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ABSTRACT

A computational modelling study has been undertaken for analysing the complex turbulent
melt flow, involving convective and conductive heat transfer in the melt pool and the solidifying
mushy-region within the wedge-shaped region of a vertical twin-roll stainless steel caster.

An essential feature of the model is the incorporation of the body-fitted curvilinear
coordinate transformation method for correctly modelling the arbitrary shaped region of the
caster in the presence of non-isothermal solidification. The model can also treat an obstacle such
as a submerged nozzle within the domain. The dendritic columnar solidification of molten metal
has been modelled through the implementation of the enthalpy-porosity technique. The
transformed curvilinear momentum and energy transport equations were suitably non-
dimensionalized and later solved for the physical variables, using a control-volume finite
difference scheme. The pressure-velocity coupling of the momentum equations were resolved
through a modification of the well-established SIMPLER algorithm.

In the absence cf such previous studies for stainless steel, either mathematical or
experimental, comparisons have been made of the present model with the experimental work
carried out within Nippon Steel Corporation as well as with experimental studies of a similar
system for a tin-lead alloy. Predictions based on the present model are in good agreement with
experimental results.

Various parametric studies have been carried out for the important variables of the twin-
roll casting system, and their effects on the turbulent velocity fields, temperature distributions
within the melt, solidification profiles and the extent of the mushy region, have been predicted.
The present results lead to many suggestions for the design of twin-roll casting systems.



RESUME

Une étude de modélisation assistée par ordinateur a éi£ entreprise portant sur ’analyse
de 1a coulée en régime turbulent. Ce modele tient compte des effets du transfert de chaleur par
conduction et convaction. 1l peut de plus prendre en considération 1’influence de Ia solidification
du métal au niveau de 1a section conique d’un systdme vertical de coulée continue a deux
cylindres en acier inoxydable, 12 ol liquide et dendrites cohabitent.

Un caracttre essentiel de ce modele consiste en I'incorporation d'une méthode de
transformation des coordonnées curvilignes d’un systdéme de référence arbitraire pour modéliser
une région de forme arbitraire d’un syst2me de coulée en présence de solidification non-
isotherme. Ce modele peut aussi tenir compte, entre autres cas difficiles, d’un obstacle comme
un orifice de coulée submergé. La solidification du métal en fusion par formation de dendrites
2 &€ modélisée en utilisant la technique dite "d’enthaipie-porosité”. Les équations curvilignes
transformées du transport de mouvement et d’énergie ont été reformulées de fagon a étre sans
dimension, et résolues en utilisant une méthode de différence finie avec volume controlé. Le
couplage de la vitesse et de la pression dans les équations de mouvement a été résolu par
modification de 1’algorithme bien connu SIMPLER.

En I'absence d’études antérieures (expérimentales ou de simulation) portant sur les aciers
inoxydables, des comparaisons entre ce modele et les travaux expérimentaux de Nippon Steel
Corporation, ainsi qu’avec des expériences sur un systéme similaire d’alliage étain-plomb, ont
&€ faites. Les prédictions basées sur le présent modele sont en bon accord avec ces résultats
expérimentaux.

Des études paramétriques ont €té faites concernant les variables importantes liées au
systtme de coulée avec rouleaux jumeaux verticaux. Leurs effets sur les champs de vitesse
turbulente, les distributions de température dans le métal en fusion, les profils de solidification
et 12 largeur de la zone liquide-solide, ont ét€ prédits. Ces résultats sont utiles pour la mise au
point des systeémes de cgulée continue 2 rouleaux jumeaux.
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INTRODUCTION

1.1 Eistory of twin roll caster

Technical developments for shortening the production process for steel have continued
for more than 100 years, chiefly, in order to reduce the production energy. It was done mainly
by integrating functions and eliminating certain steps. One of the best examples is the shift from
the ingot casting system to the continuous casting system, which integrated the casting and
slabbing steps while eliminating ingot-making and roughing.

During the past two decades, the next trend in continuous casting, Near Net Shape
Casting (NNSC), has been initiated in the U.S.A., Europe, Australia, and Japan. NNSC is a
casting system which produces thin-slab or strip requiring less reduction of product thickness
at the next step. The purposes of this process, therefore, is the reduction of rolling operations
and capital costs, which result from partial or totz]l elimination of the hot rolling process and
from smaller caster. In addition, the rapid solidification associated with this method can improve
the properties of plate products (Yoshida et al.,1986). Figures 1.1 and 1.2 show a process flow
sheet for steel from raw material to cold rolled sirip and 2 simplified clarification of casting
systems by product thickness, respectively.

NNSC has attracted the steel industry’s attention, and many researchers have been putting
significant effort into its development. Worldwide activities in the development of NNSC in the
steel industry have been reported, for instance, at International Conferences on Near Net Shape
Casting (Y.Sahai et al. ed., 1988 and three Iron and Steel Society conferences (1990 - 1992)).

The twin roll casting system is one of the typical NNSC processes, particularly for strip
or thin-strip casting. Twin roll casting systems are ciassified according to two types of
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combination of rolls, namely (a) equal diameter twin roll and (b) unequal diameter twin roll, or
according to three pouring methods, (a) vertical (top or bottom) feeding, (b) inclined feeding
(R.Kusakawa, 1985) and (c) pool feeding (N.Toyama et al, 1986). The concept of the twin roll
casting was introduced in 1857 by Sir Henry Bessemer (H.Bessemer 1891) and is shown in
Figure 1.3. As seen from the figure, Bessemer’s original machine is a top feeding machine with
equal diameter twin rolls, and this has been the dream of steelmaking engineers. Several
researchers have found difficulty with his approach because the optimum product quality can be
only achieved within a narrow range of specific conditions of thermo-mechanical casting
parameters.

Today, intensive research effort is being undertaken around the world to develop an
optimum design of equipment and operational conditions. The most popular experimental
approach is to use a small hot model experiment ranging from 0.1 to 50 ton scale. Table 1
shows worldwide activities in the development of twin roll casting system for steel. Very few
techniques developed to date, however, have been completely successful in full scale steel
factory because of difficulties in maintaining the productivity and good quality of products.

Nippon Steel Corporation and Mitsubishi Heavy Industries Ltd. have been jointly
developing the twin drum casting process since 1985 (Kasama et al, 1990). They have
succeeded in operating a 10-ton scale, 800 mm wide casting for austenitic stainless steels of 18-8
base at Hikari Works, Nippon Steel Corp., November 1989. They have been continuing to
study the economic feasibility of developing the process for industrialization, the stability of
product quality and means for better cost performarce.

1.2 Objectives

The twin roll casting process involves quite complicated control problems because of its
poor stability with respect to heat and mass flow within the mould and the difficulty of
controlling the kissing (nips) point of solidified shells on the rolls. If solidification, for example,
is completed before the liquid reaches the minimum clearance point between the rolls, then
deformation of the solid will occur if gperating with fixed-gap. Therefore it is necessary in
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. designing optimum twin roll casting systems to develop efficient mathematical tools to elucidate
the complicated flow and heat transfer mechanisms at work.

The aim of this research has been to develop a mathematical model and to simulate a
vertical twin roll casting process. Such a model can provide a basic understanding of the
interactions among mould design, metal properties, and operational variables. Obviously, such
an understanding would be of great value for process optimization and to obtain desirable
product qualities after due consideration of economic factors.

The specific objectives of the present research work are summarized as follows :

1. Development and verification of two-dimensional turbulent
fluid flow and heat transfer model in an arbitrary shaped
domain using a body fitted coordinate system.

2. Verification of the turbulent fluid flow model with water
model experiments available for a twin roll caster.

3. Development of a computer code which models turbulent

. fluid flow and mushy region solidification heat transfer in
vertical twin roll casting systems.

4. Verification of the solidification model with mathematical
modelling or experimental solidification results for a twin
roll caster.

5 Numerical investigation of the relationship of the molten metal pool and
solidified shell thickness with operational parameters, specifically the
feeding system and thin strip production rate, for a vertical twin roll
caster.

1.3 Outline of Thesis

Chapter 2 reviews prior works which have appeared in the literature concerning twin roll
casting systems including both mathematical and experimental studies. It also reviews previous
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work concerning mathematical treatments for arbitrary geometry, turbulence and solidification.

Chapter 3 describes a vertical twin roll caster, in particular, a semi-industrial scale twin
drum caster presently in operation at Nippon Steel Corporation, Japan. It explains the important
factors and engineering problems of the machine, and also presents a mathematical approach to
tackle fluid flow and heat tansfer in the wedge-shaped mould.

Chapter 4 formulates the two-dimensional vertical twin roll casting problem. It presents
general governing turbulent transport equations and the solidification model. In addition, the
body fitted coordinate technique, mathematical formulations and computational schemes are
described in detail. A numerical procedure for solving the problem is developed here.

Chapter 5 presents numerical results in a wedge-shaped pool with a moving boundary.
This chapter discusses the influence of inlet flow, turbulence and buoyancy force, and also
validates the fluid flow model after comparing with experimental results of the water model of
Nippon Steel Corp. (Suichi et al. ,1989).

Chapter 6 presents two-dimensional steady state results for flow, energy and solidification
in 2 twin roll caster. This chapter investigates empirical parameters and operational factors and
validates the modelling after comparing with Hojo’s experimental results of the Sn-Pb alloy
system (Hojo et al., 1987).

In Chapter 7, the important effects of various parameters of stainless steel are discussed,
and for design of a twin roll casting system is suggested. This chapter also suggests suitable
operational conditions for the twin roll casting processes.

Chapter 8 préents conclusions, contributions to knowledge, and recommendations for
future work.



COUNTRY

Australia
Austria
Canada

China

Japan

COMPANY THICKNESS

BHP
Voest-Alpine
Bessemer
IMRI
Shanghi M.R.I
IRSID-CLECIM
Thyssen + IBM
CSM
Danielli
POSCO + Davy
Hitachi
Hitachi Zosen
iz
Kobe Steel
Kawasaki Steel
Nippon Yakin
Nisshin Steel
NKK
NSC+Mitsubishi
ASEA-R.School
CONCAST
British Steel C.

BS/ARMCO/
INLAND

1-3 mm
0.5-8

5

2

5

1.5-5

5-25

2.6
2.3
6-7

3-40
0.3-0.8

0.8-2.3
2-17
1.6-5

Table 1 Semi-industrial twin roll casters in the world

WIDTH SCALE
mm 10 t Model
250 Hot Model
200 230 kg Model
100 100 kg Model
Hot Model
800 0.3-8¢
150 100 kg Model
400-700 4-20 t + 300kg
Hot Model
350 1 t Model
600 Prototype
60 350 kg Model
200 100 kg Model
75 150 kg Model
350 1500 kg Model
300 300 kg Model
300 120 kg Model
100 250 kg Model
800 10 t Model

20 kg Model
Hot Model

41+ 250 kg
320 kg Model




' Chapter 2

LITERATURE SURVEY

2.1 Twin Roll Strip Casting

Sir Henry Bessemer obtained 2 patent (1865) for the first twin roll casting process that
is shown in Figure (1.3). Bessemer produced thin sheet of 0.76 mm thickness and around 1m
long using two 300 mm diameter chilled rolls with fixed gap. The major problem he had to
overcome to make a thin strip was related to fluid flow distribution to the machine.

Since 1980, many rescarchers have began to investigate the twin roll casting system,
mainly through cxperimental studics and simple mathematical heat transfer analyses. Many of
these carly investigators tricd to obtain cooling rate data and corrclations between solidified strip
thickness and casting time or metal/mould contact time.

Kasama ct al. (1986) tricd to obtain a rclation between the solidificd shell thickness and
solidification time in Pb-Sn alloy and 304 typc stainless steel using a 100 kg scale twin roll
caster. The specification was : 300 mm diameter rolls, 200 mm width, up to 30 m/min casting
speed, less than 1 mm strip thickness. They reported that the solidification of thin strips cannot
be obtained simply by assuming that it is proportional to the square root of solidification time
(t). They suggested cquation (2.1) from their heat transfer analysis for estimating strip thickness
and have found good agreement with their experimental results.

1
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They also measured the sccondary dendrite anm spacing and estimated the average cooling
rates and heat transfer cocfficients (Kasama ct al., 1987). Later Miyazawa ct al. (1988) simplified
the cormrelation between strip thickness and contact time with following simple functional

rclationship,
d, « 1% 2.3)

Kawakami ct al. (1987) carricd out a2 250kg scale cxperimental study in carbon steel and
304 typc stainless stee! system and reported specific values for the apparent solidification
cocfficient. They also visualized fluid flow within the mould region using liquid paraffin.

Bethlchem Stecl Corporation has undertaken a vertical twin roll casting process with
Ammco Inc., Weirton Steel and Inland Steel since late 1980's, and proposed the relation between
heat transfer cocfficient,hy, the strip thickness.d,, and contact time t. Equations (2.4) and (2.5),
shown below, were obtained from an approximate analytical model on data published for twin
roll casters (Hlinka ct al., 1988, Burgo ct al., 1990).

d, = 0.146:°%% (001 <t [s] <22) [inches] 2.49)
b= B A @5

They are so derived an equation (¢q.(2.6)) for an instantancous interfacial heat transfer
cocfficient, hy, and recommended its use for simple mathematical models.

by, = —ylg [Brushr Xt 2F Y] 2.6)
i

Nippon Steel Corp. has undertaken a 1 ton scale vertical twin roll casting program in 304
type stainless stecl and correlated the solidification time, t (s), and strip thickness, d, based on
their own physical model data (Figure 2.1). They reported the following relationship between the
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the strip thickness and solidification time (Kasama et al., 1990).

d, = 435:°% + 027 [mm) 2.7

Table 2 summarizes approximate heat transfer coefficients for twin roll casters which
various researchers have reported after fitting data to their mathematical models. Although the
values have 2 wide range variation due to differences of machines, ways for measurement, and
models, they are generally an order of magnitude larger than heat transfer coefficients for

conventional casters.

