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Abstract

This paper is concerned with a deep study of the magnetic field intensity
distribution and the induced eddy currents in a core {the work piece) of a
linear induction furnace. Numerical technigque is considered in this study
based on a general-purpose finite element package “ANSYS 5.4™,

The magnitude and direction of the current density of the induced eddy
current in each point inside and at the external surfaces of the core of the
induction furnace sre well analyzed and determined. The effect of a wide
renge of frequencies on the magnetic field intensity distribution through the
core are investigated and prescnted.

Magnetic and non-magnetic isotropic linear materials are considered as a core
for furnaces with rotational symmetry., The achieved results show a good
agrecment and accuracy with respect to the previous work in this field.
Therefore, the package represents an efficient tool to study the effect of
furnace geometry, voltage, and frequency of the power supply on the core of
the furnace,

Key word: Induction Furnace, Finite Element Method, ANSYS, Eddy currents, Numerical
Analysis.
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List of Symbaols;

| | : Absolute value of a vector V % Curl of a vector.

¥V -« Divergence of a vector.

V : Gradient of a scalar,

A : Magnetic vector potential Whim
8 : Magnetic flux density Tesla,

gquatntity,
{ } : Matrix.
{ } : Column vector,
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D : Electric flux density Amp.s.m™.
E : Electric Field intensity V.m™.
H : Magnetic field intensitAmp.m’.
[ : Current Amp.

J 1 Current density Amp.m™.

¥ : Electric scalar potential V.

44 The permeability Henry.m™ 4 -
The relative permeability,

t+ ; The reluetivity A.m. Wb,

£ i The resistivity Qum,

¢ : The conductivity ({2.mYy

Introduction

The induction furnace is simply an

AWC, fed coil; its core is heated dus to

the induced eddy currents produced

through it. The induction heating is

one of the most important industrial

processes, that is a clean and

cconomic mathod in heat treatment of
malerials.

The old design of such a furnace
depends on experience associated with
an approximated  circuit anaiysis['].
Such a type of design will be
expensive and consumes a lot of time
to be finished, while nowadays the new
studies avoid such limits by the aid of
numerical analysis methods, These are
used to solve the partial differential
equations of such complicated and
multidiscipline system, which is done
in this research,

This work presents the application of
Finite Element Method (FEM) for the
numerical analysis of linear induction
devices with rotational symmetry. Two
types of furnace cores are analyzed and
simulated. The core of the first furnace
is a nonmagnetic conducting medium
with  rotational symmetry and a
constant  scalar  conductivity  and

permeability { g, ~1). The second core
is @ magnetic conducting medium with
rotational symmetry and a constant
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scalar conductivity and permeability
{4, =200). The external sources are
stationary coaxial coils, which carry
time-harmonic  azimuthally constant
currents. The steady-state analysis of
this problem leads to linear elliptic
partial  differential equations  with
discontinuous coefficients. Analytical
solution is possible only if the medium
has  additional symmetry, eg.,
spherical or infinitely long circular
cylindrical conductor. In all other
cases, numerical treatment is required.
Hence, a general-purpose  finite
elements package “ANSYS 54" is
considered to analyze such a system in
order to determine the behavior of the
induced eddy currents and their heat
losses everywhere inside the core of
the furnace. In spite of the assumptions
of linearity for such a non-linear
system the obtained results will explain
what is going on inside and at the
surfaces of the core of such a furnace.
This gives an investigation about the
generated  eddy  currents and  their
relations with the supplied current to
the furnace and the effect of furnace
geometry on its distribution.

Finite Element Method

The finite elements method iz a
numerical method which provides an
approximate selution of the boundary
valued  problems where  the
phenomena are described by a set of
partial differential equations for which
there is no visible analytical solution.
It derives its name from the basic
concept  of the method, which
invelves  the subdivision of the
domain under consideration into a
number of small regions called
elements. The elements can have
different shapes and can be put
together to model any irregular and
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complex objects composed of
different materials and have mixed
houndary conditions. Inside each
element the variation of the unknown
field valug can be approximated by a
piecewise trial polynomial function,
this function is known as the shape
function varies from linear to up 1o
cighth order {for a 2-D case)
depending on the number of nodes

that forms the element ', The degree
of accuracy of the solution depends on
both the number of elements
describing the object, and the degree
of approximation of the field variation
inside the element (number of nodes
describing an element). The usual
element type in the 2D
electromagnetic modeling is the three
nodes linear triangular element, or the
eight nodes higher order quadrilateral

element 1,

Having got a partial differential
equation, the process of formulation
by the finite elements method through
the following steps: -

i. Select a paper type of shape
function, i.e. the element type.

