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Turbulence flow and heat transfer of aluminum melt in tip cavity
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in process of thimr gauge high-speed casting
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Abstract: The uniformity of flow distribution of aluminum melt in tip cavity is a precondition to decide whether or not
thin- gauge higlr speed casting can be accomplished smoothly. The laws of aluminum melt flow and heat transfer in tip cav-
ity can be found out through numerical simulation, which gives theoretical basis for solving the problem of the flow distrr
bution of melt in tip cavity. A mathematical model with a low Reynolds number & —€ model for turbulence flow and heat
transfer of aluminum melt in tip cavity was developed. The finite difference method was used to calculate the flow field
and temperature field of aluminum melt in tip cavity. The phenomena and characteristics of turbulence flow and heat
transfer were analyzed, including the characteristics of temperature distribution of turbulence similar to that of laminar
flow. The simulation results are in good agreement with the experimental results for flow velocities and temperature at the
exit of tip, which verifies the validity of the simulation results.
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1 INTRODUCTION

In the process of twin roll casting of aluminum
strip, the uniformity of flow distribution in the tip
cavity has a great influence on the quality of strip' !,
such as flatness, heat line/ voids, surface crackle/
wrinkles. These defects are all due to nomruniformity
of flow distribution at the exit of tip along width dir
rection. In the process of high-speed thimrgauge cast-
ing, the gap between rollers is decreased, while the
speed of casting is increased greatly, which results in
the flow state in tip cavity more complicated, and the
flow resistance and the flow velocity distribution tak-
ing great changes. At the same time, the loss of heat
of aluminum melt in tip cavity takes corresponding
changes, which results in the temperature distribu-
tion of melt taking changes. Therefore, solving the
problem of flow distribution of melt in tip cavity is a
key to getting uniform velocity and temperature of
melt at the exit of tip cavity, which is a precondition
of realizing thin-gauge high-speed casting and getting
top-quality strip.

Two methods are considered to investigate the melt
flow and heat transfer in tip cavity. One is water simula
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tion'>®; the other is numerical simulation'” ', which

has been widely used because it is economical, repeatable
and liable to control and optimize. A 2-D mathematical
model for aluminum melt flow in tip cavity was devel
oped” and a 22D mathematical model for aluminum melt
flow and heat transfer in tip cavity was presented ® . The
aluminum melt flow and heat transfer in tip cavity was
simulated by computer in Ref. [ 9]. Because the thickness
of tip cavity is much less than its width and length, the
lower and upper walls have a great influence on the melt
flow and heat transfer, which are three dimensional. In
Ref. [ 10], a 3D mathematical model for aluminum lami-
nar flow in tip cavity was developed. While in the thir
gauge highrspeed casting, the melt flow in tip cavity is
turbulencel . A mathematical model for turbulence flow
and heat transfer will be developed in this paper to investr
gate the melt flow and heat transfer in tip cavity by nu-
merical simulation, which contributes greatly to obtaining
reasonable and optimal geometry structure of tip cavity to
realize steady, higlrefficient, highrspeed and continuous
casting.

2 MATHEMATICAL MODEL

2.1 Governing equations
The structure of tip cavity is shown in Fig. 1.
For developing the model. the assumptions of melt
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Fig.1 Structure of tip cavity (unit:

in tip cavity are made as follows:

1) The melt is incompressible and steady;

2) The melt is Newtonian fluid;

3) The flow melt is with generalized Boussinesq
eddy viscosity.

Based on above assumptions,
model for melt flow and heat transfer in tip cavity can
be solved by tensor in continuity equation, Navier

a mathematical

Stokes equation and energy equation.
1) Continuity equation
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The melt flow in tip cavity is turbulence, while

the melt flow becomes quastlaminar flow at the exit
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of tip cavity' ', and the turbulence model adopts the

low Reynolds number & —€ model''". The k equa
tion and € equation are as follows:
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2.2 Boundary conditions

According to the characteristics of tip cavity, the
boundary conditions with Cartesian coordinates are
proposed as follows:

1) Conditions of inlet:

