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Abstract: Thermal  eld’s calculation of cylindri-
cal inductor loaded by a bundle of ferromagnetic 
rods. In this paper the combined method of cal-
culating thermal and electromagnetic  elds of 
a cylindrical inductor, which is loaded by a bundle 
of ferromagnetic rods, has been developed. The 
method is based on the analytical solution of the 
electromagnetic characteristics and 2-D (FEM) 
simulation of the allocation of temperature  elds 
by  nite element method. It was found that the 
steady state of the inductor, which has the in-
stalled capacity of 4.5 kW, comes in 350–400 s. 
after heating, the maximum temperature of the 
rods in the central zone is 68°C, the temperature 
of the heated material – 48°C, which satis  es the 
technological process of heating the seeds before 
removing oil.

Key words: cylindrical inductor, thermal and fer-
romagnetic  elds,  nite element method

INTRODUCTION

It is often necessary to heat agricultural 
products prior to processing or storage in 
technological process. Heat treatment is 
used in preparation of grain and various 
feeds, drying agricultural products etc. 

Pre-heat treatment of the material is 
widely used in the technological proc-
ess of oil production, thus increasing 
the recoil of oil. The treatment process-
ing depends on the humidity and tem-
perature of oil-containing material, 
which determines the ef  ciency of the 

mechanical process of removing oil. 
That’s why it is very important to choose 
the optimal process conditions of heat 
treatment, which is determined by the 
chemical composition and thermophysi-
cal properties of oil-containing material 
and the structure of the thermal instal-
lation. Mostly for the thermal treatment 
processing of agricultural products are 
used devices where heat is generated 
by: burning of different mineral or fos-
sil fuels, electric heating by passing an 
electric current, electric heating by the 
induction method of energy transfer. In 
all cases, an intermediate structural ele-
ment of heat exchangers is heated.

One of the most effective and safe 
method of heating the heat exchange de-
vice is the inductive method of energy 
transfer [Rudnev et al. 2003], which is 
based on the occurrence of eddy cur-
rents in the electrically conductive mate-
rial under the in  uence of an alternating 
electromagnetic  eld. In this case, the 
heating of metal construction of the heat-
er is according to Joule law by  owing of 
eddy currents, with subsequent transfer 
of heat to the heated material.

We should also note that the induc-
tion heating has many advantages:

High density of electromagnetic en-
ergy;

–
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The ability to achieve the necessary 
temperature in the object, which is 
heated (in a wide range);
The heating process is an ecologi-
cally safe;
The ability to control the temperature 
distribution for account of construc-
tion and changes of mode’s operation 
of the induction equipment (frequen-
cy, voltage);
Relatively high energy parameters 
(ef  ciency, cos ).

MATERIAL AND METHODS

For ef  cient heating of bulk materials, 
which includes rapeseed, the branched 
heat exchange surface is important. 
Branched heat exchange surface can be 
realized in a cylindrical inductor which 
is loaded by a bundle of ferromagnetic 
rods. The required parameters of heating 
can be provided by placing the rods at 
a distance from each other, at which the 
free movement of rapeseed is provided  
at a given speed (Fig. 1).

–

–

–

–

The selection of geometrical param-
eters of the induction heater and loading 
are based on productivity of oil-remov-
ing installation and the suggestion of 
free movement between the rods of rape-
seed. Thus, depending on the conditions, 
to set the removing of oil from rapeseed, 
which has a capacity of, for example 
130 kg/h, to achieve the necessary ef  -
ciency preliminary heat treatment, induc-
tion heater will have the following geo-
metric parameters: length of the inductor 
a = 0.6 m, inner diameter of the induc-
tor – dIND, layer’s number of winding – 
h = 3, the number of winds in the layer 
– w = 60. The inductor is connected to 
AC power at 50 Hz and 220 V. It was 
also found that the required number of 
rods in the loading is 80 units, spaced 
0.009 m, diameter of each rod – drods =
= 0.006 m. The estimated speed of move-
ment of the crop, with the above param-
eters is – 0.004 m/s. 

In the calculation of induction sys-
tems, the focus should be paid to the 
electromagnetic and thermal phenomena 
that occur inside the inductor. Therefore, 
the research of such systems is very im-
portant to establish the relationship be-
tween the electromagnetic and thermal 
components. 

Electromagnetic calculation of induc-
tors with loading in the bundle of ferro-
magnetic rods can be realized based on 
the method proposed by [Kondratenko 
et al. [2010], in which the electromag-
netic  eld of a cylindrical inductor was 
calculated on the basis of Maxwell’s 
equations:

rotH = j, divB = 0, rotE = – B/ t (1)
and constitutive equations:

FIGURE 1. Cylindrical inductor which is loaded 
by a bundle of ferromagnetic rods: 1 – inductor, 
2 – ferromagnetic rods, 3 – bulk material (rape-
seed)
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B = H,  j = E (2)

where:
, , , j – vectors of magnetic  ux 

density, magnetic  eld strength, electric 
 eld strength, current density; 
,  – conductivity and magnetic perme-

ability of the rod material, which is as-
sumed constant.