if. Work for finding the expression of
the element matrix in terms of the
nodal dimensions, the material and the
load vector,  The derivation of the
element matrix of the electromagnetic
problem can be either based on
minimizing the energy functional of
the hall domain (the wvariational
approach) or minimizing the weighted
integral of the residual in an element
domain  (the Galerkin  Weighted
Residual Approach) in which the
function is taken to be the shape
function. Details of the elemenmt
matrix  derivation hy the two
approaches can be found in many

literatures [2-4]
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ili. The element matrices are
assembled into the global matrix and
after the substitution of the known
boundary condition nodal values, a set
of simultaneous equations of the
following general form is obtained.

K i} =

where [K] is called the stiffness
matrix, it is symmetric and sparse ;§
Ab is the nodal unknown vector (or
the Degree Of Freedom, DOF) and
{f} is the load vector. Solution to the
above equation can be obtained by
various matrix techniques, Gaussian
elimination, Gauss -Siedal ete. More
recently, however, the Preconditional
Conjugate Gradient method and the
Frontal Solver have been found to be
efficient in handling large sparse
systems and are now popularly used.
For an electromagnetic  device,
basically, the field is zencrated by the
current or by the permanent magnet.
In most cases current flows either in a
solid eonductor or in a stranded coil. a
stranded coil consists, usually, of
isolated twrns of thin conductor, in
which eddy currents are not
considered,

The usual static formulation of an
element matrix starts from Maxwell’s
equations,

VxlH}=Ul+8D1ar).......(2)

MNeglecting the displacement current
for low frequencies leads to

TETE AT | N (3)
And

Vx{E}=={aB/ot}.cooo ()
VAB =0 oo (5)
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Finite elements  analysts
electromagnetic  devices usually
build their models considering the
excitation coils as current density
region that follows the well known
Maxwell’s equations.

The  constitutive  relations
describe  the behavior of
electromagnetic material are

that
the

Uk+ﬁwﬂ ™

The relation defines usingthevector

identity with equation (5), the
magnetic vector potential 4
BY=Vx{d} i, (8)

(EY=-{pdlat}-9V .o (9)

fA = Magnetic vector, of potential

vector,

V' = Electric scalar potential

These specifications ensure  the

satisfactions of two of Maxwell's

equations (3) and (3), what remains to

be solved in Ampere's law.

For simplicity differential esquations
I

for the system are B,

Vx [u}V < {d}+ {G‘I{EAfﬁf}+

o o T

where the last two terms correspond
to the two current density components
namely eddy and source respectively,
Another differential equation is that
which describes the core region as

VoW« {4} =Jo]a4sar)

(1)

(10)

of
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These two equation models the
conducting region in the whole
domain while for non-conducting
region the differential equation is:
Vox {!J]v » {/I} =

(0} v (12)

while that which describes the coil
region is

?x{u]\?xi,d [J]VV_
L 013)

where {J =} is the source current
density vector, [cr] is the conductivity
matrix, and [u] is the reluctivity
matrix =|-;.-]_J. Equation (13) is
reduced for the static isotropic two

dimensional problem to the well
knewn Poisson’s equation, where

A.is the only component of the

magnetic vector potential, and ./ has
only the in-plane component.

v(o* 4, 1ex? )+ 0l8% 4, 18y )= 0
- (14)

When neplecting the velocity effect,
the application of the finite element
procedures of equation (13} and
equation (14} leads to the element

mairix of the form &l

“ AA An
’7 ¢ A4 : Az +
L L’_’! o ]

e e -{-

K™ l]'
This element matrix represents a set
of partial differential equation in
which nedal element magnetic vector
potential 4, is unknown (DOFs),

-{15)
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{ ’} is the source current density

vector for the element and II : { is the

total current density vector for the
element and can be assumed as
uniformiy distributed current density
owing to the impressed current in
solid  conductor,  Assembling  all
clement matrices and appiving the
boundary conditions on nodes will
leads to the solution in the whole
domain. Details of the coefficient
matrices derivation are given in

reference [5]

Induction Furnace with Non-
Magnetic Core:

The first analysis i= done using a
published data in references [G&T]

for a non-magnetic core induction
furnace in order to verify the present
work. The data are presented in Table
-1- for a cylindrical specimen of a
conducting material, the cross-section
of the furmmace is shown in Fig.-1-.

