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Abstract. In the smelting and foundry production of aluminum ingots, filling conveyors are widely used.
Aluminum ingots of a certain shape and weight are obtained by crystallizing liquid aluminum (melt)
in the molds of the filling conveyor. As the mills move along the conveyor, the melt gradually hardens
in them. In high-performance conveyors, the mills move through the water to increase the cooling rate
of the melt. Therefore, after the mill is freed from the hardened ingot, water enters it. In order to avoid
temperature shock and possible release of liquid metal, the molds must be dried and heated before
pouring. At present, gas burners are used in aluminum plants for this purpose [1]. The purpose of this
work is to study the possibility of induction heating of the filling conveyor molds.

The calculation is carried out using Fourier series in complex form and approximate boundary conditions
on the surface of ferromagnetic molds. The approximate boundary conditions avoid the need to calculate
the electromagnetic field in a nonlinear ferromagnetic medium.

In the heated object, the energy of the induced alternating electric field is irreversibly converted into
thermal energy. This dissipation of thermal energy, which leads to the heating of the object, is determined
by the presence of conduction currents (eddy currents).

Induction heating is widely used in metallurgy for melting, heating and mixing of electrically conductive
bodies. The method is based on the absorption of electromagnetic energy by bodies of an alternating
magnetic field created by an inductor. The heated product is located in the immediate vicinity of the
inductor. There are many publications on analytical and numerical, analysis of physical processes in
the inductor-heated billet system. In this paper, an analytical calculation of electromagnetic processes
in the system of inductor — ferromagnetic molds of the filling conveyor is carried out. The analytical
solution is obtained by using the approximate boundary condition of L. R. Neumann on the surface of
nonlinear ferromagnetic molds.
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AHHOTauus. B n1aBuJIbHO-IUTENHOM IIPOM3BOACTBE AJJIOMUHUEBOM UYILIKHU IIHPOKO UCIIONIb3YIOTCS
pa3nnBOYHBIC KOHBEHEPHI. ATIOMIUHHEBAS YyIIKA ONPEIeIEHHON (GOPMBI U BEca MOTYUJaeTCs My TeM
KPHUCTAJIIN3aNUN KUIKOT0 JIIOMUHNUS (paciiaBa) B U3JI0KHUIAX PAa3IMBOYHOIO KOHBEHepa.
ITo Mepe ABMIKEHUS M3I0XKHUI] IO KOHBEHEPY pacliaB B HUX ITOCTENEHHO 3aTBEpPEBAET.
B BBICOKOTIPOM3BOAMTEIBHBIX KOHBEHEPAX ISl yBEJIMUCHNSI CKOPOCTH OXJIAXKJICHHS pacIliaBa
M3JI0KHUIBI ABUTAIOTCA 110 Boje. [ToaToMy mmocie 0cBOOOKACHUS N3JI0KHHUIIBI OT 3aTBEPAEBIICH
YYIIKH B Hee nonagaet Boaa. C 1enplo HCKIIIOYEHN ] TEMIIEPATY PHOTO IIOKa U BO3MOXKHOTO BEIOpOCa
KHJIKOTO METaJIIa H3JIOKHHUIBI HEOOX0MMO MEpesl 3aIMBKOM NPOCYIINTh U ITOJ0rpeTh. B HacTosmee
BpEMsl Ha aJIFOMHUHHUEBBIX 3aBOJaX /ISl TOTO UCHOJB3YIOT ra3oBelie ropesku [1]. Llensio nanHoi
paboTHI IBISAETCS NCCIIEAOBAHIE BO3MOXKHOCTH HHIYKIIMOHHOTO HArPEBA U3JI0KHUIL PA3THBOTHOTO
KOHBelepa.

PacuerocymecTBiseTCs C NCHOIb30BaHUEM Psi/10B Dyphbe B KOMIUIEKCHOH (hopmMe 1 TpHOITHKEHHBIMU
TPAaHUYHBIMH YCJIOBHSIMH Ha TIOBEPXHOCTH (DEPPOMATHUTHBIX HM3JIOXKHUL. [IpnbnnxeHHbIC
TPaHUYHbBIE YCIIOBHS TO3BOJISIIOT M30€KaTh HEOOXOAMMOCTH pacdeTa 3IEKTPOMArHUTHOTO IO
B HETMHEHHOH (peppOMarHUTHON cpejie.

B HarpeBaeMoM 00bEKTE SHEPT HsI MH/LY LIUPOBAHHOTO IEPEMEHHOT0 3JIEKTPUIECKOT0 ITOJIsI HEOOPATHMO
MIPEBPAINACTCS B TETJIOBYIO 3HEPTHIO. DTa JUCCUIIANNS TEIJIOBON SHEPTUH, IPUBOISIIAS K HATPEBY
00BeKTa, OIpenensieTcss HATHIHEeM TOKOB TIPOBOIUMOCTH (BUXPEBHIX TOKOB).