Table 2 Heat Transfer Coefficients for Twin Roll Casters

heat transfer machine &
material coefficient ~ thickness
Kasama et al. 1987 12500 W/m?K NSC 100kg
(SUS304) 0.5-2mm
Suichi et al. 1989 7000+350/(t+0.03) W/mK NSC 1600kg
(SUS304) 0.5-5mm
6270 W/m?K NKK high-head ‘\
Shinde et al. 1992
8360 W/m*K Sumitoro M.
h 16700 W/m?K XSC Nil5Cr7Fe
Yamane et al. 1992 0.5-0.7mm
24300 W/m?K KSC SUS304
0.3-0.5mm
Hlinka et al. 1988 13484 W/m?K BSCO
(Carbon-Steel) 0.5-2mm
Takuda et al. 1990 6700 W/mK Kyoto Univ.
(SUS304) 3 mm
Miyazawa & Szekely 41800 W/m’K MIT
1981 (Aluminium) 0.1 mm
11



Bagshaw ct al.1988 34000 W/m*K Oxford Univ.
( Al-1%Cu alloy) 6.35 mm
Masounave ¢t al. 8500-10000 W/m*K IMRI
1988 (Al-Cu, steel) 0.5-2 mm
Sanai & Inouc 1989 7524 W/m*K Kyoto Univ.
( 40Pb40Bi12Sn8Cd) 3 mm

The heat transfer and solidification processes that take place in a twin roll are largely
affected by the velocity field that develops in the molten pool. Kasama ct al.(1990) mentioned
that surfacc ripples on the meniscus arc directly related and determined by the surface quality of
strips. They recommended that 2 coupled fluid flow and heat transfer analysis is very important
for realistic modelling of a twin—roll caster.

Wang and Saucedo (1990) investigated flow patterns in the twin roll caster using a full-
scale water model (305 mm roll diameter, 333 mm width) and reported on the cffect of the
fecding system on macroscopic flow near the “kissing point' or roll nip and on air cntrainment.
Through flow visualization, they suggested that a submerged pour box nozzle with a baffle piate
and an internal overflow gencrated uniform flow speed distribution without air cntrainment nor
strong turbulence.

Tanaka ct al. (1991) investigated relation among longitudinal cracks, columnar zonc
thickness, and surface waves in the mould. From their 0.6 scale (720 mm diameter roll) water
model) they have scen that the wave magnitude on the meniscus could be reduced by increasing
the depth of the nozzle outlet position.

Although a multitude of publications on conventional continuocus casting operations and
many cxperimental studies for the twin roll casting process have been published to date, very
little attempt has been made so far to actually model twin-roll casting operations.

Kraus (1986) developed a very simple one-dimensional transient conduction heat transfer
model for an inclined twin-roll CC process feeding two clad sheet. He used a finite~clement
method to solve the modelled equations and investigated a modelling parameter sensitivity in
carbon steel system.

Masounave et al. (1988) reported on a two-dimensional heat conduction model for a

12
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roll CC process. They adopted the equivalent heat capacity method to model solidification and,
by assuming a linear relationship between temperature and the solid phase present, they
calculated the solid fraction.

Bagshaw et al. (1986) developed a steady state two dimensional heat conduction model
using a control volume based finite difference method. They also carried out experimental
studies in an Al-Cu alloy system, using a horizontal twin roll caster, and determined heat
transfer coefficients by fitting predicted strip exit temperature to experimental measurements.
Later, they reported the effect of strip thickness and of roll material to strip temperature using
their mathematical model (Bagshaw et al., 1991).

Miyazawa and Szekely (1981) appear to be the first to report fluid flow and heat transfer
for the twin-roll CC process. These authors reported the two-dimensional, uncoupled fluid flow
and heat transfer results for a pure aluminium system, after making a number of simplifying
assumptions: velocity field in the liquid region were determined using total mass balance and the
continuity of the liquid. Although their uncoupled analysis of the transport equations are not
realistic, they discovered, nonetheless, that there exists a narrow range of casting parameters
(i.e. the roll spacing, the angular velocity of the rolls, the feed rate of the material, and the
physical properties of the material) that gives a stable mode of operation. Miyazawa etal. (1986,
1988) applied the model to stainless steel system and investigated the dependence of strip
thickness on casting speed.

Recently, Saitoh et al.(1989) have reported a two-dimensional, uncoupled fluid flow and
heat transfer model for a twin-roll CC process. Their simplified model equations are similar to
those of Miyazawa and Szekely (1981). The moving phase-change boundary was handled using
a boundary fixing method and the transformed equations for solid and liquid regions were solved
scparately by the usual explicit finite difference scheme. They have also carried out experiments
in a laboratory scale twin-roll caster and compared their numerical results with those from
experiments (Hojo et al., 1987). In their final comment, these authors have suggested that a
thorough two-dimensional analysis, including full heat transfer and coupled fluid flow equations,
will be required to obtain a more realistic picture of the twir-roll process.

Takuda et al. (1990) proposed another simple two dimensional, uncoupled fluid flow and
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heat transfer model. In their model, the velocity field in the mould is calculated by simple
equations first and the strcam lines are used for solving an cnergy cquation as coordinate lines.
Their model can not take account of the dependency of the energy ficld upon the velocity ficld.

From the above literature revicw, it appears that the mathematical modelling of a twin-
roll CC process is in its infancy and is far from complete. So far, mere preliminary studies have
appeared in the literature.

2.2 Turbulent Model

In turbulent flow, motions of fluid are irrcgular, imc—dependent and accompanied by
fluctuations in velocity. In order to understand the complex flow, it is necessary to solve the
momentum cquations and the continuity cquation simultancously. The solutions can only be
obtained by using a numerical procedure because of the nonlincar character of the cquations sct.

A wide varicty of approaches for simulating turbulent flows have been developed over
the past two decades. In the most fundamental approach, full or direct turbulent simulation (FTS
or DNS), the Navicr—Stokes cquations are solved directly. The important details of turbulence
arc, however, very small scale in character and solving the equation dircctly without a turbulence
model requires very fine grids; for example certain flows whose Reynolds number is 10 needs
10° grids to solve. Such calculations are very difficult and expensive to carry out, because even
using today's powerful supercomputer, hundreds of hours of computations arc¢ required.

Deardorff (1970) developed the large eddy simulation (LES) model which solves filtered
Navier-Stokes equations and yiclds the large scale components of the fluid motion. Although
LES is a very strong tool for investigating turbulence in detail at a relatively low cost (vis—a-vis
FTS), unfortunately, it also requires a supercomputer (e.g. Moin & Kim, 1982).

For practical reasons, cost and desired accuracy, Reynolds-averaged Navier-Stokes
(RANS) calculations are the most popular turbulence models today. RANS is chicfly based on
the concept of the Reynolds stresses arising from cross—correlations of fluctuating components
of velocities(—pu'v"). Using the Reynolds stress termn, turbulent shear stress is written as follows,
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of velocities(-pT'v'). Using the Reynolds stress term, turbulent shear stress is written as

follows,

= v 2.8)
T pvay pu'v

where the flow is assumed to be a shearing stress flow whose velocity gradient is in the y-
direction.

Boussinesq (1877) suggested that the Reynolds stress could be replaced by the product
of mean velocity gradient and a quantity termed the turbulent viscosity’, through analogy with

Newton’s law of viscosity as follows,

- prl = pt (2'9)

|

Unlike the laminar viscosity (), the turbulent viscosity (i,) is not a property of the fluid,
but is largely determined by the structure of turbulence at each point within the flow system.
In order to estimate the turbulent viscosity, Prandtl (1925) proposed an algebraic relation through
analogy with mean free path in molecular kinetic theory as follows, which has become known
as the mixing-length hypothesis (or the momentum transfer theory).

= 1 2188 (2.10)
B p.layl

where 1, is mixing length and is determined by experiments usually.
Von Karman (1930) proposed the similarity hypothesis as follows,
I, = Y @11
&afay*
However, the mixing-length model, often called a ‘zero equation model’, is not very
popular, because the length scale is not determined solely by local properties of the mean flow
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but is influenced by properties at other locations in the vicinity.

To take into account the local character of turbulence, Kolmogorov (1942) has proposed
the time-averaged turbulence kinetic energy, °k’, with the following definition,

k= %( Su” T TvP) 2.12)

where k is determined from the solution of a convective transport equation. Using the time-
averaged turbulence kinetic energy, turbulent viscosity is represented as follows,

1

P: = p kEI (2013)
where ‘I’ is the length scale, which is prescribed algebraically in the ‘one equation model’, or
is calculated from transport equations in the ‘two equation model’.

The k-¢ turbulence model, proposed by Jones and Launder (1972), has been one of the
most popular models of turbulence because of its wide applicability and engineering accuracy.
The ‘¢ is the isotropic dissipation rate of turbulence energy defined by ¥'=/L. The scalar
transport variables k and ¢ are determined from solutions of the convective transport equations,
and the turbulent viscosity, g, is given by

F‘ = C'f“pkz (2-14)
€

where C, is a constant and f, is a2 damping function of the turbulent Reynolds number,
which is equal to unity when the flow is fully turbulent. In the standard high Reynolds number
k-¢ model, f, is assumed unity in the whole region and experimentally-established boundary
conditions are applied near the wall. In many turbulent flows, the turbulent properties near the
wall are functions of only the normal-distance Reynolds number, y., and the direct effects of
molecular viscosity far enough from the wall are not important. Commonly, the empirical wall
functions used, are as follows :
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Although numerous works using the high Reynolds number k-¢ model have been
reported, there is a strong debate as to the value of the model for complex flows (Launder,
1984) because the wall functions are based on experimental data for parallel flows in simple
shear. Thus curved surfaces and recirculating flows are not applicable, though commonplace.

Jones and Launder (1972, 1974) proposed a low Reynolds number form of the k-¢ model
that does not require these wall functions. They have introduced viscous diffusion terms and
additional terms into the k and ¢ equations to account for the non-isotropic dissipation processes.
An exponential function of the local turbulent Reynolds number was used as the damping
function £,. In this model, the bourdary condition, u = v = k = ¢ = 0 on the wall, can be
adopted. They reported that the model provided good agreement with measurements and
predictions in wall boundary flow, pipe flow, and channel flow systems. Following Jones and
Launder, several investigators revised or developed other low Reynolds number k-¢ models.

Launder and Sharma (1974) applied a low Reynolds number model, which is almost
similar to the Jones & Launder model (1974) except for the damping function and coefficient
C,, to model the flow generated by a rotating disc. In spite of the fact that the system contains
very high gradients of swirl velocity in the vicinity of the disc (spin Reynolds number up to 4
x 10%, predictions of velocities, heat and mass transfer were in close agreement with
experimental data.

Lam and Bremhorst (1981) developed a new form of low Reynolds number k-¢ model
which does not include additional terms in the k and ¢ equations. In their model, the turbulent
viscosity is a function of not only the local turbulent Reynolds number but also of the location.
Although the model requires a certain values of ¢ on the wall boundary, the equations are
relatively simpler than the Jones & Launder model. They validated their model for a fully
developed turbulent pipe flow problem.

Chien (1982) proposed another form a low Reynolds number model where k and «
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equétions have different additional terms. The model is based on an assumption that the
‘logarithmic-law’ near the wall is applicable even in the viscous sub-layer. He applied it to a
fully turbulent channel flow and a turbulent boundary layer flow over a flat plate, and showed
that the model gave better predictions than that of the Jones & Launder model.

Patel et al. (1984) tested several different versions of the k- turbulent model in a variety
of boundary layers, namely, flat-plate, sink flow, strong pressure gradient, and equilibrium
adverse pressure gradient. ~nd concluded that the lJow Reynolds number models of Launder &
Sharma (1974), Chien (1982), Lam & Bremhorst (1981), and Wilcox & Rubesin performed
considerably better than the others in the simple case of a flat-plate boundary layer flow. In the
equilibrium adverse pressure gradient boundary layer, the models by Chien and Lam &
Bremhorst overestimated the skin-friction coefficient, whereas Launder & Sharma and Wilcox
& Rubesin yielded satisfactory results. The models by Launder & Sharma, and Chien, achieved
the best representation of experimental data in the favourable pressure gradient boundary layer
sjstem and in the sink flow system respectively.

Henkes and Hoogendoom (1988) investigated the low Reynolds number k-¢ models in
the natural convection boundary layer problem and showed that Jones & Launder’s, Lam &
Bremhorst’s and Chien’s model gave the best results in predicting the velocity profiles.

A number of numerical works on turbulent flow and heat transfer have appeared in the
metallurgical Literature, in particular, conceming ladles (e.g. Mazumdar & Guthrie,1990),
tundishes (e.g. Joo,1989) and conventional continuous casters (e.g. Thomas, 1990).

Dubke et al. (1988) investigated fluid flow in the electromagnetic stirring of continuous
cast strands by using both numerical and experimental methods. In the model equations, the high
Reynolds number k-« model and the Lam-Bremhorst type low Reynolds number k-¢ model were
along used with the Maxwell equations. They calculated two-dimensional steady fluid flow at
the transverse cross section and the third dimension was taken into account by depth-averaging.
The model considered neither a mushy region nor heat transfer, and it was checked against
experimental values obtained with mercury.

Thomas et 2l. (1990) studied two-dimensional turbulent fluid flow in a continuous casting
system using FIDAP (a commercial CFD software from Fluid Dynamics Int., Evaston Illinois).
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transfer model for a continuous casting system. The model cquations were again solved using
FIDAP. They investigated the cffects of scveral important parameters after adopting fixed—shell
thickness approach.

Farouk et al. (1991) presented a numerical model for the twin belt caster system using
thc Jones—Launder type low Reynolds number k—€ model along with the simple solidification
modecl, where it was assumed arbitrarily that the molecular viscosity in the mushy region was
twenty times of that in the liquid region. They investigated the temperature distribution in some
alloy systcms and the inclusion trajectory.