2_,

U= W, uy= uz= 0, B =

k= 0.005( w2+ ul+ u?),

— 1.5 —_—
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2) Conditions of exit:
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20 =0 e = O 5p = 0 PP
ok 0€

_ _ oT _
Ox ~ 0, Ox ~ 0, & on = vl

3) Conditions of wall:
Uy wall= Uy wall= Uz wall= O,

ap_ 0, byar=0; €= 0, k%E

q1
4) Conditions of symmetric area:
Ju, Ou; op
By =0, uy=0, dy 0, By 0,
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ok, 0g . OT
dy = 0, oy = 0, ay—O
where u,, y,, u. denote the components of veloci-

ty vector in x , y, z directions respectively , m/s;
p is pressure, Pa; Qis density, kg/m’; B is the kir
netic viscosity coefficient of melt , Pa®s; w is the
component of inlet velocity vector in x direction, m/
s; p is the exit pressure, Pa; k is the turbulent fluc
tuation kinetic energy, m>/s* € is the dissipation
rate of turbulent fluctuation kinetic energy, m’/s’;
kyis the thermal conductivity of melt, W/ (m*K); £k,
is the thermal conductivity of turbulence, W/(m*®
K); ¢, is the specific heat capacity of melt at constant
pressure, kJ/(kg*K); T is temperature, K; T, is
inlet temperature, K; ¢ is the heat transfer coeffi
cient, W/ m?; Gwal is the heat transfer coefficient be-
tween melt and walls, W/ m?; r is the hydraulic ra
dius of inlet section in tip cavity, m; Re is the
Reynolds number of turbulence; Pr is the Prandtl
number of turbulence.

3 NUMERICAL SIMULATION AND ANALYSIS
OF VELOCITY AND TEMPERATURE OF
MELT IN TIP CAVITY

3.1 Numerical methods and solutions

The control volume integral method is used to
establish the finite difference equations in this paper.
The staggered grid and hyrid difference scheme are
used for discretization, and the SIMPLE algorithm is
used to solve the equations. The method of additional
source term is used to keep the velocity in solid zone
as uy= uy= u;= 0, which makes the velocity of solid
nearly zero. This method is better than Blooking-off
method' !, for the velocity in solid zone is still high
if Blooking-off method is used. This doesnt agree
with the actual condition, and at the same time the
results in the velocity field of the simulated solid zone
are invalid. Compared with the body-fitted coordinate
method, the calculation process of this method is
much simpler.

Being the tip cavity of symmetry, a half domain
is used to calculate. The calculation domain is divided
into 6 240 control volumes, 26, 30 and 8 grid units
along x, y and z directions respectively.

3.2 Results and discussion

The flow field, temperature field and pressure
field of aluminum melt in tip cavity ( as shown in Fig.
1) are calculated in this paper. The parameters used
for calculation are as follows:
_ P=2.371x10° kg/m’, H=1.22x 10"’ Pars,
u=0.049 m/s, p= 0, ¢,= 1.08 x 10’ kJ/ (kg*K),
k= 1.03%x10° W/(m*K), Pr= 3.5 T;,= 958K,
1= 2. 13%x10° W/ m?, qyai= q(x)""*.

The calculated OM (order of magnitude) of w, is
107 3= 107 * m/ s, while the OM of u, was 10~ 2 m/
s. Compared with u,, u. is neglectable. The calcu-
lated temperature distribution of melt is symmetrical
along the section centerline. The melt temperature
increases gradually from the upper and lower walls to
the middle, and the maximum does not surpass 3 C.
However, the temperature distribution of aluminum
melt is different from that of general turbulence. It is
the same as the temperature distribution of laminar
flow and takes on arc distribution, which is due to
the aluminum melt with low Pr number, and the
heat transfer diffuses more quickly than momentum
does, which in turn makes the heat diffusion of
molecule very active even in turbulence. Based on
above reasons, the temperature distribution of turbu-
lence is similar to that of laminar flow. The calculated
difference of melt pressure from the upper and lower
walls to the middle is very little, which is nearly ze-
ro.

Considering that the changes of velocity, tem-
perature and pressure along x, y directions are much
greater than those along thickness direction, we only
investigated the characteristics of melt flow and heat
transfer in x — y plane.

