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Improved 3D Coupled Calculations of the
Structural-Dynamic Behavior of Induction Furnaces
Excited by Electromagnetic Forces Using Adaptive

Algorithms

T. Bauer, W. Mai, and G. Henneberger

Abstract—The aim of this work is to make available an
automatic procedure for the improved calculation of the struc-
tural-dynamic behavior of induction furnaces (Fig. 1) and
handling of meshing information to the mesh generator for the
following acoustic analysis. The electromagnetic forces from
the electromagnetic FE-model are transferred to the initial
mechanical FE-model and a loop of vibration analysis is started,
which will be controlled by the maximum error rate and the
number of loops. The error criterion is chosen and integrated in
the meshing algorithm. The impact of the mesh refinement will
be shown by applying the algorithm to a test problem explained
in the following. The developed code is created in object oriented
language to have the most flexibility for the implementation of the
various algorithms.

Index Terms—Adaptive meshing, finite element methods, object
oriented design, structural-dynamic field.

. INTRODUCTION

NDUCTIVE heating gains more significance in recent tim
due to the increase in specific power density and feeding ' o
current frequency [1]. The increase of power also increases fig 1. Structural-dynamic model of an induction furnace.

vibrations and the noise emission of the apparatus. In order to ] ) ) ) )
minimize the emission several modifications have to be invesgd surface forces at regions with large differences in magnetic

gated. This should be done by numerical techniques, which Qermeability act on the structure of the furnace and this leads
more inexpensive than to build specimen [2]. Therefore the c&p-réspectively high sound pressure levels. The next step is to
culation process has to be reliable regarding the solution. TH@nsform the forces on the structural-dynamic model to eval-
most desirable way is an automatic error-estimator, which irHate the vibrations upon the surface of the structure. Finally the
proves the solution up to an desired level. This will be perform@&@und emission of the vibrating structure is determined by a
by an adaptive algorithm described later on. Further on the pag§F©nd order boundary element method with curved elements
presents the impact of the adaptive calculation on the acoudf@chieve more exact results [3].

noise emission.
I1l. ADAPTIVE CALCULATION

Il. FLOW OF ANALYSIS A. Overview

The calculation is divided into three parts shown in Fig. 2. The quality of the numerical results considering the finite ele-
First, the electro-magnetic calculation determines the input d&fgnt method depends on the mesh density used in regions where
for the force post-processing. There exist two components lafge gradients of the solution quantity exist. These regions can
forces. The Lorentz force caused by the currents in the coiptbe determined priori in general for each application, which

is calculated. To overcome this problem an adaptive meshing al-
. . gorithmis used to remesh the structure, after the calculation with
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Fig. 2. Structural-dynamic model of an induction furnace.

The adaption function is established and gives instructions to
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Fig. 3. The local adaption criterion obtained from the mechanical solution
(adaptive step 2).

of the mechanical problem is derived from the electromagnetic
field solution. K is the global stiffness matrix given by

K=Z/Q_ BY H, B, do; @)
=1 B

with B as the differentiation matrix, which contains the deriva-
tives in the three dimensions. The Hook matHxincorporate
the elasticity coefficients.

The matrixM is the global mass matrix calculated with

n

M= /Q piNT - N, d2 3)
=1 &

with p; andV; as the mass density and the interpolation func-
tion of the element respectively.

C. Error Estimation

The local mechanical stress distribution is chosen as the cri-
teria for the solution quality. In order to be independent of both
the element size and shape the stress is weighted by the total
stress energy.

The stress is calculated according to Hook’s law

r=H-B-U+7 4

the remeshing algorithm to subdivide elements in the mentionetierer’ is the initial stress.
regions. The adaptive algorithm does not depend on the eleThe adaption criterio; of the element is now calculated
ment shape or order because of the object-oriented design. Vid

number of cycles of meshing and calculation can be controlled .
and also the smallest size of the elements or the percentage of 5/9 T H T dy

elements to work on.

