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Abstract: Based on the analyses of aluminum melt flow, solidification, heat transfer during the process of twin-roll

casting, a coupling mathematical model of aluminum thin-gauge high-speed casting was developed, which included

the casting roller shell. At the same time, Galerkin method was adopted to solve the coupling model. The fluid field

and temperature field of aluminum melt in casting zone, the temperature field and thermal stress field of roller shells

were simulated by the coupling model. When the casting velocity is 7m/ min, and the thickness of strip is 2 mm, the

circumfluent area comes into being in the casting zone, and the mushy zone dominates the casting zone, while the

temperature of melt decreases rapidly as it approaches the rollers. The temperature of the roller shell varies periodi-

cally with the rotation of roller, and reaches the highest temperature in the casting zone, while the temperature of

roller shell decreases gradually as it leaves the casting zone. The difference of thermal stress between the inner sur-

face and outer surface of the roller shell is very large, and the outer surface suffers tensile- compressive stress.
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1 INTRODUCTION

Aluminum twin-roll casting is a new process,
which turns liquid aluminum into strip directly. It
has been widely used for its outstanding advanta-
ges, such as simple process, low energy consump-
tion, short production cycle, low cost and low in-
vestment. Especially aluminum thin-gauge high-
speed casting, in which the velocity ranges from 6
to 12 m/ min, and the thickness of strip is 1 = 2
mm, has become the leading technology of alumi
num processing due to its multiple productivity
compared with normal casting.

In the process of aluminum thin-gauge high-
speed casting, the fluid flow and heat transfer are
very complicated, due to the two zones ( solid-
phase and liquid-phase) existing during the process
of casting. But for alloys, there also exists solid
and liquid coexisting zone, which is also called
mushy region. In the liquid zone, the melt flows
coupling with heat transfer, that is called heat-
flow coupling. In the solid and liquid coexisting
zone, there is phase transformation. In the solid
zone, there is thermal contact conduction between
the melt and the surface of rollers, which results in

hot deformation of rollers, while the hot deforma-
tion is restricted by casting solidification shell,
which is called coupling.
Therefore, to develop appropriate mathematical
models to find out the disciplines of melt flow and

thermo-mechanical

heat transfer in casting zone is an economical and
feasible way to optimize the parameters of casting
process and get high quality strip.

At present, most of researches have been fo-
cused on the casting zone s temperature field "™,

heat-flow coupling”™, and thermo-mechanical
coupling'

"' In these researches, it s very diffi-
cult to determine the thermal contact resistance be
tween roller surface and casting zone, because the
temperature distribution influences the rolling
pressure. While the rolling pressure influences the
thermal contact resistance, which in turn influ-
ences the temperature distribution. As for the
casting roller, most researches have been focused
on the temperature field and hot deformation' ">,
which all neglect the constraint of casting solidifi-
cation shell. In Ref. [ 15], the generalized fluid
concept was introduced to develop the coupling
model of casting zone and casting rollers of steel

continuous casting. The model was used to find
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out the disciplines of fluid field and temperature
field. In the present work, an aluminum thin-
gauge high-speed casting coupling model based on
the thermal-flow coupling and thermal mechanical
coupling will be developed to find out the disci

plines of melt flow and heat transfer.
2 MATHEMATICAL MODEL

2.1 Governing equations

The sketch map of the process of aluminum
thin-gauge high-speed casting is shown in Fig. 1.
The width of tip in casting zone is almost the same
as the length of rollers, and the side dam is made
of adiabatic material. Therefore, the edge effect
can be neglected and the problem can be simplified
as 2-D(two-dimensional) model.
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Fig. 1 Schematic diagram of aluminum
thin-gauge high-speed casting

Before developing model, the assumptions of
melt in casting zone are made as follows.

1) The density of aluminum melt in liquid
zone changes very little, and the aluminum melt at
the inlet of liquid zone is quastlaminar. The vis-
cosity of melt increases at the interface of liquid
zone and solid zone. Therefore, the aluminum melt
flow in liquid phase is regarded as incompressible
laminar.

2) The aluminum melt is New tonian-fluid.

