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ABSTRACT
The calculation of the process of defrosting food in a microwave field is based on the
problem of determining the density of internal sources of heat arising in a dielectric material
when it interacts with an electromagnetic field. The article substantiates a simplified physical
model of the interaction of an electromagnetic field with a homogeneous dielectric material of
arbitrary shape, placed in the volume of a microwave resonator chamber. Equations are
analytically obtained that allow calculating the density of internal heat sources during
microwave defrosting of food products of arbitrary shape, which take into account the power
of the microwave generator, the volume, surface area of the material and the depth of
penetration of the electromagnetic field into the dielectric. An experimental check of the
obtained equations was carried out, which showed the accuracy of calculations of internal
sources of heat acceptable for practical purposes.
Keywords: microwave defrosting method, microwave, super-high-frequency waves,
strength of electromagnetic field.
INTRODUCTION
In recent years, the popularity of the microwave defrosting method has grown
significantly. It is used by both sausage manufacturers and semi-finished products
manufacturers. Raw materials warmed up to -4 ° ..- 2 ° С can be crushed on a grinder or cutter
without any problems, while the quality of minced meat with this method will be much better
than when using special grinders for frozen raw materials. In addition to the conveniences
associated with the rhythm of the supply of raw materials to the technological process, the
manufacturer also saves on space, on labor costs, and on the absence of losses of meat juice.
In addition, this temperature is ideal for cutting raw materials into cubes, strips, slices, etc.
The microwave defrosting method is based on the physical process of exposure to
microwaves (super-high-frequency waves - SHF) on water molecules in the product. Due to
this effect, a large amount of thermal energy is released inside the product, which makes it
possible to raise the temperature of the raw material from -18 ° C to temperatures in the
internal regions -2...-1 °C. In this case, heating occurs evenly throughout the volume of the
piece of material [1, 2].
The speed of food products heating largely depends on frequency and strength of
electromagnetic field according to the product’s volume, its geometrical dimensions and
dielectric permeability. To ensure effective work of SHF-generator in order to receive high
quality product it is necessary to fix rational power levels with the account of changes in the
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electromagnetic field strength depending on the surface area of the product and its properties
that specifies the depth of the electromagnetic field penetration, as well as the rate of heating
and moisture transfer.
Specific heat power released from the product during SHF-heating depends, on one side
from electric parameters of a field (current frequency and the square of voltage), on the other
– on dielectric parameters of the product (the angle of dielectric losses and relative dielectric
permeability), and is determined by the well-known formula [1]
 = 2 f  0 tg  E 2 ,

(1)

where ε0 is an electric constant (ε0 = 8,85 ∙ 10-12 F/m); f is the frequency of electromagnetic
oscillations, Hz; ε is dielectric permeability of the environment; tg is tangent of the angle of
losses; E is electric field strength in the environment, V/m.
In practice, use of this formula collides with the necessity of solving electro-dynamic
task concerning the determination of electromagnetic field inside the product. In some
simplest cases such task can be solved, e.g., for the plate symmetrically placed in a singlemode resonating SHF-chamber [3]. But such decision is a rough approximation to real
conditions of treatment in the most wide-spread types of SHF-devices – multimode resonating
SHF-chambers, because the design of such chambers presupposes excitation of multimode
electromagnetic fluctuations for the equalization of the appearing maximums or minimums of
electromagnetic field strength according to the volume of a SHF-chamber. At the same time,
division of the resulting field strength depends on dielectric properties of the product, its
geometry and placement in a SHF-chamber. Therefore, taking the above-stated into account,
it is impossible to determine E in formula (1). There are some approximate methods of
calculating density of the internal heat sources, among which the simplest and the most
popular is the formula [4,5]
 =

P

,

(2)

