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Abstract

A detailed numerical model is presented to study heat transfer in liquids as they flow continuously in a circular duct that is subjected to
microwave heating. Three types of food liquids are investigated: apple sauce, skim milk, and tomato sauce. The transient Maxwell’s equations are
solved by the finite difference time domain (FDTD) method to describe the electromagnetic field in the microwave cavity and the waveguide. The
temperature field inside the applicator duct is determined by the solution of the momentum, energy, and Maxwell’s equations. Simulations aid in
understanding the effects of dielectric properties of the fluid, the applicator diameter and its location, as well as the geometry of the microwave
cavity on the heating process. Numerical results show that the heating pattern strongly depends on the dielectric properties of the fluid in the duct
and the geometry of the microwave heating system.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Microwave heating is utilized to process materials for
decades. In contrast to other conventional heating methods, mi-
crowave heating allows volumetric heating of materials. With-
out the need for any intermediate heat transfer medium, mi-
crowave radiation penetrates the material directly. Microwave
energy causes volumetric heat generation in the material, which
results in high energy efficiency and a reduction in heating time.

A distinct drawback to microwave heating is the lack of
uniformity in material heating [1–3]. Both the magnitude and
spatial distribution of microwave energy are dictated by the
complexity of electromagnetic waves scattering and reflecting
in the microwave unit, as well as absorption of electromagnetic
waves within the material [4]. Factors that influence microwave
heating include dielectric properties, volume, and shape of the
material, as well as design and geometric parameters of the mi-
crowave unit [5]. These factors make it difficult to precisely
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control the heating process in order to obtain the desired tem-
perature distribution in the material. Due to complexity of the
physical process, numerical modeling has been widely utilized
to study microwave heating [6].

In the past, a number of studies [7–14] have been docu-
mented that dealt with numerical modeling of microwave heat-
ing process in a cavity. Generally, prediction of microwave
energy deposition requires the solution of Maxwell’s equa-
tions, which determines the electromagnetic field in the mi-
crowave cavity and waveguide. The finite difference time do-
main (FDTD) method developed by Yee [15] has been widely
utilized to solve Maxwell’s equations. Solutions of Maxwell’s
equations using the FDTD method for a number of simplified
cases are reported in Webb et al. [16]. Three-dimensional sim-
ulations of microwave propagation and energy deposition are
presented in Liu et al. [9], Zhao and Turner [17], and Zhang et
al. [18].

Success in the numerical simulation of electromagnetic
propagation has recently generated interest in numerical mod-
eling of heat transfer induced by microwave radiation. Clemens
and Saltiel [4] developed a model of microwave heating of a
solid specimen. Their model accounts for temperature depen-
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Cp specific heat capacity . . . . . . . . . . . . . . . J kg−1 K−1

c phase velocity of the electromagnetic propagation
wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

E electric field intensity . . . . . . . . . . . . . . . . . . . V m−1

f frequency of the incident wave . . . . . . . . . . . . . . Hz
h effective heat transfer coefficient . . . . W m−2 K−1

H magnetic field intensity . . . . . . . . . . . . . . . . . . A m−1

L standard deviation of temperature . . . . . . . . . . . . ◦C
k thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

m fluid consistency coefficient . . . . . . . . . . . . . . . Pa sn

n flow behavior index
N number of time steps
p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q electromagnetic heat generation intensity . W m−3

Q microwave power absorption . . . . . . . . . . . . . . . . . W
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
tan δ loss tangent
v fluid velocity vector . . . . . . . . . . . . . . . . . . . . . m s−1

w velocity component in the z direction . . . . . . m s−1

W width of the incident plane . . . . . . . . . . . . . . . . . . . m

ZTE wave impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

Greek symbols

η apparent viscosity . . . . . . . . . . . . . . . . . . . . . . . . . Pa s
ε electric permittivity . . . . . . . . . . . . . . . . . . . . . F m−1

ε′ dielectric constant
ε′′ effective loss factor
εrad emissivity
λg electromagnetic wavelength in the cavity . . . . . . m
μ magnetic permeability . . . . . . . . . . . . . . . . . . . H m−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

