis has been carried out to study the role of
metallic (reflective) and ceramic (Alumina, SiC) supports on micro-
wave power distributions for oil-in-water (o/w) emulsion samples.
Note that, in all cases, the supports (ceramic and/or metallic) are
placed at the unexposed face of emulsion slab.
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A preliminary study has been carried out to illustrate the micro-
wave power characteristics for various o/w samples placed on
ceramic and/or metallic supports via average power distribution
vs emulsion thickness. The average power obtained from Eq. (17)
is plotted as a function of emulsion thickness as seen in Fig. 2.
The maxima in average power, also termed as ‘resonances’, are ob-
served for specific emulsion thicknesses and the two consecutive
resonances are termed as R1 and R2 modes. The significant reso-
nances R1 and R2 are due to constructive interferences between
transmitted and reflected waves. The amplitudes of the transmit-
ted and reflected waves are generally larger for smaller sample
dimensions corresponding to R1 mode. Hence, the average power
at R1 mode is generally greater than that at R2 mode irrespective
of oil fractions (/) in o/w emulsions. Based on these preliminary
studies, specific emulsion thicknesses (Ls) are estimated corre-
sponding to resonances (R1 and R2 modes) for enhanced processing
of o/w emulsion samples.

Fig. 2a–e illustrate the average power distribution vs emulsion
thickness for various o/w emulsion samples placed on metallic
support, ceramic supports and composite supports. It is interesting
to observe that o/w sample with / ¼ 0:3 corresponds to greater
average power and power absorption decreases with increase in
/ during both R1 and R2 modes for emulsions with metallic support
as seen in Fig. 2a. It may also be noted that, emulsion thicknesses
corresponding to R1 and R2 modes are found to increase with in-
crease in oil fractions (/). In addition, it is observed that composite
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composite supports during R1 mode. The composite support thickness=0.4 cm. — —, tran
regimes denote ceramic and metallic support, respectively. The inset shows phase diffe
supports correspond to smaller emulsion thicknesses than that
with metallic or individual ceramic supports at R1 or R2 mode. It
is also observed that average power is quite smaller with larger
sample thickness for emulsions with ceramic supports than that
for emulsion with metallic support, especially during R1 mode,
for all cases. Note that, power absorption is enhanced significantly
with ceramic–metallic composite supports (Alumina-metallic sup-
port and SiC-metallic support) compared to the cases with metallic
or ceramic supports for both resonance modes (R1 and R2). Note
that, the average powers (qav) within o/w samples with / ¼ 0:3
are 2.06, 0.54, 0.23, 3.38 and 2:3 W cm�3 for metallic support, Alu-
mina support, SiC support, Alumina-metallic support and SiC-
metallic support, respectively, during R1 mode.

The suitable choice of supports (single or composite) depends
on factors such as rate of thermal processing, compositions of
emulsions, processing thickness (Ls) and thermal runaway. The
interesting features as seen in average power vs emulsion thick-
ness diagram (Fig. 2a–e) provide a suitable guideline in determin-
ing the efficient heating strategy for o/w samples with metallic
and/or ceramic supports due to microwaves. The detailed analysis
of microwave power characteristics and electric field distributions
at various resonance modes would be useful to understand the
critical role of the specific ceramic and/or metallic supports on
optimal thermal processing of emulsions.

Fig. 3 illustrates the spatial distributions of amplitudes of the
electric fields, power and temperature for o/w emulsion sample
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with / ¼ 0:3 for metallic support and ceramic supports (Alumina
and SiC) during R1 mode. Note that, the emulsion thicknesses (Ls)
corresponding to R1 mode are 0.45, 0.88 and 0.78 cm for sample
with metallic support, Alumina support and SiC support, respec-
tively. The insets show the difference in phase angles vs distance
within the emulsion slabs. The difference in phase angles (dx;l)
illustrates the strength of the stationary wave and zero phase dif-
ference signifies the constructive interference, which is also
termed as resonance, whereas �p phase difference signifies the
destructive interference. It is observed that, the amplitude of the
transmitted wave is larger than that of the reflected wave within
the emulsion slab. In addition, the amplitude of the transmitted
wave is a decreasing function of distance whereas the amplitude
of the reflected wave is an increasing function of distance within
the emulsion sample for all the support cases. It is interesting to
note that, stationary electric field becomes zero at the unexposed
face of sample attached with metallic support due to destructive
interference (dx;l ¼ p, as seen in the inset) between transmitted
and reflected waves of identical magnitudes. The stationary elec-
tric field forms a maxima (dx;l ¼ 0) at the exposed face of the sam-
ple for metallic support. Due to complete conversion of
transmitted wave into reflected wave at the unexposed face of
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supports during R1 mode. The composite support thickness=0.4 cm. — —, transmitted w
denote ceramic and metallic support, respectively. The inset shows phase difference (dx
the emulsion, significant amount of reflection would cause quite
strong interference of waves resulting in greater stationary waves
within the emulsion sample in presence of metallic support. Hence,
greater power absorption occurs throughout the sample except at
the regime near unexposed face. The power distribution follows
the same trend as the stationary electric field and the emulsion
sample with metallic support corresponds to greater average
power (qav ¼ 2:06 W cm�3).

It is interesting to observe that, similar to metallic support, only
one spatial resonance or maxima in spatial power occurs at the ex-
posed face of the emulsion sample with SiC support whereas two
maxima in spatial power occur at both the surfaces of the sample
with Alumina support. The waves do penetrate through and reflect
out of the ceramic supports and thus the interference of waves
within the sample is coupled with the propagation of waves within
ceramic supports. Hence, the stationary wave is not very strong
within the emulsion slab which is in contrast with the case of
metallic support. It may be noted that, due to low dielectric loss
of Alumina (j00 ¼ 0:1566) the microwave power absorption is quite
small within Alumina support whereas a significant power absorp-
tion would occur within SiC support due to very high dielectric loss
of SiC (j00 ¼ 27:99). Overall, the power distribution follows similar
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trend to the electric field distribution for sample with metallic/
ceramic supports. Due to smaller intensity of stationary wave
within the sample, power absorption is smaller and the average
power within sample is 0:54 W cm�3 for Alumina support and
0:23 W cm�3 for SiC support. In contrast, average power absorption
within sample with metallic support is quite high as mentioned
earlier.

