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Abstract

Induction heating system has a number of inherent benefits compared to

traditional heating systems. Many analytical and numerical approaches have been
applied to solve the problem of induction hesting; efforts are made to introduce
new development in computational approaches and utilization of newly developed
specialized software packages to improve the methods of analysis and design of
induction heating systems. This paper includes the description of the steps used for
developing a general and comprehensive program, which works under ANSYS
11.0SP1 package environment. This program can be applied to analyze a wide
range of induction heating applications according to finite dement method.
Analysis approach is extended to deal with induction heating systems with
magnetic material workpieces by introducing the multiregion method. Results of
analysis the induction heating systems, by using ANSYS package, include all the
electromagnetic and thermal quantities related to the induction heating process. To
approve the simulation, used in this work, the results were compared with
published practical measurements, a good agreement was achieved.
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1-Introduction quite simple. An aternating voltage
The basic dectromagnetic applied to an induction coil (eg.
phenomena of induction heating are solenoid cail) will result in an
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aternating current in the cail circuit.
An aternating coil current will
produce, in its surrounding, a time-
variable magnetic  fidd.  This
magnetic fied induces eddy currents
in the workpiece located inside the
coil, these induced currents have the
same frequency as the coil current
but their direction is opposite to the
cail current. These currents produce
heat by the Joule effect (I°R).

The highest efficiencies, of
induction heaters, are obtained when
the dectrical resistivity of the cail
conductors is low compared to that of
the workpiece, and  minimum
dimension of the workpiece, normal
to the magnetic flux is large
compared to skin depth. As the size
of the workpiece decreases the
efficiency is reduced. In single layer
induction heating practice, useis then
made of medium or high frequency
power source to achieve the high
efficiencies [1].

The efficiency can also be
improved if a multi-layered coil is
used instead of the conventional,
single layer winding. The efficiency
improvement is a consequence of
reduced losses in the induction coil
which results from its large effective
cross-section. In single layer coail, the
effective cross-section is limited by
the skin depth in the coil conductors;
whereas the conductor current of the
multi layered coil, is uniformly
distributed over the whole radial
depth of the winding. The particular
advantage of the multi layer
technique is that the range of
application of induction hegting at
mains frequency can be increased
[2-4].

2- Analysis of Induction Heating
Systems

Although  the usage of

multilayer induction heating systems
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began later than the use of
conventional single layer induction
heating system by many decades,
however it could be noted that the
methods used to anayze the
induction heating

problem are, almost, the same
for single or multi layer coil, where it
could be considered in analytical
point of view that single layer is the
Special  case of the genera
(multilayer) case. The Finite Element
Method (FEM) could be considered
to be the fastest growing technique in
the aea of  dectromagnetic
applications where many FEM-based
professional packages (such as
ANSYS, FLUX2D, FLUX3D, ec.)
are available to simulate various
induction heating systems.

Induction heating process is a
complex combination of
eectromagnetic, heat transfer, and
metallurgical phenomena. These are

tightly interrdlated because the
physical properties of heat-treated
materials  depend  strongly  on
magnetic  fidd  intensity and
temperature as wel as chemical
composition [1, 5]. This study
concentrates on mathematical

modeling of the eectromagnetic field
and thermal processes that occur
during induction heating.
3- Mathematical Modeling of the
Electromagnetic Field

The technique of calculating
electromagnetic field depends on the
ability to solve Maxwell's eguations.
For general time-varying
dectromagnetic  fidds, Maxwdl's
equations in differential form can be
written as [6,7]:

1D

N "H=J+— (1
J+ﬂt (1)

. B

N E=- 2 L2
it 2
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N-B=0 ...
N. D=r ®age e (8
Where E is the dectric fidd intensity,
D is the dectric flux density, H is the
magnetic fidd intensity, B is the
magnetic  flux density, J is
conduction current density, and p®®
is eectric volume charge density.
More eguations are required
because the number of equations is
less than the number of unknowns.
These eguations are the following
relations between the field quantities:

D=eE=zeeE ... (5)
B=nmH=nomH ... (6)
J=sE e (7)
Where the parameters ¢, |4, and o
denote, respectively, permittivity,

magnetic permesability, and eectrical
conductivity of the material. For the
most particular applications of the
induction heating of metals, where
the frequency of currents is less than
10MHz, the induced conduction
current density J is much greater than
the displacement current density oD/
ot, so the eguation (1) can be
rewritten as:
N° H=sE (8)
The magnetic flux density can
be expressed in terms of magnetic
vector potential A as.
B=N" A e (9)
And then from equations (2) and (9),
it follows that:

