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[ Abstract] A general mathematical model and boundary condition applicable to momentum and heat transfer in the

semisolid continuous casting( SCC) process was established. Using the model, the numerical simulation of the momentum

and heat transfer of molten metal was carried out in the SCC system. The obtained results fit well with the measured

ones. Moreover, using the numerical simulating software,

the effect of various factors on breakout and breakage was ex-

plored. The obtained results show that heat flow density of copper mold and the withdrawal beginning time are two major

influencing factors. The larger the heat flow density of copper mold, or the shorter the withdrawal beginning time, the

more stable the semisolid continuous casting process.
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1 INTRODUCTION

Semisolid continuous casting( SCC) is still in the

=31 Therefore,

experimental study stage in Chinal
many problems are needed to be explored continuous-
ly. Among them, the breakage and breakout are the
key blocks to limit the industrial application of the
process. Because of the complexity in mechanisms
and the difficulty in experimental research, the study
the nu-

on the process advances slowly. However,

merical simulation, an important method for re-
search, has made great progress. It may offer the
study of the SCC process with a new means'*™ % . In
fact, by using numerical simulation, the momentum
and heat transfer can be calculated simultaneously,
and the possibility of the breakage and breakout may
be predicted. Moreover, the effects of various factors
on the stability of the SCC process can be studied
quantitatively. So, the application of the numerical
simulation in the research of the SCC process is very

important.

2 MATHEMATICAL EQUATION AND BOUND-
ARY CONDITION

2.1 Mathematical equations

Because of magnetic stirring, the flow of the
semisolid melt in the SCC system appears very com-
plicated. However, it still can be looked on as un-

steady flow of the viscid and incompressible fluid on

the condition that the viscosity is settled properly!”!
Moreover, because the semisolid slurry has good flu-
idity! ™', the flow of it can also be regarded as lamellar
one. Therefore, the SCC process can be mathemati
cally described by an improved magnetic fluid equa
tion. In order to solve the equation, the heat transfer
equation must be considered simultaneously. So, the
complete mathematical equations include the follow-
ing three parts.

1) Equation of Mass Conservation:
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2) Equation of Momentum Conservation
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3) Heat Transferring Equation:
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_L_ oT oT oT that there is a point of intersection at 145s in Fig. 1.
p( Cp ) + Cp Q} r + Cp Q}z = i y " v
ot or Oz Before this point, the measured temperature is higher
_LQZ 0’1 N 0*1 ) (3) than the numerically simulated one. But after it the
! rort or2t 0:2 former is lower than the later. The phenomenon can
where the viscosity coefficient H is a function of the be explained by the different condition in the test and

[6.8]

fluid velocity and solid fraction'™™, and can be ex-

pressed as
T ”J aﬂi CLINS 4

29 3t 3 (4)

In Eqns. (1) ~
locity component on the r,
F., Fo—the magnetic force component

U=

(4), vr, ve, v, —the fluid ve
0, z directions respec
tively, m/s;
on the r, 0 directions respectively, N; T —the liq
uidus of alloy, K; 7T's—the solidus of alloy, K; p —
the pressure, N; T —the temperature, K; P—the
density of the semisolid melt, kg/ m’; ¢, —the specific
J/ (kg*K); k —the ther
J/(me*K);
g —the acceleration of gravity, m/s’; L —the crys
tallize latent heat, J/mol; ¥, —solid fraction of the
semisolid slurry; a, b, a—the constants to be deter
mined experimentally.

heat of the semisolid melt,
mal conductivity of the semisolid melt,

Initial and boundary conditions
.1 Initial condition
When t=0, T=T,, v=0, %=0, Ap=0
2.2.2 Boundary condition

2.2
2.2

1) Boundary condition for temperature field
At axis line: %zz 0;

r
T= Tt

At melt surface in stirring chamber: b

At the lower boundary of mold: %zt: 0;
At the interface between the stirring chamber

dr

and mold: - £ 4= 4

2) Boundary condition for fluid field

On all of the boundary, such as the axis line,
melt surface in the stirring chamber, the lower
boundary of the mold, the stirring chamber and
mold, the velocity equals to zero( v= 0).

By using the method of crisscross net check!”
and explicit finite deference scheme'” ', Eqns. (1)
~ (4) are solved, and the velocity and temperature

field are obtained.
3 RESULTS AND DISCUSSION

The experiment is carried out on the SCC ma-
chine made in China. By using PtRh-Pt thermocouple
with the diameter of 0.5 mm and an auto-balance
record meter, the temperature of the semisolid slurry
of 0. 2% carbon steel is measured and recorded con-
tinuously. The numerical simulation results and the
test results are shown in Fig. 1. It can be seen that
the results obtained by the numerical simulation is the

same as the test results basically. It is very interesting

numerical simulation. In the test, the stirring cham-
ber is filled and never poured again afterward, but in
the numerical simulation the liquid in it is assumed in
a constant level. However, from the fact that the test
results and numerical simulation results are fitted well
in the initial stage, thus a conclusion can be drawn
that the general mathematical model is reasonable and

reliable.
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Fig. 1 Comparison of temperature field
calculated and measured

4 STABILITY OF SCC PROCESS

The SCC test shows that the breakage and
breakout are two typical unsteady phenomenon of the
process. Their mechanisms are assumed related with
the friction between the billet and the mold. Because
there is no any vibrating equipment, large friction be-
tween the billet and the mold is found. When the
withdrawal begins, it is sure to form a crack at some
position because of the friction. The higher the crack

the easier the welding and the better the
[ 11]

location,
stability of the SCC process
stability can be predicted according to the position of
the initial crack. And the Eqn. (5) is the decision ba-
sis on the initial location of the crack. On the other
hand, the thickness of the solidified shell at the crack
position has a complicated effect on the stability of the
SCC process and can be acted as another parameter to

Consequently the

predict the stability of the process.