The velocity vector diagram calculated by the
model in x — y plane is shown in Fig. 2(a) . From the
figure, we know the melt flows towards x direction
between the fore half section (straight zone) of two
diffluent blocks, which indicates that wu, is much
smaller than u, and they are not of the same OM.
Therefore, the influence of u, on flow is very little.
The melt in rear section (wedge zone) flows towards
two sides, which indicates the influence of u, on flow
becomes great. After passing the diffluent blocks, the
melt gradually flows towards x direction, which indi-
cates that the influence of u, on flow is becoming lit-
tle with it leaving diffluent blocks.

The dividing line of the melt flow between side
diffluent block and side wall is the mid line of this
zone. The flow adjacent to side diffluent block is
much the same as that between two diffluent blocks.
The melt adjacent to side wall flows along side wall.
With it approaching the side wall, the u, influences
the flow very much.

The temperature contour diagram of melt flow
calculated by the model in x — y plane is shown in
Fig. 2(b).
perature in tip cavity gradually gets low along flow ing
direction. In the fore half section ( straight zone) be-

From the figure, we know that the tem-

tween two diffluent blocks except near diffluent
blocks, the temperature distribution of melt along
width direction is uniform. In the half rear section
(wedge zone), the temperature distribution of melt
gets uniformly proportionally low. After passing the
diffluent blocks, the temperature distribution of melt
gets uniformly proportionally high rapidly. Although
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Fig.2 Velocity vector(a), temperature contour(b)

and pressure contour(c) diagrams of melt
flow in tip cavity (x— y plane)

the temperature of melt in the wake zone of diffluent
blocks is much lower than mid temperature, the alu-
minum melt is with high thermal conductivity and
low Pr number, and at the same time the tempera
ture diffusivity is much higher than velocity diffusivi-
ty. Therefore, the melt temperature in wake zone of
diffluent blocks restitutes more rapidly than velocity
does. The temperature distribution of melt in most
zone between side diffluent block and side wall is
much the same as that between two diffluent blocks.
However, the difference between the side tempera
ture and mid temperature becomes larger and larger
with the melt flowing from the inlet to exit, which is
due to heat transferring through not only upper and
lower plates but also side walls.

The pressure contour diagram of melt flow calcu-
lated by the model in tip cavity (x — y plane) is
shown in Fig. 2(¢). From the figure, we know that
the difference of pressure is larger than that in con-
ventional casting, which can reach 22. 67 Pa. It is
because that the melt flow is turbulence, which is of
high viscosity. In order to overcome the resistance of

viscosity (including the resistance along the way and
local resistance ), the pressure suffers great losses.
The experimental and simulation results of veloc
ity and temperature distribution of melt at the exit of
tip cavity are shown in Fig. 3. Curve 2 and curve 1
denote the experimental results and simulation results
respectively, which are calculated by the turbulence
model developed in this paper.
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Fig.3 Velocity(a) and temperature(b)
distribution of melt curves at exit of tip cavity

From Fig.3(a), we know the trend of velocity
distribution calculated by the model agrees with that
of experiment results. The side speed of melt is high-
er than that of the mid speed; the mid speed of melt
is higher than that of melt passed diffluent blocks.
The relative error of speed of curve 1 is 13. 6%, and
the curve 1 agrees with the curve 2 in general. From
Fig. 3(b), we know the trend of temperature is the
same as that of velocity, and the results by the model
agree with the experimental results.

In the process of thin-gauge high-speed casting,
the relative error of melt speed at the exit of tip cavity
should be less than 5% . At the same time, the dif-
ference of temperature along width direction at the
exit of tip cavity should be less than 5 C. Obviously,
the existing standard tip used for calculation in this
paper can not satisfy the rigid technological require-
ment of thirrgauge high-speed casting, and the tip
cavity should be redesigned. We can find out the laws
of melt flow and heat transfer in tip cavity by the
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simulation experiments with the model developed in
this paper, which gives basis to reasonable and opti-
mal design for tip cavity.