VHAYyKOUOHHBIA HAarpeB IIHPOKO NPUMEHSETCS B METATyprd JUisl IUIABJICHHS, Harpesa
U TEepeMElIMBaHMUs 3JIEKTPONPOBOAANINX Tel. MeToq OCHOBAaH Ha MOMIOHNICHWH TellaMHu
JIEKTPOMArHUTHONH SHEPTHM IIEPEMEHHOTO MAarHUTHOTO IIOJIA, CO34aBa€MOr0 HHIYyKTOPOM.
HarpeBaemoe u3zenne pacroyiaraercsi B HeOCPEACTBEHHON OM30CTH OT MHIyKTOopa. CyImecTByeT
MHOTO MyOJIMKamuii 1O aHAJIUTHYECKOMY M UHCICHHOMY aHanu3y (U3MYECKHX IPOIECCOB
B CHCTEME MHIYKTOp — HarpeBaeMas 3aroToBKa. B maHHOi paboTe MpoBeaeH aHATUTHICCKHUI pacdeT
JIEKTPOMATHUTHBIX IIPOLIECCOB B CHCTEME HHTYKTOP — (hepPOMArHUTHBIE N3JI0KHUIIBI PA3]IHBOTHOTO
KOHBeHepa. AHAINTHYECKOE pEIICHHE IOIyYeHO OJarogapsi HCIOJIb30BAHHMIO IPUOIIKEHHOTO
rparmgHOro yciosus JI. P. Heifimana Ha moBepXHOCTH HEMMHEHHBIX ()epPOMATHUTHBIX W3IIOKHUII.

KuroueBnle cjioBa: pa3auBOUHBIN KOHBEHep, MHAYKIMOHHBIM HArpeB, CUCTEMa MHIYKTOP — U3JI0KHHUIIA,
AJIOMUHUEBBINA CIUTOK, MATHUTHOE TI0JIE.
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The structure and the principle of operation of the filling conveyor

with induction heating of the molds is described

Figure 1 schematically shows the filling conveyor for the production of aluminum ingots. Here, 1
is a filling wheel; 2 is a mold; 3 is a water-cooling system; 4 is a solid ingot; 5 is a gas burner; 6 is an
inductor of an alternating magnetic field.

The device works as follows. From the filling wheel 1, the melt enters the mold 2, which moves
from point A to point B. Along the way, the metal mill passes through a water-cooling system. The
melt in the molds crystallizes and at point B the solid ingot 4 falls out of the mold and is placed in a
bag for transportation. Gas burners 5 can be used to dry and heat the molds before pouring the melt
at point A. In this paper, we will consider the possibility of using an induction heating system for
molds. The variable magnetic field inductor 6 is installed at the bottom of the conveyor. The inductor
6 consists of a magnetic circuit 7 and a winding 8 laid in the grooves of the magnetic circuit. When
the winding 8 is connected to an alternating voltage source, an electric current occurs in it, creating an
alternating magnetic field. According to the law of electromagnetic induction, an alternating magnetic
field induces eddy currents in steel mills, the energy of which leads to an increase in the temperature
of the molds.

To increase the temperature of the mill by a value of ATy = 7, — T;, an amount of energy (1) is

required.
621 = meATzl, (1)

where m — the weight of the mold, kg;
C, — specific heat capacity, J/kg * K;
T; — the temperature of the mold at the point G (before entering the inductor zone), K;
T, — the temperature of the mold at point D (at the exit from the inductor zone), K.
The active power P entering the mold from the inductor must ensure that the energy balance is

maintained
Ptl = 921 + APptz, (2)

where ¢, — the time of movement of the mold in the zone of the inductor, sec;

t, — the time of the mold movement from the inductor to the melt filling, sec;

Fig. 1. Schematic drawing of the filling conveyor

— 585 —



Journal of Siberian Federal University. Engineering & Technologies 2021 14(5): 583-589

AP, — the power of energy dissipation when cooling the mold, when moving from the inductor zone to
the metal casting point (point A), WA.

Computational and mathematical models of the inductor-mill system

When constructing the computational model, we consider the following assumptions [2]:

1. We present the molds as a homogeneous ferromagnetic medium with a specific electrical
conductivity of v, and a magnetic permeability of ,, as a function of the magnetic field strength of
Wa = o * fe =f(H). The homogeneous medium moves comparative to the inductor at a constant speed v.

2. The magnetic core of the inductor is represented by a smooth medium with a specific electrical
conductivity of y. = 0, and a magnetic permeability of 1. = oo, the grooves with the winding conductors

are conditionally accepted as surface currents with a linear density, A / m.
J = Je v, 3)

where ®( = ws; ® — angular frequency, ¢; s —slip, o =7 /1.