The spatial temperature distributions are illustrated for t ¼ 20,
60 and 80 s as seen in Fig. 3. It is observed that, during 80 s, the
temperature varies within 339.3–357.2 K for sample with metallic
support whereas that varies within 307.5–315.6 K and 306.3–
309.7 K for sample with Alumina support and SiC support, respec-
tively. Note that, the greater temperature distributions for sample
with metallic support are due to greater power depositions which
contrasts the cases with ceramic supports. It is also interesting to
note that, although the power absorption within the sample re-
gime attached with the metallic support is insignificant, the spatial
temperature is significantly high within the regime due to high
thermal conductivity of o/w emulsion samples (/ ¼ 0:3). Similar
to metallic support case, the spatial temperature is higher at the
exposed face than that at the unexposed face for sample with Alu-
mina support whereas it is quite uniform for sample with SiC sup-
port due to lower power depositions throughout the sample.
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(d) Alumina-metallic support and (e) SiC-metallic support, during R1 mode. The inset sh
Hence, SiC support may be useful to avoid local thermal runaway
within o/w emulsion samples.

Fig. 4 illustrates the spatial distributions of amplitudes of the
electric fields, power and temperature for o/w emulsion samples
with / ¼ 0:3, 0.45 and 0.6 for metallic support during R1 mode.
The spatial distribution characteristics for o/w emulsion samples
with / ¼ 0:3 have been discussed earlier (Fig. 3). As the spatial dis-
tributions are strong functions of /, results have also been reported
for various / values in Fig. 4. Note that, the emulsion thicknesses
(Ls) corresponding to R1 mode are 0.45, 0.55 and 0.65 cm for sam-
ple with / ¼ 0:3, 0.45 and 0.6, respectively. Similar to Fig. 3, zero
stationary electric field occurs at the unexposed face of samples at-
tached with metallic supports for all cases. It is interesting to ob-
serve that, amplitude of the stationary wave increases with
increase in / at a specific sample depth. Although the amplitude
of the stationary wave is larger within o/w sample with / ¼ 0:6,
the spatial absorption of power within the sample is smaller due
to small dielectric loss (j00) of o/w emulsion sample with / ¼ 0:6.
Note that, average powers (qav) are 2.06, 1.68 and 1:33 W cm�3

for sample with / ¼ 0:3, 0.45 and 0.6, respectively. It may be noted
that, only one maxima in spatial power occurs at the exposed face
of the sample for all cases. The spatial temperature distributions
are illustrated for t ¼ 20, 60 and 80 s as seen in Fig. 4. The temper-
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ature distributions qualitatively follow the power distributions. It
is observed that, during 80 s, the temperature varies within
339.3–357.2 K, 331.9–356.1 K and 324.3–354.2 K for o/w emul-
sions with / ¼ 0:3, 0.45 and 0.6, respectively. It is interesting to
note that, sample with / ¼ 0:6, which corresponds to the smallest
average power, exhibits largest temperature difference within the
sample due to smaller effective thermal conductivity. Therefore,
the sample with higher oil fraction (/ ¼ 0:6) corresponds to more
non-uniform spatial temperature distribution during longer inter-
val of heating time and that may lead to local thermal runaway at
the exposed face of the sample.

Although power absorption within emulsion sample is en-
hanced in the presence of metallic support than that with individ-
ual ceramic support, spatial temperature distributions may not
meet desired level of uniformity at longer duration of heating,
especially for sample with higher oil fractions (/ ¼ 0:6). The role
of ceramic–metallic composite support to process emulsion sam-
ples will be illustrated next. The specific role of ceramic–metallic
composite support will be examined based on various issues. The
situation of zero power absorption at the unexposed face of sample
attached with metallic support (see Fig. 4) can be avoided. In addi-
tion, specific composite support may be useful to reduce local ther-
mal runaway situation resulting in uniform temperature
throughout the sample slab.

Fig. 5 illustrates the spatial distributions of amplitudes of the
electric fields, power and temperature for o/w emulsion samples
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metallic support and SiC-metallic support, during R2 mode. The metallic support thicknes
reflected wave; —-, stationary wave. The light and dark shaded regimes denote ceramic
with / ¼ 0:3, 0.45 and 0.6 for Alumina-metallic composite support
during R1 mode. Similar to metallic support cases, the amplitude of
the transmitted wave is a decreasing function of distance whereas
the amplitude of the reflected wave is an increasing function of dis-
tance within the emulsion slab for all cases. It is interesting to ob-
serve that there is a significant jump in amplitude of the
transmitted and reflected waves within the Alumina support. It
may also be noted that, within the support the amplitudes of trans-
mitted and reflected waves are almost equal. Power distributions
are seen to qualitatively follow the stationary wave distributions
within samples. It may also be noted that, although magnitude of
the stationary wave is quite high, spatial power absorption is very
less within Alumina support due to smaller dielectric loss of Alu-
mina (j00 ¼ 0:1566). Similar to metallic support cases, only one
maxima in spatial power occurs at the exposed face of the sample
for all cases. Unlike the cases with metallic support (Fig. 4), the
unexposed face of the sample attached with Alumina-metallic
composite support attains non-zero power absorption. It is also
interesting to observe that, average power absorption with Alu-
mina-metallic composite support is greater than that for sample
with metallic support for specific oil fractions. Note that, average
powers (qav) are 3.38, 2.57 and 1:86 W cm�3 for sample with
/ ¼ 0:3, 0.45 and 0.6, respectively. It may also be noted that, the
emulsion thicknesses (Ls) corresponding to R1 mode are 0.28,
0.35 and 0.45 cm for sample with / ¼ 0:3, 0.45 and 0.6, respec-
tively. As the average powers are larger and the emulsion
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thicknesses are smaller for Alumina-metallic composite support
than that for metallic support, we have also calculated the effective
power absorption (numerical values are not shown) in the sample
for each case. It is observed that, for the sample with small oil frac-
tion (/), Alumina-metallic composite support corresponds to
slightly greater power absorption than that for metallic support
whereas for the sample with large oil fraction (/), metallic support
corresponds to greater power absorption than that for Alumina-
metallic support. The spatial temperature distributions are
illustrated for t ¼ 20, 60 and 80 s as seen in Fig. 5. During 80 s,
the temperature varies within 337.6–354 K, 330.7–353.5 K and
322.3–352.3 K for o/w emulsions with / ¼ 0:3, 0.45 and 0.6,
respectively. Similar to metallic support cases, it is observed that
sample with higher oil fraction (/ ¼ 0:6) corresponds to greater
temperature difference during longer interval of heating time
and that may lead to local thermal runaway situation.