σ electric conductivity . . . . . . . . . . . . . . . . . . . . . S m−1

σrad Stefan–Boltzmann constant . . . . . . . . . W m−2 K−4

Superscripts

τ instantaneous value

Subscripts

∞ ambient condition
0 free space, air
t time
in input
X,Y,Z projection on a respective coordinate axis
dent dielectric properties, which causes coupling between the
Maxwell’s and energy equations. Effects of the microwave fre-
quency, dielectric properties of the specimen, and the size of
the sample on the microwave energy deposition were investi-
gated in a two-dimensional formulation. Other important papers
addressing modeling of microwave heating processes include
Ayappa et al. [19–21], Basak and Ayappa [22], and Ratanade-
cho et al. [23,24].

Although most previous studies of microwave heating fo-
cused on conduction heat transfer in a specimen, a few recent
papers investigated natural convection induced by microwave
heating of liquids; mathematical models utilized in these papers
included the momentum equation. Datta et al. [25] investigated
natural convection in a liquid subjected to microwave heating.
In their study, the microwave energy deposition was assumed
to decay exponentially into the sample based on Lambert’s law,
which is valid only for a high loss dielectric material and a sam-
ple of large size. Therefore, for small size samples or low loss
dielectric materials, coupled Maxwell’s, momentum, and en-
ergy equations must be solved.

Ratanadecho et al. [26] were the first who investigated,
numerically and experimentally, microwave heating of a liq-
uid layer in a rectangular waveguide. The movement of liq-
uid particles induced by microwave heating was taken into
account. Coupled electromagnetic, hydrodynamic and thermal
fields were simulated in two dimensions. The spatial variation
of the electromagnetic field was obtained by solving Maxwell’s
equations with the FDTD method. Their work demonstrated the
effects of microwave power level and liquid electric conductiv-
ity on the degree of penetration and the rate of heat generation
within the liquid layer. Furthermore, an algorithm for resolving
the coupling of Maxwell’s, momentum, and energy equations
was developed and validated by comparing with experimental
results.

Microwave heating of a liquid flowing in a rectangular duct
passing through a cubic cavity was studied in [27]. Temperature
distributions in different liquids were simulated. The aim of this
research is to investigate heating of a liquid in a geometry which
better approximates that of real industrial systems. The geom-
etry is similar to that investigated in [28,29], but extended to
three dimensions. Numerical simulations of microwave heating
of a liquid continuously flowing in a circular pipe are reported.
Velocity distribution is assumed to be that of a fully developed
non-Newtonian flow in a circular pipe. If more microwave en-
ergy is released in the center of the pipe and less is released near
the wall, the outlet temperature distribution may be closer to
uniform. In this paper, a microwave cavity designed to generate
exactly such energy distribution is investigated. An algorithm
similar to that reported in [26] is utilized in this study to cou-
ple Maxwell’s and energy equations. In order to optimize the
design of the microwave system, the effects of the diameter of
the applicator tube, the location of the applicator tube in the
microwave cavity, and the shape of the microwave cavity are
investigated.

2. Model geometry

Fig. 1 shows the schematic diagram of the microwave system
examined in this research. The system consists of a waveguide,
a resonant cavity, and a vertically positioned applicator tube that
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Fig. 1. Schematic diagram of the problem.

Table 1
Geometrical parameters

Symbol Description Value [mm]

D Applicator diameter 30.4–55.7
AD Apogee distance of cavity 128–205
PD Perigee distance of cavity 154
CH Cavity & applicator height 125
WL Waveguide length 347
WW Waveguide width 244
WH1 Waveguide height 125
WH2 Waveguide height 51
TL Total length of the system 661
IAD Distance between the incident

plane and absorbing plane
27

passes through the cavity. A liquid food, which is treated as a
non-Newtonian fluid, flows through the applicator tube in the
upward direction, absorbing the microwave energy as it passes
through the tube. It is assumed that no phase change occurs
during the heating process. The microwave operates in TE10
[30] mode at a frequency of 915 MHz; the microwave energy
is generated at the incident plane by imposing a plane polarized
source. The microwave is transmitted through the waveguide
towards the applicator tube located in the center of the resonant
cavity. An absorbing plane is placed behind the incident plane
to absorb the microwave energy reflected from the cavity. Two
computational domains are utilized. The first domain, used for
electromagnetic computations, includes the region enclosed by
the wall of the waveguide, resonant cavity, and incident plane.
The second domain, used for solving the momentum and en-
ergy equations, coincides with the region inside the applicator
tube. The origin of the coordinate system for the electromag-
netic computational domain lies at a corner of the waveguide,
as shown in Fig. 1. The origin of the coordinate system for the
inside of the applicator tube is in the center of the tube at the
tube entrance. Parameters characterizing system’s geometry are
listed in Table 1.

