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Abstract

Twin-roll continuous casting combines solidification and hot rolling into a single operation to produce thin strips that are directly
coilable. It offers advantages of low capital investment and low operational cost, and the strips produced have a refined solidification
microstructure, which has attracted interest of global metal producers. This is evidenced by numerous pilot-scale casters constructed. The
successful development of near-net-shape casting depends critically on an understanding of the fundamental knowledge of heat and fluid
flow. Despite sophisticated instrumentation technology, information critical to the understanding of the casting region cannot be measured
directly, therefore it is necessary to develop efficient numerical tools to control the process. This paper presents a numerical model for the
two-dimensional solidification problem in the twin-roll continuous casting system by using a finite difference technique. The thermal
analysis results give valuable insight into the thermal characteristics of solidification and processing for the strip casting. Results of
subsequent simulations are compared with data from the literature. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The maturity of conventional continuous casting and the
large knowledge-base developed over recent years has per-
mitted the development of a new generation of ‘“‘near-net-
shape” processes to produce thin slabs. Such processes
reduce production costs, and energy, and require low capital
investment when compared to conventional processes [1,2].

The “twin-roll” process (thin strips of 0.1-60 mm thick-
ness) produces coilable strip directly from the melt by
combining casting and hot rolling into a single step [3,4].
The principle is based on pouring the melt into the gap
between two rotating water-cooling cylindrical copper rolls.
The metal solidifies just before reaching the bite of the rolls
and is then rolled as it passes through the rolls [5-7].

Amongst other metallurgical aspects typical of this pro-
cess, the high freezing rate provides an extremely refined
solidification microstructure characterized by dendritic
ramifications, improves segregation and increases the
mechanical properties of metal [8,9].

A schematic diagram of the twin-roll process as well as of
pool aspects is shown in Fig. 1. As the “twin-roll”” process
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produces very thin strips, it needs high speeds of production
to be competitive with conventional continuous-casting
methods. Although this process presents various advantages,
it is necessary to develop efficient numerical tools to elu-
cidate the complicated flow and the heat-transfer mechan-
ism, which will be specially useful for designing the
optimum “‘twin-roll” systems [1,2,10].

The aim of this paper is to develop a heat-transfer
mathematical model which must be able to analyze the
metal/roll thermal behavior during the “twin-roll”” process,
using a finite difference technique. The model has input
parameters such as the strip thickness, the gap between rolls,
the roll speed, and the thermophysical properties of the rolls
and the metal.

2. Mathematical formulation
2.1. Physical assumptions

The mathematical model was developed using a finite
difference technique and permits the description of the
evolution of liquidus and solidus isotherms and temperature
gradients along the process. It was developed under a set of
physical assumptions, listed below.
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Fig. 1. A schematic diagram of the “twin-roll” process, emphasizing pool
aspects.

1. The rolls do not deform and rotate at the same speed; and
the temperature fields have mirror symmetry with respect
to the center line between the rolls 0T /0x|,—o = 0;

2. The inflow conditions of the temperature of the molten
metal at the inlet are:

T=T,, v, =0, Vy = Wiy

where v is the component of velocity in the x and y
directions and w is the rotational speed of the roll;
3. The conditions at the exit are:

vy = of (1)

where (1) is a step function;
4. On the outer surface of roll, the interfacial velocity is the
speed of the roll or the casting speed:

vy =0,

v, =0, Vy = Oy

Volume
Element

Fig. 2. Schematic diagram of the physical system and the volume element.

5. Heat conduction in the direction z is neglected. The
volume element is positioned from the center of the pool
(Fig. 2);

6. The thermophysical properties of the metal (p —
density, ¢ — specific heat, k — thermal conductivity)
are variables with temperature in the mushy zone, f; is
variable with the temperature:

k= (ks — k)fs + ki,
c= (Cs - Cl)fs +a - (pL* afS/at)v
p=(ps — pilfs + pi

7. The latent heat evolution (L) along the solidification
range is calculated using the equilibrium lever rule and
Scheil’s formulation;

8. The metal/roll heat-transfer coefficient (hg) is assumed
constant; and

9. The level of the molten metal is kept constant. In the
case of a constant mass flow rate the following Peclet
numbers, which represent the roll speed, are defined:

CURroll eroll

) Pel =
s o1

Pe,=

where R is the roll radius and « is the thermal diffusivity.

