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where: ε
0
 is an electric constant (ε

0
 = 8,85∙10-12 F/m); f is the frequency of electromag-

netic oscillations, Hz; ε is dielectric permeability of the environment; tgd 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-dynam-
ic 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 single-mode resonating SHF-chamber [4]. But such decision is a rough approxi-
mation to real conditions of treatment in the most wide-spread types of SHF-devices 
– multimode resonating SHF-chambers, because the design of such chambers pre-
supposes excitation of multimode electromagnetic fluctuations for the equalization of 
the appearing maximums or minimums of electromagnetic field strength according 
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ABSTRACT
Physical model of electromagnetic field interaction with a food product of an arbitrary 
form placed into a cavity super-high frequency chamber is substantiated. Physically 
correct equations for engineering analysis of electromagnetic field strength and den-
sity of the internal heat sources during microwave treatment of food products of an 
arbitrary form are received.

1. Introduction (Heading 1)
	 Use of microwave technologies is one of the effective methods of getting con-
centrated and dried food products [1, 2]. The speed of food products heating, SHF-
concentration and SHF-drying largely depends on frequency and strength of elec-
tromagnetic 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 electromagnetic field strength depending on the surface area of the 
product and its properties that specifies the depth of the electromagnetic field pen-
etration, 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 [3]
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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, tak-
ing the above-stated into account, it is impossible 
to determine E in formula (1). There are some ap-
proximate methods of calculating density of the 
internal heat sources, among which the simplest 
and the most popular is the formula [3]

a correct engineering calculation of technologi-
cal regimes of the processes of heating, concen-
tration, and drying. Kinetics of these processes is 
primarily determined by two related factors – elec-
tromagnetic field strength and density of internal 
heat sources, which appear due to the polarization 
in imperfect dielectrics, which most of food prod-
ucts are referred to [3]. At the same time, there are 
no correct equations allowing conduct engineer-
ing 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 physi-
cal model of electromagnetic field interaction with 
the product of an arbitrary form placed in resonat-
ing SHF-chamber, and development of physically 
correct equations for engineering calculations of 
electromagnetic field strength and density of in-
ternal heat sources during the microwave treat-
ment 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-heating 
of semi-finished food products, and formulation 
of mathematical model of internal heat sources 
power.
	 The goal of the research is to substantiate physi-
cal model of electromagnetic field interaction with 
the product of an arbitrary form placed in resonat-
ing SHF-chamber, and development of physically 
correct equations for engineering calculations of 
electromagnetic field strength and density of in-
ternal heat sources during the microwave treat-
ment 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-heating 
of semi-finished food products, and formulation 
of mathematical model of internal heat sources 
power.

3. Presentation of the Material
	 At the first stage of the investigation that is con-
nected 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 [7, 
8].

where: P is the power of SHF-generator, W; V is a 
product’s volume, m3. 
	 During the calculation of ω in most cases this for-
mula has a considerable error because it doesn’t 
account dielectric properties of a product.
	 Different is the approach to the use of the equa-
tion (1) with the empiric dependence for the 
square of electromagnetic field strength Е2 inside 
the product. Thus, in work [5] it is suggested to use 
the method of steady regime for the determina-
tion of dielectric and thermal-physical characteris-
tics 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 [6]. Based on the experiments on the study of 
SHF-heating speed for the bodies of different geo-
metrical shape, the following formula is proposed 
for an average density of the internal heat sources 
by the body’s volume V

V
P~ = (2)

exp
V
V n

0
0

~ ~= -b l (3)

where: ω0, V0, n are determined by the experimental 
dependence of the product’s heating speed on its 
volume.
	 This formula quite correctly describes experi-
mental data but contains unknown coefficients, 
which should each time be determined during the 
experiment.