~ Wk g @,5)

sTf—v
s = f oJ
stf T
The dimensions of the device in the transverse direction (y-axis) are assumed to be infinitely
large. The coordinate system is considered to be rigidly connected to the ferromagnetic medium.

The calculation model that meets the accepted conditions is shown in Figure 2.
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Fig. 2. Calculation model of the system of inductor-ferromagnetic molds

The vectors of the electric and magnetic field strengths have component values
E(t,x,z)=¢2,-E; H(t,x,z)=eH, (t.x,z)+e H,_(1,x,2). 6,7)

It is advisable to solve the problem of calculating the electromagnetic field through the complex

component of the electric field strength E (x, z), which can be represented in accordance with (3).
E, (x,2)=E,(z)e™. ®)

The mathematical model for determining E y (z ), in accordance with the calculation model, has

the form:
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The Laplace equation

d*E .
Y _olE. =0. )

2 y
dz

Boundary conditions

=J; E (6)=(1+i0,6) |———~—L.H (), (10, 11)
where p.(H) is the value of the magnetic permeability on the surface of the ferromagnetic medium,
determined from the universal magnetization curve by the effective value of the magnetic field strength
H, [3]. Due to the pronounced surface effect Hy =~ H,. Expression 11 is an approximate boundary
condition of L.R. Neumann [4].

From Maxwell's equation rotE = —ia),UOH , we get
- 1 O

H, = —. 12)
ioy, 0z

Considering (12), the boundary conditions (10) and (11) are transformed to the form

E . oE
=(0) =iop,J ; E,(6)=—z,-—=(5), (13, 14)
z oz
where
1 H
2=-00—— LH) (15)
N\ 7.

The presented mathematical model (9—15) allows us to obtain an expression for the electric field

strength in the form:

_ipgywJ sha(z—-6)—azcha(z—-0)

E,(2) (16)

a chad +az.shad

In accordance with (12), we write the expression for the component of the magnetic field strength

cha(z—-0)—azsha(z—-0)

H.(2)=J- 17
(2) chad +az,shad an
We introduce a dimensionless coefficientf
V4 H
- H () (18)
Tuo\/g 7/c
In this case, in accordance with (15), we have
oz, =—0,6¢ + i, (19)
On the surface of ferromagnetic molds z = 3, the expression (17) takes the form
H (5)~H S S S (20)
* °7 chad +azshas
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From here we get

J=H, " |chad + (—0,6C + i{)shad|. 21)
Ly
Ve

Equation (21) is non-linear, since the quantity { included in 1 depends on

For a wide class of steels, the dependence ’ He _ f(H,) is presented in Table 1 [2].
Ve

The third row of Table 1 shows the values of the relative coefficient {, calculated by (18), for the
following values: ® = 2nf=314 - ¢'!; 1=0,2 m; uy = 4n - 10”7 Gn/m. The fourth line shows the value of
the current density J, determined by (21).

For 2 +xen value of the linear current load .J, we determine the value H, from Table 1 and find
H,

Ve

the value

Table 1. Basic parameters
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Ve e < — =N 0 o~ n V) ) o) o IS x o
- - - < < < < < < < < < < <
Om-cex’! = S = S = S = = S = S = = S
x® <t [\l v (o)) [ <t e Ne) o o~ = -
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<t —
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Electromagnetic power of the inductor

The complex electromagnetic power transmitted by the inductor to the gap is equal to

SM =—1-L-E(0)-J, (22)

where, / and L are the width and length of the inductor, m; J is the conjugate complex of the current
density.
From (16) we write

. M, shad + z.achad

E (0)= . (23)
/0 a  chad+ zashas
Substituting (23) in (22), we write the expression for the electromagnetic power
L
§M = P i =IO p x iy, 24)
V4
e
(X +i¥)=i shad + gcachoﬁ' (25)
chaod + z ashad
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Fig. 3. Dependence of active and reactive power on frequency

Here, the active and reactive electromagnetic power.
PPM = Re{S°M} u O°M = Im{S°M}. (26,27)

Fig. 3 shows the dependences of the active P°M and reactive O°M powers on the linear current

density, at different frequencies of f, Hz.

Conclusions

1) On the basis of the accepted assumptions, a mathematical model is constructed for determining
the vectors of the electromagnetic field, in which the nonlinear properties of the ferromagnetic medium
are considered by using the approximate boundary condition of L.R. Neumann.

2) The dependences between the magnetic field strength and the corresponding magnetic
permeability value on the linear current density of the inductor at different values of parameter { are
obtained, all values are given in Table 1.

3) At the required value of the active power providing the set temperature of the mold at the melt
supply point, the value of the linear current load of the inductor is determined and all the electromagnetic

characteristics of the inductor — mold system are calculated.
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