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A b s t r a c t - A  computer model haes been developed for describing tl~e flowfields of molten steel 
(SUS 304) in the twin-roll strip casting process with solidification pattern, The governing equations 
were transformed to a curvilinear coordinate system and an outline of the computational approach 
was also given. It was fi)und that the flowfields with recirculating flow are located in the vicinity 
of the middle of the rotating bank of molten steel. The small cavity zone with fixed operation parame- 
ters appears with the nozzle depth increased. 

INTRODUCTION 

If sheet or strip can be produced directly from the 
molten metal by combining the casting and hot rolling 
into a single casting process just as a replacement 
for conventional continuous casting machines, the cost- 
ly intermediate stages of ingot casting, primary rolling, 
reheating and some secondary rolling will be elimina- 
ted, and there can be substantial savings of capital, 
energy, operations and labour [1-5]. Continuous cas- 
ting of aluminum and copper strip is being clone com- 
mercially production. However, continuous casting of 
steel strip poses problems of higher temperature, 
more reactive melts and mechanically tougher solidi- 
fied material. Figure 1 shows a schematic diagram of 
typical twin-roll strip casting process. The casting pro- 
cedure for steel strips has been solidified using the 
twin-roll (which are water cooled), and the rapidly so- 
lidified strips pass out the nip of roller. 

Understanding of the fundamental phenomena of 
the mechanisms responsible for the behaviour of rota- 
ting bank in this process is limited, but such know- 
ledge is extensively exploited to enhance the optimal 
operating condition and process development [6-10]. 
Direct measurements of the flowfields are very diffi- 
cult because the flov,'field of steel is opaque and high 
temperature, Another problem in using these cooling 
twin-roll devices for molten steel is the difficulty of 
analysis of solidification phenomena in the rotating 
bank necessary to predict the life of twin-roller com-- 
ponents. Also, since hot rolling is performed on the 

steel strip, large stresses are put on the rolls. The 
rolls must be able to withstand both the thermal cy- 
cling and the mechanical stresses involved. 

This paper presents the mathematical modelling of 
twin-roll process, and then the model which is simula- 
ted in practical geometry. This model treats the mol- 
ten metal flowfMds as nonqsothermat and analyses 
the solidification phenomena in the region of rotating 
bank. Then it discusses the computed results. The 
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Fig. !. Schematic diagram of a twin-roll strip casting pro- 
cess. 
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Fig, 2, Schematic representation of twin-roll strip casting 
process for a mathematical modelling. 

predicted results provide a quantitative relationship 
between the principal operation parameter, such as 
depth of the submerged entD' nozzle, with special at- 
tentkm to the starting point of strip production. 

MATHEMATICAL FORMULATION 

I. Problem descript ion and governing equa- 
t ions  

An idealised model geometry with the coordinate 
system is schematically shown m Figure 2 with the 
control volume indicated by the dotted line. The mol- 
ten steel stream of 2W is fed from upstream into the 
gap of the twin counter rotating rollers with cooling 
channels, each having a roll speed m. Major assump- 
tions employed in the mathematical model are: 

(1~ the flowfield can be taken to be two dimensional 
axi-symmetric and incompressible. 

(21 the rollers are not deformable and arc both rot~!- 
ting at the same speed. 

(311 there is no slip between the molten steel and 
the rotating rollers. 

The governing equations to describe the rotating 
bank of molten steel in the system can be, expressed 

in a Cartesian system: 
mass conservation 

OU 4 OV 
~7  37 =o (l) 

where U and V are the velocities in the x and y direc- 
tions, respectively. 

moment urt] conservation 

c~ (pU)+div(pUU)=div(p grad U ) -  0P +S, (2) 
dt 8x 

3(  c~P 
(pV)4 div(pUV)=div(p grad V)- --O~ ( fS,  (3) 

where P is pressure, p density, ,u viscosity a~d S, and 
S, are source terms which need to be defined. If la 
is made a function of the representative latent heat, 
mushy region can be treated with variable viscosity 
[~12]. In this model, however, p is considered with 
constant. 

heat conservation 

~t-(Ph)+div(pUIn)=div(ct grad h) S~; (4) + 

where a is the thermal diffusivily and S~, is a source 
term. In solidification problem the source term S~, de- 
pend on the nature of the latent heat evolution and 
require definition. In the solidification of alloys one 
may define the mushy zone, the two-phase region be- 
tween the liquidus and the solidus temperatures. 
Therefore, the total heat contribution, H, is expressed 
a s  

i t = h 4  All  (5) 

where h is sensible heat and AH is latent heat. The 
Att  will some function of temperature [11, 12~. 

All  4- Cp('l" T,), T>T; 
H:  .... AH(1 -- L), "I'~<T<'I) (6) 

Cp('l"-~- "1",). T<T, 

where L is the solid fraction, which mav be a non-li- 
near of temperature as defined bv the phase diagram 
of the system. 