2. Problem Definition in General
	 According to the presented information, an im-
portant problem of using microwave treatment is 
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The density of electromagnetic field energy ωE, 
saved in a unit of the volume of the environment, 
is determined by the formula

E0
2~ f f= (4)

	 Power density Pd (W/m2) transferred by the elec-
tromagnetic wave in the environment is deter-
mined by the formula

Pd E0
2o~ off= = (5)

(6)

(7)

(8)

where: co
fn

=  is the light velocity in the environ-
ment, m/sec; c is the light velocity in the vacuum 
c 1

0 0f n
=c m, µ0 is the magnetic constant (µ0=4π∙10-7 

H/m); µ is the magnetic permeability of the envi-
ronment.
	 In a working volume of SHF-chamber electro-
magnetic wave is transferred practically with the 
light velocity in the vacuum because dielectric and 
magnetic permeability equals 1 (ε/=µ=1). That is 
why power density (5) transferred from SHF-gen-
erator to the product equals 

Pd c E0 0
2f=

where: Е0 is an electrical field strength in a SHF-
chamber, V/m.
	 If load of resonator SHF-chamber is optimal, i.e. 
correlated by the volume of the product and reso-
nator (otherwise efficiency of the resonator is small 
and SHF-generator can break down), power den-
sity of electromagnetic wave on the line product-
free volume of SHF-chamber can be determined as 
follows

Pd
S
P=

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)

E
cS
P

0
0f

=

	 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 de-
pendence of the dissemination speed of electro-
magnetic wave on dielectric characteristics of the 
environments.

	 Under conditions of optimal loading of SHF-reso-
nator all energy of electromagnetic wave is assimi-
lated by the product, i.e. power density Pd 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

(11)

(10)

( )9E c EV0 0
2

0 0
2off f=

	 Hence, with the account of the expression for the 
light velocity in the environment, we get

E E
V0
2 0

2

f
=

	 With the account of the expression (8) we get

E
cS
P

V0

0f f
=

	 So, formula (11) takes into consideration correla-
tion between the power of SHF-generator, internal 
electromagnetic field in a food product and the 
surface of its area.
	 For the calculation of changes in the electromag-
netic field strength by the depth of the product Е∆, 
a well-known formula can be used:

( )12E E e$= a
D

D-

where: α is the coefficient of the wave attenuation 
1a
d

= ; D is the distance from the surface of the 
product to the  point where the electromagnetic 
field strength is determined, m; f tg

cd
r f d

=
l   is the 

depth of electromagnetic field penetration into 
the product, m.
	 The coefficient of the wave attenuation a is an 
important factor in formula (12). Its meaning de-
pends on the depth of the electromagnetic field 
permeability d, 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 mois-
ture transfer are under the influence of the electro-
magnetic 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 
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SHF-generator on the surface and internal layers 
of a food product during the solution of practical 
problems concerning SHF-heating of semi-fin-
ished food products with the predetermined ther-
mal physical and dielectric properties on the basis 
of the proposed methods.
	 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 [9, 10] 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 cal-
culations allowed receive data for the construction 
of electromagnetic field strength dependencies on 

Fig. 1: Electromagnetic field strength depending on the layer thickness (Δ) and SHF-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; б – 200 сm2

SHF-generator power and surface of the product 
on both surface and internal layers of the mixture 
under research (Fig. 1).
	 The presented dependencies demonstrate that 
electromagnetic field strength increases 2,45 times 
in all cases with the increase of SHF-generator 
power in the diapason from 500 W to 3000 W. At 
the same time it is worth noting that increase of 
strength (intensity) alongside with the raise of 
power is uneven. Thus, when the power chang-
es from 500 W to 1000 W, electromagnetic field 
strength increases 1,41 times, from 1000 W to 1500 
W – 1,22 times, from 1500 W to 2000 W – 1,15 times, 
from 2000 W to 2500 W – 1,11 times, and from 2500 
W to 3000 W – 1,09 times.

