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B(#) : shape function of roll
C : specific heat
Cm* : equivalent specific heat
(see eq.(24))
F  : solidification front in solid
zone
G : solidification front in liquid
zone
h : vertical distance along the
center line
h : distance between the molten
° surface and the roll outlet
I—Io : roll spacing
k : thermal conductivity
L : latent heat of solidification
Pe : Peclet number(=U R /a)
r, r' : radial coordinates
R0 : roll radius
t : time or Fourier number
T : temperature
T : initial temperature of molten
° metal
Tf : solidus temperature
{solidification temperature)
Tl : liquidus temperature
Tw : roll surface temperature
Uo . casting speed
Ur/’ Uq; : velocities in the r and &
directions, respectively

Nomenclature

Greek Symbols

: thermal diffusivity

8,87: angles between radial directions
and normal to solidification front
§ (¢): thickness of solidified layer
7, £ : independent variables
(see eqs.(10) and (11)
P : density
o, =k1 /ks
: angle
¢, : angle Detween the molten metal

surface and the roll outlet

Subscripts and Superscripts

1 : liquid region

m : two-phase region

s : solid region

* : dimensionless quantity

' : relevant to variables in the
liquid region

1. Introduction

In recent years a growing interest has
been concentrated the twin-roll
casting(C.C.)processes  which
have many advantages over the existing
other methods. The

on
continuous

rapid solidification
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process using twin-roll has been regarded
to be promising from the following two
view points: the internal
material structure such as the formation of

(i) Controlling

quasi-steady stable phase, improvement or
solubility limit, microcrystalline structure,

prevention of segregation, and mechanical




el ez A4Y M2F 1987. 6

properties, and (ii)effects of reduction of

processes and energy saving, such

hot rolling
difficult hot
materials and simplification of casting and

as

simplification of process,

manufacturing of rolling
rolling facilities.

Although the twin-roll C.C. process has
good characteristics as mentioned above, its
control seems somewhat to be difficult
because of the existence of the deformation
of the roll itself due to thermal expansion
or thermal stresses owing to the narrow
gap. Further, if

completed before the minimum clearance

roll solidification is
point between rolls, then deformation of
solid will occur. The plastic deformation of
the material then has to be considered in
this case.

For the abovementioned reasons, it is
necessary to develop the efficient numerical
tools to elucidate the complicated flow and
heat transfer mechanism, which will be
especially useful for designing the optimum
twin-roll C.C. systems.

A thorough the
dimensional solidification problems arising

analysis  for two-

in the continuous casting in a moving slab
including natural convection in the liquid
phase was conducted by Kroeger and
Ostrach[1].

mapping technique and indicated that the

They applied the conformal

recirculation flow is produced due to the
strong natural convection in the liquid pool.
However, they also pointed out that for the
range of the
natural convection had a negligible effect

parameters investigated
on the solid-liquid interface position. This
suggestion is very interesting because the
effect
determination of the solidification front

convection has only minor on

despife the Grashof number is very large.
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Solidification analyses for the C.C. of a
slab have been done by Siegel{2,3,4],
Koikkalainen et al.[5], Wang and Inoue[6],
Lu and Zhi{7], Ohnaka[8], Ohnaka and
Kobayashi[9], and so on.

While, the full solidification analysis for
the twin-roll C.C. including flow and heat
transfer in the liquid and solid regions is
very scarce to the best of out knowledge.
The only one is seemed to be the report of
Miyazawa and Szelkely[10], in which the
heat transfer, the flow of the solid and
molten phases and the pressure distribution
in the solid phase for the twin-roll rapid
quenching of pure metallic materials were
the
governing equations. They have indicated

clarified by solving onedimensional
that there exists a narrow range of casting
the the

angular velocity of the rolls, the feed rate

parameters, i.e. roll  spacing,

of the material, the physical properties of
the material, that gives a stable mode of

operation.

The C.C. problems including twin-roll
technique have been reviewed by
Szekely(11), Ohnaka(l2) and recently by
Ohashi(13).

This paper presents a numerical

methodology for the twodimensional heat
transfer and flow phenomena in the liquid
and solid regions in a twin-roll continuous
casting system. The mathematical model
presented covers the wide range of casting
the

transport in both phases was taken into

parameters since two-dimensional
account. Another objective is to provide a
, the
principal casting parameters, such as the
the roll the initial
of material, the

solidification profile with special attention

quantitative relationship between

roll speed, spacing,

temperature molten
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to the point of solidification.

