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[ Abstract] The numerical simulation of temperature field of electromagnetic casting (EMC) aluminum ingots is an ef-

fective and also necessary approach to study the temperature field and forecast the quality of EM C ingot, or optimize the

technological parameters. In EMC, the alternating electromagnetic field can produce induced current and heat within the

surface layer. To calculate the temperature field precisely, the induced heat should be taken into account. The induced

heat has been coupled into the calculation formula of temperature field of unit volume per unit time, which provides a con-

venient and also precise method to calculate the temperature field. Besides, the effect of induced heat on the temperature

field of ingot has been simulated and discussed. The results show that the induced heat has large influences on the height

of liquid column and the surface temperature of ingot.
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1 INTRODUCTION

From certain point of view, the process of elec
tromagnetic casting (EMC) is also a heat-extracting
process. The heat should be extracted, including the
overheat of liquid metal, the latent heat and the heat
of high temperature solid metal''!. The temperature
field in the cast ingots not only determines the process
parameters such as casting speed, but also directly in-
fluences the outer and inner quality of ingot. So the
study of temperature field of ingot during EMC pro-
cess is of great significance. The computer numerical
simulation can forecast the temperature field of ingot
in EMC process quickly and effectively, and help se-
lect the technological parameters, calculate the stress
field and even predict the quality of ingots, so it is
now widely used and has been given much attention.

Before numerical simulation, a mathematical
model should be founded from the corresponding
physical model, and then the approximate solution
can be got with some discrete method. Generally,
there is no question in numerical simulation of tem-
perature field, but for EMC process, there are some
particular problems to be solved.

In EMC, the alternating electromagnetic field
can produce an induced current within the surface lay-
er, which is well known as the skin effect. This kind
of short circuit current will yield considerable heat
within the surface layer and affect the temperature
field. To calculate the temperature field precisely, the
induced heat should be taken into account.

Prasso et all?l have simulated the temperature
field of EMC aluminum ingot using finite element

method, and the induced heat is pointed out to be cal-
culated based on the solution of Maxwell function.
But how it is done hasn’ t been given in detail.

In this paper, the induced heat has been coupled
into the formula of temperature field of unit volume
per unit time. Besides, the effect of induced heat on
the temperature field of ingot has been simulated and
discussed.

2 HEAT TRANSFER EQUATION IN EMC

The governing heat-transfer equation in EMC is
cpp(%l[+ ve VT)= Ve (kVT)+ q (1)

where ¢,, k and P are the special heat, heat con-
ductivity and mass density of the metal respectively,
v is the mass transfer speed, T is the temperature, ¢
refers to time, and ¢ is the inner heat source, includ-
ing the latent heat and induced heat.

Usually the horizontal flow speed of the calculat-
ed element is ignored and the liquid metal and solid
metal are assumed as one block and move downward
with the same speed, that is, the casting speed v..
The facile heat transport in the liquid pool due to the
flow of liquid metal is dealt with a simplified method
by multiplying a factor to enhance the thermal con-
ductivity. Thus Eqn. (1) can be written as

cpp%tz: Ve (k VT)_CPQ’C%E"'Q (2)

The temperature field of EMC ingot in fact is
continuously changing in space. The casting speed
item in Eqn. (2) makes the heat transfer equation as
a three-dimensional, nomsteady and nomhomoge-

neous equation. It’ s very difficult to solve it directly.
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But now it has been verified that this equation can be
replaced by a norrsteady, homogeneous Eqn. (3)!7).

ar Ve(kVvT)+ g (3)

“Pa, =

The dynamic temperature field at any next time
step can be calculated first by using Eqn. (3). Then,
the temperature field move down a distance v At, at
the same time, the v At length at the top should be
filled with liquid metal.

The methods usually used in numerical simula-
tion of temperature field include finite difference
method (FDM), finite element method (FEM) and
boundary element method (BEM), and so on. FDM
has the advantage of simple formula, easy netting,
small calculating amount, and stable converged re-
sult, and is quite suitable in calculating the tempera
ture field that has phase change and large temperature
change. According to the different dealing methods of
time, it is also divided as explicit FDM, implicit
FDM and alternate explicit (or implicit) FDM, and
so on. Alternate explicit FDM is a kind of modified
FDM, which first calculates the temperature of every
element in one time step from quite different direc
tions called positive and negative directions, and then
makes the average value of the two calculated results
as the current temperature of the element. This
method has both the advantages of the explicit and
implicit FDM. The requirement of time step isn’ t
strict and will converge stably but has no large calcu-
lation amount. So in this paper, the alternate explicit
FDM is used.

