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ABSTRACT — To optimize the shape and parameters
and to increase efficiency of induction heating furnace,
detailed simulation of its electromagnetic behavior is
needed. Due to the complexity of the model, a spe-
cial 3D edge finite element method (EFEM) with vec-
tor potential formulation and extended use of radial
and axial symmetry was developed, enabling sufficient
analysis based only upon a small slice of the model.
We analyzed several models with different coil posi-
tions, number and position of cold crucibles and air-
gap widths. Also, different values of frequency and in-
tensity of the source current were considered in order
to determine their influence over eddy-current losses
and levitation force acting on the molten metal. In
this paper the method of analysis, models and ob-
tained results, which agree well with measured results
are presented.

I. INTRODUCTION

Induction heating furnaces are rather complex 3D elec-
tromagnetic devices, the optimization of which requires
much computational time and cost. The recently devel-
oped EFEM with its short computation time, small mem-
ory requirements and satisfaction of only proper continu-
ity conditions across boundary planes between different
magnetic materials [1] [2], has developed into an interest-
ing solution for such complicated devices.

In this paper, the authors present a successful approach
to the analysis of eddy-current losses and levitation forces,
two main parameters in the design process. Analyzing
models with different shapes, cold crucible positions and
air-gap widths between them, altering the frequency and
intensity of the source current, we performed a deep in-
vestigation of the connections and influence of all these
parameters over distribution and intensity of levitation
forces and eddy-current losses. By developing a special
3D EFEM code, which enables analysis to take place only
if a small slice of the quasi axis-symmetrical model of the
furnace is actually discretized into extremely fine mesh,
the highly accurate analyses were performed with mini-
mal computation effort and cost [3]]) On the other side,
the program code shows improvements in the computa-
tion time not only due to a reduced number of finite el-
ements, but also due to its improved convergence rate.
This convergence rate improvement is very important in
the case of ungauged magnetic vector potential formula-
tion of the problem that we employed in the analyses, and
is mainly the result of an improvement in the satisfaction
of the solenoidal character of the source current density
vector V-Jg = 0.
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II. METHOD OF ANALYSIS

As mentioned before, in these analyses EFEM was em-
ployed for its useful properties such as small memory
requirements, short computation time, and satisfaction
of only proper continuity conditions across boundaries
between different magnetic materials. In other words,
EFEM does not impose any additional continuity con-
ditions on the approximated field distribution, preserving
its natural physical properties. This is an important fac-
tor in achieving fast and accurate analysis. Regarding
eddy-current problems driven by high-frequency sources
where the penetration depth of eddy-currents is extremely
shallow, the development of very fine and dense division
mesh is imperative to obtain results with acceptable ac-
curacy. This leads to a large number of finite elements
and, even using EFEM, problems such as long computa-
tion and lack of memory almost always arise. Fortunately,
we are able to use the symmetry of the model, requiring
the development of finite element mesh only for a mini-
mum symmetrical area. This characteristic was employed
and a special 3D EFEM program code was developed, en-
abling analysis to take place while only a minimum slice
of the quasi axis-symmetrical model of the furnace was
discretized into finite element mesh [3]. The development
of this program code was possible because of the ease of
assignment of boundary conditions on an arbitrary plane
in EFEM, a process that can be summarized as follows:

e Assign zero value to all edges that belong to any
boundary plane with Dirichlet boundary conditions,
and

¢ Leave free (unassigned) all edges that belong to cer-
tain planes with Neumann boundary conditions.

Assignment of boundary conditions, therefore, can be ex-
ecuted in two steps: Extraction of all edges on a certain
plane and assignment of appropriate boundary conditions
geventually leaving them unassigned). This simple proce-

ure enables the easy analysis of any arbitrarily chosen
symmetrical slice of the model. In Fig. 1, a typical 8D
finite element mesh for one of the analyzed models is pre-
sented.

JIT. ANALYZED MODELS AND OBTAINED RESULTS

Optimization of the shape, characteristics and perfor-
mance of such a complicated 3D electromagnetic device
as the induction furnace, certainly involves considerable
computational time and effort. The number of analyzed
models and changing parameters, therefore, is of primary
importance. To achieve accurate results throughout the
entire research, the obtained results for some models must
be compared with measured results for the same model.
The significance of this comparison is twofold: to verify
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Fig. 1. 3D finite element mesh for the analysis region.

the software we use and to determine the approximated
density of the finite element mesh for parts of the ana-
lyzed model as well as for the entire model to develop a
mesh sufficiently dense for obtaining the desired accuracy.