3. Mathematical model formulation

3.1. Electromagnetic field

Maxwell’s equations governing the electromagnetic field are
expressed in terms of the electric field, E, and the magnetic
field, H. In the Cartesian coordinate system, (X,Y,Z), they are
presented as:
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where σ is the electric conductivity, μ is the magnetic perme-
ability, and ε is the electric permittivity. Subscripts X,Y , and Z

denote respective components of the vectors E and H.
Boundary and initial conditions for the electromagnetic

fields are:
(a) At the walls of the waveguide and cavity, a perfect con-

ducting condition is utilized. Therefore, normal components of
the magnetic field and tangential components of the electric
field vanish at these walls:

Hn = 0, Et = 0 (7)

(b) At the absorbing plane, Mur’s first order absorbing con-
dition [31] is utilized:(

∂

∂Z
− 1

c

∂

∂t

)
EZ

∣∣
X=0 = 0 (8)

where c is the phase velocity of the propagation wave.
(c) At the incident plane, the input microwave source is sim-

ulated by the equations:

EZ,inc = −EZin sin
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)
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f t − Xin
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(10)

where f is the frequency of the microwave, W is the width of
the incident plane, ZTE is the wave impedance, λg is the wave
length of a microwave in the waveguide, and EZin is the input
value of the electric field intensity. By applying the Poynting
theorem [26], the input value of the electric field intensity is
evaluated by the microwave power input as:

EZin =
√

4ZTEPin

A
(11)

where Pin is the microwave power input and A is the area of the
incident plane.

(d) The applicator wall is assumed to be electromagnetically
transparent.

(e) At t = 0 all components of E and H are zero.
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3.2. Energy and momentum equations

The temperature distribution in the applicator tube is ob-
tained by the solution of the following energy equation with a
source term which accounts for internal energy generation due
to the absorption of the microwave energy:

ρCp

(
∂T

∂t
+ w

∂T

∂z

)
= ∇ · (k∇T ) + q(x, y, z, t) (12)

where ρ is the density; Cp is the specific heat; k is the thermal
conductivity; T is the temperature; w is the axial velocity of the
fluid; t is the time; and x, y, and z are the Cartesian coordinates.
q represents the local electromagnetic heat generation intensity
term, which depends on dielectric properties of the liquid and
the electric field intensity:

q = 2πf ε0ε
′(tan δ)E2 (13)

In Eq. (13), ε0 is the permittivity of the air; ε′ is the dielectric
constant of the liquid; and tan δ is the loss tangent, a dimension-
less parameter defined as:

tan δ = ε′′

ε′ (14)

where ε′′ stands for the effective loss factor. The dielectric con-
stant, ε′, characterizes the penetration of the microwave energy
into the product, while the effective loss factor, ε′′, indicates
the ability of the product to convert the microwave energy into
heat [32]. Both ε′ and ε′′ are dependent on the microwave fre-
quency and the temperature of the product. tan δ indicates the
ability of the product to absorb microwave energy.

The velocity of the fluid flow is determined by the solution
of the following continuity and momentum equations:

∇ · v = 0 (15)

ρ
Dv
Dt

= −∇p + ∇ · η∇v (16)

where v is the velocity vector; p is the pressure; and η is the
apparent viscosity of the non-Newtonian fluid, which in this
study is assumed to obey the power-law [33], as:

η = m(γ̇ )n−1 (17)

where m and n are the fluid consistency coefficient and the flow
behavior index, respectively.

