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The numerical experiments and analysis of inhomogeneous distribution of electromagnetic and thermal fields in induc-
tion channel furnaces with various defects of their thermal insulation (lining) are carried out using finite element meth-
od and multi-physical modeling approaches. The problem is formulated in a nonlinear definition with strong mutual
relations of subproblems for complex three-dimensional geometry. By the example of a furnace for melting of oxygen-
free copper in the presence of leakage of the metal melt into furnace lining, the dependence of the temperature changes
over the surface of the furnace body on the depth of penetration of the melt and its volume is determined. It is studied
the changes in the temperature distribution inside of thermal insulation as it degrades, i.e. when each of the four layers
of material is reached by melt. The emergency configurations of the melt leakage, which require the furnace to be shut
down and replaced are determined, and the analysis of the existing situations observed on the casting lines at industrial
plants is carried out. The application of the proposed calculation technique allows to control the state of induction
channel furnaces and develop the recommendations for increasing their resource. References 12, figures 3.
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Introduction. At present, a special attention is paid to interdisciplinary (multi-physical) research, in which the
processes described by laws from different fields of physics are investigated simultaneously [1]. And the progress in the
development of numerical methods allows to solve the problems with larger data sets than previously [2]. This allows
us to identify finer mechanisms of physical effects and take into account the nonlinear properties of materials [3] as well
as the complexity of the three-dimensional geometry of the objects under study [4]. This paper is devoted to solving the
problem that includes all these three aspects simultaneously — the calculation of the interrelated electromagnetic and
thermal processes during induction heating of copper in the induction channel furnaces. Though there are many studies
devoted to induction heating, for example [5-7], at the present time there is insufficient information about the regulari-
ties of the inhomogeneous distribution of electromagnetic and thermal fields in heterogeneous media with defects of
various configurations. In practice the detection of furnace lining defects is carried out now indirectly [8] and there is no
method or software product that allows to determine the specific dimensions or location of internal melt leakage. There-
fore, these studies are relevant both from the point of view of development of the theory, and for the elaboration of new
industrial equipment and improvement of existing one.

The aim of the work is calculation of the inhomogeneous distribution of electromagnetic and thermal fields in
the induction channel furnaces and determination of the regularity of changes these fields depending on the defects con-
figuration in the thermal insulation of furnaces.

Physical-mathematical problem definition. The problem was formulated as one consisting of an electromag-
netic and a thermal subproblem with strong mutual relations [1, 9]. As an example, the induction channel furnace of the
UPCAST US20X-10 (F1g 1) for melting oxygen-free copper was considered. The furnace was supplied from 50 Hz

— . sinusoidal voltage transformer, with an operating power range of 80—400 kW.

S Since the time constants of the considered processes differ by 5-6 orders (the

[ period of electromagnetic oscillations is 2-107 s, and the duration of heating is

10°-10*s), then the electromagnetic subproblem was solved in the frequency

domain, and the thermal subproblem — in the time domain, as in [6, 10]. The

_ electromagnetic field was calculated in the linear approximation using the

‘ effective value of the relative magnetic permeability .4 of the inductor mag-
netic circuit calculated according to magnetization curve.

i Electromagnetic subproblem. To calculate the distribution of the

magnetic field and the current density, the system of Maxwell equations with

respect to the vector potential A was solved [11]. The calculated equations
for various elements of the inductor and furnace were derived in the same way
as in [10] and have the form:

a) for the copper melt in the inductor channel and in the furnace:

rot [po_lrot ;1] + ju)cs(T);l =0; )

Fig. 1
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b) for copper inductor bus wire: rot [po_lrot ;1] -J o =03 2)

¢) for the steel core of the inductor: rot [(Lokt, 4z ) 'rot ;1] =0; 3)

d) for the lining mixture of the inductor, the four-layer brickwork of the furnace, the water in the tubes of the
cooling system of inductor and furnace: rot [uoflrot ;l] =0. 4)

Here J

ext

is the current density vector in the inductor buses, o(7) is the conductivity of copper, which is a

function of temperature 7 and is described by the following equation:
o(I)=1/[py(1+a(T =T, )], )
where p, = 1.72:10® Q-m is the specific electric resistance of copper, a = 3.9-10® K™ is a temperature coefficient of
resistance of copper, T,,,=273.15°K is the reference temperature.
The computational domain was three-dimensional one and it consisted of volume of the inductor and the fur-
nace with a copper melt, the contact of which with the ambient air was described by the boundary conditions on their
bodies. Equations (1)—(4) were joined by boundary conditions at the interfaces of the elements and supplemented by the

