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Abstract - The objective of this work is to create a 
theoretical model and to conduct the detail research of the 
electromagnetic radiation interaction with granular product 
and insects. The theoretical research on the 
electromagnetic wave interaction with granular agricultural 
product and insects is done in the present work through 
the solving of electromagnetic boundary problem [1]. It is 
well-known that boundary problems of electrodynamics are 
the most complicated ones in the mathematical physics 
and are urgent in the theory of wave processes. We use the 
methods based on integral equations of macroscopic 
electrodynamics to avoid complications at consideration of 
proper boundary problems.  
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I. INTRODUCTION 
 
Protection of the agricultural product from harmful insects, mites 
and microscopic fungi is a worldwide problem of great 
importance of all mankind. For a long time it has been known 
that a high-frequency electromagnetic field penetrating a 
volume of grain results in the two positive effects. Heat 
developed in the grain causes drying. Heating of pests living in 
the grain to a temperature exceeding some critical level causes 
their mass mortality. This effect was suggested for use of 
microwave energy in protection of grain from pests. Knowledge 
of the dielectric properties of both grain crops and insects 
permits creating a model of electromagnetic field interaction 
with these biological objects. Each individual kernel is 
considered as a body of ellipsoid of rotation shape. 
 
 

II. METHODOLOGY 
 

 
A. Basic Electrodynamics Equations 

 
The equations, which define a state of the put into external 
electromagnetic field body (Fig.1), are known as the constitutive 
equations. In a substance electromagnetic field is described by 
four vectors ( ) ( ) ( ) ( )rDrBrErH ,,, . For majority of 
substances the constitutive equation may be expressed by the 
generalized Ohm’s law 

( ) ( ) ( )rBrotrErj
μ
χσ += ,                      (1) 

where ( )rE  is the electric field intensity vector, ( )rB is the 
medium magnetic induction vector, σ is the medium 
conductance, χ is the medium magnetic susceptibility, μ  is 

the medium magnetic permeability, ( )rj is the electric current 

density induced with the external electric field  00 ,HE  in a 
medium. 

 
Fig. 1 Electromagnetic wave interaction with a small dielectric 

homogeneous ellipsoid of rotation. 
 
The Maxwell equations for any medium are the following: 

t
BErot

∂
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j
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DHrot +

∂
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ρ=Ddiv , 

0=Bdiv , 
which are always completed with the constitutive equations  
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If to introduce the electromagnetic field potentials A  and ϕ , 
therefore  
                                               ArotB =  

t
AgradE

∂
∂−−= ϕ  .                  (4) 

While executing the Lorenz calibration  
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wave equations have the form:  

                                        
εε

ρϕϕ
0

2

2

2

1 −=
∂
∂−Δ
tV f

  , 

j
t
A

V
A

f

μμ02

2

2

1 −=
∂
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where εμcV f =  is the wave phase velocity. 

Solution of wave equations with Fourier-components of 
electromagnetic field potentials are written in the form: 
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( ) ( ) ( )rПkgraddivrE ⋅+= εμ2 , 

( ) ( )rПrot
w
jkrH = ,                         (7) 

 
 
 
 

where 00 μεω=k  is a wave vector, 00 εμ=w - 

wave resistance of free space. 
More generally the electrical and magnetic induction vectors are 
determined by relations 

PED π4+= ,    MHB π4+= , 

where vector P  defines the electric polarization of a unit 

volume, and vector М  defines its magnetic polarization. In a 
linear medium these dependences are: ( )ED ωε= ,   

( )HB ωμ= . 
For anisotropic bodies these dependences are tensor 

ED ikε= ,   HB ikμ= ,                    (8) 

where ikε  and ikμ  are dielectric and magnetic permittivity 
tensors. 
 