N E=-N"

1A

Therefore, after integration, one can
obtain:

E=. A Nj e (1D)
It
Where ¢ is the dectric scalar

potential and equation (7) can be
written as:

2247

Where js=-sNj is the source
(excitation) current density in the
induction coil.
Neglecting the hysteresis, it can be
shown that [6, 8]:
R IR Avs Ao

m It
For the great majority of induction
heating applications, a heat effect,
due to hysteresis losses, does not
typically exceed 7% compared to the
heat effect due to eddy current losses.
Therefore, an  assumption  of
neglecting the hysteresisis valid [5].

Equation (13) can be rewritten

as follows according to the regions of
the induction heating system [8]:
For workpiece:

o (13)

-2 R Aars Pog (14)
m t

For induction coil:

NN VE A+smdﬂ—A:JS.(15)
m it

Where 6ig is the conductivity of coil
material.
For air:
N"N" A=0 (16)
It can be shown that for the
great majority of induction heating
applications it is possible to further
simplify the mathematical mode by
assuming that the currents have a
steady-state quantity [5]. Thus a
time-harmonic eectromagnetic fidd
can be introduced. Thisfiddd can be

described by the  following
equation [7, 8]:
1N2A:-JS+jWSA ... (17)

p

Equation (17) is valid for general
three-dimensional fidds and allows
one to find al of the required design
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parameters of induction system such
as current, power, coil impedance,
and heat source density induced by
eddy currents. For many induction
heating applications, the quantities of
the magnetic fidld may be assumed to
be entirely directed. This allows one
to reduce the three-dimensional fied
to a combination of two-dimensional
forms. For example, in the case of
magnetic vector potential, equation
(A7) can be expressed for an
axisymmetric cylindrical system as
[71:
i;ﬂzA+iﬁ + ﬂzA- Ag: - Js+ jwsA
m&IR? RIR 1Z° R’
.. (18)

The boundary of the region is
sdected such that the magnetic
vector potential A is zero along the
boundary or its gradient is negligibly
small along the boundary compared
to its value dsawhere in the region
(Neumann condition YA/ n=0).

4- Mathematical Modding of the
Thermal Processes

In general, the transient heat
transfer process in a metal workpiece
can be described by Fourier equation
[9I:
cr D%Hﬂ - (-kNT)=q .... (19)
Where T is the temperature, pp is the
density of metal, c is the specific
heat, Kk is the thermal conductivity of

the metal, and ¢ is the heat source
density induced by eddy currents per
unit time in a unit volume ( so-called
heat generation). This heat source
density is obtained by solving the
electromagnetic problem. For most
engineering induction heating
problems,  boundary  conditions
combine the heat losses due to
convection and radiation. In this case

the boundary condition can be
expressed as[9, 10]:

-k m he (Ts- Ta) + CS(T54 - Ta4) +Qs

.
... (20)
Where T/qn is the temperature
gradient in a direction normal to the
surface at the point under
consideration, hy is the convection
surface heat transfer coefficient, Csis
the radiation heat loss coefficient
which can be determined
approximately as Cs=osges Where g, is
the emissivity of workpiece and osg
is Stevan-Boltzmann constant, Qs is
the surface loss ( during cooling
phase or as a result of workpiece
contact with cold rolls or water-
cooled guides, €c.), Tsis the surface
temperature and T, is the ambient
temperature. If the heated body is
geometrically symmetrical along the
axis of symmetry, the Neumann

boundary = condition can  be
formulated as [11, 12]:

Moo (21)
in

The Neumann boundary condition
implies that the temperature gradient
in a direction normal to the axis of
symmetry is zero.

In the case of heating a
cylindrical workpiece, equation (19)
can be rewritten as [5]:

r Dﬂ :ﬂgﬁﬂ9+ll€?&ﬂ9+q

Mt 9Ze 12 RIRe 1TRg
e (22)

Equation (22) with  boundary
conditions (equations (20) and (21))
are the most popular eguations for
mathematical modding of the heat
transfer  processes in induction
hesting and heat  treatment
applications.
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5- Coupling of the Electromagnetic

and Thermal Problems
In induction heating
computation, both the
eectromagnetic and heat transfer
phenomena are tightly coupled
thanks to the interrdlated nature of

the material properties such as [12]:

» Specific heat, thermal conductivity,
and dectric resistivity, which are
function of temperature.