Therefore. the form of the enthalpy source term 
S~, is derived from the enthalpy formtdation of convec- 
tion/diffusion phase change, 

c~t-J 
P-cSt-- + div(0UH)= div(k grad T) (7) 

Then on comparison with Eq.(4) and Eq. (7), Sr is 
as following: 
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Table 1. Numerical values of parameters used in ihis eonl- 
putaiion 

= ~ : : :  . .  - = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  = : : : : ~ = ~ . : = = i ~ : = ~  : = : : = = : ~ =  = = =  . . . .  . . . . . . . . . .  

Cp heat capacity, J/kg K 681,45 
AH latent heat, J/kg 2.6> 10:' 
k thermal conductivity, W/m K 29.9 
R radius of lotating roll, m 0.75 
H, roll spacing, m 1.6)< 10 :~ 
W half of menia:us, m 0.7 
p density of molten steel, ktgm" 7200 

molecular viscosity of molten steel, 6,4• 10 :' 
kg/ms 

T,, inlet temperature from nozzle. {" 1600 
1) liquidus temperature, C 1531 
T solidus tenlperature, C 1525 

T, temperature of cooling water in chanreL 25 
c 

m speed of rotating roll, rpm 18 
h, heat transfer coefficient. W/hi :z K 10 ) 

<, 0All  
- ~,, = p-.-~}--,. + div(oUAH) (8) 

2. Boundary .  c o n d i t i o n s  

The following boundary conditions we~:e used for 
the numerical computation of this system: 

(1) near the inlet from the nnzzle, 

L ~ = ( .  T ::'E. 

(2) at the outlet from the nip poinI, 

OT 
u = o, v :- v ..... 7x--  =: o 

(3) at the axis, 

o u _ e v :  O:=0 
ax ax Ox 

(4) at the meniscus, 

.f)t! =o,  v=  o, T=T:,: 
c~y 

(5) at the roll surface, 

U=(y  >ko, V= �9 (x .  :<,)oJ k grad T - h . ( T  T,) 

In this system, in order to get a flowfiekt and solidi- 
fication phenomena near rollers, where steep cross 
flow gradients exit, a fine grid is used. The V-compo- 
nent of velocity is then readjusted slightly at each iter- 
ation SO ~lS to  ensure overall mass conservation as 
compared with inlet flow. A detailed description of 
particular thermal data employed here is presented 
in reference [4]. The system parameters and material 

properties used in the calculation are given in Table 
1, 

N U M E R I C A L  S O L U T I O N  P R O C E D U R E  

For a variable q~, where ,zo may be unit (mass con- 
servation), u and v (momentum conservation), T (ener- 
gy conservation), etc., the governing equations are trans- 
/ormed to a casted general eurvilinear coordinate sys- 
tem ({, rl) as following equation: 

1 ~ , aO 
at ' , ~  ,' 7 (  . . . .  

r  . ,  0.)1 1 .g:,~ 0q 

3 ' F .  O0 

+,._e_ < r o  a .  )+ so 
0"q t "-\1' g'::O~- , J 

where F| and S| denote the local exchange coefficient 
of variable O, and the terms that are not included 
in convection and diffusion terms. For different varia- 
bles, F.  and ~.~, have different contents [13, 14, 17]. 
Also, 

"7 = ti ,7" o>. :,), 
l a x  O x + a v  a v i  , a x  Oy a x e }  

~ ' : ~ ' t ~ g  g G  )' J ':!,~- o:q On Oe, 
.. . ,  Ox c~v 

ts,.'" :: U" ~.,~.Ov .~. vd.X '0rl and t,,: = v -04g + U --0{ " 

where J is the Jaeubian of the transformation between 
a given physical domain and correslxmding :ransfof 
reed domain. 

Two main features of the solution method used here 
are employment of the finite w)lume formulation and 
the algorithm SIMPI.E-C E15-17]. 

The represeritation of equation for O =  U, V, P and 

T is then solved by the algorithm SIMPLE-C, The ite- 
rative method ()f solution emph)yed is a double sweep 
of T D M A  (Tri-Diagonat Matrix Algorithm) [18~. 

In grid generation h)rty grid lines were used in the 
axial direction while ninety-one grid lines were em- 
ployed in the width direction after some grid depend- 
ence tests undertaken with various mesh system was 
studied. The computations were carried out using a 
CRAY Y-MP4E/464 Supereomputer; the CPU time in- 
volved in the caculation was in the range of 9 to 10 
hours per case for 10 revolutions of rotating roll. 
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(a) (b) (c) (d) 

Fig. 3(a). Velocity vectors in rotating bank for D=O(m). Fig. 3(c). Velocit~ vectors in rotating bank fi~r D = 4 . 6 •  
Fig. 3(b). Velocity vectors in rotating bank fnr D=3 .4X 10-'-(m). 