 
 
 

B. Electromagnetic wave interaction with small dielectric 
ellipsoid. 

 
An electromagnetic wave of field intensities )(0 rE  and ( )rH 0  
is incident on the dielectric ellipsoid of rotation (Fig.1) of the 
volume V  and the dielectric permittivityε . We locate the 
ellipsoid into the origin of the Cartesian coordinate system, so 
as its surface equation have the canonical form [3] 
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2

2

2

=++
c
z

b
y

a
x                               (9) 

where cba ,, are the ellipsoid semi-axes. The ellipsoidal 

infinitesimal is prescribed with the condition 1<<ka . To 
define the internal electric field it is needed to solve the integral 
equation 

( ) ( ) ( ) ( )
∫ ′

′−
′−

+=
V

rd
rr
rE

graddivrErE 0
0

1
4
1 ε
π

   (10) 

Since the ellipsoid is small, the internal field of the incident 
wave must be considered constant at the distances comparable 
with the ellipsoid size. That is for Vr ∈  the external wave 

field is constant ( ) constrE =0 . 

The Eq.(10) solution can be the Newton potential ( )rW  [4] of 

the body of volume V  with mass density ( )rμ , that is 

( ) ( )
∫ ′−

=
V rr

rdrrW μ                          (11) 

For the case ( ) constr =μ  and for the internal point of 
ellipsoid the Dirichlet formula takes place 

( ) ( )23
2

2
2

1 zJyJxJabcCrW ++−= μπ         (12) 

i.e. for internal points of homogeneous ellipsoid the volume 
potential is the uniform quadratic function of the Cartesian 
coordinates. For this case the integral Eq.(10) can be 
transformed into a system of simple linear algebraic equations 
of the following type 
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 etc. 

From this we can define the components of internal electric field 
(Fig.1) 
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The values 321 ,, JJJ  are called the factors of field 
depolarization and depend only on the ellipsoid semi-axes, i.e. 

( ) ( )∫
∞

+
=
0

21 sRsa
dsJ ,   

( ) ( )∫
∞

+
=
0

22 sRsb
dsJ , 

 
( ) ( )∫

∞

+
=
0

23 sRsc
dsJ                        (14) 

where ( ) ( )( )( )scsbsasR +++= 222 . For different cases the 
given integrals are written through elliptic integrals 
( )cba ≠≠  or elementary functions. 
 
 

C. Dependence between real and imaginary parts of the 
medium dielectric permittivity 

 
A plane electromagnetic wave can be written in the form of 
Fourier-components of the field  

( )rktie −ω
  or   

( )rktie −− ω
                          (15) 

according to the dispersion equation 

( )δδεωεω sincos ik ±== , where 

εεδ ′′′=tg (loss angle tangent), the plane wave can be 
written in the form 

( ) δεωδεωω sincos rnrnti ee −
,                   (16) 

( ) δεωωδεω sincos rntrni ee −
. 

Thus, the wave behavior at ∞→r  depends considerably on 

the valueδ . Wave attenuation condition will be fulfilled if δ  in 
the first case will be negative and in the second one it will be 
positive. Therefore the value ( ) ( )ωεωε −′′−=′′ is the 
frequency non-pair function. For the same reason 

( ) ( )ωεωε −′=′  is the frequency pair function. 
One can determine important dependences between real and 
imaginary parts of medium dielectric permittivity. Imagine, that 

( )ωε  is the analytical function of the complex variable ω  in 

the upper half-plane 0Im >ω . If one can know ( )ωε on the 

contour Г  ( ) ∞→= Ri ,Re ϕω , value of this function in 
any point ω  can be written as Cauchy integral 

( ) ( )
∫ −

=
Г t

dtt
i ω

ε
π

ωε
2
1                          (17) 

The axis Г is expanded onto two components: the axis of real 
valuesω ( )+∞<<∞− ω  and the semicircle πω ≤≤0 : 

( ) ( ) ( )
∫ ∫

+∞

∞− ∞→ −
+

−
=

π

ϕ

ϕϕ

ω
ϕε

πω
ε

π
ωε

0 Re
ReRe11 lim i

ii

R

id
it

dtt
i

    (18) 

At ∞→R  one can consider ( )ωε as some constant. 
Really, the dielectric permittivity is a substance macroscopic 
characteristic. It takes place, when intermolecular distances are 
small comparatively to the wavelength. If ∞→ω  and the 
wavelength is small in comparison with these distances, then 

( )∞ε  can be considered a constant value.  