Fig. 6 illustrates the spatial distributions of amplitudes of the
electric fields, power and temperature for various o/w emulsion
samples with SiC-metallic composite support during R1 mode.
Note that, spatial distributions of traveling waves (transmitted
and reflected waves) within the sample are qualitatively similar
to Alumina-metallic composite support cases. It is interesting to
observe that there is a less significant jump in amplitude of both
transmitted and reflected waves within the SiC support and unlike
Alumina-metallic composite support cases, reflected wave attains
smaller amplitude than that of transmitted wave within the SiC
support. Similar to Alumina-metallic composite support cases,
power distributions qualitatively follow the stationary wave distri-
butions within samples only. It is interesting to observe that, spa-
tial power absorption shows a high peak at the face of SiC support
attached with sample and thereafter spatial power absorption
shows a monotonic decrease across SiC support leading to zero va-
lue at the SiC-metallic interface. This phenomenon is primarily due
to higher dielectric loss of SiC (j00 ¼ 27:99). Similar to previous
cases, only one maxima in spatial power occurs at the exposed face
of the sample and non-zero power absorption occurs at the unex-
posed face of sample corresponding to SiC-metallic composite sup-
port. It is interesting to observe that, average power absorption is
lesser with SiC-metallic composite support than that with Alu-
mina-metallic composite support whereas the emulsion thickness-
es (Ls) corresponding to R1 mode are identical for corresponding /
values. Note that, average powers (qav) are 2.3, 1.84 and
1:42 W cm�3 for sample with / ¼ 0:3, 0.45 and 0.6, respectively.
Based on effective power absorption within the sample for each
case, it is observed that SiC-metallic composite support corre-
sponds to smaller power absorption compared to the cases with
metallic or Alumina-metallic support for the sample with all
ranges of oil fractions (/). Similar to previous cases, the spatial
temperature distributions are illustrated for t ¼ 20, 60 and 80 s
as seen in Fig. 6. During 80 s, the temperature varies within
324.5–336.3 K, 321.8–338.7 K and 318.3–340.8 K for o/w emul-
sions with / ¼ 0:3, 0.45 and 0.6, respectively. Unlike metallic sup-
port and Alumina-metallic composite support cases, it is observed
that the sample with higher oil fraction (/ ¼ 0:6) corresponds to
smaller thermal gradient within the sample during longer interval
of heating time and that may result in smaller local thermal run-
away situation whereas larger local thermal runaway was ob-
served for samples attached with metallic and Alumina-metallic
composite supports.

Fig. 7a–e illustrate the temperature difference (DTo=w) vs time
distributions for various o/w emulsion samples with metallic, cera-
mic and composite supports during R1 mode. Note that, tempera-
ture difference (DTo=w) is defined as the difference between the
maximum and minimum temperatures within the emulsion sam-
ple and it denotes the degree of thermal runaway. It is interesting
to observe that, thermal runaway (DTo=w) increases with increase
in / values irrespective of the type of support (Fig. 7a–e). It is also
observed that, thermal runaway is larger for samples with metallic
and ceramic–metallic composite supports whereas thermal run-
away is smaller for samples with ceramic (Alumina or SiC) sup-
ports. Note that, during 80 s, DTo=w reaches around 30 K when
samples (/ ¼ 0:6) are attached with metallic and Alumina-metallic
composite supports whereas DTo=w reaches around 22.5 K for sam-
ples (/ ¼ 0:6) with SiC-metallic composite supports and DTo=w

reaches around 6–9.5 K for samples (/ ¼ 0:6) with ceramic sup-
port. The inset illustrates the average temperature (To=w) vs time
distributions for all the cases. Note that, the slope of the average
temperature vs time denotes the heating rate which is directly pro-
portional to the microwave power absorption as the heat loss to
the ambiance is neglected (insulated condition). It is interesting
to observe that, average temperature (To=w) decreases with in-
crease in / values for samples with metallic and Alumina-metallic
composite supports and in contrast average temperature for other
strategies such as samples with Alumina support, SiC support or
SiC-metallic composite support is almost independent of oil con-
tents. It is also observed that, samples with metallic and Alu-
mina-metallic composite supports correspond to greater heating
rates whereas heating rates with individual ceramic supports (Alu-
mina or SiC) are quite small for all ranges of oil fractions (/). Note
that, for cases with metallic and Alumina-metallic composite sup-
ports, average temperature (To=w) reaches around 348 K and 340 K
during 80 s for samples with / ¼ 0:3 and 0.6, respectively. On the
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other hand, average temperature reaches around 307–310 K dur-
ing 80 s when samples (for all / values) are processed with ceramic
support. It may be inferred that, o/w emulsion samples with SiC-
metallic composite supports correspond to reasonably larger heat-
ing rates with lesser thermal runaway. An efficient heating strategy
for the emulsion-support assembly is characterized by higher rate
of thermal processing with smaller thermal runaway. Based on the
overall scenarios, SiC-metallic composite support may be chosen as
the optimal heating strategy for o/w emulsion samples with higher
oil contents (/ P 0:45) and for samples with smaller oil contents
(/ ¼ 0:3), both metallic and Alumina-metallic composite supports
are suitable alternatives.