» Magnetic permeability is a function
of magnetic fiedd intensity and
temperature.

There are three ways to couple
the dectromagnetic and heat transfer
problems, and these approaches are
[5, 13]:

a. Two-steps approach: The first
step is devoted to solving the
eectromagnetic problem. Then
the obtained current densities and
joule loss distribution are used as
heat sources for solving the
thermal problem assuming that
the dectrical resistivity and
magnetic  permeability do not
change during heating. And that
is a very rough postulation and
can result in  significant
calculation error. Thus this
approach can be used in a very
limited number of induction
heating applications.

b. Indirect coupling approach: This
method uses an iteration method
which consists of an
electromagnetic computation and
then recalculation of heat sources
in order to provide a heat transfer
simulation. The temperature
distribution within the workpiece
obtained from the time stepped
heat transfer computation is used
to update the values of specific
heat and thermal conductivity at
each time step.

2249

c. Direct coupling approach: This
method depends on formalizing a
set of governing eguations in
such a way that the unknown

parameters of the
electromagnetic fied and
unknown parameters of the

thermal problem will be part of
one global matrix that will be
solved simultaneously.

For most induction heating
applications, an indirect coupling
approach is valid and very effective.
Therefore, this method is used in this
paper.
6- Induction Heating
Representation on ANSY S

The ANSYS
package s a largescae
multipurpose finite element
program, which may be used for
solving  several  classes  of
engineering analyses. The solution
of electromagnetic fied
computation is typically obtained
by minimizing the energy function
that corresponds to the governing
equations (18) and (22) instead of
solving that equation directly. The
energy function is minimized for
the integral over the total area of

computer

modeling, which includes the
workpiece, coil and surrounding
area. The energy function,

corresponding to two-dimensional
governing electromagnetic
equation, can be written in the form
of [5]:

21 @A AP
F=cf—¢—+— +
2m&IR R

ol

1A

Tz

‘9

+ A7 JSA%(VOI)
2 o

e (23)

According to FEM, the area

under study is divided into
nonoverlapping numerous finite
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dements (mesh), therefore the
minimization of the function
provides minimization of energy at
every node of each dement. This
can be arranged by setting the first
partial derivative of the function
with respect to each node, equal to
zero. Aftr some  algebraic
operations, the loca  matrix
equation which represents the
minimization of the energy
function within any dement and
then the total (global) energy
associated with the whole area of
modeling can be obtained. As a
result, a set of simultaneous
equations with respect to the
unknown values of magnetic vector
potential at each dement [A] can
be written as [13]:

[c A+ [« [A]=]o°]. 20

Where [CAAJ= Magnetic damping
matrix, [KAAJ=Vector magnetic
potential coefficient matrix,
|3°]=Applied load (current density).

By solving the system of
equations and obtaining the
magnetic vector potential  [Ad]
through the modd it is possible to
find all of the required parameters
asfollows:

(8) — Magnetic flux density [B]:

[B]=N"[N,]'[A]

Where [N,] is a matrix of dement
shape functions.

)

(b) — Magnetic fidd intensity [H]:

2250

[H]=h]s]

Where [n] is
matrix, [v] =[]

erern. (26)

the rductivity

(c) — Eddy current density Je:
=B Y=kl A ] )]

....(27)
m is the number of integration
points (i) and {dA«} is the time
derivative of magnetic vector
potential.

(d) — Joule heat HGEN:
—reZl 8 19..(28)
HGEN Remeg[r 9. ]9.] i

Where [Js] is the complex eddy
current density in the dement at

integration points, [p] is the
resistivity matrix.
By folowing the same

procedure, used to obtain the FEM
modeling of eectromagnetic side of
induction heating (eg.2.24), the
following equation can be written to
represent the thermal process of
induction heating [13]:

ledfir (kel+ ke D ={osh+{eg) - (29)

Where {T¢} is the nodal temperature
vector of dement, [C;J:Element
specific  heat (thermal  damping
metrix), |K®|=Element diffusion
conductivity matrix, [K;CJ:EIement
convection  surface  conductivity
matrix, {Qec}:EIemmt convection
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surface heat flow vector,
{QS }=Element heat generation load.