Initially, from the main model presented in Fig. 2, two
sub-models were analyzed. The main difference between
the two sub-models was the length of the bases — the long
base was 20 [mm] and the short base, 10 [mm]. Each
of these two models was analyzed for three different coil
positions: | = 0 [mm], | = 30 [mm], and [ = 60 [mm)].
Also, different numbers of crucibles (8 and 16), with vary-
ing air-gap widths (1 [mm] and 2 [mm]) were considered.
The analyses were performed for two discrete frequency
values, 2000 [H z] and 4000 [H z], and for several source
current intensity values in the range between 400 [A] and

1500 [A].
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Fig. 2. Analyzed model of induction heating furnace.

Initially, the obtained results for magnetic flux density
vector B were compared with the measured values. The
measured results were provided only for the inside area
of the furnace without molten metal. The appropriate
analysis was performed and the obtained results are pre-
sented in Fig. 3. Since the computational results agree
with the measured results, we proceeded with analyses of
eddy-current density distribution and eddy-current losses.
In Fig. 4 a typical magnetic flux density and eddy-current
distributions for one model are presented. The eddy cur-
rent losses were computed separately for molten metal
and for the cold crucible in order to find their relations
and influence on the power efficiency of the furnace. To-
tal eddy-current losses were computed using the Gaussian
integration procedure with five integration points in each
finite element

nel 5
1 "
w=> ij;iJej-Jej Vi . (1)
i=1 \j=1

In the above equation nel is total number of elements
in the conducting region (only molten metal or cold cru-
cible), w; is the weighted function for integration point
J, Je; and J;; are the values of the eddy-current density
vector and its conjugate vector at each integration point
inside the element, and V; is the volume of finite element
7.

Electromagnetic forces were computed using the volume
force density method

F:///UerxBRedv, (2)

where er and B¢ are real parts of eddy-current density
and magnetic flux density vectors, respectively. After in-
tegration of partial electromagnetic forces over the entire
volume of molten metal, we can compute the levitation
force acting on the molten metal inside the furnace. Since
the shape of the molten metal is a sphere placed symmet-
rically inside the furnace, the direction of the radial com-
ponents (x- and y-components) of electromagnetic force
1s toward the central axis and they cancel each other out.
Therefore, only the z-component of the total force act-
ing on the molten metal, i.e. the levitation force, has a
significant meaning. Depending on the coil position, the
air-gap widths, the diameter of the releasing slot under
the molten metal and especially the length of the crucible
base, the value of the levitation force can be regulated
and controlled. In Fig. 5, a typical distribution of elec-
tromagnetic forces inside the molten metal is presented.
Next, we will discuss the influence that different param-
eters have mainly on eddy current losses and levitation
forces inside the furnace.

A. Coil position

The position of the coils around the furnace signifi-
cantly influences eddy-current losses and, especially, lev-
itation forces. Increasing the distance [, (see Fig. 2) in-
creases the amount of levitation force and decreases the
amount of energy consumed by the molten metal. Know-
ing the amount of molten metal inside the furnace and
therefore its weight, makes it possible to find the optimal
position of the coils so that the metal ball will actually
levitate inside the furnace. For this analysis, we were able
to compare the computed results with the measured re-
sults. The results agree very well as Fig. 6 demonstrates.
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Fig. 3. Comparison between measured and computed results
for z-component of magnetic flux density B..

Fig. 4. Eddy-current and magnetic flux density distributions.

B. Base lengths

The base of the cold crucible, besides its natural func-
tion of giving mechanical stability to the furnace, is at the
same time a large consumer of power, and actually acts as
a shield against the penetration of the magnetic flux in-
side the furnace. Decreasing its length, therefore, enables
magnetic flux to flow freely inside the furnace which re-
sults in large amounts of used power and levitation force.
Here, two different base lengths were considered: short
(10 [mm]) and long (20 [mm]). The obtained results of
the analyses with source current Iy = 400 [A], and fre-
quency f = 2000 [Hz] are presented in Table I. From
Table I 1t is apparent that a short base is favorable for
increasing the power efficiency of the furnace and for ob-
taining large levitation force.

C. Source frequency

The influence of source frequency on the amount of
eddy current losses and levitation force was also ana-
lyzed. The obtained results for the value of source current
Iy = 400 [A] are presented in Table II. From the results it
is evident that eddy current losses increase as the source

Fig. 5. Electromagnetic force distribution.
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Fig. 6. Influence of coil position on eddy-current losses and
levitation forces inside molten metal.

frequency increases. In terms of levitation force, the op-
posite trend can be observed. This is result, we believe, of
the fact that in case of higher frequencies, the depth of the
area of molten metal on which the electromagnetic forces
act 1s very shallow, so in effect, we are actually comput-
ing a kind of surface force. In this case, the possibility of
inaccurate results is high. Further proof is the fact that
for higher frequencies the maximum force density vector
is larger than that for lower frequencies. The total force
obtained by volume integration (2), however, is smaller
overall.