Figs. 3–6 illustrate the spatial distributions of amplitudes of the
electric fields, power and temperature for o/w emulsion samples
for metallic and/or ceramic supports (Alumina and SiC) during R1

mode. It may be noted that, the emulsion thicknesses (Ls) corre-
sponding to R1 mode are quite smaller, especially for sample with
metallic, Alumina-metallic and SiC-metallic supports. Hence we
have also carried out analysis on spatial distribution for o/w emul-
sion samples with metallic and/or ceramic supports during R2

mode which corresponds to larger sample thicknesses. In addition,
processing of samples during R2 mode may be advantageous to
achieve less local thermal runaway situation i.e. more uniform
heating throughout the sample despite smaller heating rate as dis-
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cussed next. The detailed spatial distribution for samples with
metallic support and composite supports during R2 mode may be
important to analyze further the efficient or optimal thermal pro-
cessing of o/w emulsion samples. The spatial distributions for indi-
vidual ceramic support can be similarly deduced and are not
shown in this article.

Fig. 8 illustrates the spatial distributions of amplitude, power
and temperature for o/w emulsion sample with / ¼ 0:3 for metal-
lic support, Alumina-metallic support and SiC-metallic support
during R2 mode. Unlike the cases during R1 mode where only one
maxima in spatial power occurs, two maxima in spatial power
are observed for all the support assemblies. Similar to previous
cases, composite supports correspond to non-zero power absorp-
tion at the unexposed face of samples. It is interesting to observe
that, average power absorption is enhanced with Alumina-metallic
support whereas it is reduced with SiC-metallic support compared
to the case with metallic support. Note that, average powers (qav)
are 0.65, 0.75 and 0:61 W cm�3 for sample with metallic support,
Alumina-metallic support and SiC-metallic support, respectively,
during R2 mode. Note that, the emulsion thicknesses (Ls) corre-
sponding to R2 mode are 1.38, 1.2 and 1.18 cm for sample with
metallic support, Alumina-metallic support and SiC-metallic sup-
port, respectively. As the average power is larger and the emulsion
thickness is smaller for Alumina-metallic support than that for
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metallic support, based on effective power absorption it is ob-
served that, both correspond to almost identical power absorption.
Similar to previous cases, the spatial temperature distributions are
illustrated for t ¼ 20, 60 and 80 s as seen in Fig. 8. During 80 s, the
temperature varies within 311.7–318.7 K, 311.1–319.5 K and
308.5–315.4 K for o/w emulsions with metallic support, Alumina-
metallic support and SiC-metallic support, respectively. It is inter-
esting to observe that, heating is quite uniform throughout the
sample for all the support assemblies and this avoids local thermal
runaway situation even at longer duration of heating time. This is
in contrast for cases during R1 mode which corresponds to signifi-
cant thermal runaway situation especially for samples with metal-
lic and Alumina-metallic supports.

Fig. 9a–c illustrate the temperature difference (DTo=w) vs time
distributions for various o/w emulsion samples with metallic and
composite supports during R2 mode. Similar to the cases during
R1 mode, it is observed that thermal runaway (DTo=w) increases
with increase in / values irrespective of the type of support
(Fig. 9a–c). In addition, temperature difference (DTo=w) for cases
with metallic and Alumina-metallic supports is slightly larger than
that for cases with SiC-metallic support. It is interesting to observe
that, unlike the cases during R1 mode, thermal runaway is quite
smaller for all cases irrespective of supports. Note that, during
80 s, DTo=w reaches around 13 K when samples (/ ¼ 0:6) are at-
tached with metallic and Alumina-metallic supports whereas
DTo=w reaches around 11 K when samples (/ ¼ 0:6) are attached
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support and SiC support during R1 mode. The support thickness = 0.2 cm. — —, transmitte
denote ceramic and metallic support, respectively. The inset shows phase difference (dx
with SiC-metallic support. The inset illustrates the average temper-
ature (To=w) vs time distributions for all the cases. It is interesting
to observe that, unlike the cases during R1 mode, average temper-
ature (To=w) is almost independent of / values for all the support
assemblies. It is also observed that, samples with metallic and Alu-
mina-metallic composite supports correspond to slightly greater
heating rates than that with SiC-metallic support. Note that, for
cases with both metallic and Alumina-metallic composite sup-
ports, average temperature (To=w) reaches around 315 K whereas
that reaches around 313 K when samples are processed with SiC-
metallic support during 80 s. Based on the scenarios corresponding
to R2 mode, both metallic and Alumina-metallic supports may be
suitable as the optimal heating strategy for o/w emulsion samples
for all ranges of oil contents (/) as both the strategies correspond
to reasonably large heating rates with smaller thermal runaway.

3.2. Microwave power and temperature distributions for water-in-oil
(w/o) emulsions

Fig. 10a–e illustrate the average power distribution vs emulsion
thickness for various w/o emulsion samples placed on metallic
and/or ceramic supports. It is interesting to observe that, unlike
o/w cases (Fig. 2a–e), w/o sample with / ¼ 0:3 corresponds to
smaller average power and power absorption increases with in-
crease in / during both R1 and R2 modes for emulsions with all
support assemblies. This is due to the fact that effective dielectric
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loss increases with / for w/o samples. It is also observed that,
emulsion thicknesses corresponding to R1 and R2 modes decrease
with increase in water fractions (/). In addition, composite sup-
ports correspond to smaller emulsion thicknesses than that with
metallic or individual ceramic supports at a specific resonance
mode (R1 or R2). Similar to o/w cases, metallic support corresponds
to greater average power than that with ceramic supports and
power absorption is enhanced significantly for samples with com-
posite supports especially with Alumina-metallic support as seen
in Fig. 10a–e. Note that, the average powers (qav) within w/o sam-
ples with / ¼ 0:3 and 0.6 are 0.54 and 1:54 W cm�3, respectively
for Alumina-metallic support whereas the average powers for sam-
ples with / ¼ 0:3 and 0.6 are 0.12 and 0:16 W cm�3, respectively
for SiC support, during R1 mode.