2. Mathematical formulation

2.1 Numerical Model and the Governing
Equations
the coordinate

system are schematically shown in Fig.l. A

Numerical model and
molten metal is being fed from upstream
into the nip of two the rolls rotating in
opposite direction with an angular velocity
. The surface of the molten metal O'P is

always kept constant by overflowing the

excess molten metal from the small
leveling mouth. As soon as the molten
materials is poured into the nip,

solidification takes place on the roll surface
which
inside the roll.

is cooled by recirculating water

Now, we define two coordinate systems;

one is (r, ¢)coordinate for the solid phase

Liquid poo!l surface
. o' RN ——
Oy - ~
¥ =
- \ / W\
X S
N ,G("'!')/'//\ b“‘% \
. VAR N \
Y r ~ o
| o
o LS
70 Rott center
; y/
Angular velocity
N,
. O
w
T | .y
U, Casting velocity
PQ  : Solidification front
QQR : Liguid Region
PQR : Solid region
Fig. 1 Mathematical model and coordinate

system for twin-roll continuous casting
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with the orgin at the center of the roll.
Another one is(r, ¢)coordinate for the solid
phase with the origin at the center of the
roll.

Another one is(r’, ¢) coordinate for the
liquid phase with the origin at the point 0"

The solidified shell grew by the time t=t
is represented by the functions F(¢t) and
G(¢, t)in the solid apd the liquid phase
coordinates, respectively. If an appropriate
casting condition is achieved, there exists a
steady solidification profile which does not
change with time.

The problem is then to find this steady
solidification profile and the distributions of
in both
phases. A special attention is focused on

temperature and fluid velocities

the end point of solidification since the
casting phenomena will change drastically
depending whether this point would be
located before the end point or not.

The following principal assumptions and
restrictions may be made for the analysis
in the development of the basic equations.

1) The slip between the roll and solidi-
fied shell in solid region is neglected.

2) The heat transfer is two-dimensional.

3) The relation between solidification rate

and temperature in the solid-liquid
coexisting region is linear.
4) Thermophysical properties are

constant.
5) Mass flow rate in the normal direction
to the center line is constant.

By virtue of the following dimensionless

variables;
F G «+_ B
F*= G*=Y B*=2 «_ 2H, .
R, R, R, 2H.*= R, T,
—_ To
T.-T;
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’I‘ *_ 1 T * S T * f
' To-Ty : To-T; ! To-T; Liquid pool surface
*— r ’.‘:i 1’,*: r, - ¢/ OI > £
s N S R, "7
/*zﬁ _B8 w0 asts  x__ il e
Y ; f" bo t Ro t; Ro Sforloxg::flcatlon
. 0(4)  «_h
5 (@)= ha* =4 M

the governing equations for the above
problems are described as below. Symbols*
will be omitted hereafter for simplicity.

Solid region:

9T, __Pes 8T, 9T, 10T,
dts po 09 ayt vy dy
1 T,
.......................... (2)
e o ]
y=B(¢) T=T,  rreeereerrrrereenronese (3)
_F(¢, ts) T=Tf ........................... (4)
Liquid region:
aT, aT, oT,
It Peilsing 3045 ¢o S¢8¢’
*T, , 19Ty 1 & T,]
ar" 7 ay’ " (y ¢o)" a¢”
7/= (¢’ tl) T,=T, ........................... (6)
’ aTl—— ---------------------------
=1 Py 0 (N
The heat balance equation at the

solidification interface can be derived as
shown Fig.2

Let 8 and 8 be the angles between the
coordinate axes and the normal direction to
the then the heat
balance normal to the
is give by the next

solidification front,
equation
solidification front

equation.
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Solid

Roll surface ~/

Fig. 2 Heat balance normal to solidification

front.
§£=St _ﬁ RodF .,,0Ts
34 Pe,s JH1+H(2 s a¢)}
_ 1 oL, .
7 cos(go7) cos($,7) 37'] (&
Here, the nondimensional parameters

including Stefan number and Peclet number
have been defined as follows.