Summing up, the k-¢ turbulent model, in particular, the low Reynclds number form, is
recognized to be an cfficient model and has become very popular recently. Very few
rescarchers in the metallurgical field, however, have studied turbulent flow and heat transfer in

an cnclosurc of arbitrary geometry such as the mould of a twin roll caster.

2.3 Body Fitted Coordinates

One of the most important steps required to achieve an accurate numerical solution of the
transport cquations involves the proper location of the nodal points in the flow region affected
by the boundary, because ir many differential systems, the boundary conditions have a dominant
influence on the character of the solution. An appropriate approach to deal with geometric
complexities is the generation of a curvilinear coordinate system with coordinate lines coincident
with all boundaries. In this approach a computational domain of arbitrary shape is mapped onto
a simple shaped domain in the transformed coordinate system.

The most popular methods for numerical grid generation by using differential system
technique were introduced by Thompson et al. (1977). In the method, 2 system of elliptic
equations are solved to generate the grid.

The general transformation from the physical plane (x,y) to the transformed plane ()
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. elquations are solved to generate the grid.

The general transformation from the physical plane (x,y) to the ransformed plane (¢,3)

is given by £=£(x,y), n=n(x,Y).
Derivatives are transformed as follows;

of _ 1, .0y, _ 9, F =3’nfc"3'efn 2.16)
o J( (——a )(_BE) (_ae)(_'a )) -5

o _ 1 & _ ox O, X % 2.17)
% J( (ae)(a ) (a )(BF.)) 3

where J is the Jacobian of the transformation;

= (D - (B2 D - - .
J (35)(311) (311)(35) XY, ~ XY (2.18)

The basic concept of the body fitted coordinate scheme is to generate transformation
functions such that all boundaries coincide with coordinate lines. The coordinate lines, therefore,
should be taken as solutions of an elliptic boundary value problem with one of these as constant
on the boundaries. Figure 2.2 shows an example of the two-dimensional field transformation.

In body fitted coordinates, all governing equations and boundary conditions are
transformed using the coordinate transformation and solved in the transformed domain.

Methods for the body fitted coordinate system for fluid flow problems can be roughly
grouped into the following key features (Karki & Patankar, 1988) :

1. orthogonal or non-orthogonal grid system,

2. staggered or non-staggered grid arrangement,

3. co-variant physical or curvilinear velocity components as the dependent variables in

the momentum equations.
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Barfield (1970) developed 2 mapping technique to generate orthogonal grids. He showed
only a numerical scheme for interpolating lines between the orthogonal curvilinear mesh lines.

The method for orthogonal coordinate systems has been well developed, for instance
Pope (1978) solved turbulent gas flow problems in a diffuser using the k-e¢ model. The attraction
to use orthogonal coordinate systems lie in the fact that the equations of motion are considerably
simpler than those for a non-orthogonal coordinate systems, and boundary conditions can be
applied easily. Computational time might be also saved slightly. However, methods for the
orthogonal coordinate system have limited applicability. In particular, it can not be strictly
applied for the non-orthogonally intersecting boundaries.

Concerning a method for non-orthogonal coordinate systerns, Thompson et al. (1985)
describe the generation procedure for grid formation in detail. The method has become very
popular recently, because of its wide applicability.

McWhorter and Sadd (1980) applied the non-orthogonal body-fitted coordinate 1o a two-
dimensional steady state heat conduction problem of an eccentric circular annulus, as the first
application of this method to problems of heat conduction.

It is very important for fluid flow problems to deal with velocity components properly.
In a staggered arrangement, the locations of the velocity components are displaced from those
of the scalars to avoid a wavy velocity field being acceptable to the continuity equation and
checker board pressure field owing to make the pressure difference between two adjacent grid
points become the natural driving force for the velocity component location between these grid
points (Patankar, 1980). Unless a staggered grid arrangement is employed, a special technique
is required to avoid the oscillations of the velocity and pressure field (Rhie & Chow, 1983).

As the dependent variables in the momentum eguations, the covalent physical velocity
components are more popularly employed than the curvilinear velocities. It is because the
conservation equations in the curvilinear velocity formulation contain additional curvature source
terms arising from the special variation of the velocity components. These source terms often
cause difficulty in the numerical convergence of the model equations.

Shyy et al.(1985) applied a fully staggered grid system to solve two-dimensional steady
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hybrid, sccond—order upwind and QUICK, for discretizing the convection terms in the momentum
cquations.

Karki and Patankar (1988) solved two-dimensional steady state laminar flow problems
in a tubc with a constriction, and natural convection problems in concentric and cccentric annuli
using non-orthogonal body-fitted coordinate with a staggered grid arrangement. They reported
a good agrcement with experimental data.

Hadjisuphocleous et al. (1988) applicd non—orthogonal body-fitted coordinates to a two-
dimensional transient natural convection problem in a cooling cavity. They also adopted the
staggered grid system and the physical covalent velocity componcents as the dependent variables

in the momenturn equations.

Although quite a few studics exist which bave adopted body-fitted coordinate in analysing
turbulence flow and associated heat transfer problems, to author's knowledge, no researcher has
yet applied the body—fitted coordinate apprach to model turbulent flow in a metallurgical process
that additionally incorporates coupled solidification.

2.4 Numerical Model For Solidification

Heat in the wedge—shaped pool is transferred both by convection and by molecular
diffusion and eddy conduction. In addition, in the mushy zone, the latent heat is released.

In the thin solidified strip on the rolls, heat is transferred purely by conduction. Heat is
removed through intense internal cooling of the fast moving rolls. During the phase change of
molten steel, three distinct regions are present: a solid region, a totally liquid region, and a mushy
region consisting of liquid dispersed among solid derdrites.

The majority of numerical studics to date on solidification consider only the conductive
heat transfer mechanism, because the boundaries between the regions are determined by heat
transfer. However, in the physical systems which involve partial or fully liquid phases, not only
conduction effects but also convection effects, are important. In predominantly forced convection
systems such as a strip caster, it is plausible that convective heat transfer dominates over
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transfer. However, in the physical systems which involve partial or fully liquid phases, not only
conduction effects but also convection effects, are important. In predominantly forced convection
systems such as a strip caster, it is plausible that convective heat transfer dominates over
conduction.

An early numerical approach for dealing with convection-diffusion controlled isothermal
phase changes is reported by Sparrow et al.(1977). They modelled natural convective melting
of pure salt in a tube using, deforming-transformed grids. They assumed a small time lag between
the heat delivery to the interface and the resulting interface motion. Fluid flow and heat transfer
in the liquid region were solved assuming that the interface is fixed during this small time
interval. Numerical grid generation, accordingly, was revised at each time interval, requiring
intensive computational effort for implementation.

Brent et al. (1988) presented a numerical solidification model based on the enthalpy-
porosity technique which allowed a fix-grid solution in convection-diffusion problems. They
investigated a melting problem of pure gailium in a cavity. In the enthalpy-porosity approach,
the evolution of the latent heat is accounted for by defining a source term in the energy equation.
The momentum equations included additional terms which dominate over the others in the
solidifying control volume so as to force velocity values in solid regions to zero. The additional
terms had no influence in liquid regions.

In pure materials, isothermal phase change occurs, and the numerical methodology for
solidification is relatively simple. In many practical situations in metallurgy, however, materials
are not pure but are alloys which have liquid-solid regions of co-existence (mushy region) which
affect fluid and energy flows. In such cases, during the phase change, the evolution of latent heat
has a functional relationship with temperature as opposed to the step change associated with an
isothermal phase change. The total specific enthalpy of the material (the total heat content) can
be expressed as

H=h+AH h-= f:cpdr * by (2.19)
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AH =f(T) (2.20)

'K is the sum of sensible heat # and the nodal latent heat AH, where the nodal latent heat is in
the range 0 < AH <X; A is the latent heat of solidification.

Szekely and Jassal (1978) presented numerical and experimental works for ammonium
chloride solidification in a two-dimensional slot. They employed D’Axcy Law source approach
in the momentum equations and a linear correlation between the kiquid fraction and permeability
in the inter-dendritic region ; the permeability function was obtained from the analogy to
Poiseuille’s law for the flow of a viscous fluid through a circular capillary. They solved the
momentum and energy equations at ¢ach region independently at each step, and obtained good
agreement between the numerical results of temperature distribution and measurement.

Voller and Parkash (1987) applied the enthalpy-porosity method to mushy region phase
change problems using PHOENICS (a commercial CFD software from CHAM ). They solved
the convection-diffusion problem in the liquid and mushy region, and the conduction problem
in the solid region simultaneously using the D’Arcy law source approach. In the model, the
mushy region is assumed to consist of only dendritic columnar, and inter-dendritic flow is
treated as a flow in a porous media employing the Carman-Kozeny equation (Carman, 1937) for
permeability. The relationship between the liquid mass fraction and temperature was taken to
be linear. They carried out parametric studies for the solidus-liquidus temperature range in a
two-dimensional transient natural convection solidification problem in a cavity using Dirichiet
boundary conditions.

Shyy and Chen (1990) studied a similar natural convection problem with phase change
in a cavity using an adaptive grid computational technique with a weighting function for velocity.
For the solidification model, the same enthalpy-porosity technique employing the Carman-
Kozney equation was used. Although they did not validate the model experimentally, they have
reported on the important influence of Ra, Pr, and Stefan number on the energy field.

Very recently Shyy et al.(1992) presented advanced work where the adaptive grid
technique was used on the solidification problem of a titanium ingot casting. They solved two-
dimensional convection-diffusion problems in conjunction with the enthalpy-porosity technique,
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along with a modified k-¢ turbulent model. They investigated some qualitative features of the
ingot at two casting speeds (2x107* and 4x10* m/s) and two levels of gravity (normal g and 10°
Sg). They mentioned that the k-¢ model predicted a thicker mushy region compared to that
predicted by a zero-equation turbulence model and proposed that the latter model seems to offer
more consistent results as compared with experimental observations.

Given the above literature survey, it appears that the numerical modelling of phase
changes in an alloy system is still in an evolutionary stage and that very few investigations have
modelled solidification under the influence of very strong forced convection motions similar to
those encountered in a twin roll strip caster.
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TWIN DRUM CASTER

3.1 General Characteristics of Vertical Twin Roll Caster

Of the various strip continuous casting processes for directly casting steels that arc
cquivalent to, or better than, conventional hot rolled strips, the twin roll casting is among the
more developed systems (ref. Table 1).

A typical twin roll caster is characterized by a pair of internally cooled counter-rotating
rolls fixed on parallel axes, with the cylindrical faces separated by a gap at the centre which is
cqual to the thickness of the strip to be cast. Liquid metal is supplied continuously and solidified
on the water—cooled rolls. In the steel industry the top-feeding twin roll caster is the most
popular system of the several designs available due to advantages of productivity and equivalent
surface quality on both sides of the strip being produced. Figurc 3.1 provides a schematic
diagram of a vertical twin roll caster which is mathematically modelled in this study. It has
equal diameter rolls and the top feeding system is from a delivery nozzle.

Although the twin roll casting system has attracted the attention of all materials processing
industrics, steel companies in particular have been developing it due to large potential profits that
can be achieved through a reduction in processing costs. In the aluminium industry, the twin roll
caster acts as a powerful rolling mill, as well as a solidifying machine, since solidification is
completed well before the roll bite point. Unfortunately, in most of the steel industries, the
“kissing point’ of solidified shells should be practically coincident with the roll bite point, because
of the large rolling forces otherwise generated by premature solidification. This demands
accurate design and control of the twin roll caster for steel industry applications.

The twin-roll casting process, as applied to steel, has some particularly significant
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characteristics. These are:

1. A solidification rate that is significantly higher than conventional slab
casiers because of no casting powder in the mould.

2, Friction free casting, in that the solidified shell moves at the same velocity
as the rolls.

3.  Predicting and controlling the location of the ‘kissing point’ is essential.
Heat extraction capacity is much higher than single-roll casters and the
quality of the two strip surfaces can be the same due to both side cooling.

Owing to the higher rates of solidification, higher speeds through the mould and the
lower thermal mass undergoing solidification (i.e. thin strip vs.thick slab) the process has been
found to be extremely sensitive to slight variations in thermal flows and metal-mould
interactions. The fluid flow in the mould considerably affects heat transfer, the thickness of
solid shell and the location of the ‘kissing point’.

3.2 The N.S.C. Twin Drum Caster

3.2.1 Solidified Skell Thickness

A twin roll casting program has been undertaken in a corporative effort between Nippon
Steel Corp.(N.S.C.) and Mitsubishi Heavy Industries Lid. with a semi-industrial experimental
unit installed at Hikari Works of N.S.C. The experimental unit is a vertical type, top feeding,
equal diameter, twin roll (drum) caster, using 2 submerged nozzle to deliver molten steel, and
is named the twin drum caster. Figure 3.2 shows a photograph of the twin dram caster.

The machine has a 10-ton melt capacity which can produce 800 mm width strip between
1200 mm diameter drums. Since 1989, the machine has been producing cast austenitic stainless
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steel coil on a test basis. A plant layout of the caster and equipment specifications arc given in

Figure 3.3, and Table 3, respectively.

The molten steel is supplied to the tundish fitted with induction heating from an clectric
furnace, and is poured between water-cooled drums via a controlled stopper-rod and a refractory
nozzle. For stable opcration, fully automatic casting control systems arc employed. The liquid
level is controlled using a meniscus detector as a sensor and a tundish stopper nozzle as an
actuator. The drum gap and drum force are controlled using gap scnsors, hydraulic servo-
mechanics and drum motors. The constant—drum—gap control system is preferably adopted to
the constant-drum—force contro! system according to the variation of strip thickness at test runs.
In the system, during casting, the thickness of the strip and drum force arc continuously detected,
and the fced-back system controls the casting speed and drum gap to obtain the assigned
thickness. The drum force is detcrmined to satisfy strip thickness, casting stability and strip
quality. The cast strip is joined to a dummy shcet taken up on the coiler, and the ends of the
drums are secaled by preheated refractory plates. Solidification becomes completed in the vicinity
of the drum gap.