To take into account the nonlinear 
character the magnetic permeability can 
be used L.R. Neyman’s known concept 
[Neyman 1949], when magnetic permea-
bility assumed to be constant throughout 
the volume of the ferromagnetic medium 
and was calculated the average value in-
tensity of the magnetic  eld on the sur-
face of the rod – e.

Let us consider the heat of a single 
ferromagnetic rod in a cylindrical induc-
tor. 

RESULTS

For a cylindrical coordinate system, 
highlighting three areas (Fig. 2): 1 – area 
above the inductor, 2 – area of air gap 
(between the inductor and the rod), 
3 – area which is occupied by the rod, the 
magnetic vector potential at the assumed 
conditions (inductor and rod are per-

fectly circular and the Coulomb gauge 
the electromagnetic  eld E = – A/ t, 
divA = 0) has one component of the  
coordinate and for amplitude values de-
scribed by the differential equation:

2 2

2 2

2

1

1 0

m

j j

A A A
z

i A

 (3)

Inductor current is concentrated with 
in the actual length of the inductor in the 
form of an in  nitely thin current sheet in 
the inner surface of the inductor. Thus, 
the linear density of the current load is 
equal to the density of real current:

0m m
wI I
a

 (4)

where:
w – the number of windings;
 – the winding length of inductor; 

I0m – the amplitude of the current in the 
windings.

To solve the equation (3) the integral 
transformation in  nite limits 0  z  l
(l = a + 2.5 r1 [Kondratenko and 
Berezyuk 2012]) with the kernel 

FIGURE 2. The calculation model of cylindrical inductor
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(2/l)sin (pz) and the boundary con-
ditions at the ends of the interval 

0 0z z lA A  are used. Such bound-
ary conditions fully meet the real condi-
tions.

After the integral transformation 
equation (3) takes the form:

2
2

2 2
1 1 0d A dA i p A

dd

 

 (5)
where 

0

2 sin .
l

A A pz dz
l

Taking into account equal to zero, mag-
netic vector potential on the axis of the 
rod, which is limited on in  nity, calcula-
tion of equation (3) for selected areas is 
as follows:
A1 = C1K1 (p ),     r1

A2 = C2I2 (p ) + C3K1 (p ),    r1    r2

A4 = C4I1 ( ),    r2    0
where:
I1 (·), K1 (·) – the modi  ed Bessel func-
tions of the  rst and second kind of the 
 rst order;

C1 – C4 – constants determined from the 
boundary conditions.

The following interface conditions 
are performed at the boundary areas with 
man-made assumption:

Equality of the normal components 
magnetic  ux density ( )B B ;
Equality of the difference of the tan-
gential components of magnetic  eld 
strength at the boundary with a linear 
current load 0z zH H I ;
Equality of the tangential components 
intensity of magnetic  eld strength at 
the boundary without current sheet 

z zH H .

–

–

–

In transformed form inductor current 
load is represented as:

0
4 sin sin

2 2
m

m
I w l aI p p
a pl

 (6)

Taking into account inverse transfor-
mation, which is calculated by the for-
mula:

1
sin , 

(2 1) , 1,2,...,

k
k

k
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p k l k

 (7)

allocation of the magnetic vector poten-
tial in the rod takes the following form:
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 (8)
where 2 .ep i

Based on this allocation of magnetic 
vector potential is possible to  nd the 
allocation of other components of the 
electromagnetic  eld, for example, the 
current density in the rod:

3j i A  (9)

Due to the fact value of the magnetic 
permeability of the rod nonlinearly de-
pends on the magnetic  eld strength, the 
components of the electromagnetic  eld 
are determined by the iterative process. 
For this purpose developed method in-
volves determining the parameters of the 
sequential equivalent circuit zm, as the re-
lation of induced electromotive force to 
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the value of inductor current. The value 
of e supposed to be known. At this stage 
a new value of re  ected complex imped-
ance is introduced – zmn = n · zm1 – zxx · 
· (n – 1) (where zxx – re  ected complex 
impedance of inductor without loading). 
Computed values zmn, using the active 
inductor winding resistance  – rw, we 
 nd the current at a preset voltage of in-

ductor. It is determined average value of 
the magnetic  eld strength and the pro-
rated value of the magnetic permeability 
of rods. The iterative process ends when 
the obtain a given accuracy calculation 
of magnetic permeability.