Po=leRep p, U8R ;K gy
Qg a, Ks
— ks -k B Vsl VS
as pcs a; pcl Stﬂ_ L Cs (9)

2.2 Boundary Fixing Formulation

The problem to find the solidification
front in twin-roll continuous casting belongs
mathematically to the so-called moving(or
free) boundary problem(MBP)which is
characterized by having a moving interface
dividing the relevant field into two regions.
Such a problem becomes perfectly nonlinear
because the positions of the moving fronts



AN FTE= A4W AN235 1987. 6

are neither fixed in space nor known a

priori. Various methods of solution for
MBPs have been developed in this field
and some of them can also be applicu to
the present C.C. problem.

One of the
the

handling the transient moving

difficulties encountered in
MBPs

interface,

solving multidimensional is
which splits up between the liquid and solid
domains. Here, the Boundary Fixing
Method(BFM)[14,15]which was developed as
one of the numerical methods for the MBP
was adopted. The BFM considers arbitrary
geometry of both the moving interface and
the of

independent variable, thereby reducing the

domain boundary via change
original problem into the one-dimensional

fixed boundary problem encountered
usually.
The next two independent variables are

introduced for the present case.

Solid region:

D 2y :10) E
S T B(#) 10
Y e

The correspondence between the physical
plane and the transformed plane
schematically shown in Fig.3.

is
The resultant governing equations for

solid region are written together with the
boundary conditions as,

9T, _ P,

s 9Ty 9T, 3¢ 1
ats 3. 99 T ae ag ) tlFzm +
1 9§, _1 .17
+R<a¢>]a§2 +1 ST 1+Rsa—¢§
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980T, , 1 9T, 2 3¢ 9'T,
ot 3t TR, 08" TR, o6 960
................................................... (12)
£=0 T=T. 13)

Solidification

front P P
o £=1 A5
QKR\'“‘—E:_\;O Q ]
Sotid region " Solid region £=0

Liguid pool surface
o P

/'\Solid region —>
Q

Solidification front

Liquid pool surface

Q A
Solidification front

Physical plane Transformed piane

Fig. 3 Correspondence between physical plane
and transformed piane

Further,
the liquid region are also written as,

the transformed equations for

aT, 1 an ., 3 Tl
ot IG(F.u7 TR (a¢”
1 9% U@)Pe,s .
+lary PARRN: R 39" Glg ) on?
1 ay _an 40T,
P"”'Tﬁzcosqja at,]
917_ cos QaTH‘ﬁ aq;;z
2 3n Ty 15)
R, 0¢" onog’
=1, T=T, i, (16)
=1, 8L_g Ll
$'=1, a7 =0 eererieiiieeeen, am
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Here, 8¢/8¢, 0°&/0¢%, 07/d¢, - in the
above equations are obtained by
CLOPL N - — -
g;i:‘?lﬁ [ZQ_(P;%_& Hg’;] ......... 19
ek B8 -
S o B
Re=(rdo)?, Ri=(r'@,)?  creveeremeenne (22)

The heat balance equation at the solid-

liquid interface is transformed to

_a_E:Ste _& ____1 &Z_a_f 2 aTs
a¢ Pe.s(Ro)[F(qb. ts)—1 *H(qso g " E
7 L CATE Y

" G(¢) 1) cos(go7) cos(gry’) an

For the analysis in the liquid region, it is
that

according to the solid fraction which is

postulated latent heat is rejected
determined by liquid phase temperature. By
use of previous assumption the equivalent
specific heat in the coexi sting region is

expressed as,

L*

Cm*:cl*+:m*_ ...................... (24)
Here,
+_ Cn * _ Ci

Cm _C_s” Cl - Cs y
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*— ____L — A 25
L CS(TO—TJ), TL To—Tf ( )
The computation of the energy
equation(15)in the solid-liquid coexisting

region was performed by using the specific
heat shown by the above equation.

However, the usual equations were solved
other than this region.

2.3 Numerical Procedure

The solution of the steady continuous
casting problem in twin-roll geometry was
obtained as a steady ultimate solution of a
First, the
the initial
temperature distributions in both liquid and

false transient problem.

solidification profile and

solid phases were assumed for given
casting conditions. Then, the temperature
distributions in both phases are obtained by
use of equations(12)and (15)with boundary
conditions(13), (14), (16), and (17). Next, the
new solidification front F(¢, t) is calculated
by virtue of equation(23)by using newly
in the

vicinity of the interface. This procedure is

obtained temperature information
repeated until the final steady solidification
front is attained.