One of the calculation units is shown in Fig. 1.
Suppose the special heat and mass density of the metal
are ¢ and P respectively, the thermal conductivity of
the unit itself and its neighbor units, that is, the left,
right, front, behind, upper, and down units are k.,
ke, kery kety keb, kew and ke respectively, Ax, Ay
and Az are the sizes of the units at x, y and z direc
tion. And compound thermal conductivities between
the neighbor units and the calculated unit ki, k., ki,
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Fig.1 Schematic drawing of three-dimensional unit

ky, ky and k4 are given as follows:
k(—‘kf‘l( AV,'_ 1+ AV/)

i kabdyj+ ke lyj-1”°
b= kekbo( Ayis 1+ Ay;)
o kalyit ke lyjnn
keke( Axio 1+ Ax;)
los = ketAxi+ ke Mioq’
ek ( Axiv 1+ Ax;)
v = ke Axi+ ke Mojr ’
Lo keke( Azp 1+ Azy)
YT keBzp+ ke My’
k= keked( Az 1+ Azy)

ke Azp+ ke Mepe
According to the theory of energy conversation,
the energy change of the unit in a time step of At is
equal to the energy exchange between itself and its
neighbor units. As a result, the following equation is
got
AQi, j. v= T = T% j, 1) Axi Ay Azy
= AQi+ AQ.+ AQu+ AQq+
AQ+ AQp+ AQ ., (4)
where T%"!' , and T% ;  represent the tempera
tures of the unit at next time step and the current
time step respectively; AQ,; ; ; is the energy change
of the unit during one time step, while AQ1, AQ.,
AQue Ade
ferred to the unit from its left, right, upper, down,
front and behind neighbor units; AQ, is the inner
heat source. And there are
AQ1 = kigradT Ax; Az At
lei)i—lk—Tli)ik
V1720 Ay Byj)
kegradT Ax; Az At
% jad 60— 19 ;4
' 1/2( A}/j+ 1+ ij)
kugradT Ax; Ayj At
g v T8 12
= ku 1/2( Az i+ AZk) Axiij At (7)
kagradT Ax; Ayj At

AQ¢ and AQ) are the energies trans

Ax; Az At (5)

AQ.

=k Axi Az At (6)

AQ

AQa
— k IL) j. k+ 1~ T‘i} ik
= d 1/2( Azk+ 1+ AZA)

AQ ¢ = kigradT Ay; Azj, At

T‘?‘l . k™ T‘IL) ik
= F U2 b Bap) 02N (9

AxL-ij At (8)

AQy, = kygradT Ay; Azj At
i TP
i+ 1, .k I Jj. k
= ko 2 Ay 1t Ay i Azt (10)
AQw= q Dx; Ayj Azy At (11)
’.*,1 _ P . _ _ML.
TL, Jj. k TL, i, k= CpAy/
L T8 ;o4 4= T% L
1
Ayj- 1+ by,
i TR et =10 4 b
Nyt by
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2AL, VE i)+ A vli%, = VESL )+
oPhm: | AWCVE G o= VE G )+ Aa( VAT i
o e tikm Th i Vel )+ AT+ AT, (15)
by 1% Loy Define W= 1/(1+ A+ A+ Ay), M= 1/(1+
. Tieyj 4= T0 ;4 A+ Ap+ Ay), Eqns. (14) and (15) can then be
Ativ 1+ M, written as
2AL, Uit = WI(1= A= A= Ag) UL, g+
cPAzy, p y
™o, AcUE o,k Av Ui, j, 1t
by = ’Azk- + &lkl + AdUIL), et ATURT Lt
S ike1= T% ;g AT 5, ik AU e
ka Azpe 1+ g ‘ + L AT 1+ AT,] ) (16)
m (12) V‘ll j, k= [(1— Al— A Au) VIL, i, kT
cP AVVE o+ AeVE )kt
Set A VE 1+ A V’Z+,1+1 K+
1= 2k|At , Abvz+1 j. kT Advz j k+ 17T
Py ( Ayj- 1+ y;) AT 1+ AT, (17)
= 2k Al , The average value calculated by these two direc
cPhy;(Ayje 1+ Ly;) tions is regarded as the actual temperature of the u-
2k At . .
A nit, that is
cPAx( Axio 1+ Ax;)’ 1
2k, At Tijow= 5 (Ui j o+ Vij x) (18)
Ap= cPAx ;i ( Axiy 1+ Ax;)”’
A - 2k, At 3 CONSIDERATION ON INDUCED HEAT
u cpAzk( Az 1+ Azk) ’
A= 2kq At The schematic diagram of liquid column H of
4= cPAz( Azpy 1+ Azy) EMC ingot is shown in Fig. 2. In EMC process, the
Then Eqn. (12) can be written as interface of liquid and solid usually is kept at the mid
Thr = T2 5 h= AW(T? oy s height of the inductor, here exists the maximal elec
TP i )+ AT jor k= TE ;. 1)+ tromagnetic pressure'?, so it can be considered that

A[(TL~1 j k— T[Lj lt)+ Al)(TIi)+1aj’ k=
T joe)+ Au(TE j, 1= T 5, 1)+

Ad(TE 5 = TO ;. )+ AL (13)

P
w here . o0 - AT 1+ AT, AT is the temperature

increase caused by the thermal release of the latent
heat, which can be dealt by the temperature rise
method or equivalent special heat method. AT is the
temperature increase caused by the induced heat and
can be dealt according to its distribution rule.
Supposing the functions U; ; rand V; j ; sat-
isfy the same initial and boundary conditions as the
function T'; ; &, Eqn. (13) can be solved using alter-
nate explicit FDM.
When calculated in positive direction, there is
Upf,l k= Uli),j = A U[i+,141 k= U"Z'fjl, K)+
AU jorw= UL i)+ A U2 LG k-

U‘T,l i)+ A UIH»I , = UL 1)+
Al U o= U )+ Aa( B ) e i
Ui i i)+ AT+ AT, (14)

While calculated in negative direction, there is
+ 1
VESjoe= Vi = A VE o= VE o)+
+ 1 + 1
AV o w= VET )+ A Vi k-

the induced heat acts on the zone of 2H and its value
is symmetrical to the liquid-solid interface.