Fig. 2 shows a schematic three-dimensional representa-
tion of the liquid metal pool, as well as the coordinate system
(x, ¥, z), where L, is the pool thickness in the X-Y plane, L,
the pool width in the Y-Z plane, Y;, the pool height, Rg the
roll radius, e, the minimum distance between the rolls, and e
is the final strip thickness.

2.2. Heat-transfer during solidification

The development of the model is based on the one-

dimensional heat-conduction equation, given by
or o or| .
= k +q

P = ox (T)a 1)

assuming an isotropic material, where
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OT/0t is the freezing rate and ¢ is the heat source
associated with phase change, given by

g=pL—" 2)

and L is the latent heat of fusion.

The solid fraction (f;), depends on a number of parameters
involved in the system. However, it is quite reasonable to
assume that f; varies only with temperature.

The value of f; can be obtained, amongst other formula-
tions, from [11]:

1 n—T
fi= (1 — k0> {T; — T] Lever rule 3)
7o — 7\ Y= D)
fi=1-— (T:_ Tz> Scheil’s equation )
0 T> Tliquidus
fs= | 0<fi< 1 Lever ruler/Scheil’s equation
1 T < Tsolidus

and by utilizing the concept of pseudo-specific heat (¢’), the
following is obtained:
s
'=c — L= 5
c'=c T 4)
after which ¢ can be substituted for ¢’ in Eq. (1).

The model permits the insertion of physical properties as a
function of temperature, considering the amount of solid and
liquid fractions, as shown in Table 1, where, T is the solidus
temperature, 7 the liquidus temperature and indices s and 1
indicate solid and liquid, respectively.

2.3. Finite difference representation of the heat conduction
equation

Introducing finite-difference terms into Eq. (1), yields
[12]:

T~n+l _Tn T»thl _ 2T{1+1 T(l+1
pc’ i i k i+1 i + i—1 (6)
At Ax?
where
TP =T(4 + At, x;) @)
T;l = T(l‘l‘7 )Cl') (8)
T = T(t+At, x; + Ax) )
T = T(t; + At, x; — Ax) (10)
Table 1

Physical properties considered in the model calculations

Physical properties Solid  Liquid  Solidification
(T<Ty) (T>Ty)  range (T,<T<T)
Thermal conductivity (k) k (ks—k)f ki
Density (p) ps P (ps—p0fitp1
Specific heat (c) s 6’1 (co—cfite—p-L@f/OT)

Pij Cij
q. o ____g_s
= ] 1 Ay.
=5 9| —1~ :
s =0Ct A z
- A X . |

Heat Flux Paths 'q"

Fig. 3. Physical representation of thermal flux.

and #; and x; are instantaneous time and space representa-
tions.

Multiplying Eq. (6) by “AxAyAz” and considering
At,=AyAz:

n+1 n n+1 _ gn+l
- T (T -1)

i i
AxAyAzpc T vE Atk A
(T =17
Ax

Eq. (11) represents the variation of heat flux with time.

+ Atk (11)

2.4. Analogy between electrical and thermal circuits and
the FDM numerical technique applied to the heat flow
phenomena

There is a large body of literature dealing with the basic
relationship of the analogy between a thermal system and
the passive elements of an electrical circuit (resistors and
capacitors — Figs. 3 and 4):

Cti:piC; VOl,‘ (12)

where Vol; = Ax;AyAz
It can be seen from Eq. (11), that each term on the right-
hand side is related to an equation similar to that which
defines the thermal resistance Rt; ; (Eq. (14)), in the follow-
ing manner:
) (o 1)

Atk (T = 13
Ax Rty (13)

where the term Rt;.;, represents the thermal resistance
at the heat flux line from point “i4+1” to point ;. This
term is given by the sum of the thermal resistances inside