In this study, it is assumed that the flow is hydrodynamically
fully developed; only the axial velocity component is non-zero.
The momentum equation is then simplified as:

∂
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The apparent viscosity, η, is expressed as:

η = m
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)2
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(19)

The following boundary conditions are utilized to determine
the velocity and temperature distributions. At the inner surface
of the applicator tube, a hydrodynamic no-slip boundary con-
dition is used. At the inlet to the applicator, a uniform, fully
Table 2
Thermophysical and electromagnetic parameters utilized in computations

f , MHz 915
Pin, W 5000
μ, H m−1 4π × 10−7

ε0, F m−1 8.854 × 10−12

T∞, ◦C 20
Vmean, m s−1 0.03
h, W m−2 K−1 15
εrad 0.4
ZTE , � 377

k, W m−1 K−1 Apple sauce 0.5350
Skim milk 0.5678
Tomato sauce 0.5774

cp , J kg−1 K−1 Apple sauce 3703.3
Skim milk 3943.7
Tomato sauce 4000.0

ρ, kg m−3 Apple sauce 1104.9
Skim milk 1047.7
Tomato sauce 1036.9

m Apple sauce 32.734
Skim milk 0.0059
Tomato sauce 3.9124

n Apple sauce 0.197
Skim milk 0.98
Tomato sauce 0.097

developed velocity profile is imposed, and specified by the inlet
mean velocity, Vmean.

The following thermal boundary condition is imposed at the
applicator wall. The wall is assumed to lose heat by natural con-
vection and radiation:

−k
∂T

∂n

∣∣∣∣
surface

= h(T − T∞) + σradεrad
(
T 4 − T 4∞

)
(20)

where T∞ is the ambient air temperature (the waveguide walls
are assumed to be in thermal equilibrium with the ambient air),
σrad is the Stefan–Boltzmann constant, εrad is the surface emis-
sivity of the wall of the applicator tube, n is the normal direction
to the surface of the wall, and h is the effective heat transfer co-
efficient defined as:

h = 1

1/hair + Lwall/kwall + 1/hliquid
(21)

In Eq. (21), hair is the heat transfer coefficient between the ap-
plicator wall and the air in the cavity, hliquid is the heat transfer
coefficient between the liquid inside the applicator and the wall,
Lwall is the thickness of the applicator wall, and kwall is the
thermal conductivity of the wall. The inlet liquid temperature is
assumed to be uniform and equal to the temperature in the free
space outside the applicator, T∞. The initial temperature of the
liquid is defined as:

T = T∞ at t = 0 (22)

Table 2 lists thermophysical properties of the liquids consid-
ered in this study and other pertinent system parameters.
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4. Numerical solution procedure

Maxwell’s equations (1)–(6) are solved utilizing the FDTD
method [34] on a uniform rectangular grid consisting of
2 472 000 cells in the electromagnetic computational domain.
A leapfrog scheme [34] is applied to Maxwell’s equations so
that the components of the electric field intensity vector are
one half cell offset in the direction of their corresponding com-
ponents, while the magnetic field intensity components are
one half cell offset in each direction orthogonal to their cor-
responding components [4]. The electric and magnetic fields
are evaluated at alternate half time steps. The time step, t ,
must satisfy the Courant stability condition [34]:

t � 1

c

√
1

X2 + 1
Y 2 + 1

Z2

(23)

In this research, a time step of t = 1.56 × 10−12 s is used to
solve Maxwell’s equations. Since a portion of the boundary of
the resonant cavity surface is curved, a staircase grid is utilized
to approximate this curved surface. The grid size is dX = dY =
1.28 mm and dZ = 6.25 mm. A contour-path integral FDTD
method [35] is utilized to deal with the curved surface of the
microwave cavity using traditional rectangular cells.

Energy and momentum equations (12) and (18) are dis-
cretized using a cell centered finite volume approach and are
solved implicitly in the Cartesian coordinate system using the
time step of 0.1 s. An upwind scheme is adopted to represent
advection in the thermal fluid flow domain. To approximate a
cylindrically shaped applicator tube, a staircase grid with rec-
tangular cells is utilized.