The usual 3-point explicit finite difference

scheme was used for the computation of
energy equations. Simplified block flow

chart of computations oppears in fig.4

The computer running time for a typical
case was approximately 10 seconds on SX-1
of Tohoku University. The principal data
used for computation were listed in Table
1. The materials selected are Sn-15Pb and
stell.
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Table 1. Physical Constants and properties

used in calculations

thermal conductivity in solid zone ks 50.2(W/mk)

thermal conductivity in liquid zone k, 21.0(W/mk)

|
specific heat in liquid zone
P T200(Kg/m°)
208( °C)

183( °C)

densityinsolid zone
solid fine temperature Ts

liquid line temperature T'

3. Numerical Results and Discussion

In this section, the numerical results for
typical casting conditions will be shown
and the comparison with those of the
data
theory will be made.

experimental and one-dimensional

The results of computation including heat
transfer in both phases and fluid flow in
the liquid phase in indicated inFig.5(a)in the
case of 2H,*=0.073, Pe,s=47.2, ------ =0.417
and Tp*=7.1. The isotherms are shown by
the solid lines including the solidus line.
The experimental solidus and liquidus lines
are also shown by the broken lines. The
experiment[16]was done separately with
this study and detailed description

omitted. However, it is noted here that the

is

temperature measurement was performed
by thin which
thermocouples were embedded just beneath

placing a plate in
the surface and the data acquisition was
made by using a high-speed data logger.
The comparison of the present calculation
results and the experimental data reveals a
moderate Fig.4, the
computed result without consideration of

heat transfer and fluid flow in the liquid

coincidence. In

CI 0.23(KJ/ Kg K)
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Liquid pool surface

T *=6.93

A {/ Roll surface
Theory ‘,‘,J/}
_________ Experiment ( Q'(Roll outlet)
(a) (b)
a=0 0=0.417
2H.*=0.073 Pe,s= 47.2 Tp=17.1

Fig.5 Solidified shell profile and isotherms
in the liquid region

phase is depicted for of

comparison. It is seen that consideration of

the purpose

full heat and fluid flow bring forth a closer
result to the experimental data. However,
This
consequence is in line with that of Kroeger
and Ostrach{1]who
continuous casting problem via a conformal
that the
natural convection effect has a negligible

its difference is not so large.

analyzed a plane

mapping method and showed
effect on the solid-liquid interface position
as far as in the range of the parameters
investigated by them.

the
distribution in the vertical center plane((’Q’

Figure 6 plots temperature
plane} of the liquid domain under the same
conditions as in Fig5(a). The squares and
the solid line designate experimental data
and theoretical result, respectively. The
entire coincidence is fairly good except the
region(T,*=6.1-6.9)
where a slight difference is seen.

solid-liquid coexisting

The difference of the experimental and

theoretical results in the end point
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1 < Liquid pool surface

pe,s=47'2
] To*=7.1
2HO*=O.O73

O Experiment

— Theory

a

0.5

-

*

Roll
outlet

Solid © Mushy
region 1‘” region. T
L I o
6.0 6.5 7.0

T.*

i

Liquid
region
]

7.5

5.5

Fig. 6 Temperature distribution along the ce-
nter line of molten material. The ca-
lculated result (solid line) is compared
with the experimental results
(open square)

solidification could be considered as roll
variation, heat
in the solid

surface temperature
generation by deformation
region.

7 shows the solidified shell

thickness versus angle measured from the

Figure
initiation point P(see Fig.1l). The figure
compares the experimental results with the
theoretical ones obtained under assumptions
heat

dimensional heat flow without considertion

of, (i) one-dimensions flow, (ii) two-
of liquid side heat transfer and fluid flow,
and (iii) full solution considering all of these.
It

solution gives the most

is seen from the figure that the full
accurate result
since the experimental data can be con-
sidered to be reliable at present(no other

comparable data are available).
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Pool

0 -\sir\fbace

Theory (  =0)

Experiment (  =0.417)

S*(¢)

Fig. 7 Comparison between calculated and ex-
perimented values for solidification shel!
thickness. Calculation according to one
dimensional theroy is aiso show in the
figure by a broken line

Liquid pool
o~z surface Post
\ ’
\\ 33.9
: 101.7
169.4
0.1
3
wn . -
s Roll )
re— ’
0.2 I- outlet. /
:‘/End point of
2Ho*=0-068 ! solidification
T *=7.1
0
0.3 s s .
0 0.02 0.04 0.06
§*(0)

Fig. 8 Variation of solidification shell thickness
with the rol! spacing

It
analysis does not provide a good result.
This point

is noted here that one-dimensional
is especially important since
most of past studies have based on this
assumption[10]. The heat and the fluid
flow in the vicinity of end of solidification
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Q)
since the solidified layer gets thick in this
_region.

