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Comparison of 3-D Coupled Calculations and
Measurements Concerning the Structural-Dynamic
Behavior of Induction Furnaces Excited by
Electromagnetic Forces

T. Bauer, J. Gschwilm, and G. Henneberger

Abstract—The main topics of the work are the improved three- :
. . . . . . lect t :
dimensional structural-dynamic and acoustic calculation of induc- e;;gol;“;gol:fe;c elec‘mm"g.“e“c
tion furnaces and the investigation of the vibration modes of the 189 calculation
structure, which are excited by the Lorentz forces and magnetic !

forces. + }

Furthermore the numerical analysis will be compared to a ex-
perimental modal analysis of an induction furnace and to acoustic 3D 3D
measurements in normal operating mode. These data are suitable surface-force- Lorentz force-
to evaluate the quality of the mesh and the material parameters calculation calculation

used for the calculation. This step is the basis for the evaluation of ¥
a method for further optimization research.

Index Term_s—Acoustic noise, finite elem_ent method, Lorentz o transt;:)l;c;;tion
force, magnetic surface force, modal analysis.
R
y
|. INTRODUCTION structural-dynamic mechanical FE
HE REDUCTION of the acoustic noise caused b calculation 3Dl';':°del
electromagnetic forces requires an exact knowledge
the mechanisms, which lead to the emission of sound. Tt 4
implies a systematic investigation of the structure, which [Acoustic BEM 3D interpolation of
done by a coupled calculation of the electromagnetic force ;“:f::r deformation
the structural-dynamic oscillations and the acoustic noise in t .
surrounding media. Since the noise calculation depends on 4
solution quality of each calculation step, an evaluation of tt . acoustic
reliability has to be chosen. According to previous works on tt | BEM-calculation
field of electromagnetics [1] the force calculation is considere
to have an error lower than 5%. Therefore the focus is laid ¢ ¢ \ ¢
the structural-dynamic calculation and the acoustic calculatic '
The calculation sequence to determine the sound emissior sound Press“rel sound i“'e"s“yl sound power I

shown in Fig. 1.

Fig. 1. Flow of calculation for the determination of the noise emission.
[I. ELECTROMAGNETIC FORCES
The induction furnace consists of three main parts [2]. The be considered for the electromagnetic calculation. All other
inner part is the melt, which is kept in a cylindrical crucibleparts of the induction furnace can be considered as air due to
Coils are wrapped around the crucible and consist of a passilieir electromagnetic properties.
coil at each end of the active coil. Additionally the attachment To determine the eddy currents and the time-harmonic forces,
of yokes around the circumference reduces the stray field amdedge based, A — 7’ approach is used, which achieves the
gives mechanical support to the coils. Only those parts havighest accuracy [3]. The total forge,.. acting on the appli-
cation is composed of Lorentz force densit'ﬁs—in the areas
Manuscript received June 5, 2000. with electric conductivity—and surface force densitiés-at
T. Bauer and G. Henneberger are with the Department of Electridabundaries from low to high magnetic permeability. The cur-

Machines, Aachen Institute of Technology, RWTH, Germany (e-mail: {bauefém density§ and the magnetic flux densi@ are derived from
henneberger}@rwth-aachen.de). -

J. Gschwilm is with the Department Institute of Aerolasticity, DLR Gotthe electric vector potentidl:
tingen, Germany (e-mail: Joerg.Gschwilm@dlir.de). - -
Publisher Item Identifier S 0018-9464(01)07839-6. S =rotT, Q)

0018-9464/01$10.00 © 2001 IEEE

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 07,2020 at 11:54:33 UTC from IEEE Xplore. Restrictions apply.