B. Mechanical Equations

1

(5ZI|T|

(®)

5
%Z/QTT-g-Tin
=1 &

with N as the number of elements. Based on this adaption

The basic equation for the numerical calculation of the strugtiterion distribution, 10% of the elements with the largest error
tural-dynamic behavior is given by applying Hamiltons prinvalues are marke_d for adaptive refinements. The r_efinement
cipal to the equation of motion considering the time harmonfirategy itself divides the marked elements at their longest

nature of the forces [4], [5]:

(K - wrQnech : M) : Q = E (1)

edges. Possible unmarked neighboring elements are also split
to keep the mesh consistency [8].

D. Object Oriented Implementation
The structural displacement analysis is developed using the

wherew,...., is the excitation frequency of the problem. Thiobject oriented paradigm. The mesh handling, the information
is twice the amount of the electrical frequenéy.stands for flow and the remeshing algorithm is implemented with a max-
the unknown vector representing the displacement of each figtdum of design and source code reuse. The mechanical problem

node. The vectoR? is the global force vector. This excitationis described in the new claBsobDisplace

, shown in Fig. 3.
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This is a subclass d®roblem which takes care of all commu-
nications between the mesh and the equation array [9]. Als

for the error calculation existing design concepts are used. T i
existing superclasErrorEstimator is specialized by the T,
new classEstimateErrorStress . Note, that the code for I o R
the adaptive refinement in [9], including the automatic interpc A I L
lation of the result vector, is reused without any modification e T 1o
because of the inheritance principle. = e T
This allows a simple substitution of the order of the interpa i T o
lation function, the adaptive meshing algorithm and the errc \ e
estimation criterion by exchanging objects. =
IV. RESULTS -1
agpim ||
A. Structural-Dynamic §5i 08
The electromagnetic force is calculated using ahri®del, [ 210
which is the smallest symmetry with regard to the electro-mar = ; Lo |
netic field, presented in [2]. The forces will be transformed to a it
90°-model constructed for the structural-dynamic calculation.
Note, this model respects the construction parts, which havei@ 4. Class diagram of the problem definition.
symmetry to 90. The forces in the windings cause radial vi-
brations of the yoke and the crucible. This leads to a toroid '
movement of the upper construction of the furnace, which tl R
working platform is attached to. pair
Due to the low weight and the extensions of this platform 2anar
large number of mechanical modes are stimulated. This le¢ e -'_‘-f.'*‘ Ly
to high deflections. This part is the main source of the emitte e i ey j" i
noise. This is the reason why this part of the model has to e Ty :: R
modeled carefully. Because of the less thickness of the platfo P e A AT e
the original mesh is coarse and has to be refined locally. e U
For verification purposes a bending bar is taken into consi e i3
eration and it is explained, how the error affects the solutic poh o
quality of the structural calculation. Considering the dimensiol ' o
of the bar which have the same proportion as the yoke of t i g wmaoe
furnace the height is 0.3 m and the thickness is 0.03 m. At t |~ “SSH1 | k! ravon [
left side the yoke is bounded and on the right side a total forw |
of 1000 N acts on the bar. The solution for a bending bar T
well known and results for this problem to 0.635 mm. The ini |._’, { Bk
tial mesh starts with 530 nodes and 1698 elements and gives : e

error of deflection at the end of the beam of about 23%.

o ] ) Fig. 5. The local adaption criterion obtained from the mechanical solution.
B. Error Distribution and Adaptive Refinements

The mechanical solution is now investigated. Fig. 4 showsthe 1600 L L IR U TR R S E
local adaption criterion distribution based on (4) and (5). The 1400 ] :
maximum values occur in the regions of highest stress, whict T
are lying in the near of the bounded nodes. At the end of the 1200 -
bar, where the deflection rises to a maximum, the stress an 4, ]
the values become small. Also it is noticeable, that the neutra g
phase of the bar (in the symmetry axis) is nearly error free. Thus2 800 7
it is proved, that the adaption criterion is suitable to improve © g
the Finite Element mesh locally in regions of high errors. Now
the elements with the highest error values are refined and th
mechanical problem is solved again. In Fig. 6 the topology of the 200 4 :3¢8
resulting equation system after inserting boundary conditions ] ' : ——— .
and reordering is presented. 2000 400 600 800 1000 1200 1400 1600

The most common algorithm to reduce bandwidth and row
wavefront are the GPS strategy presented by Gibbs, Poole,
and Stockmeier [6] and the renumbering technique 6fg.6. The matrix topology after the second adaptive step.