4 CONCLUSIONS

In the process of thin-gauge high-speed casting,
the melt flow at the exit of tip cavity is quasrlaminar
flow. According to this characteristic, a mathematical
model with a low Reynolds number £ —€ model for
turbulence flow and heat transfer in tip cavity was de-
veloped. The finite difference method was used to
calculate the velocity field and temperature field of the
aluminum melt in tip cavity. The phenomena and
characteristics of turbulence flow and heat transfer
were analyzed, including the characteristics of the
melt temperature distribution of turbulence similar to
that of laminar flow. It is very helpful to obtain the
essence of melt flow and heat transfer in tip cavity in
the process of thirgauge high-speed casting. The
simulation results of turbulent flow and heat transfer
model are in good agreement with the experimental
results for flow velocities and temperature at the exit
of tip. Therefore, the laws of melt flow and heat
transfer through the numerical simulation can be find
out with the model, which is helpful for tip-cavity-
designers in making reasonable optimal design and
solving problem of the flow distribution in the tip cav-
ity that enables continuous aluminum production for
thin gauge at high speed.

REFERENCES

[1] LI B Q. Producing thin strips by twirrroll casting —part
I: process aspects and quality issues[ J] . JOM, 1995, 5:
29 ~ 33.

[2] Merchant H D, Kattamis T Z, Morris I G. Continuous
Casting of Aluminum Alloys, Continuous Casting of Normr
ferrous Metals and Alloys| M]. Merchant H D, et al ed.

[ 10]

[ 11]

[12]

[13]

[ 14]

Norwalk: TMS Press, 1989. 60.

Flowers J, Romanowsk C, Smith D. Continuous Casting
Aluminum Alloy[ P]. US 4751958. 1988.

Beals R, Duvvuri R, Hamer S, et al . Recent innova
tions in advanced casting technology[ A]. Light Metals
[C]. San Antonio, 1998. 1161 ~ 1167.

Hamer S, Smith D, Yildizbayrak G, et al. Twin roll
casting of aluminum at 2.5 mm gague production experr
ence and process improvements| A]. Light Metals[ C].
San Diego, 1999. 931 ~937.

LIU Xiacbo, MAO Daheng, ZHONG Jue. Effect of
nozzle spacer for roll strip casting on cavity fluid field[ J] .
Light Alloy Fabrication T echnology, 2000, 28( 10): 18
~21.( in Chinese )

YU H. A fluid mechanics model of the planar flow melt
spinning process under low Reynolds number conditions
[JI. Met Trans B, 1987, 18B: 557 ~ 563.

Akdeniz M V, Yildizbayrak G, Suzen F. Computer sim-
ulation of metal feeding system in the direct production of
thin strip of aluminum alloy by twirrroll casting[ A] . 9th
Proceeding of the International Metallurgy and Meter lals
Istanbul: 1997. 1519 ~ 1524.

Sarioglu K, Yildizbayrak G, Dunder M. Computer simu-

Congress| C] .

lation of metal feeding system used in twin roll casting
[A]. Light Metals[ C]. San Diego, 2000. 663 ~ 666.
LIU Xiao-bo, DUAN Jran, DENG Gurling, et al. 3D
flow analysis of nozzle cavity for twin roll casting[ J].
Journal of Xiangtan Mining Institute, 2000, 15(1): 43
~47. (in Chinese)
LIU Xiaocbo, CHEN Lran. Flow state analysis of alu-
minium melt in nozzle cavity[ J]. Hunan Nonferrous
Metals, 2001, 17(5): 12~ 14. (in Chinese)
Launder B E, Sharma B I. Application of energy dissi-
pation model of turbulence to the calculation of flow near
a spinning disc[ J]. Letters in Heat and Mass Transfer,
1974, 1: 131~ 138.
Patankar S V. Numerical Heat Transfer and Fluid Flow
[M]. Guo Kuarrliang transl. Anhui: Anhui Science
and Technology Press, 1984. 149. (in Chinese)
LIU Xiao-bo, DENG Gurling, MAO Da heng. Analy-
sis of combined heat transfer in nozzle cavity boundary
for aluminium roll casting[ J] . Light Alloy Fabrication
Technology, 2001, 29(5): 17 ~ 19. (in Chinese)

(Edited by YUAN Sai- gian)