Atyi=Ay ik
AN

n L

i = TIJ SN TAmb
AAALL i
Rt LALL N P |
-1~ J—d——&u Rt
I kiy o ho
Dist

Fig. 4. Physical representation of thermal resistances.
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[T¥LH]
1

the element (from the center to the At, interface) and
the thermal resistances inside element “i+1 (from the
At, interface to the center), according to the following
equation

Ax; Axi+l

Rt ;i1 =Rt;+ Rt = 14
i TR = AL T 2k AL (14)

The right-hand side terms of Eq. (14) can be re-arranged
into the form:

1 (Axi Axi+1)_ 1 kip1Ax; + kiAxig
2

Rt jp) = ——
LT oAL K ki At, kiyiki

(15)

The mean thermal conductivity between points “i+1”
(“k;y17) and i (“k;), “ky’, can be defined as
ki1 Ax; 4 kiAxiy
ky=—1—"—"" 16
etk (1o
A similar procedure makes it possible to find each term of
Eq. (6), resulting in

n+1 1
Q(TnJrl _ (1): TizH Tzn—+l
Ar ! ! Rt; +Rt;;; Rt + Rt

n+1

1
! 17
! <Rt,' + Rt;4 + Rt; + Rti1> an
By re-arranging Eq. (17):

o At T;Tll B At 7?14.11 4 (1 +E>Tin+l (18)
Tit1 i—1 Ti

where

Tir1 = Ct(Rt,,; + R;) (19)

71 = Ct(Ry,_; + Ry) (20)

11,1 @)

Ti Tyl Ti-1

Eq. (18) represents the implicit form of the finite differ-
ence method. The equation representing the explicit form is
obtained by a similar treatment and is given by

At At At
=2 s 2o (1o @)
Tit+1 Ti-1 T

Eq. (22) becomes unstable for Ar<t;; (stability limits).
The thermal resistance at the heat flux line from point i+1

to point i is given by

_ Ax

kAt

Rt; (23a)

For the mesh elements in contact with the rolls, the
thermal resistance is:
1

Rt, = ——
" hpAt

(23b)

where hg is the metal/roll heat-transfer coefficient.

Pool Level ¢

Minimum distance 1
between rolls

Exit

Fig. 5. Schematic diagram of the mathematical system used in the
development of the proposed model.

2.5. Numerical grid

By considering the system presented in Fig. 2, the math-
ematical expressions for the boundary conditions can be
expressed as follows:

L. = R[1 — sin(wt)] +62—0 (24)

where L. is the effective length of the pool (w?), ¢ the time,
and w is the rotational speed of the rolls.

It can be seen in Fig. 5 that the pool length (L.) must vary
between an initial time (#;,) up to an outlet time (), which
are defined at the interval: eg/2<L.<Lo=Lep/2. Therefore, the
effective length of the mesh have been defined as: L,,,x=Lo;
Linin=eo/2; Louger=61/2.

In the present analysis, the assumption for time equal to
zero (to=0) is given for a vertical direction at the roll center,
and first calculated must be the initial time for the condition
where the length of the pool is 2L, given by

(80/2 +R—L0)/R
(0]

tin = arcsin 25)

The numerical system works with a uni-dimensional
mesh, with constant size (Ax=constant) and a heat-exchange
surface, At=AyAz. The mesh size (Ay) is proportional to the
roll velocity, given by

Yi,
Ay =2 26
y Ny (26)
where Y, is
Yin=R cos(wty) 27

and N, is an inlet parameter of the model, that is associated
directly with the system precision. The final time f,, is
calculated from:

(2R-+e — er) /211

tout = arcsin{ (28)
w

where Y, is expressed as

Your = R cos(wtoy) (29)
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Fig. 6. Schematic diagram of the numerical grid.

The assumed numerical grid has 400 elements at the pool
level, and was not kept constant during the process, as shown
in Fig. 6.