Figurc 3.4 shows the relation between casting speed and strip thickness in 304 typed
stainless stecl casting. Variations in strip thickness are less than = 3 % using the constant—drum-—
gap control system. This relation gives information about the correlation between solidified shell
thickness and contact time on the roll as following,

d, =483%%° (02<:t[sec]<12) [mm] G.J1)

Although the form of the equation is the same as equations (2.3), (2.4) & (2.7), values
of the fitting parameters are different in each equation.

The cmpirical equation (3.1) tends to have the largest thickness. It suggests the biggest
cooling rate. The equation (2.3) of Kasama et al. was obtained partially using the same machine
at N.S.C(twin drum caster) as the equation (3.1). Consequently these two equations are quite
similar, but not the same. The cquation (2.4) of Hlinka et al. was obtained after fitting parameters
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Table 3 Specifications of the twin drum caster

ltems Specifications

Type Twin drums
L_adle capacity 10 ton
Tundish capacity 1.6 ton
Casting speed 20~ 130 m/min
Strip’ thickness 1.6~5.0mm
Drum width 800 mm
Drum diameter 1200 mm
Drum sleeve Cu+ Ni plating
Coiler type Up-coiler
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Figure 3.4  Relation between casting speed and strip thickness
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to the data of Bethlchem Steel Corporation (BSCO), NKK, Kawasaki Steel Corporation (KSC)
and NSC. An important point is that the comelation depends on not only the contact time but also
on other factors of the machinc and opcration, and thereforc can not be determined
unequivocally.

Although these comelations provide very important information on how to obtain the
desired strip thickness, the dependence of strip thickness on the other factors such as the delivery
system of molten steel or its superheat is still unknown.

3.22 Surface Cracking

During the first stage of cxperiments conducted at N.S.C, finc longitudinal cracks
occasionally occurred along the strip's surfaces. Figure 3.5 shows the microstructure around a
typical longitudinal crack. The crack usually bas a depth of about 100-300 um and is about 10
cm in length.

Local solidification delay exists around the crack, indicated by the thinner thickness of
the columnar crystal zone thar the average. Figure 3.6 sketches the deviation of the columnar
zone thickness across the wide section of a typical strip with the longitudinal cracks. The
longitudinal cracks were observed at the location thinner thickness of the columnar zone. The
critical deviation ratio of the longitudinal crack formation is about 80 % of the average thickness
of the columnar zone.

In addition to above the fact, it was found that the magnitude of surfacc waves on the
meniscus in the mould was related to the amount of the longitudinal cracks, during casting.

From the above experimental results, it is apparent that the fluid flow conditions of molten
steel influence heat transfer and solidification phenomena, and the rclation between coupled
momentum and energy transport with solidification should be ascertained. Unfortunately, it is
very difficult to find out the effects of each factor by experimental works alone because of the
complexities of the phenomena, and a good mathematical model is therefore a necessity.

Most of the material treated in the Section 3.2 is derived from a N.S.C. report (Yamada
et al. 1992). '
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MATHEMATICAL FORMULATION OF THE PROBLEM

4.1 Introduction

Numerical modelling gives us useful information at relatively low cost (vis—a~vis physical
models) about flows and the energy conditions in thc mould during the design stage of such
casters. In spite of the importance of modelling a twin—roll caster, few attempts accounting for
fluid flow (Miyazawa & Szckely, 1981; Saitoh ct al., 1989) have been made to model this caster
system to date. This may be partly due to the fact that the problem posed is quite difficult in
that a turbulence modelling of flow, heat transfer and solidification in an arbitrarily shaped
geometry is required. Specifically, the modelling complexitics of a twin-roll caster can be listed

as follows:

1. The mode! should consider coupled fluid flow and heat transfer using the
propertics of liquid stecl which has a low Prandtl number and a high Rayleigh
number.

2. The model should consider turbulence, laminar and buffer region duc to the

existence of the mushy region whose boundarics are not clear.

3. The modelling region is of arbitrary wedge-shaped geometry. Neither Cartesian
nor cylindrical coordinates is applicable without large solution errors.

4. The process contains a high speed moving boundary (roll), inlet—outlet conditions
with a submerged nozzlc and a free-surface.
The solidification phenomenon of the alloy must be considered.
For cost cffectiveness, and from an industrial point of view, it is more appropriate

that simulations be performed not by a supercomputer but using a personal
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personal computer.

To resolve these complexities, the following mathematical approach has been adopted:

1. Control volume based finite difference method

2. Low Reynolds number k-¢ turbulent model

3. Non-orthogonal body fitted coordinate system
4, Staggered grid adaptation

3. Enthalpy-porosity technique

6. Under-relaxation technique

4.2 Governing Equations

4.2.1 General Form of Governing Equations

Continuity equation {conservation of mass):

%t‘hv-(pv) -0 @.1)

Navier-Stokes equation (integral equation of momentum):

_— — —_—  Y—— +

DV ¥, W ¥ g _ly.f @.2)
D & & & &

The left term represents mass per unit volume times acceleration, the first right term is

the external force, the second one is pressure force and the third one is the viscous force.

Conservation of energy :
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The first left term represents rate of gain of internal energy per unit volume, the second
one is rate of gain of kinematic energy. The first right term represents work done on fluid by
external forces, the second one is work done by pressure force, the third one is work done by
viscous force, the fourth one is work done by isobaric change of unit volume, the fifth one is
heat generation by viscous dissipation and the last term is energy input.

Considering Newtonian incompressible fluid flow, equations (4.1)-(4.3) can be revised

as follows respectively,
Continuity equation:
V=0 4.9
Momentum equation:
DV g ly.vep @.5
Dt P
Energy equation:
DT «x @ I
C— = =T + = 4.6)
Ppe p

Also the general form of the governing equations for mass/fluid/energy/scalar component
transport processes can be written in the form

208 + V- (7) = V- @) + 5, @

where ¢ represents dependent valuables (e.g. u,v,w,T etc.) and Sy is a source term.



4.2.2 Laminar Flow

In case of laminar flow, the shear stress force is proportional to the local velocity
gradient (Newton’s law of viscosity), so that goveming equations of motion are relatively
simple. Considering two-dimensional fluid flow and heat transfer, the equations in the Cartesian

coordinate system (x-y) can be written as follows;

oo , Hpud) , Aevd) _ _a.{r i?.) + .i(r ﬂ) + S(xy) @.8)
& & ax\ *ax) o\ *y
(transient term) (convection term) (diffusion term)  (source term)

Continuity equation :

$ =1, T,=0, Sxy) =0 @.9)
u-momentum equation :
b= T, = S =-2 (@10
v-momentum equation (the gravity is in the y-direction):
d=v T,=p S@)=-2+pg @.11)

3y

To take into -account the buoyancy effect, employing the Boussinesq approximation,
which uses the first order Taylor-series expansion, equation (4.11) is revised as follows,

=% Ty = S@) = - Z + Bog (T-T,) @.12)
Energy equation :
$=T, Ty = SE) =0 4.13)
[ 4



Concentration equation (without reaction):

¢=C T, =Dy, Sxy) =0 4.14)

4.2.3 Turbulent Flow

As mentioned in Chapter 2, the shear stress in turbulence has a Reynolds stress term and
a turbulent model is necessary to simulate the flow,

In the present work, the Jones & Launder type low Reynolds number k-¢ turbulent
model (1972) is employed for the following reasons;

1.

Of the various kinds of turbulent model, with a view of both accuracy and cost,
the two equation model is preferable to the others. Additionally, the k-¢ model
has been the most tested in various systems.

The wall function treatment of the standard high Reynolds number k-¢ model is
not available for the solidification problem of alloy because boundaries between
solid and liquid region are ambiguous owing to the presence of a mushy region.
The low Reynolds number k-¢ model does not need the wall function treatment.
The problems involve not only fully turbulent flow but also iaminar flows and
semi-turbulent flows. The low Reynolds number k-¢ model is therefore
preferable.

According to the literature survey (chapter 2.2), of the various low Reynolds
number models, the Jones & Launder type model showed better predictions
compared with the other similar models in both natural convection and forced
convection problems with strong pressure gradients.

Since the location of the solidification boundary is ambiguous, it is difficult to
employ a low Reynolds number k-¢ model that uses the distance from the wall,
such as required by the Lam & Bremhorst type (1980).

Using the general form of the transport equation (eguation (4.8)), goveming equations
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can be written by the Jones & Launder low Reynolds turbulent model as follows;

u-momenturn equation :
¢ =u T, =p+p

N - - PN -3 IO PR - 4
S&,y) ~ ax[(" B) ax) ay((" By ax)

v-momentum equation with the Boussinesq approximation :

$=v r¢ = B,

S = -2 %[(wu)%] . a%((wu.)%") + Bopr@T-T,

Energy equation :

Turbulent kinematic energy equation:

b=k r¢=|-”'_"'

b e Py e (® o PE e gl B, @
scxa)-u,[z((&)h 2P+ axf] oe zn((ax)’ (ay)]

3y

Dissipation rate of turbulent energy equation :

$=¢ T, =p+tt

<

S@) = Gy, (—)=+(""")2 w222 € - Cp(1-03exp(-Re 2 €
dy & k

uu. H v

[(“—):l ('g;)z + (;)2 + ('a—y;)z

Here, the turbulent viscosity, g, is given by
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_ CAek 4.20)

H, -
£ = exp -2.5 . Ret = PE d.21)
* (1 + Re¥50) pe
where the turbulent model constants are:
. =009, C, =144, C, =192, 0, =10, o =13 @.22)

The turbulent thermal conductivity, «,, in the energy equation (4.17) is evaluated from,

C,p.,

Pr,

t

(4.23)

x:=

where Pr, is the turbulent Prandtl number. A value of 0.9 for Pr, is often used for air or water
systems. Since for the liquid metal system the Pr, is rot known, its value has been taken to be
0.9.

4.2.4 Non-Dimensionalization

For simplicity of programming, and to make the effect of each parameter clear, a non-
dimensional form of the governing equations and boundary conditions have been employed in
the present work. Thus the following dimensionless variables are wused for non-
dimensionalization:

- ¥ =_V =_X =_3y 7z
U=— Vv —, X==— y== k=
AN AR



- U U T, -T,
h:.}lﬁu’Re= 'D Re = —— Gr:ngD(h c), Pr:_E.C_p(4.25)

> H 3
v v, ve X

where D represents a characteristic length, whose choice will be discussed in the next chapter.

4.3 Body Fitted Coordinates

4.3.1 Numerical Grid Generation

The second step in the analysis is to introduce a transformation of coordinate that maps
the physical domain (x~y plane) onto a rectangular computational domain (-7 planc).

The relationship between partial derivatives of a function f with respect to physical and
transformed variables is well known (Thomson, 1985). The first and sccond order derivatives arc

summarized in following matrix equation,

- - — —

¥l [=2 » 0 o |[2
Gl ok )3 13
Ko & Y 0 0 0 LA
.| T  (Zp &Y Iy (|27
e || o @ CwmeE e ||ae| 49
|l | B B xx ay xy vy ||F
d%dn o0kdn Ofom oOEdn odEodm Onot I dn | |cxdy
ﬂ é .a_zy_ (E)z 23& (_al)2 if
a,nZ _a.nz a.nz a'ﬂ a'ﬂ a'l] a'l] @2

Equation (4.26) can be solved using the reciprocal matrix, and the transformed derivatives
are written as follows;
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Since the basic idea of the transformation is to generate transformation functions such that
all boundaries coincide with coordinate lines, the rectangular coordinate (£,1) are taken as
solutions of some suitable elliptic boundary value problems with one of these coordinates
constant on the boundaries. In the present study, the simplest elliptic equation, Laplace's
equation, is employed for generating the system.

% . %’% - @.33)

All numerical computation should be carried out in the rectangular transformed plane.
Accordingly, it is necessary to interchange the roles of dependent and independent variables.
Using equations (4.29)- (4.31), equations (4.33)-(4.34) are transformed as follows:

«Fx _p 82 & _ @.39)

g akem | ay?

&P -2 &y + &y =0 4.36)

aaEz Baean Ya:ﬁ

where

= (Zp . (2 .37

¢ (an)’+ an)z
p=-Z& 2% - 4.38)

dEoq Ofom
= &y . (& 4.39
Y (a‘,.)2 (aE)" (4.39)
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Figure 4.2 Grid formation in the transformed plane
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The variables of derivatives on each node were determined numerically, solving
equations.(4.35)-(4.36) on a uniform rectangular grid A%,An, using the Gauss-Seidal method.
This system is a quasi-linear elliptic system with Dirichlet boundary conditions for the physical
coordinate in the transformed plane. When the factor 8 is set equal to zero, each coordinate line
is perpendicular to each other, and the system is called the orthogonal coordinate system.

Figure 4.1 and Figure 4.2 show 32 x 32 nodes grid structure in the physical plane and
in the transformed plane, respectively. In the transformed domain, uniformed rectangular
coordinate system (Af=An=1) and type B-grid formation (Patankar, 1980) are employed to
simplify discretized equations and boundary conditions.

4.3.2 Transformation of Governing Equations

The goveming equations (4.8)-(4.19) were transformed from the Cartesian physical plane
(x,y) to the body fitted coordinate system (£,7) using the relations given by equations (4.27)-
(4.31). In the transformation, the non-orthogonal coordinate system was adopted because of its
wide applicability for a geometry. Additionally, in the transformed equations, not the curvilinear
velocities but the co-variant physical velocities (u & v) are used as dependent variables in
momeatum, energy and k, € equations.