3) The thermal physical parameters of melt in
casting zone are only determined by temperature.

4) The physical parameters of roller are con-
stant.

5) The weight of aluminum melt in casting
zone is negligible.

6) There is no relative slide between solidifi
cation-shells and rollers, and they contact tightly.

7) The roller is elastomer and no plastic de
formation takes place.

8) The plastic deformation heat and friction
heat in casting zone are negligible.

The aluminum melt in casting zone is regarded
as generalized fluid. The characteristics of alumi-
num melt flow in casting zone are reflected with
viscosity. The heat flow processes in the three
zones are described with control equations of melt
flow and heat transfer in liquid-phase.

Continuity equation:

M+ o) =0 (1)

Ox Oy
N-S equation:
8(91'11)+ o v)

Ox oy
Q| plul 2| e
-, 4 Hodl * ol Moy (2)
a(QJ'u)+ AR =v)
Ox oy
dp, O 0u, 2| e
"t toxlt oyl Noy (3)
Energy equation:
antch)_'_ o Re,T) 20 kau. N ol kau
Ox oy — oxl Oxl oyl Oy
(4)
Generalized viscosity of aluminum melt:
12 Ffi= 1
b= i+ [ K 0< fi< 1 (5)
28 fi=20

Thermal conductivity of aluminum melt:
ki fi=1
k= |f1ki+ fks

ks fi=0

Specific heat capacity of aluminum melt under

0< fi< 1 (6)

constant pressure:
1 fi1=1
¢ =+ L/(Ti- T,)
Cp, s fi=0

where f. is the fraction of metal solid phase, f11is

0< fi< 1(7)

the fraction of metal liquid phase.
fi= (T-T.)/(T- T,)
fe=(T-T)/(T.- T)
T he liquid phase viscosity of aluminum melt H

was regressed by the experimental curve in

Ref.[ 18]:
B = 4 018exp/ (- 1.278e- 3)T] (8)
In the casting zone,
Energy equation:

il 0 _
ax(Qurcp. Tr) + ay(ercp. Tr) =

o, or . 2|, oI.
Bl = 6w | * Byl * oy (9)

Being shearing stresses equivalent, the equi-
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librium equations are as following:
da QT
o T o = 0 (10)
da oL,
ay+ o = 0 (11)
Geometry equation:
Oue
&€= 5, (12)
_ O
6= 2 (13
_ Ove Oue
%= 5t 0y (14)
Physical equation:
1- ¥ Y
€ = i g - - Y}‘Oy + (1+ v )aT.
(15)
_ 1= Y%I X,
(16)

E, g

2.2 Boundary conditions

The calculated zone is shown in Fig. 2. The
Cartesian coordinate and cylindrical coordinate are
adopted in the present work, where Cartesian co-
ordinate is global coordinate, and cylindrical coor-
dinate is partial coordinate. T he center of rollers is
regarded as the origin points of the two coordi-
nates. The boundary conditions are given by either
of the two coordinates, which all depend on the ge-
ometric boundary conditions. The boundary condi
tions with partial coordinates are all converted by
software to the corresponding conditions with
global coordinates.
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Fig.2 Division of model mesh in calculated zone

1) The inlet of casting zone:

%u: 0, v=0 T=To
Y

2) The exit of casting zone:

_ _ o 9C _ _
u= u., v= 0, e 0, p=20

The symmetrical plane:

_ _o0 ZL_ g .
=0 v= 0, dy 0, dy = 0
4) The inner wall of roller shell:

hw(Tr_ Tw) = - kr %, Ue, w = O, Ve, w = 0

3)
du
Oy

5) The part of outer wall of roller shell which

does not contact casting zone:

a. - -
ha(Tr_ Ta) - - kr an, Ue, a = UP,, Ve, a = Ve

3 NUMERICAL SIMULATION

The Galerkin method was used to conduct the
numerical simulation. The calculated zone was dis-
creted into 8312 cells, 9120 nodes. The calculated
cell was 4-nodes random-quadrilateral with same

The melt flow

transfer was solved with direct coupling. The com-

parameters. solidification heat
pound zone between casting zone and roller was
calculated by integral. The parameters of materials
are shown as follows.