3. Numerical results and discussion

The results that will be presented are concerned with the
modeling of the “twin-roll” continuous casting process,
encompassing the heat transfer and solidification analysis.

A one-dimensional version of the proposed model was
used to simulate the evolution of the liquidus and solidus
isotherms during the solidification process, as well as the
cooling curves at specified points inside the metal. A first set
of simulations were performed using a Sn—15%Pb alloy as
the reference material. The physical properties of the alloy
and the numerical model inlet parameters are presented,
respectively in Tables 2 and 3 [8].

Figs. 7 and 8 present the results of liquidus and solidus
displacements according to the numerical model compared
to a model developed previously by Saitoh [8]. It can be seen
that there is a good agreement between the proposed-model
simulations and those from the literature.

Table 2

Physical properties of Sn—15%Pb

Physical property Unit

Solid thermal conductivity W/m K 50.2
Liquid thermal conductivity W/mK 21
Solid specific heat J/kg K 230
Liquid specific heat J/kg K 250
Solid density kg/m® 7200
Liquid density kg/m® 7200
Latent heat J/kg 159106
Liquidus temperature °C 208
Solidus temperature °C 183

Table 3

Inlet parameters of the numerical model

Inlet parameter Unit

Roll diameter (copper) mm 89
Temperature of roll cooled surface °C 17
Thickness of the pool (plane XY) mm 30
Width of the pool (plane YZ) mm 100

Angle between the molten metal surface
and the roll “outlet”
Metal/roll heat-transfer coefficient

degree 43

W/m? K 3000

Rotational speed of rolls rad/s 0.72
Distance between the rolls mm 3.25
Liquid metal temperature at the pool surface °C 209

The main advantages of the proposed model are: (a)
versatility and flexibility, permitting an easier manipulation
of the heat-conduction equation and of physical properties
variable with temperature in mushy zone; (b) the possibility
of introducing any treatment concerning the latent-heat
evolution along the liquid/solid interval (the model as
proposed by Saitoh uses a linear evolution of latent heat
in the mushy zone, and the numerical simulations of the
proposed model have used Scheil’s equation, which is
considered to give a more realistic description of the evolu-
tion of the latent heat for most substitutional solid solutions);
and (c) the introduction of a finite metal/roll heat-transfer
coefficient (constant or variable) instead of a fixed tempera-
ture boundary condition as used in Saitoh’s approach.

As shown in Fig. 8, the difference assumed in the evolu-
tion of the latent heat has a stronger influence on the
predictions of the solidus isotherm displacement, the agree-
ment between the two solutions not being good.

Displacement of Liquidus Isotherm

———  Proposed Model
A [Saitoh, 1989]

|
\
\
\
I
|

0-55 T l T I T I T l T I T I T

0.00 0.05 0.10 0.15 0.20 025 0.30 0.35
Dimensionless Distance from the center line
[X/(R + €0 /2)]

Fig. 7. Displacement of the liquidus isotherm: comparison between
numerical model predictions and data from the literature for Sn—15%Pb.
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Fig. 8. Displacement of the solidus isotherm: comparison between
numerical model predictions and data from the literature for Sn—15%Pb.

The metal/roll heat-transfer coefficient is of great impor-
tance in “‘twin-roll” continuous casting, since thin strip
solidification is a casting process in which interface resis-
tance is dominant.

To analyze the influence of such parameters on the
evolution of solidification, Fig. 9 presents some simulations
performed using the proposed model under different metal/
roll heat-transfer efficiencies.

In order to analyse the model performance with a material
of commercial interest in the production of thin strips,

1.00
095 —
£ -
£ 0.90 —
= i
£0.85 —
K= ]
£ 080 —
3 -
075
c .
]
g 0.70 — Displacement of Liquidus Isotherm
£ 0.65 ——  ho=2000 Wm2K
5060 . —&—  ho = 3000 Wm2.K
e ] —W— 1o = 4000 Wm2.K
8 o55 —&— ho=5000Wm2K

K
050 I T r T j T I T I T I 1 I I

000 005 010 015 020 025 030 035
Dimensionless Distance from the center line
[x/(R + e0/2)]

Fig. 9. Displacement of the liquidus isotherm as a function of metal/roll
heat-transfer efficiency for Sn—15%Pb.