Considering incompressible fluid, the general form of the governing equation (4.8) is
transformed into,

130, AUY) , AV) =[
o ok dan ok

(R;gg P‘Eg: )+ a“(r‘}g: I“gg‘: )] + S(E,n) 4.40)

where the contra-variant velocities U, V are

_ .0y &x dy

U = (D) - v, Xy w2 (4.41)
(= ) V(E ) V(aE) u(aE)

Source terms and coefficient T, can be written in turbulent system as follows,

Continuity equation :
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$=1 T,=0, SEn) =0 (4.42)

u-momentum equation :

$=u T,=v=+v, 4.43)

_ ay.,oP dy,,oP 1 a}’a“t a)'a“r dy du Jy du
Y . = = (=LY —) + (—YW—) + — - —_—
(X)) (B )(35) (BE)(E ) J[( on 9 3¢ 3 ) ( 5 5F OF 3 )

*.49)
e R w1 B,
on 3§ 9 on dn O OE oy
v-momentum equation :
$=v, Ty=v+v 4.45)

_ ,&x. 0P &, aP, 1 Jy N, 3y 9, & du ax du
SE) = - (=X=) + ()= += +
&) (GE)(an) (an)(ai;') J“anae a&an)( o 3 65611)(4
EHN aD, Zw
dn 0 OF oq onodf 9% o

46)
+(

)1 + JgB, L T-T,,)

Energy equation :
$=T T,=Z+2 SEm =0 .47
P f 4
Turbulent energy equation :
b=k T, =v + ¢ 4.48)

31



= Suz W2\ _ of Su Ouy vy SV Uy OV
Scem) = = [a((aaf (35)2) 213((85)(3“) (ag)(an)) "[‘aq) +(an)2)

s (D2 Sy oo, Oxo o & & v
G G Y wm % e T o ok om

«.49)
+(.‘?‘Lf(ﬂf-2(ﬁﬂ_‘2“.2-a‘aya“a"_a"aya“a"
88" ‘on gnomofol Komondk MmILALam
SEDBI g g 0 R o R RY | Y
aeaaaqan” Jpe J[a(aﬁ)z ﬁae Fo +'r(an)2]
Dissipation rate of turbulent energy equation :
v
¢=e’ I‘¢=v+_i (4-50)

. Ghve Oz OV2) _ of 0w Cuy BV v | f O OV
s = L [“(‘aa)z (ai)z] 2B[<aE)(an) (asxan)) ”[(an’z (an)’)

Ny fua OOy | WO oo o8 &
"G Ve T o) o) @ Cemetotom

*g),(_gg)z_z(axayaa:av_axayazzav_axayaa:av+axayaagav)]
98 I onomokof OEomdnof Omofofon odEoEamon

_ e goor L[ (o Puy Sy Fu  Bya FE
JC1-03exp(-Re N + 20 = [ (.3;)2(52.) 2 (a_a)z(ﬁ) ]

L 2y oy Fy Ty B axdu
J’([(an)zaEz 3E o 3Edn (ae)za.f] G a_zan)

+[(—"i’-)232‘-2a”a’32’+(i)=az"](a’a“-a”a“)1
- on” 9g2 OEonodfodn OF 92 ) 9kam on ok

52



1  Zpdu _&x&x Fu | xoFu
7 ( G Cemanm & op ]
i

+

(Epdy o Oy +(E)=az’](a‘a“ B ou,

1
J? 9 g2 dEondkdm O gn?) om ok S

\ Gn” ag " omdton % oy | Eon  oma

IR S X . +<ﬂ)zﬁ]
&’ Bt o g BEaM & an?

Ao Dy a’y] & v_ax v
ﬁ([(an)zaez 9 dn 98an (65)231-.2 (&n o8 a§ an)

[ @pZz 22 "’2‘+(9-”-)=az"]("”’a"— D,
on 0§ OLOonodEon Ok on® ) 9Edm ok

+l (ix.)zazv—zaxaxazv +(.§x_)2&
7\ on a2 " “omototen | ot oy

1 | Py oo By o) &
+J=([(an)2as= 3% on dkom (az)zanz] GonoE Ean

+.ix_&_araxazx+§azx dydv _ dyov
[(an)zasz > 3% on aton (BE)zaqz)(aF.&n mag |

53

4.51)



4.4 Modelling of Solidification Phenomena

4.4.1 Latent Heat Formulation

In using a fixed grid approach for the analysis of the solidification problem, the main
difficulty is taking account of mass and heat transfer conditions in the vicinity of the phase
change. The basic approach for tackling the problem is to definc appropriate volume source
terms for the governing equations.

In this study, the enthalpy formulation is adopted for the analysis of solidification heat
transfer. Using the gencral form, equation (4.8), the following energy equation is used instead
of equation (4.17).

& = h, I'¢=-E+5-, S(x,y)=_aAH_auAH_aVAH (4.52)
p

p ot ox

where AH is the nodal latent heat defined as a function of temperature, and the equation is
written in the simple Cartesian coordinate system. In the equation (4.52), obviously, the first
term at the right in the source terms is the transient term being zero for steady state probiems,
while the sccond and third terms are the convective terms being zero for problems, where
conduction is the only mode of heat transfer.

The treatment of latent heat is a major problem in phase change problems. In an alloy
systemn, since the latent heat is associated with the liquid fraction in the mushy region, the local
latent heat contribution term, AH, can be generally written by

A T>T,
AH = | M@ T,>T>T, (4.53)
0 T< T,

where A is the latent heat, f;(T) is the local fraction of liquid, T, the liquidus tcmperature at
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which solid starts to form and T is the temperature at which complete solidification is attained.
In the case of 2 pure metal, T; is identical to Tg because the phase change is isothermal. Note
that the nature of the latent heat evolution in the mushy zone solely depends on the form of the
local liquid-fraction-temperature relationship, i.e. fy (T).

The functional relationship should be both continuous and differential. In this study, a
simple linear form is adopted. In non-dimensional form, the following relationships have been
used for f; (T).

1 T>T,
T-T,
D = 3 T,>T>T, (4.54)
1,-T
0 T<T,

4.4.2 Enthalpy-Porosity Technique

In the solidification problem of an alloy system, fluid flow equations are applicable in
both the fully liquid region and the mushy region. The enthalpy-porosity approach has been
employed to formulate the equations for the conservation of momentum along with the following
simplifying assumptions.

1. In the mushy region, the solid part only consists of dendritic columnar, and the structure
is assumed to be isotropic in the unit volume.
2. The interdendritic flow in the mushy region is similar to fluid flow in porous media, and

the flow velocity through the volume element is linearly related to pressure gradient; i.e.,

- -~ D’Arcy’s law applies. -
3. Any entrained crystallites in the liquid are assumed to have no effect on physical
properties.
Figure 4.3 shows a schematic of dendritic columnar growth in the mould cavity or sump of the
twin drum caster. When inertial effects are negligible, D’Arcy’s law assumes the usual form as
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Figure 4.3 Schematic of columnar dendritic structure
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V=-2(Y%-pg) (4.55)

+ |

where V' is the superficial velocity and K is the specific permeability of the porous media.

Coupling equation (4.55) with the govemning equation (gencral form (4.8)), the momentum
cquations {4.10)~(4.11) can be reformulated as follows;

$=u T, =p, Sxy-=- % + A(u-u) (4.56)

d=v Ty=p S&y)=- -gy’i- - pg + Av-v) 457

The difference between the general form of the momentum cquations and its modified form is
only the additional terms in the source function S(x,y). It is important to chosc an appropriatc

paramcter, A4, called the “porosity function', to model the modificd cquations. The porosity
function is given by,

(4.58)

The specific permeability, K, is a key parameter in the modeclling of flow through a
porous medium. Using the Blake-Kozeny equation to describe the flow through the porous
media, the permeability can be written as,

K= c’_lzé?‘__ (4.59)
(1- f; )2

where C' is a constant and /, is a characteristics length.

In the present work, the following equation has been used for the porosity function.
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[ (I'fx.)z__cﬂ(l'fr.)z

(4.60)
clc* £ f2+b

Figure 4.4 illustrates the correlation between 4 and f; when C” is unity. The value of
b is introduced to avoid zero division, and we have chosen a value of 107 from the point of view
of the cxperimental fact that the critical liquid fraction to allow a flow is approximately 0.3. C”
is a constant to account for the mushy region, and should be defined as the condition that all
interdendritic velocities in solid clements is zero. The actual value of C” is somewhat arbitrary
and will be discussed later.

Practically, the effect of 4 is as follows: In a fully liquid region, the liquid fraction f,,
is equal to unity, A is apparently zero and has no influence. Then cquations (4.56) and (4.57)
become identical with equations (4.10) and (4.11). In the mushy region, particularly at f; < 0.3,
the valuc of 4 will dominate other terms in the momentum equations. In the solid region, A has
a large value and will swamp all other terms in the equations, and will force the velocity u to

u, i.e., cqual to the roll velocity.

4.5 Boundary Condition

4.5.1 Roll Surface

The system contains the moving roll boundary whose tangential velocity is equal to the
casting speed. So velocity components & and v on the roll boundary have the following values,

u=-Usin®, v=- Ucos® (4.61)

where U, i$ the casting speed, and © is the angular position of the node on the roll surface as
illustrated in Figure 4.5.
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Figure 4.5 Schematic of position

In the Jones & Launder type low Reynolds number model, the turbulent energy k and the
rate of dissipation of turbulent energy ¢ are equal to zero on the roll because there is no velocity
fluctuation at the solid wall. As a result, boundary conditions for & and ¢ are written as,

k=€=0 4.62)

The roll is water cooled, and the heat is taken out from the mould through the rolls. In
this study, four kinds of boundary conditions were used for the energy equation.
These are:

1. Dirichlet condition 1

T 5 =T, = constant (4.63)



2. Dirichlet condition II

Ty = T(x)

3. Newman condition I

k ch ch
= = lg—— - B=—| = R(T-T
o c,,rﬁ(“ % 0o THOT

where #; is local heat transfer coefficient and T, is the ambient temperature.

4.5.2 Symmetric Axis

.69

(4.65)

(4.66)

In order to save on computational costs, a symmetric half of the domain has been taken
for calculations. Considering the steady state, all variables should be symmetrical about the
vertical centre line. Since the £-coordinate lines are perpendicular to the central axis, boundary

conditions on the symmetrical axis can be written as:

=0, -0 (¢=mkeh)
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4.53 Free surface

The top surface of the mould is assumed flat and horizontal, and the free slip boundary
condition is adopted for the momentum equations. From the condition that shear stress is equal

to zero, the boundary condition for velocities can be written as,

gl & _ (4.68)

Concerning the energy, turbulent energy and ratc of energy dissipation equations, adiabatic
boundary conditions were employed. The adiabatic boundary condition in a general form can

be written as:

B@'Y%=0 (d=ke,h) (4.69)

In casc of a molten metal on an (oxidized) substrate, a large contact angle on the roll is
cxpected owing te its large surface tension and non-wetting characteristics. Therefore, the
meniscus shape of the comer between the top frec surface and a roll is not sharp as in the water
system but should be determined by the surface tension and the friction force on the moving wall.
It is onc of the unknown factors of this process, and an appropriate shape was guessed from
cxperimental data under static conditions. Figure 4.6 shows the relation between liquid height
and properties.(Jimbo ct al. 1992)

The insulated boundary condition is used there.

4.5.4 Inlet & Outlet

From the mass balance i.c,(width of nozzle) x (inlet velocity) = (strip thickness) x

(casting spced), the inlet velocity boundary condition at the nozzle can be obtained :
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dU?

&, =0, v"=D
in

(4.70)
where D;, represents the width of the inlet nozzle slot, d is the strip thickness and U, is the
casting speed. Values for k and ¢ are fixed by fitting in with the inlet velocity, and using the
coefficients at the fully turbulent condition for an air system (Murakami et al., 1988). The inlet
enthalpy is known from the melt pouring temperature.

k. = 0.05@2+vd) = C"k“'u h = f Toe ar 4.71)
w =MW e T omeD, Tt I, e

In practice, a submerged nozzle made of refractory is often used to deliver molten metal. Both
in the domain and on boundaries of the submerged nozzle, all fiuid elements are fixed at zero
velocities, while appropriate thermal properties of a refractory e.g. (ALO,) are used for the

63



equation.

u =v =k =¢ =0, T, == (4.72)

For the outlet flow boundary, a fully developed condition was used. Since nj—coordinate

lines arc almost perpendicular to the outlet boundary, the outlet condition can be written as,

b
an

u =0, =0, (¢=vkeh) 4.73)

4.6 Numerical Procedure

4.6.1 Discretization

The governing cquations were discretized by an averaging procedure over small control
volumes surrounding the nodal points. A staggered grid adjustment was cmployed for the
location of the dependent variables in which all scalar variables were located at the geometric
centres of the control volumes while velocities were calculated at the centres of the faces to avoid
unrecalistic fluctuations of pressure, in what is called a 'checker-board pressure’ ficld.

Figurc 4.7 and Figure 4.8 show parts of the two-dimensional grid structures on the
physical planc and the transformed plane, respectively. The line joining the grid points E, P and
W represent x—direction {or E-direction) while the line joining the nodes N, P and S represent
the y-direction (or n—dircction). Control volumes are shown by dashed lines, and points ¢, w,
n and s lic on each interface of the control volume around the point P. In the rectangular
transformed plane, the grid point is always at the centre of the control volume because a2 B-type
grid (Patankar, 1980) was employcd.

The finite—differcnce approximation to the conservation laws was used by taking the
intcgral of the transformed governing cquation (4.40) over the control volume. The resulting

form at stcady state 1S written as,
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. [ Udsn |, + [ VOSE ], =

r 1.74)
[ o ¢ )
- - 5 S(E,n)Ed
J(maE Baq) nL+[ ('r ﬁ ) E + SE.N)5Ed7
ually 66 =3n=1 to render computations simple.
Equation (4.74) is formally of the same form as the finite-
difference equation derived in Cartesian coordinates, while the
relation between ¢p and neighbouring variables is :
apbp = Gdp + Gpdy + aydy + aghs + Sp @.75)

where the coefficients a involve the flow properties of convection and diffusion, and Sp involves
the cross derivatives, the pressure gradients, the buoyancy force, etc.