Since in Eq. (13) the dielectric constant, ε′, and the loss
tangent, tan δ, are temperature dependent, an iterative scheme
is required to resolve the coupling between the energy and
Maxwell’s equations. Since the time scale for electromagnetic
transients (a nanosecond scale) is much smaller than that for
the flow and thermal transport (0.1 s), the electromagnetic heat
source, q , defined by Eq. (13), is computed in terms of the time
average field, E, which is treated as a constant over one time
step for the thermal-flow computation, and defined as:

E = 1

N

N∑
τ=1

Eτ (24)

where N is the number of time steps in each period of the mi-
crowave and Eτ is the instantaneous electric field intensity. The
details of the numerical scheme used in this study are given
in [4]. Energy equation (13) is solved by an implicit scheme, at
each time step iterations are continued until the following con-
vergence criterion is met:∣∣∣∣T

k+1
i,j,k,t − T k

i,j,k,t

T k
i,j,k,t

∣∣∣∣ � 10−6 (25)

where the superscript k refers to the kth iteration. Since this
study is focused on steady-state temperature profiles, iterative
computations of electromagnetic and thermal fields continue
until the temperature distribution does not change with time.
(a)

(b)

Fig. 2. Temperature dependent dielectric properties: (a) dielectric constant, ε′;
(b) loss tangent, tan δ.

The convergence criterion is defined as  = |T t+1
i,j,k−T t

i,j,k

T t
i,j,k

| and

convergence to steady-state, similarly to Eq. (25), is declared
when  � 10−6.

5. Results and discussion

In this study, three liquid food products are considered,
specifically, apple sauce, skim milk, and tomato sauce. The
temperature-dependent data for the dielectric constant and loss
tangent for the three liquids are plotted versus temperature in
Fig. 2. In order to compare the results obtained for variant sys-
tem geometries, the base case is first defined. The base case is
characterized by the following geometric parameters of the mi-
crowave system: the applicator diameter is 38 mm, it is placed
in the center of the resonant cavity, and the apogee distance
of the resonant cavity is 154 mm. Presented results correspond
to the moment in time when the temperature attains its steady-
state. It takes about 1100 time steps for the temperature to reach
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Fig. 3. Temperature distributions [◦C] in (a) x–z plane (y = 0), and (b) x–y plane (outlet, z = 124 mm) for apple sauce (1), skim milk (2), and tomato sauce (3),
respectively.
its steady-state. The corresponding CPU time is about 50 hours
on a single 208 Intel Xeon 3.0 GHz processor.

5.1. Heating patterns for liquids with different dielectric
properties

The spatial distribution of the temperature and the corre-
sponding electromagnetic power intensity for the three liquids
are presented in Figs. 3 and 4. Results are shown in the vertical
x–z plane (y = 0) and the horizontal x–y plane at the appli-
cator outlet (z = 124 mm), respectively. The system geometry
corresponding to the base case is investigated. The evidence of
interaction of the electromagnetic field and forced convection in
the three liquids is seen in Fig. 3. As the fluid particle enters the
applicator tube, it is heated by the microwave radiation. As the
temperature increases in the z-direction, dielectric properties
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Fig. 4. Electromagnetic power intensity distributions [W m−3] in (a) x–z plane (y = 0), and (b) x–y plane (outlet, z = 124 mm) for apple sauce (1), skim milk (2),
and tomato sauce (3), respectively.
of the liquid change in accordance with Fig. 2, which changes
the distribution of electromagnetic field in the microwave cav-
ity and the distribution of electromagnetic power intensity in
the applicator. However, since the dielectric properties of the
liquids considered in this study are not highly temperature de-
pendent, the electromagnetic power intensity does not change
greatly in the z-direction, as shown in Fig. 4.
It is evident that the electromagnetic power determines the
temperature distribution in the x–y plane. As expected, Fig. 4
shows a well-defined peak of electromagnetic power intensity
near the center of the applicator tube; the peak is shifted by
approximately 3 mm in the x-direction for all three liquids.
Although most of the microwave energy is released near the
center of the tube, the reduced velocity near the wall results
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Table 3
Dimensionless power absorption in different liquids

Liquids Dielectric constant, ε′
(50 ◦C)

Loss tangent, tan δ

(50 ◦C)
Dimensionless
power absorption

Apple sauce 68.4 0.12 0.613
Skim milk 64.6 0.31 0.889
Tomato sauce 69.3 0.92 0.998

in higher temperature in the region near the wall for all three
liquids. Comparing the power density and temperature distrib-
utions for apple sauce and skim milk, it is evident that the peak
value of the power density near the tube center for apple sauce
is approximately half as large as that for skim milk, but the tem-
perature of the corresponding hot spot occurring in apple sauce
is larger. This is because the flow behavior index, n, for ap-
ple sauce (n = 0.197) is much smaller than that for skim milk
(n = 0.98), so that the velocity profile for skim milk is sharper
and the magnitude of the velocity in the core region is larger.
The high velocity in the core region reduces the effect of the
peak of the electromagnetic power intensity on the temperature
of the corresponding hot spot in skim milk.