The next stage of research is the de-
velopment and solution of the thermal 
part of the problem. Proceeding from 
the fact that the linear dimensions of the 
ferromagnetic load (rod) longer than the 
length of the inductor and the length of 
the inductor larger its diameter at least 
three times a > 3 · d1 and experimental 
data [Kondratenko et al. 2012], it can be 
argued that the  eld inside the inductor 
allocated evenly. Therefore, to solve the 
heat problem, the volume of the load, 
a single rod can be selected with the envi-
ronment, which is in the same conditions 
as the rest of the rods (Fig. 3). Thus, the 
solution of this problem is reduced to de-

termining the allocation of temperature 
 elds in the area with a single rod and 

the subsequent distribution solutions for 
the bulk of loads.

The solution of this problem comes 
down to the solution of transient heat 
conduction, which is:

in the rod,

0 in area, which is occupied by rapeseeds

p
Tc T
t

Q

 

 (10)
where:
, cp,  – the density, speci  c heat capac-

ity and thermal conductivity of the ap-
propriate medium;
Q – power density heat sources;
t – time.

For thermal problem has taken the 
following boundary conditions:

on the axis of symmetry – the sym-

metry condition 0,T
r

the interface between two media (rod 
and seeds) is the condition of the forth 
kind k T

r
,

–

–

FIGURE 3. Isolation of a single rod
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where k is experimental heat trans-
fer coef  cient on the wall of the rod 

2100W/m Kk ,
on the external boundary of the area 
– the condition of zero heat  ow 
    n( T) = 0,
where n is the outer normal vector.
And initial conditions:
the initial temperature of medias – 
T0 = 293.15 K;
velocity of the material (seeds), 
which are considered as a continuous 
medium – v = 0.004 m/s.
The solution of this problem can be 

realized numerically by COMSOL soft-
ware in axisymmetric formulation, with 
Heat Transfer Modules in section Gener-
al Heat Transfer with the time Transient 
analysis (time dependent).

The speci  c power of heat sources, 
which determines the rod heating by 
induced currents, is determined analyti-
cally by the formula:

1 *
2

j jQ  (11)

Power allocation of heat sources in 
the computational area (Fig. 4) was giv-

–

–

–

en as a product of two polynomials, ob-
tained in the approximation of the graph 
of the density allocation of heat sources 
received in solving electromagnetic 
problems:

Qw = Qz · Qr (12)

where:
Qz = – 3,59 · 105 + 1,83 · 107 · z + 9,62 ·
· 107 · z2 – 2,95 · 108 · z3 + 1,83 · 108 · z4 
– polynomial, which describes the allo-
cation of heat sources on the wall of the 
rod to the coordinate z; 
Qr = 0,037 · r + 0,783 · r2 + 0,18 · r3 
– polynomial, which describes the al-
location of heat sources to radius of the 
rod in the zone of maximum heat genera-
tion.

The process of heating the rod – 
a point which is located in the center of 
the load (z = l/2), and the rapeseeds at 
the exit of the channel (including their 
movement) are shown in Figure 5, which 
shows that the steady state of the induc-
tion installation comes in a 350–400 s. 
The temperature allocation at steady 
state for the length of the rod (on the sur-
face of the rod) is shown in Figure 6.

FIGURE 4. The allocation of heat sources in the rod
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CONCLUSIONS

The combined method for calculation of 
temperature  elds and the electromag-
netic characteristics of the heat exchang-
er, made in the form of a cylindrical in-
ductor which is loaded by a bundle of 
ferromagnetic rods has been developed. 
The developed method is based on the 

analytical calculation of the density of 
heat generation and the approximation of 
the results by the described of polynomi-
als that describe the density heat alloca-
tion, and also on the numerical solution 
of the heat problem using the  nite ele-
ment method.

It was found that the steady state of 
the inductor, which has the installed ca-
pacity of 4.5 kW, comes in 350–400 s. 
after heating, the maximum temperature 
of the rods in the central zone is 68°C,  
the temperature of the heated material 
– 48°C, which satis  es the technologi-
cal process of heating the seeds before 
removing oil.
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Streszczenie: Obliczanie pola temperatur cewki 
indukcyjnej obci onej wi zk  pr tów ferroma-
gnetycznych. Opracowano metod  oblicze  pola 
temperatur i charakterystyki elektromagnetycznej 

wymiennika ciep a w postaci cylindrycznej cew-
ki indukcyjnej obci onej wi zk  pr tów ferro-
magnetycznych. Opracowana metoda jest opar-
ta na obliczeniach g sto ci wytwarzania ciep a 
i aproksymacji wyników przy u yciu wielomia-
nów opisuj cych alokacj  g sto ci temperatur. 
Przedstawiono numeryczne rozwi zania proble-
mów termicznych przy wykorzystaniu metody 
elementów sko czonych. 
Stwierdzono, e stan ustalony cewki o zainsta-
lowanej mocy 4,5 kW wyst powa  po czasie 
350–400 s po ogrzaniu, maksymalna temperatura 
pr tów w stre  e rodkowej wynosi a 68°C, a tem-
peratura ogrzewanego materia u 48°C; spe nia to 
wymagania procesu technologicznego ogrzewa-
nia nasion przed ekstrakcj  oleju.
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