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ASPECTS REGARDING THE PROCESSING OF DIELECTRIC
MATERIALS IN A MICROWAVE FIELD

Teodor LEUCA!, Livia BANDICI?

Abstract. The paper includes the main results obtained in the domain of the processing
of dielectric materials in a microwave field. It has the character of an applicative
research, the obtained results being of practical use, with the main purpose of optimizing
the functioning of some heating devices in a microwave field. This analysis is efficient but
it implies the exact knowledge of the dielectric and thermal properties of the material that
is to be processed, and also the dependence of these properties on the temperature. The
main problem we follow is represented by the homogeneity of the field and, consequently,
of the temperature in the material.
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1. Introduction

The effect of the microwaves on the material depends a lot on the physical
properties.

Studies concerning the processing of different products were made more recently
by Paltin, 1992, S. Lefeuvre, 1993, performed studies on the properties of
dielectric materials and the mode they influence the processing in a microwave
field [1]. An analysis of the multimode applicators was presented by Metaxas and
Meredith, 1994, [2].

They showed the mode of over positioning of the waves after three octagonal
directions, developing successfully a simple technique of measurement of the
modes in an empty cavity. This study was then extended by Chow Ting Chan and
Reader, 1995, for a loaded cavity. D.C. Dibben, 1996 studied the results of the
numerical modelling comparing them with the experimental results for more types
of applicators, information which were subsequently used for the developing of
complex calculation methods.

H.C. Reader, 1997, [3], developed a method for the determination of distribution
of the electric field, which develops between the interior surfaces of the applicator
— on the interior metallic surface of the applicator there is a tangential component
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of magnetic field and a phase different perpendicular component of electric field
which develop in space.

The scope we follow is to secure optimum conditions for the processing of the
dielectrics, the realization of a microwave installation which can accomplish the
following processes:

- the processing of the dielectrics, optimum moisture content and the active
substance for the securing of an adequate storing process;

- the successful elimination of different bacterial and micotic pathogenic through
the treating with microwave of the dielectrics.

2. The propagation of the electromagnetic field in the microwave structures

The guiding of the electromagnetic waves through the microwave structures is
realized through the close relation between the electromagnetic field of the wave
on the one hand and the loads or currents on the boundaries of the structure, with
certain conditions of reflection on these boundaries, and not only. In most cases,
the guiding structures of the electromagnetic waves are rectangular structures and
have conductive boundaries. The knowledge of the distribution of the
electromagnetic field in the microwave structures makes possible the knowledge
of the constant of propagation of the waves, of its dependence on frequency, of
the propagation speed, of the phase and attenuation constant etc.

Modelling represents a phenomena using set of mathematical equations. The
solutions to these equations are supposed to simulate the natural behaviour of the
material.

Modelling can be a design tool to develop food that will provide optimum heating
results in the microwave oven. In the modelling work, the food system is
represented as being made up of many small elements in the simulation process.
These discrete elements are joined together to make up the product [4].

Modelling of microwave drying process can involve two separate parts, one being
modelling of heat and mass transfer and another being modelling the
electromagnetic field inside the microwave oven cavity for calculating heat
generation term [4]. Modelling of electromagnetic field arises when Maxwell’s
equations are used for calculating the heat generation term.

Modelling of heat and mass transfer equations uses standard heat transfer equation
and the mass transfer terms are included in the boundary conditions of the
governing heat transfer equation.

The electromagnetic field inside the microwave oven can be represented by
Maxwell’s equations [5]:
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For dielectrics materials, heating is done by electric field primarily through
interaction with water and ions. The complex permittivity € is given by:

FR 3343 (5)
Maxwell’s equations can predict the electric field E as a function of position and

time. Microwave heat generation term (Q) in the heat transfer equation is
calculated using this electric field E:

Q =%c0808”E2 (6)

Using Maxwell’s equations and appropriate boundary conditions electric field
distribution inside a dielectric can be calculated. Then the heat generation term
(Q) is calculated from the electric field by equation (6). Since the Q varies with
respect to position, non-uniform increase in the temperature is observed. This
changes the dielectric properties and consecutively the electric field distribution.