To illustrate the effect of dielectric properties on power ab-
sorption, Table 3 shows the dimensionless total electromagnetic
power (non-dimensionalized by the input power) absorbed by
three liquids, defined as:

Q̃ = Qtotal

Pin
(26)

The total power absorbed, Qtotal, can be calculated by inte-
grating the electromagnetic heat generation intensity over the
domain occupied by the applicator tube:

Qtotal =
�
V

q dx dy dz (27)

The results confirm that a lower loss tangent liquid absorbs less
microwave power as compared to a higher loss tangent liquid.
The relation between the loss tangent and the microwave power
absorption can be expressed by the reflection coefficient, R.
For a normal incidence of the electromagnetic wave on a plane
boundary between the material and vacuum, the reflection co-
efficient (the fraction of reflected power), R, is [36]:

R = 1 −
√

2ε′[1 + √
1 + (tan δ)2] + ε′√1 + (tan δ)2

1 +
√

2ε′[1 + √
1 + (tan δ)2] + ε′√1 + (tan δ)2

(28)

Apparently, for the same dielectric constant, larger loss tangent
and smaller reflection coefficient correspond to larger power
absorption. From Table 3, it is evident that 99.8% of the elec-
tromagnetic power is absorbed by tomato sauce, 88.9% by skim
milk, and 61.3% by apple sauce. The remainder of the elec-
tromagnetic power is reflected and absorbed by the absorbing
plane.
Table 4
Dimensionless power absorption: effect of the applicator diameter

Liquids Applicator diameter, D [mm]

30.4 35.5 38 40.5 45.6 50.7 55.7

Apple sauce 0.518 0.519 0.613 0.725 0.768 0.483 0.343
Skim milk 0.830 0.870 0.889 0.952 0.973 0.771 0.572
Tomato sauce 0.948 0.991 0.998 0.975 0.873 0.736 0.630

Table 5
Mean temperature increase at the outlet: effect of the applicator diameter

Liquids Applicator diameter, D [mm]

30.4 35.5 38 40.5 45.6 50.7 55.7

Apple sauce 1.35 0.846 0.926 1.026 1.072 0.560 0.302
Skim milk 2.687 1.572 1.688 1.805 1.861 1.373 0.770
Tomato sauce 2.638 2.213 2.152 1.858 1.313 0.947 0.682

5.2. Effect of the applicator diameter

Tables 4 and 5 show the dimensionless electromagnetic
power absorption and the mean temperature increase at the out-
let, which is non-dimensionalized by the inlet temperature as:

T̃ = T − T∞
T∞

(29)

where T is the mean temperature at the outlet of the appli-
cator. The diameters of the applicator tubes are chosen to be
30.4, 35.5, 38, 40.5, 45.6, 50.7, and 55.7 mm, respectively. The
effect of the diameter is investigated for the geometry of the mi-
crowave cavity corresponding to the base case. The inlet mean
velocity is the same for all cases (Vmean = 0.03 m s−1). From
Table 4, it is evident that in tomato sauce the power absorption
increases as the diameter of the applicator is increased from
30.4 to 38 mm. This is because increasing the diameter en-
larges the effective surface area for microwave penetration into
the liquid. However, as the applicator diameter is further in-
creased from 40.5 to 55.7 mm, the power absorption decreases.
This phenomenon is explained using the concept of the cut-off
frequency, which is defined as:

fc = c

2
λ (30)