( ) ( )
∫ ′−−

′−
= rde

rr
rj

j
rП rrjk

04
1
ωεπ
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Therefore             ( ) ( )∫ ∞=
−

∞
∞→

π

ϕ

ϕ
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π 0 Re
Re1 lim i
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Thus 

( ) ( ) ( )
∫ −

=∞−
Г t

dtt
i ω

ε
π

εωε 1
              (20) 

Substituting this expression for dielectric permittivity in a form of 
a complex number 

( ) ( ) ( )ωεωεωε ′′−′= i               (21) 
and dividing the Eq. (14) into the real and imaginary parts, we 
have 
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So the real and imaginary parts of the dielectric permittivity are 
the integrals of the same type. 
The dielectric permittivity is related a substance conductivity. 
The substance conductivity can be represented as a complex 
value 

σσσ ′′−′= i                            (23) 

The value σ ′ is a real conductivity as far as the electric field 
intensity and the current density are the co-phase values. The 
value σ ′′  is the imaginary conductivity as far as the field vector 

and the current density vector are displaced in phase by 2π . 
Thus the dielectric permittivity can be represented as 

( ) εε
ω
σωε ′′−′=+= i
i

1                           (24) 

where 

( )
ω
σωε ′′

+=′ 1 ,    ( )
ω
σωε ′

=′′                        (25) 

The value ( )ωε ′  defines the wave phase velocity in a 

medium, and ( )ωε ′′  defines the wave specific energy loss. 
 

 
D. Model of wave interaction with a grain seed 

 
From the standpoint of electrodynamics, each seed of grain is a 
material body of almost ellipsoidal shape [2] with definite 
macroscopic characteristics, which may be expressed as a 
complex dielectric permittivity  

εεε ′′−′= i                                    (26) 

(field dependence on time is assigned as ( )tiωexp ). The 
grain mass is the sum of that of the individual seeds arranged 
one relative to another, so that an effective permittivity of the 
grain mass ε  is defined by the equation of Clausius – Mosotti 
[1]: 

10

10

22
1

εε
εε

ε
ε

+
−

=
+
− C                           (27) 

where C is the volumetric concentration, or volume fraction, of 
granular particles. As well known, the Clausius-Mosotti formula 
for quasistatic conditions is valid in the limiting case of particles 
very much smaller than the wavelength of the high frequency or 
microwaves. In practical cases it is valid for diameters of 
particles less than about 2% of the free-space wavelength .In 
the present work the dielectric permittivity of the grain is 
measured experimentally in the range 20-150 MHz. Energy 
losses in grain will be determined through dielectric properties 
of the individual seeds. They are related by Eq. (27). 
The physical model of any individual seed of grain is a stretched 
ellipsoid of rotation with permittivity (26), the imaginary part of 

which defines the release of electromagnetic energy in the form 
of heat. If σ  is the seed conductivity, then ωπσε 4=′′  and 

εω
πσ

ε
εδ

′
=

′
′′

= 4tg                              (28) 

The power released as heat in any individual seed is defined by 
the equation 

[ ]dVEjW
V
∫=                              (29) 

where Ej σ=  is an electric current density in the seed, V is 
volume of the seed, σ is conductivity, which may be defined 

through δtg  by Eq. (28). 

The task leads to the definition of the field E  inside the 
material body of ellipsoidal geometry in the approximation, 
when the wavelength considerably exceeds the linear 
dimensions of the ellipsoid. It is well-known that in this case [1] 
is presented as  

( )

( )

( )

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⋅

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−+

−+

−+

=

oz

oy

ox

E
E
E

lca

lca

lca

E

3

2

2

2

1

2

.1
2

1

100

0
.1

2
1

10

00
.1

2
1

1

ε

ε

ε
 (30) 

where 

( ) ,ln1 22
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are depolarization parameters of the ellipsoid with semi-axis 
aa,  and c , yx EE 00 ,  and zE0 are the values of external 

electric field intensity. For spherical 

particles 3
321 3
2 alll === , where a  is the radius, and 

therefore 

                                      ( ) 12
0 23 −+⋅= εEE                      (32) 

If the deviation from the sphericity is not considerable, then 
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where ( )21 cae −=  is an eccentricity of the particle. 
Finally one can define that 
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for a stretched ellipsoid of rotation, and 
              

( ) ( )22
1

2
001
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9

ωπσεε
ε
++

=
EV

W                        (34) 

for a sphere. Double reflection of electromagnetic field from 
individual particles of the granular body is taken into 

consideration through 1ε . Further the equations for spherical 
particles will be used, because, while ellipsoidal eccentricity 
varies over a rather wide range 0.11.0 ≤≤ ε  the value of the 
released energy is the same as for spherical particles as 
follows. 