TaBLE I.
FEddy-current losses and levitation force vs. base length

Fddy current Levitation
losses [W] force [gr]
T [mm] 0 ] 30 | 60 0 | 80 | 60
Long
Crucible 45.32 42.89 20.82 -2.04 | 39.14 | 43.22
Short
Crucible 48.98 | 47.30 | 23.49 4.89 48.52 | 49.34

D. Number of crucibles and air gap width

During analyses, different numbers of cold crucibles and
air-gap widths were also considered. The obtained results



for three different models are presented in Table III. Eddy-
current losses in molten metal increase as the number of
crucibles increases due to the increase in the number of
air-gap slots between them. The eddy-current losses in
cold crucibles also increase. However, an increase in the
number of crucibles is favorable because it results in an
increase in the power efficiency of the furnace. The num-
ber of crucibles has very little influence on the amount of
levitation forces acting on molten metal.

As a reference, the complete analysis was performed us-
ing the Silicon Graphics Indigo-Crimson workstation with
64 Mbyte operating memory and 128 MIPS, and the total
CPU time for one analysis and for model with 9343 points,
47076 finite elements, 59259 edges and 736232 non-zero
entries in the matrix of the system was about 103 man.

TaBLE IV.
Fddy-current losses and levitation force vs. diameter of
) releasing slot d

TasBLE II.
Eddy-current losses and levitation force vs. source frequency | d [mm] I 2 [ 10 I 15 |
Number of crucibles 16 16 16
FEddy current Levitation Air-gap [mm] 1 1 1
losses [W] force [gr] Base height [mm] 10 10 10
T [mm] 0 | 30 | 60 0 | 30 | 60 (1) Eddy-current losses P — —
2000 [Hz] || 45.32 | 42.89 | 20.82 || -2.04 | 39.14 | 43.22 (;}’Ed‘gten memtll[W] : . .
-current losses
4000 [Hz] || 68.11 | 63.12 | 30.52 || 1.22 | 35.88 | 38.33 ' coldycrucibles W] 2198.89 | 2179.23 | 2149.09
()
—— . 100[%)] 10.45 10.58 10.74
.+ (2)
Levitation force [gr] 292.75 300.72 306.91
TaBLE III.

Eddy-current losses and levitation force vs. number of
crucibles and air-gap widths

| Model [ 1 | 2 | 3 |
Number of crucibles 16 8 8
Air-gap [mm] 1 1 2
Base height [mm] 20 20 10

(1) Eddy-current losses

in molten metal [W] 239.55 | 200.72 | 285.17
(2) Eddy-current losses
in cold crucibles [W] 2468.09 | 1924.18 | 1623.94
(1)
——— - 100[%)] 8.84 9.45 12.65
W
Levitation force [gr] 256.57 258.47 302.68

Io

= 1000.0 /2 - sin(wt) [A]
f =

2000 [H 2]

E. Diameter of the releasing slot

Since the influence of the amount of source current on
the eddy-current losses and levitation force is predictable
and straightforward, the last point that we would like to
discuss is the influence of the diameter of the releasing slot
d of the furnace (in Fig. 2, d = 5 [mm]). Again, three dif-
ferent models were considered with diameters d = 4 [mm],
10 [mm] and 15 [mm]. The obtained results are presented
in Table IV. From the results, increasing the releasing slot
diameter results in:

e Large increase in the amount of levitation forces, and
modest increase in eddy current losses,

e Increase in the power efficiency factor due to the in-
crease of magnetic flux in the area of the releasing
slot. This slot actually emphasizes the magnetic flux
in this area.

Iy = 1000.0 /2 - sin{wt) [A]
f = 2000 [Hz]
IV. CoNCLUSIONS

In this paper a successful method for the analysis and
optimization of the shape and parameters of an induction
heating furnace using 3D EFEM was presented. The in-
fluence of the number of crucibles, air-gap widths, shape
of the furnace and also the position and parameters of
the coils is great, and it is very important that it be con-
sidered in the process of analysis and especially design.
Concerning the optimization parameters, in this analysis
— eddy-current losses and levitation forces, it is possible
to obtain optimal shape and parameters of the furnace.
A modified 8D EFEM program code was developed in or-
der to deal effectively with such intensive analysis. The
obtained results agree with the measured ones, therefore
the proposed method could be also favorable in the design
and analysis of other induction heating devices.
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