Fig. 11 illustrates the spatial distributions of amplitude, power
and temperature for w/o emulsion sample with / ¼ 0:3 for metal-
lic support and ceramic supports during R1 mode. The spatial dis-
tributions of amplitudes of the traveling and stationary waves are
qualitatively similar to those of o/w cases (Fig. 3). Similar to o/w
cases, the stationary electric field forms a maxima at the exposed
face of samples with metallic support. The power distribution fol-
lows the same trend as the stationary electric field. Similar to
metallic support, only one maxima in spatial power occurs at
the exposed face of the emulsion sample with SiC support
whereas two maxima in spatial power occur at both the surfaces
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R1 mode. The metallic support thickness=0.2 cm. — —, transmitted wave; . . ., reflected w
inset shows phase difference (dx;l) vs z.
of the sample with Alumina support. It is observed that, average
power absorption within sample with metallic support is larger
(0:44 W cm�3) due to significant reflection within the metallic
support whereas power absorptions within samples with ceramic
supports are quite less (0:13 W cm�3 for Alumina support and
0:12 W cm�3 for SiC support). Note that, the emulsion thicknesses
(Ls) corresponding to R1 mode are 1.15, 1.98 and 1.43 cm for sam-
ple with metallic support, Alumina support and SiC support,
respectively. Based on effective power absorption, metallic sup-
port corresponds to greater power than that with ceramic sup-
ports. The spatial temperature distributions are illustrated for
t ¼ 20, 60 and 80 s as seen in Fig. 11. It is observed that, during
80 s, the temperature varies within 304.2–324.2 K for sample
with metallic support whereas that varies within 302–307.3 K
and 304.2–317.8 K for sample with Alumina support and SiC sup-
port, respectively.

Fig. 12 illustrates the spatial distributions of amplitude, power
and temperature for various w/o emulsion samples with metallic
support during R1 mode. The spatial distributions are qualitatively
similar to those of o/w cases (Fig. 4). Similar to Fig. 4, zero station-
ary electric field occurs at the unexposed face of samples attached
with metallic supports and one maxima in spatial power occurs at
the exposed face of the sample. It is interesting to observe that, un-
like o/w cases, the emulsion thickness (Ls) decreases and power
absorption increases with increase in /. Note that, the emulsion
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thicknesses (Ls) corresponding to R1 mode are 1.15, 0.85 and 0.65
cm for sample with / ¼ 0:3, 0.45 and 0.6, respectively. In addition,
Average powers (qav) are 0.44, 0.73 and 1:12 W cm�3 for sample
with / ¼ 0:3, 0.45 and 0.6, respectively. Although the amplitude
of the stationary wave is larger within sample with / ¼ 0:3, the
spatial absorption of power within the sample is smaller due to
low dielectric loss (j00) of w/o emulsion sample with / ¼ 0:3. The
spatial temperature distributions are illustrated for t ¼ 20, 60
and 80 s as seen in Fig. 12. Note that, the temperature distributions
qualitatively follow the power distributions. It is observed that,
during 80 s, the temperature varies within 304.2–324.2 K, 309.6–
332 K and 317.9–338.7 K for sample with / ¼ 0:3, 0.45 and 0.6,
respectively. Common to all the water fractions is the similar de-
gree of thermal runaway during longer interval of heating time
and that may lead to local thermal runaway situation at the ex-
posed face of the sample.

Fig. 13 illustrates the spatial distributions of amplitude, power
and temperature for various w/o emulsion samples with Alu-
mina-metallic composite support during R1 mode. Note that, the
variations of amplitudes of the traveling and stationary waves
are qualitatively similar to those of o/w cases as seen in Fig. 5. It
is interesting to observe that unlike o/w emulsion, there is less sig-
nificant jump in amplitude of the transmitted and reflected wave
within the Alumina support. Note that, the amplitudes of transmit-
ted and reflected waves within the support are almost equal. Sim-
ilar to o/w cases, the stationary electric field forms a maxima at the
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composite supports during R1 mode. The composite support thickness=0.4 cm. — —, tran
regimes denote ceramic and metallic support, respectively. The inset shows phase diffe
exposed face of samples. Note that, power distributions qualita-
tively follow the stationary wave distributions within samples
and hence one maxima in spatial power i.e. resonance occurs at
the exposed face of the sample. Similar to o/w emulsion cases
(Fig. 5), the unexposed face of the sample attached with Alu-
mina-metallic support attains non-zero power absorption. It is
interesting to observe that, average power absorption is enhanced
with slightly reduced sample thickness (Ls) for Alumina-metallic
composite support compared to the cases with metallic support.
Note that, average powers (qav) are 0.54, 0.94 and 1:54 W cm�3

for sample with / ¼ 0:3, 0.45 and 0.6, respectively. In addition,
the emulsion thicknesses (Ls) corresponding to R1 mode are 0.9,
0.65 and 0.5 cm for sample with / ¼ 0:3, 0.45 and 0.6, respectively.
It is observed that for the sample with larger water fraction (/),
Alumina-metallic support corresponds to greater effective power
absorption (qeff ) than that with metallic support whereas for the
sample with small water fraction (/), metallic support corresponds
to slightly greater effective power absorption than that with Alu-
mina-metallic support. The spatial temperature distributions are
illustrated for t ¼ 20, 60 and 80 s as seen in Fig. 13. During 80 s,
the temperature varies within 304.2–324.3 K, 309.4–331.7 K and
317.2–338.9 K for w/o emulsions with / ¼ 0:3, 0.45 and 0.6,
respectively. Similar to metallic support cases, degree of thermal
runaway is significant during longer interval of heating time and
that may lead to local thermal runaway situation at the exposed
face of the sample.
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We have also carried out the spatial distributions of amplitude,
power and temperature for various w/o emulsion samples with
SiC-metallic composite support during R1 mode (Figures not
shown). Note that, the variations of amplitudes, powers and tem-
peratures are qualitatively similar to the earlier case of o/w sam-
ples as seen in Fig. 6. The spatial temperature varies within
308.6–321.2 K, 312.4–326.8 K and 317.1–330.2 K for w/o emul-
sions with / ¼ 0:3, 0.45 and 0.6, respectively, during 80 s. Unlike
metallic and Alumina-metallic composite support cases, it is ob-
served that the samples with all ranges of water fraction (/) corre-
spond to lesser thermal gradients within the samples during longer
interval of heating time leading to lesser local thermal runaway
situation.