Dirichlet conditions 7 - A =0 on the boundaries of the computational domain.
Thermal subproblem. To calculate the distribution of the thermal field in the furnace lining and inductor, the
heat balance equation was solved as in [10]:

pPCp 0T 10t =V -(kV T)=0Oeddy + Qwater - ©)

Here p, C, and k are the density, heat capacity and thermal conductivity of the materials, Qcday, Owarer are the heat
sources including metal heating by eddy current Q.44 and cooling of the busses and lining when water flows through
the pipes of the cooling system O,z

The heat rejection by the water was calculated according to the equation:

Qwater = Mcp (Tm - T)/V (7)

Here M, — water flow (in kilograms) passing through the cross section of the tubes per unit time, 7;, — incoming
water temperature, V' — internal volume of the system pipes.

Copper heating by eddy currents realizes a multi-physical connection between the electromagnetic and thermal
subproblems and it is specified in the form:

Oy =E-J =0’c(1)4-4". ()
The system of equations (6)—(8) was supplemented by the boundary conditions of heat transfer by means of

thermal conductivity at the interfaces of the elements and by the conditions of convective heat rejection from the induc-
tor body and furnace with the help of a given heat transfer coefficient 4 according to the equation:
—koT/on=h(T —Text) . )

Here T, is the ambient air temperature, # is the normal vector to the outer boundary.

The systems of differential equations (1)—(4) and (6)—(8) were solved by the finite element method in the pro-
gram package Comsol Multiphysics [12].

Discussion of the numerical experiment results. The leakage of the copper melt into the furnace lining was
modeled by a half ellipsoid of rotation with semiaxis a, b and ¢, which are parallel to orts in Cartesian coordinates x, y, z
(xy is the bottom plane of the furnace, and z is the normal to this plane). The center of the ellipsoid was located on the
boundary of the melt and lining of the furnace wall in the symmetry center of the cross-section xz (x = 1350 mm,
y =470 mm), as shown in Fig. 2, a. The value of z =475 mm with a melt height of 950 mm. The semiaxis of the ellip-
soid a = b =100 mm, which is an example of the specific size of the metal leakage [4], and the semiaxis ¢ varies with
intervals of 5 mm from 50 mm to d =275 mm — the total thickness of all four layers of the furnace lining.
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For each configuration of the ellipsoid, the temperature distribution along the surface of the furnace body and
its maximum value Ty, at the hottest point were determined. The characteristic of the depth of penetration of the metal
into the lining was the value 6 =d — ¢, i.e. d =0 in the absence of leakages and 6 =275 mm when the melt reaches the
furnace body. An example of the temperature distribution 7 over the furnace body for a value 6 =270 mm is shown in
Fig. 2, a, and the dependence of the value of T}, on & for the investigated range of configurations of internal lining
defects is shown in Fig. 2, b.

As shown in Fig. 2, a, the lining of the furnace is 4 layers of thermo-insulating material: 1%, 2™ and 3" layers
are Silrath AK 60, Durrath HS and Porrath FL 24-06 bricks respectively, and 4™ layer is calcium silicate plate CS 1000.
The graph in Fig. 2, b is divided into 4 zones depending on the depth of penetration of the melt according to number
insulation layers, which metal has overpass. When the melt penetrates into the first layer of bricks
(275 mm > 6 > 150 mm), the temperature on the furnace body increases in no more than 5° C compared to its normal
value of Tpom = 125° C. When the melt penetrates into the second layer (150 mm > 6> 115 mm), the temperature in-
creases in no more than 10° C. When the melt passes the third layer (115 mm > 6> 50 mm), the temperature can rise in
26° C. The main temperature differences occur when the melt reaches the last fourth layer of lining (50 mm > &> 0 mm)
and directs to the metal furnace body. This case is characterized by an increase in temperature on the body from 45° C
to hundreds of degrees theoretically.