3434 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 5, SEPTEMBER 2001

and the magnetic vector potentLEI TABLE |
COMPARISON OF THEFORCE COMPONENTS INCYLINDRICAL COORDINATE
= e SYSTEM
B =rot A. (2)
| surface force / N | Lorentz force / N
The magnetic energy: and the magnetic propertigs, of the all directions 930 43237
applied materials can depend on the locatiany, »), the mag- radial e 84609 42(1)30
. L= . . circumferential

netic flux densityB and other variables: el 67 5733

frowat(t) = §0) x Bty +3 %_@grao(ﬁi). ®)
i=1 "

The following equation reveals the Lorentz force density, whic
is equal to the first term of the right hand side of the previot
equation:

SyBZej(vs,yﬂ@B,z) — SZByej(vs,;-HcB,y)
f= L[ S.Byedtes=teme) G B ilesatens) | oi2wt,
SxByej(‘{;S,a:'i"{)B,y) _ SyBxej(‘r”‘S,y'i"{;B,a:)
4)
Assuming that no hysteresis is present and that the behavio
time-invariant, the surface foregcan be written as:

3(t) = {(h1n(t) = han(#)bn(t) — (wi () —w5(t))} - nyz. (5)

The flux densityb,,(¢) in normal direction to the boundary, the
magnetic field strengths, ,,(¢) and ., () at each side of the
boundary and the magnetic coenergiggt) and w5(¢) have

to be determined for the surface force calculation. The small
symmetry of 18 is modeled and the forces are calculated in
complex terms. The absolute values of the forces in cylindﬁ:' .2 'Il'he mechanical model for the modal analysis meshed with brick
coordinates are depicted in Table I. The surface forces upon % %ped elements.

yokes have minor influence on the vibration level, for they only TABLE I

amount to 2% of the Lorentz forces. The forces are transformetE MEASUREDMODE SHAPES IN COMPARISON TO THECALCULATIONS (TR:

t hanical del hich tai dditi | . SUPPORTINGBEAM RADIAL ; TU: SUPPORTINGBEAM CIRCUMFERENTIAL; JR:
0 a mechanical moadel, wnich contains adaditional suspension YOKE RADIAL ; JU: YOKE CIRCUMFERENTIAL)

parts and has different mesh densities. frequency | Trequency | error shape damping T MPC
measured | calculated
l1l. N UMERICAL AND EXPERIMENTAL MODAL ANALYSIS [/ Hz [ Ha [ % /% [ %
] ) ) . 3245 327 -0,77 | JR Lord. 1.93 86,3
The applied element type is a brick shaped eight node e —3303 348 5,36 | JR l.ord. 0,77 90,1
ment modeling the solid volumes, like the crucible, the coilsar __ 339,3 334 1,55 | TU l.ord. 0,17 86,6
the yokes. Quadrilateral shell elements with rotational degre __367:3 348 525 | JUlord. | 1455 | 96,8
. 3748 383 2,17 | TU Lord. 0,64 99,9
of freedom are used to model the platform and the supporti —z77 83 016 T TR Tord 135 553
. ) b) - - b b)
beam. These element types increase the accuracy of the st 7—3g58 410 76,26 | TU L.ord. 1,37 99,8
tural-dynamic calculation. The mesh consist of 95% eight noi __414;8 402 3,09 | JU l.ord. 1,59 99,8
bricks and quadrilateral elements with nearly rectangular ang i;g:i jgg gg; 'fg 12'°f§~ 22732 g;’;
) . o , s .ord. , ),
and an aspe_ct ratio smaller t_han_ 3 (Fig. 2_). Only 5% o_f the el 1398 33 004 T IR Tord. 035 99.6
ments are six node prisms lying in the axis of the crucible. Th—33371 111 5,10 | TR 2.ord. 0,15 99,6
small amount of prisms does not have great impact on the «  436,0 416 4,80 | JU Lord. 1,91 99,9
lution of the modal or structural-dynamic analysis. The mod 3:3’2 igg g,ig jg }~°rg- 8»33 33’2
. _ . . . A s .ord. y K
shapes and Fhe eigen-frequencies are determined accordin 65 51 583 U Tord 19 595
the equation: 1584 453 117 | JR Tord. | 1,44 97,2
459,7 438 4,73 | TR 2.ord. 1,29 99,4
(K— X -M) - =0, (6) 465,7 152 3.03 | JU 1.ord. 1,35 98,9
486,6 489 70,50 | TU L.ord. 3,79 99,7
where 512,7 508 0,91 | TR 2.ord. 1,15 99,9
K is the stiffness matrix,
M  the mass matrix, A frequency range of 20 to 800 Hz is calculated using the Block
A;  theith eigen-value and Lancos method to determine the eigen-vectors [4]. The numer-
¥;  the eigen-vector of thé&h form. ical analysis is compared to an experimental analysis in Table Il.
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Fig. 3. Test setup for the experimental modal analysis.