Equation (29) includes heat transfer
and convection losses. To evaluate
radiation loss, the following equation
isused [13]:

Qe =K((T, +273) - (T, +273))
.....(30)

Where KC is a function of the
unknowns surface temperature (Ts)
and ambient temperature (Ty).
Temperatures from previous iteration
of eguation (29) are used to
calculateK(, and the solution is
computed iteratively to determine the
temperature distribution through the

workpiece{Te}, aso the thermal

losses developed during the heating
period.

7- Building an Induction Heating
M odel

In ANSYS environment, most of
tasks can be peformed ether by
Graphical User Interface (GUI) or by
ANSY S Parametric Design Language
(APDL). In this work, APDL is used
because it encompasses a wide range
of features, such as repeating,
branching, macros, etc. Figure (1)
shows a sample of induction heating
systems which are studied in this
work. Figure (2) shows a cross
section of that furnace. The required
dimensions to specify any induction
heating system are: vertical length of
charge (L), radius of charge (row),
coil inner diameter (ric), coil length
(L) (normally equals to charge
length), number of turns per one
layer of induction coil (tpl), radial
thickness of conductor (th), and axial
gpace factor of coil (Ky. For

2251

multilayer cail, all the previous items
are required, in addition to, number
of layers (N) and radial space factor
of the coil (K;). The width of coil
conductor (h) can be evaluated as:

L

1+th -1

a

7.1- The Electromagnetic M odel

The mode of induction furnace
should be surrounded by a boundary
region, because it is unbounded
problem, so a boundary volume of
the hollow sphere is used, the outer
radius of sphere is about twice the
largest dimension of the modd.

From figure (2), it is clear that
the modd is of rotational symmetry,
S0 it is reduced to axisymmetric
modd. An axisymmetric mode of
single layer induction furnace is
shown in figure (3). For two-
dimensions, axisymmetric  and
electromagnetic analysis, a
PLANES3 dement is used, this
edement is 8-node quadrilateral shape
and it is used to discretize the
workpiece, the coil and the air
regions. For the boundary region, an

INFIN110 dement is used; it is
quadrilateral 8-node dement. In
order to mesh the modd, the

following points have to be taken
into account [5, 14]:

1- If the mesh is too coarse, the
results can contain a serious
eror.

If the mesh is too fine, the model
may be too large to run on the
computer or it takes a long run
time.

In order to combine accuracy
and quickness in meshing the modd,
the mesh is made as dense as possible
in the sensitive zones (near the outer
surface of the workpiece and near the

2-
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induction coil) and less mesh density
is used near the centerline of the
workpiece and near the boundary
region. Figure (4) shows the meshed
induction heating moddl.

7.2- The Thermal Model

Most of induction heating
applications consist of a water cooled
induction coil to maintain the coil
operating temperature within an
acceptable level during the hesting
cycle. A notable increase in
temperature appears inside the
workpiece only. So, the thermal
mode includes just the workpiece.
PLANES5 dement is used to
discretize the workpiece region; this
eement is 4-node with a 2-dimension
thermal conduction  capability.
Meshing of the workpiece has same
density as in eectromagnetic modd,
because the rise of temperature is
faster and higher near the outer
surface than at centerline,

7.3- Defining Material Properties
and Boundary Conditions

One of the most important
advantages of ANSYS is the ability
to take the temperature-dependant
material properties into account. For
non-magnetic workpiece,
temperature  dependant = material
properties include: resistivity,
thermal  conductivity, and specific
heat.

For the dectromagnetic fied,
INFIN110 dement is used to modd
an open boundary of unbounded field
problem where a number of this
dement forms a boundary layer
surrounding the modd; the exterior
surface of the layer represents the
infinite surface.

A flux-parald  boundary
condition is gpecified at the
centerline  of the modd, this

2252

boundary condition ensures that the
flux does not leak out of the mode
due to the axisymmetry.

For the thermal field, uniform
initial temperature of 25°C is applied
to the workpiece and constant
ambient temperature of 25 °C is
specified.

7.4- M ultifield Solver

In induction heating
problems, the dectromagnetic model
(fidd) calculates joule hest generated
inside workpiece, which is used in
transient thermal analysis to predict a
time-dependent temperature solution.
When the input of one field depends
on the results of another fidd, the
fields are coupled. Coupling of
eectromagnetic and thermal fieds
can be accomplished by ether matrix
coupling  (direct  coupling) or
sequentially coupling (indirect
coupling). ANSYS 8.0 introduces a
new solver available for a large class
of coupling problem. This solver is
called multifield solver.