Table (1)
Coil and Load Data

Coil radius r; (m) 0.14
"Coil length L (m) 032

Supply frequency Variable

Load radius r,. (m) 0.1

Load length L (m) 0.32

Conductivity 3.4x107
_{mho/m)

The rotational symmetry is very clear,
s0 axisymmetric model is considered
in this study. Two frequencies are
considered (447 Hz and  31Hz) in
solving the model, the coil is
considered as “a constant current fed
stranded ¢nil”, supplied with a current

density { J=2x10° A.m™). The results
show a good agreement with that
obtained by using Boundary Integral
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Eguation {BIE}H and that by using
Hybrid Method (Finite Element
Method together with Boundary
Elements Method)(FEM-BEM)®! as
shown in Fig. (2-a, b). The results
represent the nomnalized tangential
component of magnetic intensity to
the charge mid-plain surface values

H, ; v )
{ ———————1, it shows similar
H,(r.L12)
profile to  that given in  both
references [? & B].

Induction Furnace with Magnetic
Core:

To fulfill the aim of this research an
induction heating coil having a steel
core  of cylindrical foim, with
following parameters (p,=200, p=
0,184 x 10°Q.m at 0°C).

The coil is considered as a stranded
coil fed by constant current density
J'=2x10° Am? with different
frequencies (50, 500,1K, 5K) Hz, The
results show the distribution of the
magnetic intensity, flux lines and
current density everywhere inside and
on the surfaces of the core. Evaluation
of Hand Jin magnitude and
direction is shown graphically. A
contour plot is obtained to show the
heat distribution inside the core as a
measure of the power losses due to
the generated eddy currents.

Simulation Resuits:

The F.EM. package “ANSYS 3547
shows the flux path inside and outside
the furnace at one insiant depending
on the phase of supply current to the
furnace coil, so

Fig. {3} shows a longitudinal section
of the furnace and its boundary region
as a circle of a radius nearly three
times as that of the furnace. the flux
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lines generated at seven instants show
a time for quarter cvcle of the supply
current, starting from Fig. (3-a) at
angle=0" {corresponding to time =0
sec.) when the supply current is in its
maximum value and Fig. (3-b) shows
the distribution at angle=15". and so
on up to Fig, (3-g) which show the
distribution at angle = 90" (correspon-
ding to time t = T/4 sec., T=1/f) which
represents the flux lines when the
instantanecus  supply  current = ()
Ampere at this instant. Fig. (3) is
drawn for a supply current of 50Hz
for the magnetic core described
above. The results show that the flux
density is not the same at all parts of
the core,

To evaluate the magnitude of
Hinside the core, certain levels

are chosen and |H| is drawn as a

function of core radius for
different levels as shown in Fig,
(4). This graph is given for 50Hz
supply current; it shows that the
core center will have the higher
intensity near the surface and it is
reduced towards the top surface of
the core. Fig. (5-a) shows the
‘ector representation of Hat five
levels inside the core at time =0
sec, This figure shows possible
directions of H in the (X-Y) plane,
and its magnitude is position
dependent, the higher magnitude is
at the surface of the level (a-b) at
the center of the core. Other
components disappear due to their
low values. Fig. (5-b) shows only
the direction of all H components.
The magnitude and direction of B
are not considered because of the
linearity  assumption of the
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magnetic circuit and therefore

B = uf always.

The cuwrrent density J displayed in
five lavers as shown in Fig. (6) as a
vector plot, this result show that the
highest component is on the surface of
the layer at the center and this
component reduced gradually up to
the top surfice layer.

The results in figures 5 and 6 show
the magnitude and direction for
Hand Jat (t=0), If each vector of
any element followed at a time step
for a period of one cycle it will show
a complete sinusoidal waveform at the
same frequency as that of the source
current, but with different lagging
phase angle at each element of the
model.

To study the effect of different
frequencies on the operation of the
induction furnace Fig. 7 show the
normalized magnitude of Has a
function of radius of the specimen at
the ecenter level (a-b) for the
frequencies (50,500,1K, & S5SK) Hz
This figure show the Skin effect
clearly, and it show a goed agreement
with the results obtained by references

['Ir' & E].Fig. {8) shows normalized
iH | distribution of these frequencies
on the boundary (the path jb in fig. (1-

by, and it shows an expected

reasonable result agreed with the

published resuits [as]

Conclusion;
The simulated results obtained show

the wvalidity of the Finite Element
Computer package (ANSYS 54) in
apalyzing the induction heating coils
due to the following properties which
provide a suitable tool and make it
easy for the researcher to imagine the
induction process easily; -
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1.0btaining the optimum meshing
size and distribution for the finite
elements in” the model to be studied
in order to achieve the most accurate
result with shortest processing time,

2. 8pecifying the magnetic field
quantities (B, A, .J)}in both space and
time domain by drawing a vector plot
for nodal results and element results
for the quantities al any instant and at
any selected path in the model. This
will lead to declare their imagination
and behavior in such domains.
3.Calculation of the real and
imaginary components of the above
parameters, which will make it easy to
obtain the peak and the run.s. Values
easily.