Casting material: L= 2.53x10"" Pa*s; K=
1x10° Pa*s; P= 2.55% 10" kg/m’; ki= 234 W/
(m=*K); ki=249W/(m * K); ¢p.1= 1143]/ (kg *
K); ¢, .= 1101J/ (kg * K); L= 387x 10’ J/kg; T\
= 932 K; T.= 888 K.

Roller: R= 7.8 x 10° kg/ m’; k.= 361 W/ (m
*K); ¢p o= 494/ (kg * K); E.= 21 x10° N/ m’;
a= 11.8x 10" ° K; ha= 200 W/(m®> * K); h.=
10 000 W/ (m* * K).

The other required parameters: D.= 0. 9 m;
H=0.002m; u.= 0.117m/s; H:= 0.04 m; T\=
208 K; T.= 300 K; To= 958 K; u., v. are shown
in Table 57375 in Ref.[ 19].

4 RESULTS AND DISCUSSION

4.1 Flow field and temperature field in casting
zone

The velocity vector diagram of aluminum of
melt in casting zone is shown in Fig. 3. The results
of calculated flow field indicate that the circumflu-
ent area comes into being in the casting zone. The
temperature and component of aluminum in the
casting zone become more uniform for the agitater
by the annular flowing, which is helpful for grain
refinement and getting casting strip with high-
quality.

T he temperature contour diagram of aluminum
melt is shown in Fig. 4. The figure shows the
shape and location of melt in liquid zone, mushy
zone, casting zone clearly, and the mushy zone
dominates the casting zone. At the same time, it
indicates that the temperature of aluminum melt
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Fig. 3 Velocity vector diagram of

aluminum melt flow in casting zone

932 888
Temperature/K

Fig.4 Temperature contour diagram of
aluminum melt in casing zone

increases quickly when it leaves the roller. It is be-
cause that the aluminum melt in casting zone con-
tacting roll is with high gradient temperature varia-
tion heat transfer, which results in the tempera-
ture of casting strip decreasing quickly from the
center to the interface. It contributes to fining the
grain and improving the quality of casting strip.

4.2 Temperature field and thermal stress field of
roller

The temperature contours of roller shell are
shown in Fig. 5. The calculated temperature field
indicates that the temperature of roller shell at any
point undergoes cycling change as it rotates. The
temperature in casting zone is the highest. As it
leaves the casting zone, the temperature of melt
decreases gradually. When it comes to the front of
casting zone 6 mm, the temperature decreases to
the lowest point, as it approaches the casting in-
let, the temperature increases apparently. After
coming into the casting zone, the temperature
come to the vertex, 670. 1K, and then the next cy-
cle. The temperature of inner roller shell changes

\ 356.0K

8
670.1K 5 4/§8K

Fig.5 Temperature contour diagram of

roller shell

very little along circumference, the vertex is 308
K, the minimum is 305 K.

The equivalent thermal stress contour diagram
is shown in Fig. 6. The thermal stress field indi-
cates that, the difference of thermal stress between
inner and outer surface of roller shell is very large
and the maximum thermal stress in outer surface is
256 MPa. It is due to the temperature of casting
strip with high temperature gradient after the roll
contact casting strip, which results in the roller in
contacting zone with high temperature, and then
results in expansion deformation of roller. But the
expansion is restrained by the solidification shell of
strip, which results in huge stress. The stress of
about 1 MPa,

which is due to uniform temperature of inner wall

inner surface is almost uniform,

by cooling water.