The governing equation for electric field is:
VZE+k’E=0 (7)

The wave number k = a + j3 where:
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The behaviour of microwave can be altered when it encounters boundary or
interface. For example, the metallic walls in a microwave oven can impose a
boundary condition on Maxwell’s equation. As the metallic walls are good
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conductors and reflect the microwave, electric field parallel to wall is zero. In
addition, dielectric-air interface in the microwave oven and packaging material-
dielectric can impose boundary conditions [5].

For example, the change in the microwave propagation at the dielectric-air
interface because of change in dielectric properties causes changes in the reflected
and transmitted waves through the dielectric.

Boundary Condition on Walls

Since the walls of a typical microwave oven are metallic conductor, electric field
parallel to wall (or tangential) and hence the magnetic field normal to wall
disappears:

Bxn=0 (11)
This natural boundary condition:
Exn:(VxB)xn=O (12)
Eiair=0 t — tangential direction
Brair =0 n — normal direction

Boundary condition on waveguide and ports:
In the waveguide and ports is applied Dirichlet boundary condition:
Bxn=V_ (13)

Vm — vector function described by the magnetic field distribution on the
waveguide and ports.

Boundary Conditions on air-dielectric Interface

Suppose the permittivity and permeability of the dielectric and air are €, pu; and
€, W respectively, then the following conditions has to be satisfied:

nx(E,-E,)=0 (14)
n-(&,E,—¢E)=0 (15)
nx(B,-B,)="P (16)
n-(,quz—,ulHl):O (17)

where N is unit outward normal originating from the dielectric.

This set of equations implies that the magnetic field is chosen for computing the
power distribution. This is valid when @, = p, = po and P = 0, i.e., the magnetic
field is continuous across the interface and the electric field is discontinuous
across the interface. In addition, tangential components of electric and magnetic
field are continuous across the interface.
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However, Datta (2001) [5], argues that the interior of the cavity is to be treated as
a dielectric with appropriate dielectric properties of air and the dielectric. The
dielectric -air interface does not have to be taken into account in modelling the
entire cavity. In that case, boundary condition at the dielectric-air interface
disappears.

3. The Equation and the Boundary Conditions for Heat and Mass Transfer

The prediction of temperature profile in the dielectric exposed to microwave is
done by solving the following energy balance equation:
V-(KVT)+Q:pCp% (18)

p — density;

Cp — specific heat;

K — thermal conductivity.
The above equation assumes that the heat is transported only by conduction in the
dielectric and the temperature is function of space and time. The heat source term
(Q) is function of space and temperature [5]. The surface of the dielectric loses
temperature to the surroundings by convection and radiated heat loss is not
possible in a typical microwave-heating situation since the temperature do not
reach high enough to radiate. Evaporative cooling on the surface of the dielectric
also influences the temperature profile.

Therefore, the boundary condition is:

KAﬂ:htA(rS —T0)+xva—m (19)
on ot
where: Ts — is surface temperature of the dielectric;
h¢— is the convective heat transfer coefficient;
A — represents the evaporative heat loss A is latent heat of vaporization;
(%m — rate of evaporation or moisture transport.

Is calculated from the following equation:

om
with boundary conditions:
S-C
n(DmVM)zh—m(Ps—Pa)Jr "(@j (21)
Yo, A, ot

where:

D, — diffusivity;
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S — shape factor;
Ao 1s latent heat of vaporization;
hn, - is surface mass transfer coefficient,

P4 and Ps are partial vapour pressure of air and partial vapour pressure at the
product surface, respectively.

Mass transfer of the dielectric is temperature dependent and the energy balance
equation depends on the mass transfer equations. In addition, dielectric properties
are temperature dependent.

4. Numerical results

In this paper it is shown an application of 3D numerical modelling, using the
Method of the Finite Elements with an adapted solution (HFSS 10.0), which
delivered results regarding the evaluation of the uniformity grade of the electric
field both in the interior of the dielectrics and on their surface [6], [7], [8].