So UPCAST as one of the largest manufacturers of induction furnaces for melting copper recommends that its
operation is stopped and lining of the furnace is changed when the temperature on furnace body reaches 250-300° C. In
particular, at the PJSC Yuzhcable Works, where the UPCAST US20X-10 casting line operates currently, the maximum
temperature on the furnace body is Ti.x = 254° C [4]. According to the results of a numerical experiment, if such tem-
perature is observed on the body, the penetration depth of the melt into the lining is 250 mm. This case is extremely
dangerous, since the distance to the furnace body is only 25 mm.

Fig. 3 shows the change in temperature 7 in the volume of the lining without defects along the y-axis shown in
Fig. 2, a, (dashed curve 1) and in the presence of a melt leakage into the lining to a depth of 250 mm (solid curve 2). In
the absence of melt leakage, the main temperature drop in 900° C occurs in the III and IV layers of the brick with a total
T, °C thickness of 115 mm (Fig. 2, a), while the temperature on the
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Fig. 3 thermal insulation.

Also, the information obtained is useful for more accu-
rate prediction of the remaining time prior to the occurrence of an emergency situation and makes it possible to prepare
equipment and materials for a planned replacement of the furnace.

Conclusion. 1. Using finite element method and multiphysical modeling approaches, the numerical experi-
ments and analysis of inhomogeneous distribution of electromagnetic and thermal fields in induction channel furnaces
are carried out when various defects of their thermal insulation appear. The problem is formulated in a nonlinear defini-
tion with strong mutual relations of subproblems for complex three-dimensional geometry.

2. The dependence of the change in a temperature over the furnace body surface on the depth of penetration of
the melt and its volume (during melt reaches each of the four layers of material) is determined. After penetration of the
melt into the first layer of insulation, the temperature on the furnace body increases in no more than 5° C compared to
its normal value Tpom = 125° C. When the melt penetrates into the second layer, the temperature increases in no more
than 10° C, and when the melt passes the third layer the temperature can rise in 26° C. The main increase in the tem-
perature occurs when the melt reaches the last fourth layer of the lining. Such case is characterized by an increase in
temperature on the body from 45° C to hundreds of degrees.

3. Emergency configurations of the melt leakage, which require the furnace to be shut down and replaced are
determined, as well as an analysis of existing situations observed on casting lines at industrial plants is carried out. The
use of the proposed technique allows to perform more accurate diagnostics of the lining state of induction channel fur-
naces, creating the basis for forecasting and recommendations for increasing their working life.
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YUCEJBHE MOJIEJIIOBAHHA EJEKTPOMATHITHOT'O I TEIIJIOBOT'O MOJIIB B IHAYKIIMHAX KAHAJIBHUX
MNEYAX 3 JE®EKTAMU ®YTEPOBKH

ML.A. lllep6a, kaHI. TeXH. HAYK

Incruryt enexrponunamiku HAH Ykpainu,

np. Ilepemoru, 56, Kui-57, 03057, Ykpaina, E-mail: m.shcherba@gmail.com

Buxopucmosyrouu memoo Kinyesux eremenmis i nioxoou Mynbmu@pizuuHo20 MOOen08aAHHs NPOBEOeHl YUCEIbHI eKCHepUMeHmu i
aHai3 HEOOHOPIOHO20 PO3NOOJINY eeKMPOMASHIMHO20 | MENL08020 NOAIE 6 IHOYKYIUHUX KAHATbHUX NeYax Npu UHUKHEHHI DIZHUX
Oegpexmie ix mepmoizonsyii (hymeposka). 3a0ava Gopmynoemvcst 6 HeNHIUHIN NOCMAHOBYT 3 CUTLHUMU 83ACMHUMU 36 SI3KAMU Ni0-
3a0au 0na ckiaoHoi mpusumipHoi eeomempii. Ha npuxiadi neyi 0ns niasku 6e3KucHesoi Mioi npu npomikauHi posniagy mMemany 8 ii
@ymeposky eusnayena 3anedcHicmes 3MIiHU MmemMnepamypu Ha nO8epxXui Kopnycy neui 6i0 aubunu npoHukHeHHs i 00'emy po3nnasy.
Hocniooceno sminu 6 po3nodini memnepamypu 6cepeouni mepmoizonayii no mipi ii deepadayii, moomo no mipi 0ocacHeHHsA po3niagy
KOJICHO20 3 YOMUpbOX wapie mamepiany. Busnaueno asapiiini konghicypayii npomikans po3nnagy, saKi gumazaioms 3yRUHKYU neyi i it
3aMIHU, @ MAKOJAC NPOBEOEHO AHANI3 ICHYIOUUX CUMYAYill, WO CNOCMepiearombcs HA NIHIAX TUMMA HA RPOMUCIOBUX NIONPUEMCMEAX.
3acmocyeanns 3anponono8anoi MemoOuKu po3paxyHKy 00360J4€ KOHMPOIO8AmM CMAaH IHOYKYIIHUX KaHATbHUX neyet i po3pooasmu
pexomenoayii 3i 30invuenns ixuvoeo pecypcy. bion. 12, puc. 3.