V

where P is the power of SHF-generator, W; V is a product’s volume, m3.
During the calculation of  in most cases this formula has a considerable error because
it doesn’t account dielectric properties of a product.
Different is the approach to the use of the equation (1) with the empiric dependence for
the square of electromagnetic field strength Е2 inside the product. Thus, in work [6,7] it is
suggested to use the method of steady regime for the determination of dielectric and thermalphysical characteristics according to the law of internal heat sources distribution. This method
suggests finding physical characteristics of a product by the kinetics of SHF-heating of a
product. In this case it is necessary to carry out the corresponding experiment in order to
determine coefficients of the corresponding empiric dependence for E2.
Somewhat simpler methods are proposed in the work [8]. Based on the experiments on
the study of SHF-heating speed for the bodies of different geometrical shape, the following
formula is proposed for an average density of the internal heat sources by the body’s volume
V
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 V 
 =  0 exp  − 
 V0 

n

,

(3)

where  0 , V0, n are determined by the experimental dependence of the product’s heating
speed on its volume.
This formula quite correctly describes experimental data but contains unknown
coefficients, which should each time be determined during the experiment.
MATERIALS AND METHODS
According to the presented information, an important problem of using microwave
treatment is a correct engineering calculation of technological regimes of the processes of
heating, concentration, and drying. Kinetics of these processes is primarily determined by two
related factors – electromagnetic field strength and density of internal heat sources, which
appear due to the polarization in imperfect dielectrics, which most of food products are
referred to [3]. At the same time, there are no correct equations allowing conduct engineering
calculations helping to determine strength of electromagnetic field and density of internal heat
sources during the microwave treatment of food products of an arbitrary form.
The goal of the research is to substantiate physical model of electromagnetic field
interaction with the product of an arbitrary form placed in resonating SHF-chamber, and
development of physically correct equations for engineering calculations of electromagnetic
field strength and density of internal heat sources during the microwave defrosting of food
products of an arbitrary form. The main tasks are to improve methods of the determination of
electromagnetic field strength for the solution of practical tasks of SHF-defrosting of food
products, and formulation of mathematical model of internal heat sources.
At the first stage of the investigation that is connected with the improvement of the
methods of determination of electromagnetic field strength, which is generated in a resonator
SHF-chamber, and power of SHF-generator. We may use well-known electro-dynamic
equations presented in [9].
The density of electromagnetic field energy, saved in a unit of the volume of the
environment, is determined by the formula
 =  0 E 2 .

(4)

Power density П (W/m2) transferred by the electromagnetic wave in the environment is
determined by the formula
 =  0 E ,
2

(5)

where  - is the light velocity in the environment, m/sec.
In a working volume of SHF-chamber electromagnetic wave is transferred practically
with the light velocity in the vacuum because dielectric and magnetic permeability equals 1.
That is why power density (5) transferred from SHF-generator to the product equals
П = c 0 E 0 ,
2

Industrial Technology and Engineering. 2021, 3 (40): 5-14

(6)

7

Potapov V., Shingisov A., Orazbaev Zh., Urazbayeva K. and Arapbayeva D. Calculation of Internal Heat
Sources When Simulating the Microwave Defrosting Process

where Е0 is an electrical field strength in a SHF-chamber, V/m; c is the light velocity in the
vacuum.
If load of resonator SHF-chamber is optimal, i.e. correlated by the volume of the
product and resonator (otherwise efficiency of the resonator is small and SHF-generator can
break down), power density of electromagnetic wave on the line product-free volume of SHFchamber can be determined as follows.
=

P
S

,

(7)

where P is the power of SHF-generator, W; S is the surface area of the product, m2.
It is possible to determine electromagnetic field strength on the surface of the product
equalizing right parts of (5) and (6).
E0 =

P

 0 cS

.

(8)

The next step is to determine electromagnetic field strength, which appears in the very
product because it differs from the intensity on the line product-environment of SHF-chamber
due to dependence of the dissemination speed of electromagnetic wave on dielectric
characteristics of the environments.
Under conditions of optimal loading of SHF-resonator all energy of electromagnetic
wave is assimilated by the product, i.e. power density П of the electromagnetic wave doesn’t
change on the line product - SHF-chamber. On the grounds of (5) and (6) it is possible to
write down
 0 E і 0 2 = c 0 E 0 2 .