Al —d 5 w
Z= 2| N2y— ¢ 2
_2d
J e (s)

where Z is the location of the initial crack, mm;
¢, d, y are the functions of the friction coefficient,
solidification coefficient, grade of the temperature and
withdrawal rate.

On the basis of the former software, new soft-
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ware called “SSM- II” is constructed, which can be
used to explore the stability of the process. Using this
software, the effect of major factors is first studied by
computer, and then the successful design for the pro-
cess can be obtained.

The previous tests show that the main factors
which affect the temperature distribution of the
semisolid melt are the withdrawal beginning time,
pouring temperature, heat flow density, copper mold
length and withdrawal rate!'”. In order to determine
the effect of those factors on the SCC process and get
the best design for the process, a series of experi
ments for the above 5 factors each with 5 levels is de-
signed and carried out by the software ” SSM-11".
The control factors and their levels used in the simu-
lation experiment are list in Table 1.

By statistical analysis to the data of the simula
tion experiments, the extreme difference values
which show the effect of every factor on the location
and solidification shell of the initial crack are obtained
and list in Table 2 and Table 3. The bigger the ex-
treme difference value, the larger the effect of the
factor. From Table 2 and Table 3, it can be seen that
heat flow density of copper mold is the most signifi-
cant influencing factor on the stability of the process,
while withdrawal beginning time take the second
place. Choosing the level of every factor that corre-
sponds to the small value of the crack height in Table
2, and a better project of the process A 1-B4-C1-D 1-
ES5 is got. But choosing the level of every factor that
corresponds to the big value of the thickness on the
crack place in Table 3, and another better project

A5-B1-C5-D1-E1 can be gotten. Synthetically con-
sidering the stability of the SCC process and the simu-
lated results, it can be seen that the actual best pro-
ject is A 3-B2-C3-D1-E4. Namely, the withdrawal
beginning time is 30 s, the heat flow density of cop-
per mold is 2.2x 10° W/m?; the pouring tempera-
ture is 1597 C; the copper mold length is 150 mm
and the withdrawal rate is 400 mm/ min. Based on
this project, the simulation test and the actual test are
carried out separately. The obtained results (as list in
Table 4) are fitted well. The location of the initial
crack is 2. 1~ 3. 75 mm away from the surface of the
mold, and the solidification shell thickness of the ini-
tial crack is 1.5~ 2.0 mm.

S CONCLUSIONS

1) Considered the characteristic of nomrNewton
fluid of metal melt and taken the viscosity as a func
tion of the solid fraction and stirring rate, a general
mathematical model and boundary condition applica-
ble to momentum and heat transfer in the semisolid

and the

software to describe the SCC temperature and fluid

continuous casting process is established,

field is constructed. Using the model, the numerical
simulation of the momentum and heat transfer of
molten metal is carried out in the SCC system by
means of the special software ”SSM- 1 ”.

2) On the basis of the former software, another
software called ”SSM- I[” is achieved, which can be
used to predict the stability of the SCC process. Us
ing the software ”SSM- II”, the effect of every factor

Table 1 Control factors and their levels

Withdrawal beginning time Pouring temperature

Factor

Heat flow density Copper mold length ~ Withdrawal rate

(A)/s (B)/C (O)/(Wem™?) (D)/mm (E)/(mm*min” ")
Level 1 10 1580 4.0%10° 150 100
Level 2 20 1597 1.3x10° 250 200
Level 3 30 1615 2.2x10° 300 300
Level 4 40 1632 3.1x10° 400 400
Level 5 50 1650 4.0%10° 500 500
Table 2 Effect of various factors on height of initial crack (mm)
Level A B C D E

1 3.852156 19.56195 0. 209264 5.750498 24. 84356

2 12.31942 14.106 13 3.464277 8.132643 15. 64791

3 7.387831 11.44395 7. 896 269 22.45090 17.287 85

4 16. 15028 8. 662465 21. 99503 10.07979 4. 845653

5 27. 68493 13.62031 33. 82978 12.98079 4.769 638

Tixireme 23.83277 10. 899 48 33. 62051 14.31826 20. 07393

difference
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Table 3 Effect of various factors on
thickness of initial solidified shell ( m)
Level A B C D E

I 0.012 0.020 0.009 0.019 0.019
2 0.015 0017 0.015 0.018 0.017
3 0.018 0.017 0.018 0.018 0.018
4 0.019 0.015 0.021 0.017 0.017
5 0.023 0.018 0.024 0.016 0.016
(ﬁf’;gf:; 0.011 0.005 0.015 0.003 0.003

Table 4 Comparison between calculated and
measured results

Crack height T hickness of solidified shell

/ mm / m
Calculated 2.10 0.0015
M easured 3.75 0.0020

is studied by computer. The obtained results show
that the heat flow density of copper mold and the
withdrawal beginning time are two major influencing
factors. The larger the heat flow density of copper
mold, or the shorter the withdrawal beginning time,
the more stable the semisolid continuous casting pro-
cess.
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