Microwaves cannot propagate into the waveguide when the
frequency is below the cut-off frequency because they cannot
propagate between guiding surfaces separated by less than one
half of the wavelength. Therefore, the effective surface area for
microwave penetration into the liquid is reduced (microwaves
cannot get to a part of the applicator surface which is too close
to the walls of the resonant cavity) and the energy generation in
the liquid decreases accordingly [4]. In this case, λ

2 = 164 mm,
which is even larger than the perigee distance of the microwave
cavity. However, since the liquid in the applicator is not a per-
fectly conducting material and a portion of the microwave en-
ergy can therefore penetrate through the applicator, the cut-off
distance is actually smaller than 164 mm in this case. Compar-
ing the power absorption in apple sauce, skim milk, and tomato
sauce, it is evident that the critical diameter, which is defined
as the diameter of the applicator above which the microwave
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Fig. 5. Temperature distributions [◦C] for tomato sauce at the outlet (z = 124 mm): effect of the applicator position; the applicator is shifted in the x-direction from
its position in the base case by (1) −136 mm, (2) −68 mm, (2) 0 mm, (4) +68 mm, (5) +136 mm, respectively.
power absorption decreases with the increase of the applicator
diameter, is different for the three liquids. For apple sauce and
skim milk it is approximately 45.6 mm, but for tomato sauce it
is approximately 38 mm. This is attributed to the effect of fluid
dielectric properties. Since in tomato sauce the power absorp-
tion starts decreasing with the diameter increase at a smaller
applicator diameter than in skim milk, for applicator diameters
of 40.5 and 45.6 mm the power absorption in skim milk is larger
than that in tomato sauce, although tomato sauce has a higher
loss tangent.

From Table 5, it is evident that the mean temperature in-
crease at the outlet does not necessarily exhibit the same
trend as the power absorption. For example, in apple sauce,
although the power absorption increases when the diameter
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Fig. 6. Electromagnetic power intensity distributions [W m−3] for tomato sauce at the outlet (z = 124 mm): effect of the applicator position; the applicator is shifted
in the x-direction from its position in the base case by (1) −136 mm, (2) −68 mm, (2) 0 mm, (4) +68 mm, (5) +136 mm, respectively.
is increased from 30.4 to 35.5 mm, the corresponding mean
temperature increase becomes smaller. Recalling that the in-
let mean flow velocity is the same for all applicator diame-
ters, the mass flow rate is smaller for the applicator with a
smaller diameter. Since the increase of the power absorption
in the applicator with a diameter of 35.5 mm is not signif-
icant, which is explained by a higher resonance in the cav-
ity with the 30.4 mm diameter applicator, the temperature in-
crease in the applicator with a smaller diameter (30.4 mm) is
larger. Thus in order to obtain the maximum temperature in-
crease, one should select the applicator with the diameter of
30.4 mm.
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Fig. 7. Temperature distributions [◦C] for apple sauce at the outlet (z = 124 mm): effect of the resonant cavity shape; (1) apogee distance of 205 mm, (2) 186 mm,
(3) 167 mm, (4) 154 mm, and (5) 128 mm, respectively.
5.3. Effect of different locations of the applicator on the
heating process

This section discusses the effect of positioning the applica-
tor at different locations in the microwave cavity. Five different
locations of the applicator are investigated. The geometry with
the applicator positioned in the center of the microwave cav-
ity is treated as the base case, other four cases correspond to
−136, −68, +68, and +136 mm shifts in the x-direction, re-
spectively, from the position of the applicator in the base case.
The diameter of the applicator is 38 mm for all five applica-
tor positions. Figs. 5 and 6 show the temperature and electro-
magnetic power intensity distributions in tomato sauce at the
outlet (z = 124 mm) for the applicator positioned at five dif-
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Fig. 8. Electromagnetic power intensity distributions [W m−3] for apple sauce at the outlet (z = 124 mm): effect of the resonant cavity shape; (1) apogee distance
of 205 mm, (2) 186 mm, (3) 167 mm, (4) 154 mm, and (5) 128 mm, respectively.
ferent locations in the microwave cavity. It is evident that the
temperature and microwave power intensity decreases signifi-
cantly if the applicator is shifted from the base case position.
This is because the cross section of the resonant cavity is el-
lipsoidal, and the guiding distance of the resonant cavity is the
largest for the plane corresponding to x = 0. The guiding dis-
tance is decreased by moving the applicator either forward or
backward, reducing the effective surface area of the applicator
available for the microwave penetration due to reduced distance
between the applicator and the wall of the cavity to the extent
that microwaves are not able to get to a portion of the applicator
surface. In Fig. 6, unlike the base case, most of the microwave
energy is absorbed in the front (x < 0) half of the applicator,
implying that microwaves are strongly attenuated as they prop-
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Table 6
Dimensionless power absorption: effect of the applicator location