(9)

Hence, with the account of the expression for the light velocity in the environment, we
get
Eі 0 =
2

E0

2



.

(10)

With the account of the expression (8) we get
Eі 0 =

P

 0  cS

.

(11)

So, formula (11) takes into consideration correlation between the power of SHFgenerator, internal electromagnetic field in a food product and the surface of its area.
For the calculation of changes in the electromagnetic field strength by the depth of the
product Е∆, a well-known formula can be used:
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E = E  e

−

,

(12)

where α=1/ is the coefficient of the wave attenuation);  is the distance from the surface of
the product to the point where the electromagnetic field strength is determined, m;
 =

c

(13)

 f  tg 

 is the depth of electromagnetic field penetration into the product, m.
The coefficient of the wave attenuation  is an important factor in formula (12). Its
meaning depends on the depth of the electromagnetic field permeability , which, in its turn,
depends on the complex of dielectric properties of a semi-finished food product and their
changes in the process of heating and dehydration.
Therefore, power density, heating rate and moisture transfer are under the influence of
the electromagnetic field strength by the volume of a semi-finished food product together
with the complex of its dielectric, and heat- and mass-exchanging characteristics. It becomes
possible to determine electromagnetic field strength produced by the SHF-generator on the
surface and internal layers of a food product during the solution of practical problems
concerning SHF-heating of semi-finished food products with the predetermined thermal
physical and dielectric properties on the basis of the proposed methods
RESULTS AND DISCUSSION
The received experimental data concerning the changes of dielectric properties of the
mixture from crushed roots of spicy vegetables (parsley, parsnip, celery) and the depth of
electromagnetic field penetration were used for checking the possibility of adapting the
proposed methods for further solution of the problems of heat exchange in a working chamber
of SHF- apparatus. The calculations allowed receive data for the construction of
electromagnetic field strength dependencies on SHF-generator power and surface of the
product on both surface and internal layers of the mixture under research (Fig. 1).
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(a)

(b)

Fig. 1. Electromagnetic field strength depending on the layer thickness (Δ) and
microwave-power (P) for the mixture from
crushed roots of spicy vegetables: 1 – 500 W; 2 – 1000 W; 3 – 1500 W; 4 – 2000 W; 5
– 2500 W; 6 – 3000 W, for the area of the product surface: а – 50 cm2; b – 200 сm2.
Change of the electromagnetic field strength is proportional to the area of the product
surface. Thus, with the area 50 cm2 electromagnetic field strength is within the limits of
2450…5990 V/m, at the area 200 cm2 – within 1220…3000 V/m. permeability of
electromagnetic energy inside the product is followed by its reduction according to
exponential dependence. Under the mentioned ranges of intensity on the surface of the
product, at the depth of 0,06 m its value is within the limits 910…2220 V/m, 450…1100 V/m
respectively.
Hence, by the example of calculations made for the mixtures from crushed roots of
spicy vegetables it was determined that electromagnetic field strength can be regulated
through the change of SHF-generator capacity and surface area of the product, which
determine intensity of the interior heat sources, and, respectively, intensity of thermal and
mass-exchange processes in order to achieve the predetermined quality of a ready product.
The next step of the work is the formulation of mathematical model of the internal heat
sources intensity. Modeling of the internal heat sources intensity was carried out with the
account of the electromagnetic energy absorption effect in a product from the surface to its
center (Fig. 2).
П
drV
dV

П

SV
П
П

Fig. 2. Chart of calculation of power of internal heat sources.
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For this purpose let’s note power balance for any internal layer of a product with the
volume dV with the surface area SV.
 dV = − SV dП .