183 MPa

Fig. 6 Equivalent thermal stress contour
diagram of roller shell

The change of thermal stress of roller shell in
one cycle is shown in Fig. 7. The positive figures
denote compressive stress and the negative figures
denotes tensile stress. Whether in x or y direction,
the compressive and tensile stress appear alterna-
tively, which indicates that the roller is subject to
alternative stress, i. e. tensile and compressive
stress, which results in thermal fatigue of roller

under the alternative stress.
5 CONCLUSIONS

1) On the basis of the analyses of flow, solidr
fication and heat transfer, a 2-D aluminum thin-
gauge high-speed casting mathematical model in-
cluding rollers was developed based on heat-flow
coupling and heat-mechanical coupling in the pres-
ent work, and the disciplines of flow, solidification
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changes very little, while the difference of thermal
stress between inner and outer roller surface is ver

-260 (a) i §
y large, and the outer surface is subject to alterna-
tive compressive-tensile stress.
<
& 1055 Nomenclature
= . . o
=] u —Velocity vector in x direction, m/s;
E v —Velocity vector in y direction, m/s;
1850k p —Melt pressure, Pa;
T —Melt temperature, K;
T« —Solid melt temperature, K;
T\ —Liquid melt temperature, K;
-2645 L 1 L L ; ; ;
0 0566 1.132 1.698 2264 2.827 B—Generalized viscosity, Pa* s;
x direction/m B —Generalized viscosity in liquid zone,
Pa - s;
180 (b) K —Generalized viscosity in solid zone,
. Pa- s;
~-150+ P—Melt density, kg/ m’;
k —Thermal conductivity of melt,
S -480} W/ (m * K);
§ ks —Thermal conductivity in solid zone,
E -g10 W/m * K); s 5 & um
«n I k1 —T hermal conductivity in liquid zone,
W/ (m * K);
-1140 ¢y —Specific heat capacity of aluminum melt
p pacity
under constant pressure, J/ (kg * K);
-1470

0 0.566 1.132 1698 2264 2.827
y direction/m

Fig.7 Thermal stress curve of
roller shell on outer surface

and heat transfer in the process of casting were
found out by numerical simulation, which provides
theoretical bases to command and optimize the alu-
minum thin-gauge high-speed casting technics pa-
rameters.

2) When the casting velocity is at 7 m/min,
and the thickness of strip is 2 mm, it is found that
the circumfluent area comes into being in the cast-
ing zone, and the mushy zone dominates the cast-
ing zone, the temperature of aluminum melt de-
creases rapidly when it approaches the rollers. The
temperature and component of aluminum in the
casting zone become more uniform for the agitater
by the circumfluent, which is helpful for grain re-
finement and getting casting slab with high-quali-
ty.

3) When the casting velocity is 7 m/ min, and
the thickness of strip is 2 mm, it is found that the
temperature of arbitrary point in outer surface of
roller shell changes periodically as the roller ro-
tates. In the casting zone, the roller shell s tem-
perature reaches its peak. While as it leaves the
casting zone, the temperature decreases gradually.
The temperature of roller shell in circumference

¢p. s —Specific heat capacity in solid zone,
J/ (kg * K);
¢p. 1 —Specific heat capacity in liquid zone,
J/ (kg * K);
L —Latent heat of solidification, J/kg;
u. —Velocity vector of roller shell in x direc
tion; m/ s;
v: —Velocity vector of roller shell in y direc
tion, m/s;
T —Temperature of roller shell, K;
T —Temperature of cooling water, K;
T.—T emperature of atmosphere, K;
k: —Thermal conductivity of roller shell,
W/ (m * K);
¢p. » —Specific heat capacity of roller shell un-
der constant pressure, J/ (kg * K);
@ —Density of roller shell, kg/m’;
h. —Water cooling heat exchanging coefficient
of the inner walls of roller shell,
W/ (m? * K);
h. —Integrated heat-exchanging coefficient of
the outer walls of roller shell,
W/(m® * K);
0, —Normal stress in x direction, Pa;
0, —Normal stress in y direction, Pa;
T,, T. —Shear stress, Pa;
& —Linear strain in x direction;
€ —Linear strain in y direction;
Y.y —Shear strain of roller shell;
u. —Deformation displacement of roller shell
in x direction, m;
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ve —Deformation displacement of roller shell
in y direction, m;

E. —Elastic modulus of roller shell, GPa;

0. —Linear expansion
shell, K™ ';

Y, —Poisson ratio;

coefficient of roller

u- —Rolling velocity, m/s;
To —T emperature of inlet melt, K;

D. —/Diameter of roller, m;
H —T hickness of roller blank, m;
H . —Thickness of roller, m.
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