10-2(m). Fig. 3(d). Velocit> vectors in rotating bank for D = 5 . 8 •  
10--'(mL 

COMPUTED R E S U L T S  AND D I S C U S S I O N  
mation of a dead cavity of molten steel in the rotating 

The primary purpose of the computation was to pre- bank, Within the foaming cavity, the deposition and 
did the velocity fields and the solidification pheno- the accompanying generation of non-metallic inclu- 
mena in the rotating bank. It is of interest to compare sions can be expected. 
how the physical depth of the submerged entry nozzle Figure 4 shows the contours of streamlines h~r Fi- 
would affect these considerations. The intention here gure 3. With this computed results, in addition, the 
is to illustrate the sensitivity of the system to the val- entire volume of rotating bank is not effectively utili- 
ues of various submerging depths, sed (as indicated by the stagnant regions). With this 

The computed velocity vector for It,,= 1.6• ~ m computed results, the characteristics of flowfields 
is shown as a function of the depth of nozzle, D, in within the rotating bank with the submerged nozzle 
Figure 3, respectively. The flow patterns in the molten nn functioning depth of the nozzle is shown as the 
steel pool show that there is a large region of recircu- result of the presence of recirculating flows and a stag- 
lating flow centred in the middle of the rotating bank nant region at the tip of submerged entry nozzle, 
of the molten steel pool as shown in Figure 3(a), Fi- Figure 5 shows the isolines of solidus and liquidus 
gure 3(b), 3(c) and 3(d) sho~' the predicted velocity for Figure 4(b), typically: the mushy region between 
vector fo rD=3 .4X10  :~m, 4.6X10 ~mand 5.8X10 ~ liquidus (=1531~?;) and solidus ( : 1 5 2 5 r  is predic- 
m as an operating parameter. Near the mid-plane fluid ted, it is shown from this figure that the thickness 
mow~s away from the nip of the rollers because the of solidified shell t(~ the molten steel is negligibly 
volocity comp(ments are negative but near the roll. small under the present casting ccmdition. The isothe- 
The surface velocity components are positive and the rmal lines are closely concentrated only in the vicinity 
fluid moves toward the nip. Also. it can be seen that of the rotating rollers. 
the molten steel stream exhibits a draggind character Figure 6 shows a relationship between submerged 
in the vicinity of the roll surface with the axial welocity nozzle depth and height from the nip point. As shown 
component having a parabolic profile, As seen in Fi- in figure, the height from nip point increases linearly 
gure 3(b) and 3(c), the small recirculatin:~ zone ap- with the submerged nozzle depth. The gradient be- 
pears from the rotating bank when a submerged depth comes larger with a solidus point. That is, the control 
is operated, which generates near the oufiet position of the submerged nozzle depth is an important param- 
of submerged entry nozzle. The region causes the fl~r- eter. particularly when the stable operation with a f i -  
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(a) (b) 

Fig, 4(a). Streamlines in rotating bank for Figure 3(a). 
Fig. 4(b). Streamlines in rotating bank for Figure 3(b), 

Fig. 5, Mushy region and iso-thermal lines in rotating 
bank for Figure 4(b), typically. 

xed speed of roll is needed, 

CONCLUSIONS 

A computer model has been developed to predict 

(c) (d) 

Fig, 4(e). Streamlines in rotating bank for Figure 3(c). 
Fig, 4(d). Streamlines in rotating bank for Figure 3(d). 
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Fig. 6. Relationship bet~'een submerged nozzle depth and 
height from nip point for llquidus and solidus, 

the flowfietd and solidification phenomena of a molten 
steel (SUS 304) in a twin-roll strip casting process. 
The computation using the incompressible Navier- 
Stokes equation and the energD" conservation equation 
has been applied, and predicted results are presented, 
describing the evolution of the velocity fields and soli- 
dification pattern, 

(1) The flowfield of the rotating bank between the 
twin-rollers was successfully simulated by using a 
transformed curvilinear coordinate system. 

(2) In the flowfield a recirculating region is located 
in the vicinity of the middle of the rotating bank of 
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molten steel. A small cavity zone appears at a tip of 
the nozzle when a submerged nozzle is used. 

(3) In addition, this mathematical model including 
the solidification phenomena of the cast strip for the 
prediction of the end point of solidification made a 
valuable contribution to more exact computer model- 
ling work, and the thermal fields computed will pro- 
vide to predict the thermal stress of cooling rolls and 
the roll separating force. 
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NOMENCLATURE 

C0 :heat capacity FJtkg K] 
D :depth of submerged entry nozzle [m] 
f, : solid fraction 
g : gravitational acceleration [m:'/s] 
g,, gee. g~z : geometric relations between coordinate 

[m] 
(;~, G,: velocity component along ~, and 1"1 axes [m/s] 
h :sensible enthalpy [J/kg] 
AH :latent heat [J/kg] 
H :total enthalpy [J/kg] 
H., :roll spacing coordinate fro] 
J :Jacobian of inverse coordinate transformation 
k :thermal conductivity [W/m K] 
p : pressure Ekg/ms-'] 
R :radius of roll [m] 
S :source term in governing equations on trans- 

fl~rmed plane 
T :temperature [K; 
U, V : velocity component along x and y axes [m/s] 
W :half width of meniscus [m] 

I 

~., q :axes of curvilinear coordinates system ~m] 
: dependent variable 

p : density [kg/m :~3 
F :effective diffusion coefficient 
to :rotating speed of roll [rpm] 

Subscript 
l,s :for Iiquidus and solidus 
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