In the convection-diffusion formulation of numerical fluid analysis, the treatment of
convective terms is very important. Integration of the control volume with the first order
derivative terms, like the convective terms, has the cental difference form of the natural outcome

. of a Taylor-series formula, which does not contain its own value. Unless using enough fine grid
formation, such a discretized equation often gives unrealistic solutions like *wiggles® satisfying
only the continuity in a control volume.

To avoid the unrealistic solutions, following schemes are used to evaiyate the convective

terms:
a. =TAQFD + MAX( -U,; 0) 4.76)
ay =T AQFD + MAX( -U,; 0) @7
a, = TAQFD + MAX( -V_;0) @.78)
=TAQF) + MAX( -V,;0) @.79)
where



F = %, F, = —f‘—:, F = %, F = I‘E: (4.80)
1. Upwind scherne (Courant et al., 1952)
AQF) =1 (4.81)
2. Hybrid scheme (Spalding, 1972)
AQF) = MAX( 0, 1-0.5]F ) (4.82)
3. Power law scheme (Patankar, 1979)
AQF) = MAX( 0, (1-0.1iF)*) {4.83)

4.6.2 Algorithm

A modificd SIMPLER (Scmi-Implicit Mcthod for Pressure Linked Equations Revised,
Patankar, 1980) procedure has been devised to resolve the velocity—pressure crmpling problem
in non-orthogonal curvilinear coordinates. The scquence developed for the solution procedurc
is discussed below.

1. Generate grid formation and store the cocfficients for transformation.

2. Guess initial values for all dependent variables and calculate the contra-variant
velocities U and V using an initial velocity ficld and calculate the cocfficients for
the momentumn cquations. For instance, the discretized momentum cquations for
u, and v, arc obtained by intcgrating the momentum cquations over the control

volume around the point ¢, as follows,

o
u, = 2ot B AV Pe-Pp oy, Py*P us'Ps“PSE(iy-), (4.84y==""

e e e () 4w, %
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Yawv, B A Py-Pp ax.  PytPp-Pyy Pw,an)] 4.85)

ST e T a | Tan &" 4(58),
e« =Y, %)e - vc(%)c 4.36)
(—) - (ay) @.37)

I3

where the coefficients B, and B, are the source terms excluding the pressure
terms. Similar equations around the points w and s can be obtained. The value

v, can be obtained by interpolating values n, ne, s and se.

3. Construct the pressure equation and solve it.

ayPp = agPp + apPy + ayPy + aP
+ APy + Py + 8P + G + B (4.88)
Bf
where
(4.89)

B = (<Up - <U>)An, + ( <V> - <V>)AE,

Considering the effect of the second reighbouring terms Byis small, it is assumed
to be zero to avoid fluctuations in the solutions during implementation. The
pseudo-velocities <u> and <v> are defined as follows,

ay dx

U> = 22y - e (— (4.90)
< <u>(E ) (B )

<P> = <V>(——) - <u>(__a)) 4.91)
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<u‘> = Eaubuab * B:’ <y > = Eanbvub * B'v (4.92)

[
G, ap

ie.

4. With the new pressure field, the momentum equations are solved. The TriDigonal
Matrix Algorithm (TDMA) is used for the solver.
5.  Solve the pressure comection, P’=P-P", using equation (4.93).

! ! !
apr':aEPE"'awP:V""aNPN*aSP; (4.93)
+ yPlg * GyPlay * G5Pls + GyPly + B

B' = (U, -U)An, +(V, -V, )AL, 4.99)

where, also, the second neighbouring terms are neglected.

6. Correct velocities. Cartesian velocity corrections are calculated from,

( o/ ’ ! pl _pl_p!
. Py - P Py+Pyp-Ps—P.
u: =u, -u =- AV E P,_?__y_) _ Swtets ss{ﬂ) ] (4.95)

a-Ya,\ (A%, om’° 4(5n), oF™

P)-P} P! +pl-Pl -P. .
v: =v, ~ v = AV f N P,g_x.)l _ SNt E N Nw W(E) (4.9¢;

3 Y a,\ An &% ace, om

Similar expressions can be written for w,’ and v,’.

7. Solve equations for energy, k and ¢, and calculate turbulent viscosity and porosity
at each node if necessary.

8. Repeat steps 1 through 7 until convergence is reached.

The above solution procedure has been used on many test problems and have been found
to be stable and gives reasonable time requirements for computations.
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4.6.3. Technique for Convergence

The successive under-relaxation (SUR) method was used to solve the system of finite
difference equations. It was found SUR aided convergence quite favourably.

oY = ol + ol el - ¢lf) (0<w<1) @9

‘J =
where N denotes iteration level and ¢;;N*? is the most recent value of ¢;;, ¢;; is the value
from the previous iteration as adjusted by previous application of this formula, and ¢;;N*1" is
the newly adjusted or "better guess® for ¢;; at the (N-+1)-th iteration level.

The convergence criterion is, at all nodes,

by - &y )
Gres

< 0.00001 (4.98)

where % is the relaxation factor, ¢;;" is the value of u, v, h, k, € at the (i,j)-th giid node after
the N-th iteration cycle.
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FLUID FLOW AND HEAT TRANSFER
IN A WEDGE-SHAPED POOL

5.1 Introduction

In this chapter, several examples of fluid flow simulations in a wedge-shaped pool are
performed so as to obtain a fundamental understanding of the system. The physical domain
along with the geuerated grid lines are shown in Figure 5.1 along with the type B-grid structure
(Patankar, 1980) which is generated by the non-orthogonal body fitted coordinate scheme. The
non-dimensional equation (5.1) is solved for dependent variables.

AUS) , AV _
&

B, pedd B, 3 YW _BH,]. 51
aE(r’JBE r"Jaq )+8n(r’.lar| r‘J’&E) S(E.n) 5.1

where the contra-variant velocities U, V are

=& o & CsE = F
U-= u(gn-) - V(-a;). V= v(a—E) - u(a—E) (5.2)
where also ¢ is 2 non-dimensional variable, £ and » are dimensionless coordinates.

For discretization of convective terms, the aforementioned 'upwind scheme’ (equation
(4.95)) was used. A relaxation factor of (.5 was used for variables u, v, k and ¢, and it took
about 4000 iterations to obtain converged solutions.

The effects of Reynolds number (10~ 107), boundary conditions (wall & free-slip),
velocity of inlet flow and characteristic length, D, are discussed. In particular, the velocity
profile in the vicinity of the surface of the moving roll is investigated in detail, and features of
fluid flow structure in both laminar and turbulence are discussed.

Further, the heat transfer problems, including both the natural and forced convection in
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the system arc investigated. The effects of Reynolds number, buoyancy force and turbulent heat
transfer are also discussed. Finally, the fluid flow model is validated by comparing experimental

data of an aqueous cxperimental model in Hikari Works at N.S.C. with present computations.

5.2 Closed System
52.1. Laminar Flow

Laminar momentum transport in a wedge-shaped system with a moving roll surface were

first investigated, computationally. The laminar momentum ecquations arc obtained using the

following coefficients and source terms in equation (5.1).

1 ay. P, . ,dy., oP. -
—, S(Eq) = - (L)) + (==)(— (5.3)
Re (&.m) (an)(aa) (BE)(an)

¢ =u, r¢,

1 3%, P, . &\ 0P,  , Gr Gt - k)
—, G = - () () v T ——————
bR S = GIED (D) T e

NS
1l
=
-
n

(5.49)

Steady state results of the vclocity field in 2 closed domain surrounded by walls arc
shown in Figure 5.2 (z = v = 0 on all boundarics). The radius of the roll, R, was chosen as the
characteristic length for the Reynolds number which was varied from 10 to 10°

It is secn that fluid near the moving roll boundary is pulled down and that a large
recirculation is developed to satisfy mass balance. The top Ieft comner of the domain becomes a
stagnant zonc owing to the stationary meniscus surface. Very similar flow profiles were obtained
at Re=10 and Re=100.

The flow profilc at Re=10? shows a relative decrease in the thickness of the downwards
flow near the roll surface, and a relatively weaker counter flow from the bottom. In the case of
Re=10%, the downwards flow on the roll becomes much thinner compared to the other cases.

Since the definition of Reynolds number is the ratio between incrtial force and viscous force,
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Re=UD/v, a large Reynolds number means cither a large scale length, a high speed, 65 a4 low
kinematic viscosity. The trend in the numerical results scems physically realistic and one notes
that the length scale for velocity is represented by dimensionless arrows cqual to u/U,.

A converged solution to the fluid flow equations was obtained for Reynolds number more
than 2x10° only when a turbulent model was employed. Empirically, it is well known that the
low critical Reynolds number is 2300 and the high critical Reynolds number is approximately
5x10° for a pipe flow: When the Reynolds number of a flow is smaller than the lower critical
Reynolds number, the flow remains in laminar conditions despite any disturbances in the entry
flow. When the Reynolds number is larger than the high critical Reynolds number, the flow shifts
from laminar to turbulent flow, independent of any external disturbances (Iwanami & Hirayama,
1983).

Figurc 5.3 and Figure 5.4 provide qualitative plots of non-dimensional velocities for the
downward flow ncar the roll, as a function of normal distance from the surface of the roll. Six
representative points are shown in Figure 5.1 (j=16~20) around the centre of an arc of the roll
surface. As scen in Figure 5.3(a) and Figure 5.3(b), at low Reynolds number flow, velocitics
near the wall (roll) decreased lincarly with normal distance (R-square of ecach regression is
higher than 99%), like laminar flow on a flat plate. The difference among values at cach j point
may have been caused by the cffects of the curved surface and closed boundaries. Figure 5.4(c)
shows that velocitics near the roll at Re=1000 decrease in a logarithmic manner similar to the
near wall region for turbulent flow over a flat surface; in this case, the root mean square of each
regression is also higher than 99%. Further, in the case of Re=10* (Figure 5.4), the best
regression of velocities near the roll is obtained not by a logarithmic curve but with a power law
fitted curve. Obviously the structure of cach flow is distinct.

To investigate the influence of boundary conditions other than the roll boundary, flow
simulations for Re=10~10" were performed using a symmetrical boundary condition for the left
and free surface boundary condition at the top. (sec equation (4.82)—(4.83)) These boundary
conditions arc rather similar to that of a symmetric half of thc mould of a twin roll caster.
Figure 5.5(2)«(d) show the results of velocity fields.

Since the flow slips frecly on the left and top boundarics, the recirculating flow is much
stronger and boundary layers on the roll arc thicker than that for stationary wall conditions
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(Figure 5.2). The stagnant zone at the left top comer also disappeared for this condition.

5.2.2. Turbulent Flow

Although the aforementioned results were obtained in low Reynolds systems, a real twin
roll casting system has a much higher Reynolds number; for instance, Reynolds numbers range
from 10°~10° in the twin drum caster at N.S.C..

Figure 5.6 shows vclocity field for Re=10°~10". The flow simulations were performed
using Jones & Launder type low Reynolds number k-¢ turbulent model with frec—slip boundary
cendition on the top along with the symmetric boundary condition at the left. In the casc of
Re=10%, the turbulent viscosity is almost negligible (turbulent energy & < 10™), and the flow can
be regarded as laminar. Figure 5.6 (a) is identical with that of the laminar model {
Figure 5.5(d)).

When the Reynolds number is greater than 10°, the non—dimensional velocity profile
becomes independent of Reynolds number, as shown in Figure 5.6.

Figure 5.7 shows the rclationship between velocity in vicinity of the roll surface and
normal distance from the surface, similar to Figure 5.3a and Figure 5.3b. Not only can the
relation between velocity and normal distance be expressed by similar logarithmic curves, but
the velocity profiles near the roll are also practically identical with cach other, the flow structure
becomes independent of Reynolds number in this turbulent system for Re > 10°,

Figure 5.9 and Figure 5.10 show profilc of turbulent kinematic energy and of dissipation
rate of turbulent encrgy, respectively. The strongest turbulence develops at the vicinity of the
moving roll surface because of the large velocity fizld. Another large turbulent energy region
develops at the left top comer because of the interection of strong upwards flow. The weakest
turbulence region lies around the centre part of the domain because of the flow stagnant zone at
the centre of the recirculation. The region of high dissipation rate of turbulent cnergy also exists
in the vicinity of the roll surface.

The profiles of turbulent kinetic encrgy and those of dissipation rate of turbulent energy
for three differcnt Reynolds number are very similar to cach other. In particular, the results of
Re=10° and Re=10 are practically identical.
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5.3 Inlet—Outlet System

The cffect of inlet velocity was investigated for the same system. Figure 5.11 shows the
vector plots of the velocity fields for four different inlet conditions; v,,=0.1, 0.2, 0.33, 0.5 of the
tangential velocity of the roll surface. The Reynolds number of the fiows is 10°, the symmetric
boundary condition on the: left and the free surface boundary condition on the top was used. The

inlet flow at the top frec surface covers five nodal distance.

Figurc 5.11(2) shows that when the velocity of inlet flow is equal to 0.1, the inlet flow
is too weak to penctratc against the upward flow along the symmetric boundary. As a result the
macroscopic flow is similar to that of the closed system. At the outlet boundary on the bottom,
a counter flow cxists becausc of mass conscrvation within the domain.

‘When the non—dimensional velocity of inlet flow is equal to 0.2 (Figure 5.11(b)), the inlet
flow penetrates slightly, and a relatively small recirculation zone is developed.

When the velocity of inlet flow is 0.33 or larger (Figure 5.11(c)}—(d)), the strong inlet flow
penetrates vertically through the domain to the bottom. Two counter rotating recirculation zones
develop, resulting from two strong downwards flows at both sides. The thickness of the
downwards flow along the rolls decreases owing to the iniet flow compared with that of the
closed system.