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. per-
meability 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 vegeta-
bles 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).
	 For this purpose let’s note power balance for any 
internal layer of a product with the volume dV with 
the surface area SV.
	 The symbol «-» points that intensity of internal 
electromagnetic field Ei reduces due to its transfor-
mation to heat in the equation (13).
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Fig. 2: Chart of calculation of power of internal sources of warmth

dV S dVs P=- ( )13

( 6)1

( 5)1

( 4)1

	 On the basis of (1) and (5) with the account of 
light velocity in the environment we get

( )f tg E dV c S d E2 i V i0
2

0
2$ $r f f d f f=-

	 With the account of the expression for the depth 
of SHF-energy penetration into dielectric (d, м) [7]

f tg
c

2 0

d
r f f d

=

and on the basis (14) we receive the following dif-
ferential equation

( )
E
d E

S
dV dr1 1

i

i

V
V2

2

d d
=- =-

where: rV is current distance along the normal from 
the surface to the internal layer of a product dV.
	 The solution (16) according to boundary condi-
tion E Ei r i0 0V ==  looks like (17) and describes the 
division of electromagnetic field strength by the 
internal volume of the product

( 0)2

( 9)1

( 8)1

( 7)1.E E ei i

r2
0
2 V

= d
-

	 Substituting (17) into (1) with the account of (11) 
and (15) we receive a calculation formula to deter-
mine density of heat sources by the internal vol-
ume of the product during its SHF-treatment

( ) .r
S
P eV

rV
~

d
= d

-

	 The received formula coincides with the well-
known formula (19) for the calculation of the inter-
nal heat sources density that is usually presented 
like [1]

( )x e
x

0~ ~= d
-

	 but unlike (19) formula (18) contains the power 
level for the internal heat sources on the surface of 
the product ,/ ( )P S0~ d=  and this formula can be 
universally applied because it was received for an 
arbitrary form of the product, characteristic dimen-
sion of which is volume-to-surface rate (0≤rv≤V/s).
	 Reception of the calculation formula for an av-
erage intensity of the internal heat sources by the 
volume product is a very important practical mat-
ter because it is most frequently used in engineer-
ing calculations.
	 On the grounds of (18) for an average specific 
power of the internal heat sources we’ll determine 
through integrating

S
P
R

e dr
V
P e1 1

V

r

V

R
R

0

V

V

V

~
d

= = -d d
- -^ h#

where: RV=V/S is volume-to-surface rate, m.
	 If the received formula (20) is compared with 
the well-known approximation for the density of 
the internal heat sources (2), it coincides when 
Rv/d»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 ex-
ceed SHF-energy penetration depth. That is why in 
these cases formula (2) may give error in calcula-
tions.
	 Experimental data from [6] were analyzed in or-
der to check adequacy of the received equation 
(20). The power of the internal heat sources was 
determined in the experiments by the water heat-
ing 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 (20) for each type 
of the container. Experimental checkout proved 
physical adequacy of the received equation.
	 Therefore, calculation formula for the determina-
tion 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 en-
ergy absorption in the product from the surface to 
its center. The formula has universal application for 
the arbitrary form of the product, characteristic di-
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10-3, W/m3 

V103, m3 

Fig. 3: Comparison of experimental and calculated data of               

internal heat sources density during SHF-heating of water in the 

containers of various forms: 1–cylinder D=57mm Н=10…80mm; 

2–parallelepiped 170x75mm  Н=3…10 mm; 3–cylinder D=90 mm 

Н=15…90 mm; 4–cylinder D=70mm Н=20…120mm; 6–cylinder 

D=120mm Н=5…28mm; 7–parallelepiped 97x45 mm Н=10…

75mm; 8–parallelepiped 120x70 mm Н=12…108mm.

mension of which is volume-to-surface rate.

4. Conclusions
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 electro-
magnetic 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 elec-
tromagnetic 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-concentration 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 heat-
ing and dehydration is demonstrated.
3. The formula for engineering calculations of 
internal heat sources density during microwave 
treatment of food products, which take into ac-
count SHF-generator power, an arbitrary geometry 
of the product (the volume and area of the surface) 
and electromagnetic field penetration depth, was 
received on the grounds of fundamental equations 
of the theory of electrodynamics.
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