Fig. 14a–e illustrate the temperature difference (DTw=o) vs time
distributions for various w/o emulsion samples with metallic and/
or ceramic supports during R1 mode. It is interesting to observe
that, thermal runaway (DTw=o) is a strong function of type of sup-
ports whereas water fractions have a little influence on thermal
runaway. Note that, thermal runaway is larger for samples with
metallic and Alumina-metallic composite supports whereas ther-
mal runaway is smaller for samples with Alumina support. In addi-
tion, for metallic and Alumina-metallic composite supports,
samples with larger water fractions (/ ¼ 0:6) correspond to larger
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Fig. 14. The temperature difference, DTw=o (K) vs time (s) for various water-in-oil (w/o)
(d) Alumina-metallic support and (e) SiC-metallic support, during R1 mode. The inset sh
thermal runaway situations than that for samples with smaller
water fractions during initial stages of heating (t 6 60 s) and
DTw=o is reduced significantly during later stages of heating. Conse-
quently, DTw=o values are seen to merge within a short ranges of
temperature at a large time (t ¼ 80 s) for samples with all water
fractions (/). Note that, during 80 s, DTw=o reaches around 20–
22 K when samples are attached with metallic and Alumina-metal-
lic composite supports whereas DTw=o is around 12.5–14 K for sam-
ples with SiC-metallic support and that reaches around 5–6.5 K for
samples with Alumina support.

The inset illustrates the average temperature (Tw=o) vs time dis-
tributions for all the cases (Fig. 14). It is interesting to observe that,
average temperature (Tw=o) increases with increase in / values for
samples with metallic and composite supports and in contrast
average temperature is almost independent of water contents for
samples with ceramic supports. It is also observed that, samples
with metallic and Alumina-metallic composite supports corre-
spond to greater heating rates whereas heating rate with SiC-
metallic composite support is slightly less. In addition, the heating
rate with individual ceramic supports (Alumina or SiC) are quite
small for all ranges of water fractions. Note that, for cases with
metallic and Alumina-metallic composite supports, average tem-
perature (Tw=o) reaches around 314.5–316 K and 328–330 K during
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80 s for samples with / ¼ 0:3 and 0.6, respectively whereas aver-
age temperature reaches around 306 K during 80 s when samples
(for all / values) are processed with ceramic supports. It is also ob-
served that, w/o emulsion samples with SiC-metallic composite
supports correspond to large heating rates (Tw=o ¼ 325K for sample
with / ¼ 0:6) with controlled thermal runaway. Based on the over-
all scenarios, SiC-metallic composite support may be chosen as the
optimal heating strategy for w/o emulsion samples with all ranges
of water fractions (/).

It may be noted from Fig. 10a–e that, the emulsion thicknesses
(Ls) corresponding to R1 mode are quite smaller, especially for sam-
ple with higher water fractions (/ ¼ 0:6) for metallic support, Alu-
mina-metallic support and SiC-metallic support. Therefore, we
have also carried out analysis on spatial distribution for w/o emul-
sion samples with metallic and/or ceramic supports during R2

mode which corresponds to larger sample thicknesses. In addition,
processing of samples during R2 mode may be advantageous to
achieve more uniform heating throughout the sample. The detailed
spatial distribution for samples with metallic support and compos-
ite supports during R2 mode may be important to analyze further
the efficient or optimal thermal processing of w/o emulsion
samples.

Fig. 15 illustrates the spatial distributions of amplitude, power
and temperature for w/o emulsion sample with / ¼ 0:6 for metal-
lic support, Alumina-metallic support and SiC-metallic support
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metallic support and SiC-metallic support, during R2 mode. The metallic support thicknes
reflected wave; —-, stationary wave. The light and dark shaded regimes denote ceramic
during R2 mode. Note that, the variations of amplitudes, powers
and temperatures are qualitatively similar to the earlier case of
o/w samples as seen in Fig. 8. Unlike the cases during R1 mode
where only one maxima occurs, two maxima in spatial power
are observed for all the support assemblies. Similar to previous
cases, composite supports correspond to non-zero power absorp-
tion at the unexposed face of samples. It is interesting to observe
that, average power absorption is enhanced with Alumina-metal-
lic support whereas it is reduced with SiC-metallic support com-
pared to the case with metallic support. Note that, average
powers (qav) are 0.49, 0.54 and 0:46 W cm�3 for sample with
metallic support, Alumina-metallic support and SiC-metallic sup-
port, respectively, during R2 mode. In addition, the emulsion
thicknesses (Ls) corresponding to R2 mode are 2, 1.8 and 1.8 cm
for sample with metallic support, Alumina-metallic support and
SiC-metallic support, respectively. Based on effective power
absorption it is observed that, both metallic and Alumina-metallic
supports correspond to almost equal power absorption whereas
SiC-metallic support corresponds to slightly less power absorp-
tion. The spatial temperature distributions are illustrated for
t ¼ 20, 60 and 80 s as seen in Fig. 15. During 80 s, the temperature
varies within 307.5–317.2 K, 307.4–317.2 K and 307–314.7 K for
w/o emulsions with metallic support, Alumina-metallic support
and SiC-metallic support, respectively. It is interesting to observe
that, heating is almost uniform throughout the sample for all the
2L