(14)

The symbol «-» points that intensity of internal electromagnetic field Ei reduces due to
its transformation to heat in the equation (14).
On the basis of (1) and (5) with the account of light velocity in the environment we get
2 f  0 tg  Ei  dV = − c 0  SV  d ( E i ) .
2

2

(15)

With the account of the expression for the depth of SHF-energy penetration into
dielectric (, m) [1]
 =

c
2 f  0  tg 

,

(16)

and on the basis (15) we receive the following differential equation
2

d ( Ei )
Ei

2

=−

1 dV

 SV

=−

1



drV ,

(17)

where rV is current distance along the normal from the surface to the internal layer of a
product dV.
The solution (17) according to boundary condition E i

rV = 0

= E i 0 looks like (18) and

describes the division of electromagnetic field strength by the internal volume of the product
Ei = Ei 0 e
2

2

−

rV



.

(18)

Substituting (18) into (1) with the account of (11) and (16) we receive a calculation
formula to determine density of heat sources by the internal volume of the product during its
SHF-treatment
 ( rV ) =

−

P

rV

e

S



.

(19)

The received formula coincides with the well-known formula (20) for the calculation of
the internal heat sources density that is usually presented like [1]
 ( x) = 0e

−

x



,
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but unlike (20) formula (19) contains the power level for the internal heat sources on the
surface of the product  0 = P /( S ) , and this formula can be universally applied because it was
received for an arbitrary form of the product, characteristic dimension of which is volume-tosurface rate (0rVV/S).
Reception of the calculation formula for an average intensity of the internal heat sources
by the volume product is a very important practical matter because it is most frequently used
in engineering calculations.
On the grounds of (19) for an average specific power of the internal heat sources we’ll
determine through integrating
=

P

1

 S RV

RV



−

e

rV



drV =

0

R
− V 
P

1
−
e

,
V 


(21)

where RV=V/S is volume-to-surface rate, m.
If the received formula (21) is compared with the well-known approximation for the
density of the internal heat sources (2), it coincides when RV/>>1, i.e. only when the product
volume is large. It is known that for the provision of SHF-heating evenness, dimensions of the
product mustn’t exceed SHF-energy penetration depth. That is why in these cases formula (2)
may give error in calculations.
Our experimental data were analyzed in order to check adequacy of the received
equation (21). The power of the internal heat sources was determined in the experiments by
the water ice heating rate in the containers of different geometrical shapes. They were placed
in a microwave cooker with 15 l volume and power 500 W (fig.3). Points on a curve denote
experimental data, solid graph marks calculation by the formula (21) for each type of the
container. Experimental checkout proved physical adequacy of the received equation.

Fig. 3. Comparison of experimental and calculated data of internal heat sources density
during SHF-heating of water ice in the containers of various forms:1 – cylinder D=57mm
Н=10…80mm; 2 – parallelepiped 17075 mm Н=3…10 mm; 3 - cylinder D=90 mm
Н=15…90 mm; 4 – cylinder D=70 mm Н=20…120 mm; 6 – cylinder D=120 mm Н=5…28
mm; 7 - parallelepiped 9745 mm Н=10…75mm; 8 – parallelepiped 12070 mm Н=12…108
mm.
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Therefore, calculation formula for the determination of an average by the product’s
volume specific power of the internal heat sources during its SHF-treatment was received by
means of mathematical modeling of the internal heat sources power with the account of the
effect of electromagnetic energy absorption in the product from the surface to its center. The
formula has universal application for the arbitrary form of the product, characteristic
dimension of which is volume-to-surface rate.
CONCLUSION
1. It is proved that for the provision of effective work of SHF-generator it is necessary
to specify rational power level with the account of changes in electromagnetic field strength
depending on the surface of the product and its properties, which determine electromagnetic
field penetration depth, heating rate and moisture transfer.
2. The method of determining electromagnetic field strength on the surface and by the
depth of the product that takes into account interrelation between the SHF-generator power,
internal electromagnetic field in a food product and its surface is improved for the solution of
practical tasks on heat and mass-exchange, connected with SHF-heating and SHF-defrosting
of food products. The relationship of the subsidence ratio with the depth of its penetration, a
complex of dielectric properties and their changes in the process of heating and defrosting is
demonstrated.
3. Experimental verification of the process of heating the crushed roots of spicy
vegetables and thawing of water ice confirmed the physical adequacy of the obtained
equation.
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