Although it is deduced that convection
has minor effect on determination of the
the of
convection pattern in the liquid region will

point(point becomes two-dimensional

solidification front, analysis
be very important from the view point of
eliminating segregation and controlling the
grain size of the wasted materials.

The effect of rotation speed of roll on
in Fig8 for roll

solidification is shown

spacing 2H,*=0.068 and initial temperature

To*=7.1. The ordinate designates
dimensionless angle and abscissa the
solidified layer thickness. The rotation

speed of roll is included in the Peclet
number, Pe,s. The value of Pes when end

point of solidification just coincides with
the minimum gap position Q’(i.e.roll outlet,
shown by an arrow in the figure)is around

102. The complete solidification point
Liquid pooi surface
5 T *=7.1
Pe,S=67'7
2H *
I o
0.1 0.0227 \}\
3 0.0682
co 0 0.0910
«© <~ Roll N
0.2 outlet N
End point of
B solidification
0.3 ! L J
0 0.02 0.04 0.06
§*(0)

Fig. 9 Vvariation of solidified shell thickness
with the roll spacing
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moves downward of the mininmum gap
point if the Pes exceeds this critical value.
Whether of is
located before the minimum gap point or

end point solidification
not may be an important criterion since
deformation of the solid, i.e. plastic flow of
the solid, will
completed before the material reaches the

occur if solidification is
minimum clearance position. This point will
also important from the view point of
quality control of the cast materials, for
example, prevention of crack in the center
portion of the cast material, which has

been clarified by the experiment[17].

Figure 9 indicates the effect of variation
of the roll spacing on the solidification
shell thickness in case of T,*=7.1 and Pe,
$=67.7. It is seen that increase of the roll
spacing has only a slight influence upon the
solidification profile. Further, end point of

8x102

¥*
. \ To =8.04
w
S 4+ Pe,s=
o Axin(2H.*)+B
A=-4,114
T B= 5,263
[
0 NPT b ]
0.001 0.01 \ 0.1
2H *
o)

Fig. 10 Showing the relationship between the
Peclet number and the roll spacing
when end point of solidification just
coincides with the minimum clearance
point
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solidification moves downward with
increase of the roll spacing..

Figure 10 shows a relationship between
the peclet number, Pe,s and the roll spacing
2Ho* when end point of solidification just
coincides with the minimum clearance point
Q under a condition of T¢*=8.04 and ...=
0.417. As mentioned earlier, this diagran
may be helpful in designing the real
twin-roll casting machine.

The relation can be expressed by the

following simple equation:

Pe,s=-4.11 /n(2H,*)+5.26 (26)
4. Conecluding Remarks

A numerical algorithm for the two-

dimensional solidification problem in the

twin-roll continuous casting system has

been presented in this paper. Attention was
focused on the elucidation of flow and heat
transfer characteristics in both liquid and

solid phases. The present mathematical
model can be applied to general full
Navier-Stokes and energy equations,

thereby covering the wide range of casting
conditions. The boundary fixing method is
adopted to handle the moving boundary and
resultant  transformed governing
equations for the solid and liquid regions
were solved separately by using usual
explicit-type finite difference scheme. The
following conclusions may be drawn from
the present study.

(i) A general numerical methodoogy was
presented and the quantitative relationship
between the important control parameters

in continuous casting of twin-roll type, such
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as the roll speed, the roll gap, the initial
of the
properties, solidification

molten materials,
the
profile, and the end point of solidification
The

results were compared

temperature
material

and the like was clarified in detail.
present numerical
with
separately to check the wvalidity of the

experimental results obtained
proposed method.

(ii) The
transfer on the entire solidification profile

influence of liquid phase heat

is not significatn, which is in accordance
with the consequence presented by Kroeger
and Ostrach [1]. This that a
simplified analysis which neglects the heat

implies

transfer in the liquid phase would yield a
moderate result as far as the solidification
front is concerned.

(iii) Whereas
great influence on the solidification profile,

the speed of roll has a

the influence of the roll spacing is minor.

In closing, it is noted here that a
thorough two-dimensional analysis including
full heat and flow equations will be

necessary to get more insight into natural
convection effect in the liquid phase. Such
task be
segregation and also in improving material

will important in reducing

quality.
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