400
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Fig. 7. The matrix topology of the initial mesh.
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Fig. 9. The distribution of the adaption criterion for the induction furnace.
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problem. It has been shown, that the stress in the element,
weighted by the elastic energy, is a suitable tool to reduce
the error in the Finite Element calculation regarding to struc-
tural-dynamic problems.

Performing two adaption steps the amelioration of the solu-
tion results to 7%. The bandwidth increases noticeable due to
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Fig. 8. The displacement solution for the adapted mesh.

Cuthill-McKee [7]. In this solver we use the Cuthill-McKee 2
method. After the second adaptive step the number of nodes
grew up to 1582 and the number of elements is enlarged to
6540. The maximum error is reduced from 23% to 16% after 3[3
calculations. Notice that the bandwidth is enlarged and can not
be compressed in a better way, which takes great impact on the
solution time of the system of equation. This effect is caused
by the increasing number of nodes, which enlarge the numbers]
of diagonal elements.

The model of the induction furnace, Fig. 9, shows the regions[G]
in which the mesh density is increased (bright color). It is re-
markable, that the regions, where the forces act on the structurd’]
are remeshed.

V. CONCLUSIONS [8]

The main idea of the presented paper is the improvement o{ ]
the most important calculation step for the coupled calculation
of the electro-magnetic, structural-dynamic and acoustic

the additional nodes, which were added to the initial mesh.

Further more the use of object oriented coding techniques
and the extensive use of inheritance and specialization makes it
possible to extend this procedures easily to other Finite Element
problems.

REFERENCES

[1] T.Bauer, S. Dappen, G. Henneberger, and R. Jordan, “Reduction of elec-

tromagnetic field emission of heating devices,Piroceedings of 3rd Int.
Workshop on El. and Mag. Fieldkiege, 1996.

] T. Bauer and G. Henneberger, “Three-dimensional calculation and op-

timization of the acoustic field of an induction furnace caused by elec-
tromagnetic forces,|[EEE Trans. Magn.vol. 35, no. 3, pp. 1598-1601,
May 1999.

] R. D. Ciskowski and C. A. BrebbiaBoundary Element Methods in

Acousti¢ ser. Computational Mechanics Publications Elsevier Applied
Science Southampton Boston, 1991.

] S. G. Lekhnitskii, S. W. Tsai, and T. Cheronisotropic PlatesGordon

and Breach, Science Publishers.

0. C. Zienkiewicz and R. L. TayloiT he Finite Element Methodourth

ed. London: McGraw-Hill Book Company, 1991, vol. | and II.

N. E. Gibbs, W. G. Poole, and P. K. Stockmeier, “An algorithm for re-
ducing the bandwidth and profile of a sparse matr&AM J. Numer.
Anal, no. 13, pp. 236-250, 1976.

E. Cuthilland J. M. McKee, “Reducing the bandwith of sparse matrices,”
in Proc. 24th Nat. Conf. Assoc. Comput. Madiew York, NY, 1969,

pp. 157-172, ACM Pub. P69, Edition, Vol. | and I, McGraw-Hill Book
Company, London, 1991.

K. Tani and T. Yamada, H -version adaptive finite element method
using edge element for 3D nonlinear magneto-static probletB&E
Trans. Magn, vol. 33, no. 2, pp. 1756-1759, March 1997.

W. Mai and G. Henneberger, “Object-oriented design of finite element
calculations with respect to coupled problems Pimoceedings of COM-
PUMAG Sapporp1999.

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 07,2020 at 11:29:25 UTC from IEEE Xplore. Restrictions apply.