— Yl B\,

® Pt 2H

Fig. 2 Schematic diagram of liquid column and
distribution of induced heat

The induced heat in the liquid column is
2
/=% (19)

where J is the effective current density, and O is
the electrical conductivity of liquid aluminum.

Owing to the skin effect, the current density in
the liquid column distributes as the following expo-
nential function'”!

J= Jo*exp(- r/9) (20)
where Jois the effective current density at the sur
face of the liquid column, r is the horizontal distance

to the surface of the liquid column, and & is the skin
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depth.

During the EMC process, the electromagnetic
force acting on the liquid metal should be equal to the
metallostatic pressure of the liquid column!®, that is

pr= By/2H= &h (21)
where pg is electromagnetic pressure, By is the ef-
fective magnetic flux density, H is the magnetic per-
meability with the value about 4Tx 10" " H/m, Pis
the mass density of liquid aluminum, h is the dis
tance to the top surface of liquid column, and g is the
acceleration of gravity.

And because!> 7!

Jo=2By/ 18 (22)

Jo= ﬁg J g (23)

Combining expressions (19) ~ (23), there is

/= 4Qh - m;ﬁg; 2r/ §) (24)
where the depth of skin effect'® is

&= J%D (25)

Here ©= 2T, f is the frequency of electrical
source, usually ranges from 2 000 to 3 000 Hz in

EMC. Substituting expression (25) into expression
(24), it can be obtained that

4

g = 2@hwexp(- 2r/ §) (26)
Hence, AT, in Eqns. (16) and (17) can be ex-
pressed as

AT, = q AL
P
_ 2ghWexp(= 2r/ §) At (27)

c
Eqn. (27) is the expression of temperature in-

crease due to the induced heat within the liquid col-
umn. It is suitable to be used for ingots of any cross
section shape.

Obviously, the temperature rise caused by in-
duced heat increases with the height of liquid column,
and reaches a maximal value at the liquid-solid inter
face. This is quite agreeable to the experimental re-
sults!”!.

According to Eqn. (27), the induced heat main-
ly depends on the liquid height, and has little relation
with the thermal property parameters, except for the
skin depth of induced heat, namely &/ 2, which is al-
most the same for the high temperature solid and liq-
uid. Based on this fact, the induced heat of solid in-
got below the interface can be treated as being sym-
metrical to the above liquid column part, although the
mass density and the electrical conductivity of solid
are different from the liquid.

Practically, considering a horizontal distance of
10 mm away from the surface of the ingot is enough
to concern with the induced heat, while the other re-
gion can be calculated only through the heat conduc
tion mechanism.

4 RESULTS OF SIMULATION

The effect of induced heat on the temperature
field of ingot is shown in Fig. 3. The size of pure alu-
minum slab is 520 mm X 200 mm. The pouring tem-
perature is 710 C and the casting speed is 1 mm/s.
The lines in the figure are isotherms of different tem-
peratures as 660 C, 600 C, 550 C, 500 C, 400 C
and 300 'C, and 660 C is known as the solidification
point of pure aluminum. The dotted lines represent
the calculated isotherms without considering the in-
duced heat in calculation, while the solid lines repre-
sent the isotherms for which the induced heat has
been considered in calculation. It can be seen that the
effect of induced heat on the whole temperature field
of ingot is not very obvious. This just reflects the fact
that the induced heat is relatively small compared to
the overheat of liquid metal and the latent heat. But
clearly, the induced heat affects the surface and near
surface temperature. It is found that the height of
liquid column is 5. 5 mm higher than the liquid col-
umn calculated without considering the induced heat.
In EMC process, the height of liquid column should
be controlled very strictly''”. A fluctuation of 1 mm
or more is enough to damage the outer shape of ingot
or even break down the casting process. So the influ-
ence of induced heat should be paid enough attention.
The calculation of induced heat is quite helpful to
properly determine the casting speed and the imping-
ing point where the cooling water contacts with the
ingot.

660 T

600 T
550°C
500 C

00T

Distance from liquid level/ mm

300T

0 20 a0 &0 80 100
Distance from ingot surface/mm

Fig. 3 Comparison of calculated temperature
fields near inductor without and with

considering induced heat
Solid line —w ith induced heat;
Dash line —without induced heat

S CONCLUSIONS

1) According to electromagnetic theory and the
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technical parameters, the expression to calculate the
temperature field including the induced heat has been

deduced.

2) The simulation results of temperature field

show that the induced heat has large influences on the
height of liquid column and the surface temperature of

ingot.
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