Fig. 5. Real part of the deformation (platform, supporting beam and rear
platesfem.
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Fig. 4. Transformation of the forces from the electromagnetic to the mechan
model.

As depicted in Fig. 3 the measurement of the modes is dot
by the application of a shaker and a 12 channel front-end, co
trolled by a workstation. According to the nominal current fre-
quency of 250 Hz, the acoustic frequency is 500 Hz. Therefore
the upper frequency of the measurement range is set to 800 Fig.6. Real part of the deformation (crucible, yoke and cqils)/

This is legal, because the Fourier analysis of the acoustic signal

shows a distinct maximum at 500 Hz, whereas all other frequen-the mechanical model by a transformation algorithm. The
cies have levels, at least 15 dB lower than the maximum. Agrogram has to take into account, that transformation to a sec-
cording to Table Il a good correspondence between measuien with an even number means a rotation and reflection of the
ments and calculation is achieved. The mode confidential valigece. The sections with an odd number require only a rotation of
“MPC” shows, that all relevant modes with a reliability of athe force as shown in Fig. 4. The result of the time-harmonic cal-
least 87% are identified and found in the numerical modal anallation is presented in Figs. 5 and 6. The platform and the plates
ysis. The maximum error of the identified eigen-frequency tsetween the supporting beams perform higher order modes with
smaller than 6%. All measured eigen-forms are also found &respectively 4 maxima along the edges. The upper part of the
the calculation. Further on a harmonic vibration analysis is dofignace fulfills a toroidal movement around the upper end of
on the basis of the calculated modes by using the mode sughe supporting beams. Due to the considerable large surface of
position method. As input data for the structural-dynamic andhis construction part and the phase coincidence, the upper part
ysis the forces are transformed from the electromagnetic modehits most of the sound power (Fig. 6).
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Fig. 7. The sound pressure of a pulsating sphere calculated with CHIEF.

sound pressure / dB

position of the crucible

Fig. 8. Sound pressure 1.5 m above the platform (calculation).

IV. NUMERICAL NOISE CALCULATION

Another transformation provides the Boundary Element
mesh with the correct surface velocities in order to calculate
the sound pressure on top of the surface. The non uniqueneég]
of the acoustic solution at the eigen-frequencies of the inner
problem is solved by adding points to the system of equation,
which are positioned in the inner structure of the acoustic
model according to the CHIEF method [5]. The efficiency of
the method is shown by the calculation of the sound pressur
of a pulsating sphere at the first eigen-frequency (Fig. 7). In
Fig. 8 the sound pressure on top of the platform is shown. Only
by using the CHIEF method, the amplitude and the phase anglé]
of the sound pressure are determined correctly. Measurements
of the sound pressure were taken 1.5 m above the platform
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sound pressure / dB | -

position of the crucible

Fig. 9. Sound pressure 1.5 m above of the platform (measurement).

and with nominal electrical power. Due to reflections at other
operation tools positioned on the platform, local maxima of the
sound pressure occur in addition to the two maxima presented
in the calculation. The measured sound pressure presented in
Fig. 9, is in good accordance to the calculation depicted in
Fig. 8.

V. CONCLUSION

This contribution presents an improved coupled 3D noise cal-
culation. A comparison of the mode shapes and the sound field
of the induction furnace shows good correspondence and proofs
the method to be a suitable tool for further investigations in order
to reduce the sound emission of induction furnaces and other
electrical machines.
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