Table 4

Physical properties of stainless steel

Physical property Unit

Solid thermal conductivity W/mK 29.3
Liquid thermal conductivity W/mK 20
Solid specific heat J/kg K 679
Liquid specific heat J/kg K 670
Solid density kg/m® 7400
Liquid density kg/m® 7600
Latent heat J/kg 272000
Liquidus temperature °C 1460
Solidus temperature °C 1399
Table 5

Inlet parameters of the numerical model

Inlet parameter Unit Stainless steel
Roll diameter (copper) mm 230
Temperature of the cooled roll surface °C 17
Thickness of the pool (plane XY) mm 308

Width of the pool (plane YZ) mm 100

Angle between the molten metal surface degree 70°

and the roll “outlet”

Metal/roll heat-transfer coefficient W/m*K 5000
Rotational speed of the rolls rad/s 0.1
Distance between the rolls mm 10
Liquid metal temperature at the pool surface °C 1500

stainless steel was used on model simulations. The stainless
steel physical properties and the inlet operational parameters
used in numerical simulations are presented respectively in
Tables 4 and 5. Figs. 10 and 11 present the results concerning
the evolution of the solidification of stainless steel strips as
well as the evolution of the temperature of the metal and the
surface of the copper roll during the process.

1.20
= Pool Level (Yin
§ 1.00 (vin)
b
£ 080 Roll:
o Cooled Copper
[
E 0.60 - Mushy Zone
o
8 0.40
9o
6
g 0.20
[] Minimum distance
g 0.00 ¢ between rolls

Isotherms
'020 I T j T I T I T l T
0.00 0.20 0.40 0.60 0.80 1.00

Dimensionless Radial Distance [x / (R + eo /2)]

Fig. 10. The evolution of isotherms during the solidification of thin
stainless steel strips.



C.A. Santos et al./Journal of Materials Processing Technology 102 (2000) 33—-39 39

1500

A\

(Pool Thickness ) / 2/ \ \

( Pool Thickness ) / 3 \ N\
\\
R

7N \
| \ glcl,:'lface \\ K

1
_—

Temperature [ C]
|

/
/

1007 Temperature ™~
T Evolution
W T T T 7T T T T
20 30 40 50 60 70 80 0 100
Angle [ 0]

Fig. 11. Temperature evolution of metal/roll system during the process,
where the metal is: stainless steel.

4. Conclusions

The proposed model for the two-dimensional solidifica-
tion problem in the “twin-roll”” continuous casting system
has proved to be efficient, versatile and of easy formulation,
as can be seen by the results of simulations performed with
the model. The numerical results have been compared with
data from the literature to check the validity of the proposed
method. The developed mathematical model should help in
the rational design and control of “‘twin-roll” experimental
systems.

5. Nomenclature

A area (mz)

Cr capacitance (J/K)

c specific heat (J/kg K)

eo minimum distance between rolls (m)

er final strip thickness (m)

ho metal/roll heat-transfer coefficient (W/m” K)
fs solid fraction

i,J mesh indices

k thermal conductivity (W/m K)

ko equilibrium partition coefficient

L latent heat of fusion (J/kg)

Lg effective length (m)

Lgp pool thickness in the X-Y plane (m)

L, pool width in the Y-Z plane (z-direction) (m)
Lo pool thickness/2 (pool length/2) (m)

n time index

Pe Peclet number

q heat source

Rron roll radius (m)

Ry thermal resistance (K/W)
T temperature (K)

T liquidus temperature (K)
T fusion temperature (K)
T, pouring temperature (K)
t time (s)

v velocity in x and y directions (m/s)
\%4 volume (m3)

X,V 2 coordinate system
Yin pool height (y-direction ) (m)

0 specific mass (density) (kg/m3 )
w rotational speed of the rolls (rad/s)
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