The dielectrics (wood) are static and have the same humidity (M= 60%), the
dielectric constants (¢’=5,5; tgd = 0,20). The dielectric material is considered
uniform and homogenous, with constant dielectric and thermal properties. In fact,
it is non homogenous, and the dielectric constants vary with the temperature.

In figure 1, we present the geometry of the microwave applicators. The two
domains, the wave guide and the cavity are coupled between them by a slit.

Fa

Applicator

Wave guide

Fig. 1. The geometry of the applicator.
In figure 2, 3 we present the distribution of the electric field in the dielectrics
which are in diagonal.
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Fig. 2. The electric field in the dielectrics which are in diagonal (1,3).

a. Description; b. Description.
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Fig. 3. The electric field in the dielectrics which are in diagonal (2,4).

We followed the calculation of the distribution of the electromagnetic field in the
multimode cavity and in the dielectric material, the power density dissipated in
the dielectrics with losses and then of the temperature in the material after a
certain time of exposure to microwaves. The obtained results offer information
regarding the evaluation of the uniformity degree in an electric field both in the
interior of the dielectrics and on their surface. By analysing the obtained results
we observe that the distribution is that of stationary waves, with maximums and
minimums. The highest value being obtained near the wave guide, what clearly
will create surfaces in which the temperwill be higher, this will alternate with
surfaces in which the temperature will be smaller.

The plane uniform -electromagnetic wave propagates diminished in real
dielectrics, the attenuation being the more marked the larger the losses (g’ tgd)
are. In figure 4 we show the magnitude of the matrix S.
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Fig. 4. The magnitude of the matrix S in a port and on the surface of the dielectric.
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The bigger the value in the mode of the matrix S is, the smaller the power
reflected back to the guide, that is the dielectric absorbs a maximum quantity of
power. With the help of the parameter S we can determine the optimum positions
for the placing of the dielectrics in the interior of the cavity.

The repartition matrix is the proportion between the amplitude of the tension wave
reflected at the entrance terminal and the amplitude of the tension guide incident
to the exit terminal, when all the other terminals are adapted.

By analyzing the magnitude of the matrix S (characteristic 2) we observe that the
dielectric absorbs a maximum quantity of power when it is placed in the centre of
the cavity.

In figure 5 we present the geometry of the microwave applicators.

Fig. 5. The geometry of the applicator.

In figure 6, 7, 8 we present the distribution of the electric field in the dielectrics.
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Fig. 6. The distribution of the electric field in complex measures on the surface of the dielectric 1.
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Fig. 7. The distribution of the electric field in complex measures on the surface of the dielectric_2.
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Fig. 8. The distribution of the electric field in complex measures on the surface of the dielectric_3.

In the case of the processing of superposed dielectrics we remark a nonuniform
distribution of the electric field on their surface. For its uniformization it is
necessary the presence of a conventional source with warm air or of an agitator of
modes. With the help of the HFSS programme we solved the problem of the
electromagnetic field, the obtained results being used then in the programme for
the determination of the thermal field.



52 Teodor Leuca, Livia Bandici

Conclusions

(1) The application of the method of the finite elements is the solving of the
problems of the high frequency electromagnetic field implies a study of the main
properties of the operators of the problem.

(2) The analysis of the electromagnetic field with the help of the HFSS 10.0
programme offers a generation of the division of the network with tetrahedral
elements, with auto refinement in the areas with large variations of permittivity.
(3) This analysis is efficient, but it supposes the exact knowledge of the dielectric
and thermal properties of the material that is to be processed, and the dependence
of these properties on temperature.

(4) The non uniformity of the field remains a problem, although out of various
reasons we want its diminishing.

(5) In most of the cases, the factor of losses grows at the same time with the
growth of the temperature, what amplifies the non-uniformity effect.

(6) The phenomenon of non-uniformity can be removed by modifying the position
of the wave guide, the use of the modes agitators or, in the case of the cavities of
large sizes, through the movement of the load in the interior of the oven.

(7) Taking into account all these problems, which appear during the processing in
a microwave field, we can however state that the transfer phenomenon of the
electromagnetic field in microwave structures is performed faster, assuring thus
higher efficiency, the absence of the energy losses through thermal radiations.
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