Liquids Location of applicator

−136 mm shift
in x

−68 mm shift
in x

Base case
(no shift)

+68 mm shift
in x

+136 mm shift
in x

Apple sauce 0.141 0.110 0.613 0.140 0.093
Skim milk 0.233 0.193 0.889 0.226 0.159
Tomato sauce 0.284 0.233 0.998 0.290 0.196
agate around the applicator and the effective surface area for
the microwave penetration is reduced to the front half part of
the applicator surface. The heat energy generation decreases as
well. Table 6 shows the effect of positioning of the applica-
tor on electromagnetic power absorption in apple sauce, skim
milk and tomato sauce. It is evident that for all three liquids the
power absorption is the greatest when the applicator is in the
base case position. The power absorption is greatly attenuated
by shifting the applicator away from the base case position. Po-
sitioning the applicator in the center of the cavity thus provides
the maximum heating rate.

5.4. Effect of the shape of the cavity

The effect of the shape of the resonant cavity is investigated.
The height and the perigee distance of the resonant cavity are
kept unchanged. The shape of the cross section of the cav-
ity is controlled by the apogee distance which is chosen to be
205, 186, 167, 154, and 128 mm, respectively. An applicator
diameter of 38 mm is utilized. Figs. 7 and 8 show the outlet
(z = 124 mm) temperature and electromagnetic power intensity
distributions in apple sauce for different shapes of the cavity.
From Fig. 8 it is evident that the peak of the electromagnetic
power intensity moves backward (in the negative x-direction)
and the magnitude of the power intensity decreases with re-
duced apogee distance. The decreasing trend of the power in-
tensity can be attributed to the fact that the space of the cavity
is reduced by decreasing the apogee distance, which reduces
the resonance of the microwaves in the cavity. The effect of the
cross section shape on the electromagnetic power absorption of
apple sauce, skim milk, and tomato sauce is shown in Table 7.
It is evident that the maximum heating rate can be achieved
by utilizing the microwave cavity with the apogee distance of
205 mm. However, if the goal is to obtain the most uniform
temperature distribution at the outlet cross-section, the apogee
distance of 186 mm should be used. For this apogee distance,
the maximum power absorption occurs in the area located most
closely to the applicator axis. In this case the maximum power
absorption is compensated by the smallest residence time of the
liquid (because of the largest fluid velocity in the applicator cen-
ter).

6. Conclusions

A numerical model is developed for simulating forced con-
vection of a liquid continuously flowing in a circular applicator
that is subjected to microwave heating. The results reveal a
Table 7
Dimensionless power absorption: effect of the cavity shape

Liquids Apogee distance, AD [mm]

205 186 167 154 128

Apple sauce 0.613 0.597 0.390 0.282 0.172
Skim milk 0.889 0.784 0.533 0.404 0.267
Tomato sauce 0.998 0.822 0.578 0.459 0.325

complicated interaction between electromagnetic field and con-
vection. The effects of dielectric properties of the liquid, the
diameter of the applicator tube, the location of the applicator
tube in the cavity, and the shape of the cavity on heating patterns
are investigated. Dielectric properties of the liquid determine
the ability of the liquid to absorb the microwave energy; the
geometry of the microwave system also plays an important role
in the power absorption and distribution. Enlarging the diame-
ter of the applicator increases the effective surface available to
absorb the microwave energy, usually increases the power ab-
sorption in the liquid. However, beyond the critical diameter of
the applicator, an opposite trend is observed. The critical diam-
eter of the applicator depends on the geometry of the resonant
cavity and dielectric properties of the liquid flowing in the ap-
plicator. The microwave power absorption is also sensitive to
the location of the applicator and the shape of the resonant cav-
ity, which affect the microwave propagation and resonance.
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