Knrouosi cnosa: enexrpomarHiTHe nose, iHIYKIIHHHNA HArpiB, YMCeIbHE MOCTIOBAHHS, B3a€MOIIOB'sI3aHI MpOLECH, IUIaBKa Miji,
nedexTH Teroi3osLil.

YHACJEHHOE MOJIEJTAPOBAHUE JIEKTPOMATHATHOI'O M TEILIOBOI'O IIOJIEMA B UHYKIIMOHHBIX
KAHAJIBHBIX NIEYAX C JE®OEKTAMHU ®YTEPOBKH

ML.A. lllep6a, xaHx. TeXH. HAYK

HucruryT 3nexrponunamuku HAH Ykpaunsl,

np. [lo6enwl, 56, Kues-57, 03057, Ykpauna, E-mail: m.shcherba@gmail.com

Hcnonw3ys Memoo KOHeYHbIX NEeMEHMO8 U NOOX00bl MyIbMUPU3ULECK020 MOOETUPOSAHUS, NPOGEOEHbL YUCTEHHbIE IKCHEPUMEHMIbL U
AHATU3 HEOOHOPOOHO2O PACTPEOENeHUS INEKMPOMACHUMHO20 U MENN08020 NOJel 8 UHOYKYUOHHBIX KAHAIbHBIX NeYax npu 603HUKHOBe-
HUU Pa3TUyHbIX 0ehekmos ux mepmouzonayuu (ymeposku). 3aoaua popmyaupyemcs 8 HeauHelHou NOCMAHOBKe ¢ CUTbHbIMU 83AUM-
HBILMU CEA3AMU N003A0ay 07151 CLOJICHOU mpexmepHoll eeomempuu. Ha npumepe neuu 0nsa niaeku 6eckuciopooroil Meou npu npomexa-
HUU PACNIABa Memanid 6 ee ymeposKy onpeoenena 3a8ucumMoCcmy UMEeHeHUs meMnepamypubl Ha HOBEPXHOCMU KOPRYCA nevu om 2y-
OUHbL NPOHUKHOGEHUA U 00vema pacniasa. Hcciedosansl usmernenus 6 pacnpeoeienuy meMnepamypsl GHYmpu mepmousonayuu no me-
pee ee Oezpadayuu, m.e. no mepe OOCHMUICEHUS PACATIABOM KAAHCO020 U3 embipex cioee mamepuana. Onpedenenvl asapuiinble KOHQpU-
2ypayuu npomeKanuti pacniasa, mpedyouee OCMaHO8KU neyu U ee 3aMeHbl, d MAaKdi#ce NPOBedeH aHAIU3 CYWeCmayIowux Cumyayutl,
HAOMIOOAEMbIX HA JUHUAX UMb HA NPOMBIUIEHHBIX npeonpusmusax. [Ipumenenue npeonoxceHHOU MemoOuKu pacuema no3eousem
KOHMPOIUPOBAMb COCMOsHUE UHOVKYUOHHBIX KAHAILHBIX Nnedell U paspabamuvléanmb DeKOMEHOAyuu Nno YeeludeHuio ux pecypcd.
bubn. 12, puc. 3.

Knioueevie cnoga: >neKTpOMAarHUTHOE I0JIE, WHAYKIIMOHHBI HArpeB, YHCIEHHOE MOJEIMPOBAHNE, B3aUMOCBSI3aHHBIC MPOIECCHI,
IUIaBKa MeJH, 1e(eKThl TepMOU3OJISIUH.
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