Figure 5.12 shows profiles of turbulent kinetic cnergy. A strong turbulent region develops
along the roll surfacc. In the case of a large inlet velocity (Figure 5.11(c) and (d)), the region
where the turbulent cnergy is the largest lies just under the two recirculation zones. The flows
for these cases are complicated and are a result of the influence of two downwards flows.

Similarly, Figure 5.13 shows profiles for the dissipation rate of turbulent energy. A high
rate of dissipation exists along the roll surface, and the region for the highesi rate of dissipation
corresponds with the zone of highest turbulent cnergy.
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Figure 5.11 Non-dimensional velocity profile in the inlet-outlet system



Figure 512 Profile of turbulent kinetic energy in inlet-outlet system



. Figure 5.13 Profile of rate of dissipation in inlet-outlet system
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5.4 Heat Transfer

5.4.1 Effects of Buoyancy Force

In practical twin roll casting systems, heat transfer must be considered in concert with
fluid flow. Figure 5.14(a) shows the velocity vector profile of molten steel when the Prandtl
number is 0.158 and the Rayleigh number is 10°. The dimensionless velocity of the inlet flow
was fixed at 0.5 and the Reynolds number at 10°. The Dirichlet boundary condition was used
on the roll surface (6=0), whil: the inlet temperature was the highest (8=1). These conditions
correspond 10 a casting speed of 10 m/min and 2 superheat of 68K for the twin drum caster at
N.S.C.. It shows that the inlet flow penctrates up to the exit and that two recirculation zones are
developed by the inlet flow and fluid drawn by the moving roll.

Figure 5.14(b) shows the velocity profile when the Reynolds number is equal to 10° but
without heat transfer i.c. isothcrmal condition. As seen, Figure 5.14(a) and Figure 5.14(b) arc
very similar to cach other, and no influence of buoyancy forces on the flow can be observed.
A comparison between these two figures clearly demonstrates that forced convection dominates
over natural convection under such flow conditions.

Figure 5.15(a) shows the velocity field for molten steel when the Reynolds number is
lowcred to 10°. The heat transfer boundary conditions correspond to those of Figure 5.14(a).
In this condition, the inlct flow does not penctrate decply but moves horizontally along the top
surface, and turns down along the roll surface. This is because of the strong influence of the
buoyancy force on the hot inlet flow which is later cooled by the roll surface.

Figure 5.15(b) shows the velocity profile when the Reynolds number is equal to 10° but
for isothermal conditions. This figurc also shows that the inlet flow diffuses carlier compared
to that for the high Reynolds number condition ( Figure 5.14(b)). Two recirculation zones arc still
obscrved for an isothermal sump, which is very different from the flows in Figure 5.15(a) for the
non-isothcrmal situation. A comparison between Figure 5.15(2) and Figure 5.15(b) demonstrates
that natural convection dominates over forced convection, and that the buoyaﬁcy cffect is very

important for the prediction of the flow ficld under such low Reynolds number flows.
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Figure 5.16 shows isotherms corresponding to Re=10* and Re=10". In the case of Re=107,
Gr/Re?, which is a measure of the ratio of free to forced convection (sce equation (5.4)). is much
smaller than one, so the cffects of natural convection is very small, and the isotherms expand
vertically. In the case of Re=10°, Gr/Re® is larger than onc, so natural convection scems to

strongly influence the flow ficld, and the isotherms cxpand horizontally.
5.4.2 Effects of Turbulent Heat Transfer

In order to ascertain cffects of turbulent heat transfer, a simulation was performed after
neglecting the turbulent heat transfer coefficient. Figure 5.17 shows the velocity profile and
isotherms when Reynolds number is cqual to 10°, Rayleigh number is equal to 108, and turbulent
heat conductivity, X, is cqual to zZero under identizal boundary conditions to those for
Figurc 5.14. The velocity profile is very similar to Figurc 5.14(a), probably becausc the cffect
of natural convection is negligible. However, isothcrms arc quite different from those in
Figurc 5.16(a). Without turbulent heat transport, much less heat is transported through the roll
becausc of a small thermal diffusivity. As a result, the temperature gradient in vincity ofthe roll
surface is much smaller. This signifies that the heat conduction model predicts a low temperature
ficld cven after accounting for fluid flow.

Figure 5.18 shows the local Nusselt numbers on the roll when the non-dimensional
ambicnt temperature, 9, is assumed -20°C. The local Nussclt number, Nu, was obtaincd

numerically using the following cquation;

= a0 o0
Nu = - — - Bf— 5.
u (emu-eyﬁ(aaﬁ ﬁan) (5.5)

where © is the angle between a location on the roll and the first contact point (sec Figure 5.18).
As seen, when the turbulent heat transfer is taken into account, the local Nusselt number is much
higher compared to the other case and heat transfer cocfficient correspondingly estimated from
numerical results becomes higher. In author's opinion, it scems that heat transfer coefficients in

twin roll casters (ref. Table 2) were underestimated by previous rescarchers because they used
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heat conduction models.

5.4.3 Effects of Characteristic Length

The characteristic length, D, determines the overall Reynolds number and other important
variables, and it is necessary to discuss a suitable dimension for its choice.

In all aforcmentioned calculations, the radius of the roll was cmployed as the
characteristic length because it was considered to be the most important dimension with respect
to the design of a twin roll caster. Usually the characteristic length of a closed domain such as
a duct is defined as D = 4(cross-scctional arca)/(wetted perimeter), although there is some
controversy in the use of this definition in such 2 two-dimensional arbitrary geometry. The
characteristic length for parallel flow between two walls should be the thickness of the slit, and
that of the flow in a cavity is usually the dimension of the narrow width. From the point of view
of heat &raas{er to a plate, the length of the arc of the roll surface could be reasonably defined
as being the characteristic length. To cofirm cffect of the characteristic length, two performances
were carried out.

Figurc 5.19 shows the results of the velocity profile which were calculated using two
different characteristic length, the 4(cross-sectional area)/(wetted perimeter) and the length of the
arc of the roll surface, under identical conditions. These characteristic lengths, D, represent
values of 0.245 x (radius) and 0.845 x (radius), respectively for the two cascs. No significant
difference in results is obscrved upon their use, and the results arc truly identical with
Figure 5.14(a). Also isothcrms in both cases, which arc shown in Figure 5.20, are identical with

Figure 5.16(a). No cffect of the choice of the characteristic length was found.

9



P R R R e e
‘ e s LI A R R R R R S .
“ l,ot!\\!lllllaaov ----- 5\‘

grerr L L R T ]

",.\\\||||ll!lcaoc- .
l 'WEERRN LI B I I PR
‘ TER LR TR 0 I O B O

i syv bbbt e,
“‘ll,.nlllltln....
‘l“..alll,,'lllo-..,// 5

et b0, p
““‘ XA 2
AN W
(?

sy
[T

Nifssert .
Wit '” /
lili'wlal’!' W
'h:rl e v

(a) Ra=10%, Pr=o0.158

Figure 5.14 Non-dimensional velocity profile, Re=10°, Vi, =0.5

—1.0000

W W o W s oen S b oy oy Yy,

----------------------

el e
-—
-

1 POURL T TR R B B B I I ",
PO T B B B I I I R S vy

II,..u\Iiilllluua.
l||..l""""'llc
1 “...lll'lll'lll'!llu.
'.l" |'lo-,‘ '
‘\ qert XX IR s '1':':: 7/
et 7
\\‘\.:HHHH-.,,// )
\\\""","""14/ I
\\‘.MHHH..,I// 4
“\“..::::.u..,,// 4
Qe 200y g

gl

e e,

““lllll‘"
1) 1\ }uumu A
il /
il

T,
1T, 4
' ,1|‘m‘.

(b} imothermal condition



$0=" ‘0T =3y ‘aqoad £yojaa [euopsuatupp-woy S1°S aunSyy

WOYITPUOD TWHMIASHIOSY (q) 8sT°0=34 ‘,0I=wu (W)

o i
A it
At
\\ it i i
\..\\\:_..—::oddspﬁ‘-_‘—-—‘:—:
VL TR L A AL | 111 Ty
..\\\\-:--OIIII//JIJJJ‘-’~—— ...\_._..._\.\ \\\\\\\\vo..-.-
B/772000 100 T L E
..\\\: vese \\\..)..;/////5 //_ 1]
( \\..-\\\\\\III///
\\...:\\\\\\.rﬁ// //d
...-ﬁﬁ\\\\\\l!
47/ s e _:2.:\\...,///#;’
g7 et N
RN KT XK LAY

EEYINTH]
\\\\\\o- sasnadrebag) g

A\.., \\\\\................._
: \\\\\.................._
. \\\\\......-...........-
\\\\-..................._
4 \\\-.....-..-..-.-‘.-.-
\\\s-.-...‘\\‘\\\\\\\\\\-..
\\-att'!!‘\\\\\\.\\\\\\\.‘.‘if?l.

AN

e et D o ottt D el gl il sl it ol et it e,

A gyt
L ol e ot e o e o

7 ity frase
\__.....\\\\\-s-ﬂ__—,;..\s_—d \ Fivaaa RN
_.....\\..\\,.....—f,a...:: Fass /.//”/
R Py ) ~// 3 \
— 34

-pif'l"ll\\sq.-ollllll\— "

i msmtedataied el R R ]

0000 | <1 | 0000} =—




0'0="" ‘0’'1="Y ‘oqord aameradury, 91°S Mndy

s01 =34 (v)




suLayiost (@)

12j5uB1) JeaY JUI[NGIN JRO[M SHNSM pajndmio]) L]'S MnBpg

aqyoud Apogaa (o)

t-.-.- &--.-‘ﬂ-
¢/ \_\\....-Q_-—---aq--.————
77200 iittairane ol

& \\-....--ss---.‘.‘——
\.\\......:-:_.._......-—
A ...-.;\\---.-aoo-.-_—

Vv o e s v sevrsssattnrnnanseel

] ..ullnls.\\\sgu..-oon.-

o'Otlllllliin\.-.--Oo-
L o . I I I I I R BT I I 4

*

e

0000 " | =—




first contact point

y ® X +xK¢

100

local Nusselt number [-]

0 L AL L T 7 7 v L I B LA B B L SR T e LI I

0 0.1 0.2 0.3 0.4 05 0.6
distance from the first contact point [-]

Figure 5.18 Local Nusselt number (Re=105,Ra=108Pr=0.158)

96



—==1.0000

N ww e omsoap e Y Te TE o oay Y,

‘, . Pra—
‘l.--.\'uouurco --------- LY

- s & % & K b o2 0

—T=—1.0000

-----

'.ano----
Q\\Iilll.lll-c-o..;.“

1 |'

.',.-n\\\naflr--....-.. '
.,..-\\\illl::.-

PR T O O R B I ’
lll' SR TLIR 20 B0 B O IR,
l|',.tlll'|||lllr-.
“l.ol||'|'lllto.
W ...,
\\..rlllnlllin.
A b I,
\,.nNHln.,,

1 I"
'00‘\\|""“'Illclddl 1
PECTLOL B T O B B B A R R
l',.o\\ll'lllfltoa-..
'll\‘l‘.""l"locqg"
Jees NI i,
“|l'.'.l"""'.l-.,’// 4
e l""""'ll-.ll/
‘ ‘,.:h‘lfl“ln.,,f /
AV wetl P00, ,’/
\\\\\“ I ,’,/
“\\\“" ‘) ,-‘

“-Jf,"”'lnu',/ .
““““u (77 '.

gt ok o

\.ollfff,lll ,,{/ i
(]

[/

\\-I””"llo,,/
\\\\tl””" ,’/ i
\\\\!-lll'll I[/ Ly

\\\\\“.unn 'f/ ’
s “y

lHunmi' T,
h W d”
1 rH

TREFIN

ruu.unﬂnn
| rr-r-'-;.

(a) D = 0.245 R (b) D = 0.845 R

Figure 5,19 Non-dimensional velocity profile for two kinds of charcteristic length



B AISTIIINIBY JO SPUPY OM) 10] SULIAOS] O7'S MnBLy

98



5.5 Verification

To verify the fluid flow model, a2 numerical result was compared with an experimental
result from a water model which was carried out in the Hikari Works of N.S.C. The water model
has a scale of 0.6 as large as the actual twin drum caster so as to be able to respect Froude
number (inertia force/gravity force, v¥/gD) and Weber number (inertia force/surface tension,
pDVvi/o). Tabie 4 provides a comparison of specifications between the water model and the

actual twin drum caster.

Table 4 Specifications of the water model

" water model twin drum caster

" roll diameter 720 mm 1200 mm

| mould width 480 mm 800 mm

“ casting speed 0.51 m/sec 0.66 m/scc
mass flow rate 4.67 kg/fscc 16.7 kgfsec
meniscus level 40- 40

The flow of the dye injected through the nozzle was traced and recorded on a video
machine, while the velocity distribution was observed through the video record.

Figurc 5.21 illustrates the transient dye distribution from a vertical submerged nozzle to
the mould. The dye is injected vertically and diffuses isotropically at first. Owing to the moving
roll, the dyc tends to spread down, and it takes time to spread to upper part of the mould.
Stagnant rcgions are obscrved at both sides of the nozzle near the top surface.

To comparc the experimental results with the model, numerical simulations were carried
out using a grid structurc cquivalent to the boundarics shown in Figurc 5.22.

Figure 5.23 shows the predicted velocity ficld for a symmetric half of the mould for the
following specific sct of operating conditions; casting speed = 0.51m/s, velocity of inlet flow =
0.57m/s, pool of depth = 02m. The inlet flow penetrates into the centre of the mould, and

creates a large recirculation. On the other hand, the moving roll causcs another big recirculation.
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This results in two asymmetrical counter rotating recirculation zones within the wedge~shaped
pool. A small eddy is also scen to develop at the comner between the nozzle and the surface of
the pool. This region may therefore be stagnant.