4. Ability to show a contour plot
mapping for flux path and other scalar
quantities like power and joule heat
distribution anywhere inside the
model,

The achievement of this work, in spite
of the apreement of the obtained
results with that already
1:nu1:|iish»:.u:ll””T is its ability to show
the behavior of A, and Jin time
domain  {by caleulating  each
component in different instants).

The time domain analysis shows
sinusoidal variation of these quantities
as follows:

a. The quantities B &

Each one has a pulsating component
in =X & £Y directions in each
element which varies in sinuscidal
waveform with time, and at frequency
() (where *f* is the frequency of the
supply current of the furnace coil) but
with different lagging phase angle
each, so the resultant value for Bor
H may take any direction in the (X-
¥} plane at any instant. The results in
Fig. (6-a) show that the distribution of
H is not upiform inside the core, and
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the highesi concentration accurse at
the center of the core behind the
surface, Fig. (7) shows that this
distribution as a function of the
supplied frequency (with constant
current density) which show the Skin
effect, The expected results for B are
the same as that of H since 8= uf .,

b. The current density ./

The current density J of each element
haz a pulsating component in +Z
direction and this component varies in
sinusoidal waveform with time at the
same frequency (f) of the supply
current but with different lagging
phase angle each. . This result leads to
the conclusion that each element at
the specimen section will conduct a
current in a short circuited tube of
conductor around the specimen with a
radius which depends on the position
of the element in this section and with
cross-sectional area equal to that of
the element. Hence, if we assume the
element current to be I, and the

element area as A and the element

current density JJ_ then
Lo=l) 4, e (16)

and
R=p(14,) .47

where [, =2xxxr ,and r, is the

distance between the specimen center
line and the element center. Hence,
the power losses of that tube of
current is

Po=l ) ol (i)

The total power losses will be the
summation of the power loss in each
elementary tube of current in the core



Eng. & Technology, Vol.24, No.g, 2005

{or specimen). The elementary tube
currents are really, what is known as
“eddy currents”, and the results show
that these currents are of different
magnitudes and lagging angles with
respect to the excitalion current {the
source current). So the magnitude snd
phase angle of each current depend on
the position of its path, the frequengy
used, and the material parameteys,
From the previous dizcussion and by
knowing the other capabilities of
ANSYS package the researchers may
study the effect of the non-linearity in
the magnetization characteristics (The
B-H cuyrve) on this process. Also by
using the coupling facility between
different disciplines a study of the
“Thermal Analysis * of the fumace
can be done in order to achieve a
complete simuiation, but this will lead
to take the effect of the non-linear
dependence of the resistivity p and the
relative permeability p, with the
temperature of the furnace. By taking
all of these non-linear ties into
consideration the simulation will be as
tru¢ as possible to reality. Such a
study will show a real sumerical
computer aided induction furnace
design, which will aid the designers to
build-up, an efficient and economic
induction heater,
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Fig. (1-a)

A cross-section in the furnace with the boundary region

=

-

Fig. {1-b)

A longitudinal-section in the core of the furnace shows the symmetry. The area
(abji} in the first querter is considered in the analysis. The lines (a-b), (c-d), (e-f),
(g-h), & (i-j) are the fve levels used for extracting the results.
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Fig. (2) The normalized tangential component of magnetic intensity at 4,47Hz and
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Fig. (4) Distribution of |H | with core radius for different levels inside the core.
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i

- |

Fig. (3) Flux distribution during a quarter cycle of the supply current at angles
(a=0%b=15¢=30°, d=45", e=60° f = 75" p=90°%)
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(b}
Fig. (5} Vector representation of H in five levels inside the core show the possible
magnitude and direction of this vector quantity at 50Hz case.
{a) Magnitude based,
{b} Uniform magnitude.
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{2)

Fig. (6) shows the current density components in the five layers
(a) Magnitude based (b} Uniform magnitude,
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