Multifidd solver is an
automated  tool for  solving
sequentially coupling field problems.
Algorithm of multifield solver, as
shown in figure (5), consists of three
loops. fidd loop, stagger loop and
time loop. The time loop corresponds
to the time step loop of the multifield
problem, the time step represents the
actual end time and time step. Within
each time loop is the stagger loop,
the stagger loop allows for implicit
inter-relationship between the fidds
in the multifield solution within each
step in the time loop, the fidd
solutions are repeated in the stagger
loop until convergence. Within each
stagger loop is the field loop, which
contains the analysis of each fied
solution. The fidd loop is setup like
any single ANSY S analysis.
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7.5- Analysis of Induction Furnaces
by APDL Program

The procedure of solving an
induction  heating  mode by
multifield solver is started by solving
the dectromagnetic fidd and
evaluating the Degree Of Freedom
(DOF). DOF for eectromagnetic
fidd is magnetic vector potential.
Depending on the distribution of the
magnetic vector potential through the
workpiece, Joule heat per unit
volume (HGEN) can be calculated

(equations 27 and 28).
Multifield solver automatically
transfers HGEN from the

eectromagnetic to the thermal fied.
The thermal mode, according to the
values of HGEN, determines the
DOF which is the temperature
distribution through the workpiece.
Multifield solver transfers
temperature to the eectromagnetic
fidld and updates the values of
temperature-dependant properties.
Timing of the multifield solver
is specified as follow:
- End time for a multified solution

is set to 240 second for dll
simulated cases in this work.
- Time step increment for a

multifield is set to 5 second.

- Time step increment for each fidd
is specified to a range of (0.05-0.1)
second.

With reference to the steps of
building an induction heating mode
and by using multifiedd solver, a
main program is prepared. This
program has a great flexibility to deal
with cylindrical induction heating
systems of any dimensions, and it can
be used to simulate single layer or
multilayer furnaces of non-magnetic
workpiece and for various power
supply conditions. The induction
heating mode analyzed in this study

2253

is similar to a practica modd of
reference [4], the dimensions of this
modd are listed in  table (1). A
series of different cases were studied
and those cases can be summarized
as.
a-Singlelayer  induction  heater:
Modds were carried out for
different supplied frequencies
within a range of (1-40) kHz.
b-Multi-layer  induction  hesater:
Modds were carried out for
different number of layers within
arange of (5-40) layers.

7.6- Review the Results of the
APDL Program
Results can be viewed as

figures or tables by using the
following postprocessors:

a- The general postprocessor reviews
analysis results over the entire
mode or sdected portions of the
mode at a singletime.

The time-history postprocessor
reviews analysis results at
specific locations in the mode as
afunction of time.

The time required, to analyze
an induction furnace, depends on: the
complexity of the mode, the period
of heating cycle, and the time step
increment for fiedd anaysis. For
example, single layer induction
furnace supplied by 15A/mn?
(1409A), 10 kHz, hesting cycle time
is 240 second and time step
increment for fidd analysis is within
a range of (0.05-0.1) second, analysis
of this furnace took about 36
minutes. The results obtained from
analyzing this furnace are shown in
the following figures, where figure
(6) shows 2-dimensions distribution
of the magnetic flux lines. Figure (7)
shows a vector representation of
magnetic  flux density inside the
workpiece. Due to the induction
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principle, an eddy current is induced
inside the workpiece; the vector
representation of the eddy current
density inside the workpiece is
shown in figure (8). The eddy current
produces heat by the joule effect.
Figure (9) shows the distribution of
the power dissipated as heat inside
the workpiece per unit volume. The
distribution of temperature through
the workpiece at the end of the heat
cycle is shown in figure (10), while
figure (11) shows the rise of
temperatures during the heating cycle
at  gpecific points inside the
workpiece.

7.7- Efficiency and Power Factor of
the Induction Furnace

In addition to the results given
above, it is important to evaluate the
efficiency and the power factor of the
induction furnace. Depending on a
set of equations suggested by Harvey
[5], and using the facilities of
ANSYS package, a general program
is designed to calculate the efficiency
and the power factor for any
induction heating system (single or
multi layer). The results of the
program  are  compared  with
published practical measurements of
multilayer induction heater obtained
by Abood [15]. A good agreement
between the practical values and
those calculated by the program is
clear intables (2) and (3).