0.6 1.2 1.8

lab Depth, cm

Power, W⋅cm-3

qav=0.49 W⋅cm-3

0 0.6 1.2 1.8

Slab Depth, cm

300

320

340
Temperature, K

t=20 s
t=60 s
t=80 s

0.6 1.2 1.8

lab Depth, cm

qav=0.54 W⋅cm-3

0 0.6 1.2 1.8

Slab Depth, cm

300

320

340

0.6 1.2 1.8

lab Depth, cm

av=0.46 W⋅cm- 3

0 0.6 1.2 1.8

Slab Depth, cm

300

320

340

rofiles for 60% water-in-oil (w/o) emulsion samples with metallic support, Alumina-
s = 0.2 cm and the composite support thickness = 0.4 cm. — —, transmitted wave; . . .,
and metallic support, respectively. The inset shows phase difference (dx;l) vs z.
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Fig. 16. The temperature difference, DTw=o (K) vs time (s) for various water-in-oil
(w/o) emulsion samples with (a) Metallic support. (b) Alumina-metallic support
and (c) SiC-metallic support, during R2 mode. The inset shows average temperature,
Tw=o (K) vs time (s).
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support assemblies and this avoids local thermal runaway situa-
tion even at longer duration of heating time. This is in contrast
for samples processed during R1 mode which corresponds to sig-
Table 2
The summary of microwave heating characteristics for oil-in-water (o/w) emulsion sampl

Strategy Composition Significant features (R1 mode)

Metallic support Larger oil fraction
(/ P 0:45)

� Heating rate is large (T ¼ 33
� Thermal runaway is signific

80 s)
Smaller oil fraction
(/ ¼ 0:3)

� Heating rate is large (T ¼ 34
� Thermal runaway is smaller

Alumina-metallic
support

Larger oil fraction
(/ P 0:45)

� Heating rate is large (T ¼ 34
� Thermal runaway is signific

80 s)
Smaller oil fraction
(/ ¼ 0:3)

� Heating rate is large (T ¼ 34
� Thermal runaway is smaller

SiC- Metallic support Larger oil fraction
(/ P 0:45)

� Heating rate is moderate (T
� Thermal runaway is smalle

80 s)
Smaller oil fraction
(/ ¼ 0:3)

� Heating rate is moderate (T
� Thermal runaway is smaller

Recommendations � SiC-metallic support is the o
R1 mode

� Metallic and Alumina-meta
(/ ¼ 0:3) during R1 mode

� Metallic and Alumina-metal
corresponding to R2 mode (f
nificant thermal runaway situation especially with metallic and
Alumina-metallic support cases.

Fig. 16a–c illustrate the temperature difference (DTw=o) vs time
distributions for various w/o emulsion samples with metallic and
composite supports during R2 mode. Unlike the cases during R1

mode, it is interesting to observe that samples with higher water
fractions (/ ¼ 0:6) correspond to smaller thermal runaway situa-
tions than that for samples with smaller water fractions during la-
ter stages of heating (t P 50 s). Overall, the degree of thermal
runaway (DTw=o) is less for all / values compared to the cases dur-
ing R1 mode for all support-assemblies. Note that, during 80 s,
DTw=o reaches around 10–12 K when samples are attached with
metallic and Alumina-metallic supports whereas DTw=o reaches
around 8–10 K when samples are attached with SiC-metallic sup-
port. The inset illustrates the average temperature (Tw=o) vs time
distributions for all the cases. It is interesting to observe that, un-
like the o/w cases during R2 mode (Fig. 9a–c), average temperature
(Tw=o) increases with increase in / values for all cases. It is also ob-
served that, samples with metallic and Alumina-metallic supports
correspond to slightly greater heating rates than that with SiC-
metallic support. Note that, for cases with both metallic and Alu-
mina-metallic supports, average temperature (Tw=o) reaches
around 309–312.5 K whereas that reaches around 308–311 K
when samples are processed with SiC-metallic support during
80 s. Based on the scenarios corresponding to R2 mode, both metal-
lic and Alumina-metallic supports may be suitable as the optimal
heating strategy for w/o emulsion samples for all ranges of water
fractions (/).

4. Conclusions

Extensive studies have been carried out to investigate the influ-
ence of various ceramic supports, metallic (reflective) supports and
ceramic–metallic composite supports on microwave processing of
oil–water emulsion samples. The case studies have been carried
out for various fractions (/) of dispersed phase corresponding to
each type of emulsion. A preliminary analysis has been carried
out via average power vs sample thickness diagram to estimate
microwave power absorption within emulsion samples for each
case. The maxima in average power, also termed as ‘resonances’,
are observed for specific emulsion thicknesses and the two consec-
utive resonances of significant magnitudes are termed as R1 and R2
es corresponding to metallic and composite supports

Significant features (R2 mode)

9:3� 344 K at 80 s)
ant (DT ¼ 24:2� 30 K at

� Thermal runaway is smaller (DT ¼ 9:7� 12:6 K at
80 s)

� Processing thickness is large (Ls ¼ 1:65� 1:95 cm)
8:2 K at 80 s)
(DT ¼ 17:9 K at 80 s)

� Thermal runaway is quite small (DT ¼ 7 K at 80 s)
� Processing thickness is large (Ls ¼ 1:38 cm)

0:8� 344:9 K at 80 s)
ant (DT ¼ 22:8� 30 K at

� Thermal runaway is smaller (DT ¼ 10:4� 13:5 K at
80 s)

� Processing thickness is large (Ls ¼ 1:45� 1:75 cm)
7:9 K at 80 s)
(DT ¼ 16:4 K at 80 s)

� Thermal runaway is quite small (DT ¼ 8:4 K at 80 s)
� Processing thickness is large (Ls ¼ 1:2 cm)

¼ 332:4 K at 80 s)
r (DT ¼ 16:9� 22:5 K at

� Thermal runaway is smaller (DT ¼ 9:2� 11:3 K at
80 s)

� Processing thickness is large (Ls ¼ 1:45� 1:75 cm)
¼ 332 K at 80 s)
(DT ¼ 11:8 K at 80 s)

� Thermal runaway is quite small (DT ¼ 7 K at 80 s)
� Processing thickness is large (Ls ¼ 1:18 cm)

ptimal heating strategy for o/w emulsions with larger oil fractions (/ P 0:45) during

llic supports are suitable strategies for o/w samples with smaller oil fractions

lic supports are suitable strategies for o/w samples with larger processing thickness
or all / values)