2008 5th International Conference on Electrical Engineering, Computing Science and Automatic Control (CCE 2008)

IEEE Catalog Number: CFP08827-CDR 
ISBN: 978-1-4244-2499-3 
Library of Congress: 2008903800 
978-1-4244-2499-3/08/$25.00 ©2008 IEEE 

 
 
236



It is convenient to transform W  

              2
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4
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where 1W  is only a function of geometry of a dissipating body. 
For the ellipsoid 
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For the sphere (in the condition of 12(4 εεωπσ +<<  )) 

                   
( )21

1
1 2εε

ε
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One can evaluate the function 2W  by the formula: 
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This is an operating formula, which may be used for 
calculations, where EV ,  and ω  are in fixed units and are 
not connected with an available system of units. 
 An individual seed of grain is considered as a stretched 
ellipsoid of rotation with semi-
axes

( ) .028.0025.0,3.0,15.0 3cmVcmccma −=== This 
means that a granular density covers a range 0.5-0.85, i.e. 

1
3cm  contains about 30-35 seeds. The dielectric permittivity 

of grain at the frequency 150 MHz is established as 2=ε  
and 04.0=δtg . 

Evaluating the multiplier 1W  one can note that its magnitude 
does not depend upon the shape of the seed and its dielectric 
permittivity. If 5.2≈ε  and the spherical form of an individual 
seed is selected,  

05.01 ≈W                                        (39) 
and therefore the energy released in an individual seed per 
second at continuous operation of a generator will be: 
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In the case of pulsed operation of the high-frequency generator 
with pulse period to pulse duration ratio ,γ  the energy 
released in an individual seed will be defined by the equation: 
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One can note that for heating of a seed to a temperature 

TTT Δ+= 0  (where 0T  is an initial temperature) the 
amount of heat required is 

,,1 kJTCVQ Δ⋅⋅⋅=Δ ρρ             (42) 

where PC  is specific heat capacity of grain. 
Since both energy release in the region of grain W and the 
amount of heat necessary for its heating QΔ  have been 

proportional to seed volume, the value TΔ  finally does not 
depend upon the volume of an individual seed and is defined by 
the equation: 

,35.0
2

,0
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=Δ

= ononE
E

Cm
T

ω
ω

γ ρρ

              (43) 

where onVm ⋅= ρρ0  is the mass (kg) of an individual seed 

with a volume equal to the fixed one. To withdraw moisture of 
grain more energy expense is need for moisture evaporation 

.2Q  
Therefore, total energy expense to withdraw moisture of grain is 
equal to 

,21 QQQ Δ+Δ=Δ                      (44) 

where ( ) ,
100
0

2 nIF qLL
m

Q −=Δ ρ
IFL ,  are final and initial 

moisture content of grain in %, nq is specific  heat of 

evaporation ( kgkJ ). Taking into consideration heat losses 
for evaporation, one can define a temperature increase 
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III. CONCLUSIONS 

 
From the mentioned above statements we can make the 
conclusions: 

1. If a small homogeneous ellipsoid is put into the 
uniform external field, then the internal ellipsoid field 
will also be uniform.  

2. Ellipsoid is the only convex figure, the Newton 
potential of which is the uniform quadratic function of 
Cartesian coordinates by the body homogeneous 
density. It means that the dielectric ellipsoid is the 
only figure, which has the uniform internal field in the 
external uniform electric field.  

The objective of this work is mainly theoretical such as creating 
the model of electromagnetic interaction with a dielectric body 
of ellipsoid of rotation shape (an individual kernel or an insect). 
Nevertheless, through the solving of electromagnetic boundary 
problem one can understand deeper the necessity of both study 
and measurement of dielectric parameters of biological 
structures. These contribute significantly to the precise 
mathematical description of the present theoretical model. The 
dielectric parameters measurement and study relates the 
theoretical investigation with the experimental part of great 
importance that is grain drying and insect control. All these 
areas complete the knowledge on the complex technology of 
grain processing and insect control by the high-frequency 
electromagnetic radiation with the future perspective and 
advances for agriculture of Mexico and abroad.  
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