Due to presence of practical
measurements of efficiency and
power factor of an induction furnace,
S0 it has been satisfied with those
measurements to  appraise the
suitability and the accuracy of the
analysis used in this work

2254

7.8- Induction Heating System with
M agnetic Wor kpiece

For workpiece of magnetic
material, the magnetic permeability is
a complex function of magnetic field
intensity and temperature, which has
a marked effect on the behavior of
the induction heating. In ANSYS,
magnetic permeability can be defined
as a temperature-dependant material
property, but the effect of changing
the magnetic fidd intensity is ignored
here. For applications of small
change in temperature, it can be
assumed that the temperature is
constant and the permeability values
are specified by defining the B-H
curve at that temperature. Most of
induction heating applications
involve a tremendous increase in
temperature inside the workpiece,
which compd to make a constant
temperature assumption that is
impractical. In ANSYS environment
the magnetic permeability cannot be

defined as a function of both
magnetic  fidd  intensity and
temperature.  To overcome this

problem, the multiregion method is

suggested. The application  of

multiregion method includes the

following steps:

a. Dividing the workpiece
longitudinally into multiregions.

b. Estimating the values of

magnetic fied intensity for each
region.

c. By considering that the magnetic
fiedd intensity is constant for
each region, curves of magnetic
permeability as a function of
temperature for each region can
be obtained.

d. Now, by specifying the magnetic
permeability for al regions, the
system can be solved normally as
described early.
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To verify the applicability and
the accuracy of the multiregion
method for analyzing an induction
heating system with  magnetic
workpiece, this method is applied to
an induction furnace described and
analyzed by Barglik [16], by using
FEM-based package caled
QuickFidd. According to
multiregion method, the workpiece is
divided into two regions as shown in
figure (12). Figure (13) shows the
temperature-time response of two
different points inside the workpiece
as compared with the results of
reference[16].

8- Conclusions

Induction heating systems have
been widdy accepted to possess
number of inherent advantages and
benefit over other heating systems in
industrial applications. It is to be
noted that big efforts are made to
devdop the induction hesting
depending on the modern advances in
the computational approaches. The
following are the conclusions derived
from the present work:

1- Nowadays, the perfect approach to
analyze the induction heating
system is the use of one of the
specialized computer packages
which are based on one of
numerical methods. The good
agreement between the practical
measurements and the results
obtained in this work appears
that ANSYS is a robust tool to
analyze the induction furnaces
and that the procedure of analysis
is valid and the programs which
are used accurate.

Limitations of ANSYS, when
dealing with magnetic material
properties, especialy
permeability where it treated as a
function of only one variable

2255

whilein fact it is function of both
temperature and magnetic fied
strength. To overcome such
deficiency in  ANSYS, a
multiregion method is proposed
yidding good results for
induction furnaces with magnetic

workpiece.
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Table (1) Thedimensions of the

induction heating model

L=L, | 05m
row 0.05m
ric 0.075m
tpl 30

th 0.007m
Ka 0.8

K, 0.8

Table (2) Comparison between the

calculated and measur ed efficiency

Number Efficiency (%)

- Error

Experimental | Calculated | (%)
layers

1 15.54 15.19 2.25

2 27.81 25.86 7

3 35.51 33.69 5.1

4 42.18 39.65 5.9

Table (3) Comparison between the

calculated and measur ed power factor
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Number Power factor S
Ia)c/)fers Experimental | Calculated | (%)
1 0.535 0.522 2.3
2 0.33 0.32 2.3
3 0.267 0.261 2.1
4 0.239 0.233 2.3
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Figure (1) Schematic diagram of a multilayer induction heating system
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Figure (2) A cross section of multilayer induction heater
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Figure (3) A cross section of single layer furnace with the boundary region

Figur e (4) Meshed model of induction heating fur nace

2262

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal ,Vol.27, N0.13,2009 FEM-Simulation of Singleand Multi
Layered Induction Heating Systems

Time

Stagger

Field

MFTIME
DELTIME

End Feld

End Stagger

End Time

Figure (5) Thealgorithm of multifield solver
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Figure (6) Distribution of the magnetic flux lines
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Figure (7) The magnetic flux density inside the wor kpiece
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Figure (8) Eddy current density inside the wor kpiece
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Figure (9) Distribution of the power dissipated per unit volume
inside the wor kpiece

Figure (10) Heat distribution at the end of heating cycle
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Figure (11) Therise of the temper atures at specific pointsinside the wor kpiece
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Figure (12) Longitudinal section of the wor kpiece divided into two regions
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Figure (13) Temperaturerise at two different points
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