Table 3
The summary of microwave heating characteristics for water-in-oil (w/o) emulsion samples corresponding to metallic and composite supports

Strategy Composition Significant features (R1 mode) Significant features (R2 mode)

Metallic support Larger water fraction
(/ P 0:45)

� Heating rate is large (T ¼ 320:7� 328:2 K at 80 s)
� Thermal runaway is significant (DT ¼ 20:8� 22:4 K at

80 s)

� Thermal runaway is smaller (DT ¼ 9:7� 12:2 K at
80 s)

� Processing thickness is large (Ls ¼ 2� 2:7 cm)
Smaller water fraction
(/ ¼ 0:3)

� Processing thickness is large (Ls ¼ 1:15 cm)
� Thermal runaway is significant (DT ¼ 20 K at 80 s)

� Processing thickness is very large (Ls ¼ 3:3 cm)
� Thermal runaway is small (DT ¼ 12 K at 80 s)

Alumina-metallic
support

Larger water fraction
(/ P 0:45)

� Heating rate is large (T ¼ 322:8� 330:5 K at 80 s)
� Thermal runaway is significant (DT ¼ 21:8� 22:4 K at

80 s)

� Thermal runaway is smaller (DT ¼ 9:7� 12:3 K at
80 s)

� Processing thickness is large (Ls ¼ 1:8� 2:3 cm)
Smaller water fraction
(/ ¼ 0:3)

� Processing thickness is large (Ls ¼ 0:9 cm)
� Thermal runaway is significant (DT ¼ 20:1 K at 80 s)

� Processing thickness is very large (Ls ¼ 3:1 cm)
� Thermal runaway is small (DT ¼ 12:2 K at 80 s)

SiC-metallic support Larger water fraction
(/ P 0:45)

� Heating rate is moderate (T ¼ 320:7� 325 K at 80 s)
� Thermal runaway is smaller (DT ¼ 13:1� 14:3 K at

80 s)

� Thermal runaway is smaller (DT ¼ 7:7� 10:2 K at
80 s)

� Processing thickness is large (Ls ¼ 1:8� 2:3 cm)
Smaller water fraction
(/ ¼ 0:3)

� Processing thickness is large (Ls ¼ 0:9 cm)
� Thermal runaway is small (DT ¼ 12:7 K at 80 s)

� Processing thickness is very large (Ls ¼ 3:1 cm)
� Thermal runaway is small (DT ¼ 10:5 K at 80 s)

Recommendations � SiC-metallic support is the optimal heating strategy for w/o emulsions with all ranges of water fractions (/)
during R1 mode

� Metallic and Alumina-metallic supports are suitable strategies for w/o samples with larger processing thick-
ness corresponding to R2 mode for all ranges of water fractions (/)
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modes. For both o/w and w/o emulsions, it is observed that micro-
wave power absorption is enhanced in presence of metallic and
composite supports and average power is larger than that with
individual ceramic support during both the significant resonance
modes R1 and R2. A detailed mathematical analysis on individual
traveling waves has been carried out to study the role of specific
support assembly (ceramic and/or metallic) on spatial power and
temperature distributions within emulsion samples corresponding
to both R1 and R2 modes. Finally, the suitability of an efficient
microwave heating strategy has been illustrated based on temper-
ature difference (DT) and average temperature (T) vs time plot for
both o/w and w/o emulsion samples.

Table 2 summarizes microwave heating characteristics for o/w
emulsions corresponding to efficient heating strategies such as
metallic support, Alumina-metallic support and SiC-metallic sup-
port. Choice of suitable heating strategy corresponding to any spe-
cific resonance mode (R1 or R2) is a strong function of heating rates,
thermal runaway, processing thickness and fraction of the dis-
persed phase (/). It is interesting to note that, any suitable choice
is ultimately judged based on thermal runaway and heating rate
for specific emulsion sample. It is observed that, SiC-metallic com-
posite support corresponds to smaller thermal runaway with mod-
erately large heating rates for o/w emulsion samples with larger oil
fractions (/ P 0:45) whereas metallic and Alumina-metallic com-
posite supports correspond to larger heating rates with smaller
thermal runaway for o/w samples with smaller oil fractions
(/ ¼ 0:3) during R1 mode. Therefore, SiC-metallic composite sup-
port may be recommended as an optimal heating strategy for o/
w samples with larger oil fractions (/ P 0:45) and metallic and
Alumina-metallic composite supports may be suitable choices for
samples with smaller oil fractions (/ ¼ 0:3). It is also observed
that, metallic and Alumina-metallic composite supports corre-
spond to reasonably large heating rates with very small thermal
runaway for o/w samples with all ranges of oil fractions (/) during
R2 mode which corresponds to larger processing thickness. Hence,
metallic and Alumina-metallic composite supports are suitable
choices for processing of o/w emulsions with larger sample
dimensions.

It is interesting to observe that, SiC-metallic composite support
corresponds to smaller thermal runaway with optimal heating
rates for w/o emulsion samples with all ranges of water fractions
(/) during R1 mode (as seen in Table 3). Therefore, it may be rec-
ommended as an optimal heating strategy for w/o samples with
all / values. It may be noted that, thermal runaway is small for
w/o samples with all ranges of water fractions during R2 mode,
for metallic and both composite supports. Hence, due to slightly
larger heating rates, metallic and Alumina-metallic composite sup-
ports may be chosen as the suitable strategies for processing of w/o
emulsions with larger sample dimensions corresponding to R2

mode.
Based on the overall scenarios, it is observed that either metallic

and Alumina-metallic supports or SiC-metallic support may be
useful to achieve optimal heating rates and microwave processing
can be carried out either at R1 or R2 mode depending upon the spe-
cific requirements of smaller thermal runaway and larger process-
ing thickness for various o/w and w/o emulsion samples. Tables 2
and 3 may provide some useful guidelines for optimal microwave
processing of o/w and w/o emulsions supported with ceramic and/
or metallic plates in a single mode waveguide operated with uni-
form plane waves.
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