To compare the numerical result and the flow visualisation in the water model, the spread
of the injected dye was simulated using the mathematical modcl. In the mode! calculations, the
unsteady state convective—diffusive mass transport equation for dyc movement was solved using
the prior calculated steady state velocity field ( Figure 5.23 ). While implementing the govemning

mass fraction transport equation (non-dimensional form of cquation (4.40) and (5.6)).

1
& =%xp T

- 1 -
¢~ ScRe ScRe, &) =0 68

where Y, is the mass fraction of A, and Sc,, the turbulent Schmidt number. The latter was taken
to be unity on the reasonable assumption that the concentration profile is determined by the
velocity profile. Figure 5.24 illustrates the concentration profile of the dyc at 0.1~0.3 sccond after
injection. The behaviour of dyc spreading into the pool is clearly obscrved. Figure 5.25
illustrates the concentration profiles after 0.5~0.7 second.

Figure 5.26 provides a comparison between the computational and the experimental result.
Here, the one percent concentration lines are drawn in Figure 5.26(a) and compared with the
results of the flow visualisation. They show very good agreement and demonstrate that the fluid

flow model can, at least, qualitatively, cxplain fluid flow phenomena in the wedge—shaped pool
of a twin roll caster.
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5.6 Summary

A gencral mathematical model of turbulent transport processes has been developed for an
arbitrary wedge—shaped pool. Scveral flow characteristics of the system were identified using

the model. These arc summarized below:

1. In the closed system, the critical Reynolds number based on the radius of the roll
as the characteristic dimension is around 2 x10° As such, a turbulent model is
required to predict an flow in the actual twin roll casting systems which operate
at Re - 10° to 10°%

2. The momentum boundary layer thickness on the roll surface decreases with
incrcasing Reynolds number or velocity of the inlet flow. Also, boundary
conditions at the vertical axis of symmetry and at the free surface affect the flow
structure near the roll. Thercfore, the model for the twin roll caster has to take
into account realistic boundary conditions, particularly inlet conditions.

3. Numerical solutions of macroscopic flows arc in good agreement with
cxperimental data from a prototype water modcl.

4. The modcl incorporated turbulent encrgy transport, and the cnergy ficld does not
affect the fluid flow ficld significantly in the twin roll casting process of steel
because forced convection dominates over natural convection in this system.
Turbulent heat transfer, however, influences the cnergy ficld, and the diffusion
heat conduction mode! seems not to be applicable.

5. The choice of the characteristic length does not influence the modelling results for
the twin roll systcm.

Part of the work in this chapter has been already prescnted and published in the ISS
Proccedings of the Toronto conference, held April 1992 (Murakami ct al., 1992).
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NUMERICAL ANALYSIS of FLUID FLOW,
HEAT TRANSFER and SOLIDIFICATION
in A TWIN ROLL CASTER

6.1 Introduction

In this chapter, a model of coupled turbulent fluid flow, heat transfer and solidification
in a vertical twin roll caster is introduced. Numerical simulations are performed in Sn-15%Pb
alloy system that previous researchers studicd experimentally. Unlike the fleid flow model in
chapter 5, the energy ficld can affect the velocity ficld greatly owing to the co-cxistence of a
liquid-solid region (mushy region). This is large enough to influence fluid flow conditions in
alloy systems. As a result, the stability of the computations is much lower than that of only fluid
flow calculations. Both the initial conditions and the choice of the under-relaxation factors arc
very important to obtain converged solutions. A relaxation factor of 0.2 was used for the cnergy
equation, together with relaxation factors starting from an initial value of 0.4 at the beginning of
cach implementation to a maximum of 0.7 for the other variables.  Stcp-change boundary

conditions were used to create good initial conditions.

The purposc of this chapter is to describe the cffects of several parameters in the
solidification model in detail and to demonstrate the importance of the solidification model in
predicting flow and energy conditions in the twin roll casting system. The effects of the porosity
function, particularly the cffects of the resistance cocfficient of the function were investigated.
They arc strongly related to the encrgy profile in the mould. Computations were carried out
using different kinds of boundary conditions for the ¢nergy cquation. Also, the cffects of

turbulent Prandtl number and of inlet temperature, are discusscd.
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. The results are compared with the experimental data (Hojo et al., 1987) in detail, and
with an analytical solution using the Virtual Adjunct Method (Clyne and Garcia, 1981).

6.2 Effects of the porosity function coefficient

The solidification of a binary alloy is a very complicated phenomenon, and modelling was
one of the most difficult parts of this research work. In the model, it was assumed that
solidification occurs with equilibrium at the solid-hiquid interface, and that the rate of
solidification is controlled only by the rate of heat transfer within the mushy region. The
diffusion of solute in the solid is negligible, but we assume that the composition of the
interdendritic liquid can be specified by the local temperature.

In order to compare present computations with the experimental results of Hojo et al.
(1987), the same specifications as those used by the latter, and shown in Table 5, were employed
for calculations.

. Table 5 Input data for computations

roll diameter 89 mm
pool depth 30 mm
nozzle entrance (not submerged) 2 mm
casting speed 1.87 m/min
strip thickness 3.2 mm
inlet temperature 213 °C
{ roll temperature 17 °C
properties (Sn-15%Pb)
viscosity 1.8x10% Pas
density 7200 kg/m?
heat conductivity 21 W/mK
specific heat 230 JkgXK
latent heat 1.59x10° J/kg
solidus temperature 183 °C
liquidus temperature 208 °C
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non-dimensional number
Reynolds number (Re) 4620
Prandtl number (Pr) 0.02
Rayleigh number (Ra) 4x10°
Grashof number (Gr=Ra/Pr) 8 x 10°
representative length (D) 46.1 mm

Two types of boundary conditions for the energy equation, Dirichlet condition I and
Neumann condition II, have been adopted. The following concrete boundary conditions have
been chosen to account for the experimental fact that the temperature of the surface of the strip
just after the roll bite point fluctuated between 100°C and 160°C.

Dirichlet condition I : constant temperature To=150°C on the surface

Neumann condition I : heat transfer coefficient h;=4500/t%5* on the surface

where ’t’ is the contact time [second] and the exponent ’0.547" was referred by Hlinka et al.’s
paper (1988). The heat transfer coefficient is in the order of magnitude found oy previous
researchers on small, twin roll casters (refer to Table 2 in Chapter 2).
A Jones and Launder type low Reynolds number k-¢ turbulent model was used for all
computations in this chapter. Without a turbulent model, no converged solution has been
obtained. With reference to the computational resuits, the non-dimensional distance between the
roll surface and the nearest node, y* (=distance x u"/»), was in the order of magnitude 10, so
it was reasonable that this turbulent model be adopted.

Wide variations in the resistance coefficient of the porosity function, C", were used in
order to study its effect on transport pattern in the presence of the solid-liquid phase change. In
this study, all governing equations are non-dimensional, and C" is induced from equation(4.60)
as follows,

Cc/ == (6.1)

where /_ is a characteristic length related to the primary dendrite arm space and the secondary
dendrite arm space. This value must also depend on the angle between the flow and the dendrite
arms, so that it is very difficult to find a constant value relevant to all systems. In spite of the
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importance of this cocfficient, very few rescarch works to study its effect have been reported.

In this model, the valuc of C" is determined, so as to fit results to experimental facts.

Figures 6.1-6.5 show velocity profiles and isotherms using the Dirichlet condition for

various values of C".

Figure 6.1 shows resuits at C" = 0. In this casc, the solidification phenomenon does not
affect fluid flow because there exists no resistance from cither a solid or a mushy region. Only
the latent hcat affects the energy field. Gr/Re? is 0.37, and the effect of natural convection is
relatively small. Therefore, like a fluid flow of the aqueous experiments, the inlet flow penctrates
along the centre line of the mould and generates a large recirculation in the pool. The moving
roll causes a downward flow and a counter rotating flow develops. The thickness of the
downward flow layer near the roll surface is small. A stagnant point of the flow, which was
obscrved in the flow using a submerged nozzle, does not appear.

The isothcrmal lines correspond to the flow field. Hot mectal flow from the cntrance
causes a high temperature region along the symmetric boundary. A cold region develops around
the top right comer. The domain secms to be scparated to two regions, hot and cold, by the
upward flow between two recirculations.

The same result, practically, was obtained at C" = 0.001.

Figurc 6.2 shows results at C" = 0.01. Both velocity profile and isotherms are distinct
from Figure 6.1. The inlet flow from the entrance docs not penetrate to the roll bite point but
dissipates around the half depth of the pool. Recirculation caused by the inlet flow is relatively
small. A downward flow ncar the roll surface dc\}cbps well because a solid-mushy region,
defined as the temperature below the liquidus temperature, is dragged down by the underlying
solid. The force (resistance), however, is not cnough strong to pull whole of the dendritic region.
The final thickness of the solidificd shell is larger than that of C" = 0.

Figurc 6.3 shows results at C" = 0.1. A very strong downflow is observed near the
surface of the roll, while the depth of the inlet flow's penetration reaches only onc third of the
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total depth of the pool. Velocities at nodes near the roll surface are almost the same as the
tangential velocity of the roll because of the large resistance in the ‘solid’ region. The solid
region develops along the surface of the roll unlike profiles at smaller C*, and metal is
completely solidified before the roll bite point in this condition.

Compared with Figures 6.1(b) & 6.2(b), the temperature of the upper region of the
wedged pool, particularly at the top surface, increases.

Since a constant temperature is assumed on all nodes of the right boundary, isotherms
concentrate on the top right comer. In the real system, the flow at the comer may fluctuate,
so a shape of the boundary and temperature might not be constant.

Figure 6.4 shows results at C" = 0.5. The thickness of a ‘solidified’ region on the roll
is much thicker than that of C" = 0.1. Resistance is large enough to fix velocities in the
solid/mushy region, so that the gradient of velocities in the downward flow is very small.
Strong resistance in the mushy region also affects the flow, and no counter flow below the inlet
flow is observed. In this case, the solid region occupies one third of the depth from the roll bite
point, and after shell kissing point velocities are decided to conserve mass balance. The present
model does not take account of deformation of the solidified shell, so velocities in the solid
region might not correct.

Figure 6.5 shows results at C" = 2. A similar transport pattern to that for C*" = 0.5
is obtzined. Thickness of the solid region increases.

In case that the value of C" is more than 5, solutions of the computations diverged. The
reason is considered that a strong downward flow in the solid region, whose velocities are forced
to be fixed mathematically, break mass and momentum conservation in the wedged-shape
computational domain. Since the present model does not handle deformation of the solid region,
an object which contains a large solid region is not suitable for the model.

The assumption of constant temperature on the boundary may not be realistic. To
confirm the effect of C", a similar investigation was carried out using the Neumann boundary
condition.
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Figure 6.6 shows a velocity profile and isotherms at C" = 0, the local heat transfer
coefficient is 4500/t%-°47 W/mK. Inlet flow from the entrance penetrates vertically and mixing
of the molten metal in the pool is low. The cold metal stays at the upper right zone and a large
solid region (defined below T, here) develops. The solid region disappears in the lower zone
by attack from the hot metal inflow. It is distinct from that of the Direchlet condition, and also
the fluid flow profile is slightly different because of the effect of the natural convection.

Figure 6.7 shows results at C* = 0.01. In this case, similar profiles to those of the
Dirichlet condition are obtained. The inlet flow is diffused haif way down the pool, while the
thickness of the downward flow near the roll surface increases. The solid region expands
vertically, and the liquid region increases. Since an insolated boundary condition was used at
the top right comer, isotherms there are parallel to each other. At the exit, or roll bite point,
the thickness of the solidified shell was 0.6 mm, and the surface temperature of the shell 164°C.
Intuitively, the shell profile appears to be physically unrealistic.

Figure 6.8 shows results at C* = 0.1. Velocities in the solid region are fixed, and the
solidified shell grows along the roll surface. The shell is slightly remelted in the narrow zone
of the pool, and the final shell thickness is 0.76 mm, which is 48% of the distance between
rolls. The temperature of surface is 159 °C there.

Figure 6.9 shows results at C* = 0.5. The solidified shell develops along the roll
surface, and the shells on both sides mest before the roll bite point. A counter flow is observed
under the inlet flow, and its influence on the temperature field is also observed. Velocities
toward the roll at the meniscus surface increase-. It demonstrates that resistance in the lower
zone increases. The temperature of the shell surface at the exit was 147 °C.

Figure 6.10 shows the results for C* = 2. The solidified shells ‘kiss’ each other at depth

of 20 mm into the pool. The inlet flow, therefore, does not penetrate deeply and but spreads
horizontally near the meniscus. In this case, solutions were fluctuating and did not converge.
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As already mentioned, the resistance coefficient C” exerts a significant influence upon
both velocity profiles and energy profiles. Increase in the value C" increases the force to fix
velocities in the mushy-solid region and gives physically more reasonable transport profiles. But
also it increases a solid region and causes instability during computations, particularly in
wedged-shape domains.

In the author’s opinion, each solidification system has an intrinsically different resistance
for the mushy region and has its own value of C” of the model, so that it is necessary for the
model to be compared with experimental results in each instance. The velocity profile, at least,
ought to satisfy the physical fact that the solid region moves down at the same velocity as the
tangential velocity of the roll. And it may be observed that the value chosen for C" is
sufficiently small enough to allow for significant flow in the mushy region at high local liquid
fractions. From the points, the value C* = 0.1 ~ 0.5 were adopted for the model. This value
is equivalent to 10° ~ 5x10? in a dimensional system. Voller and Parakash (1987) chose 1.6x10°
for a cavity problem, and Brent et al. (1988) used 1.6x10° for a pure gallium ingot system,
Evidently, further research in this area is called for.

In the next section, the results are compared in detail with the experimental results of
Hojo et al., reported in 1987.

6.3 Comparison with experimental data
— effects of a thermal boundary condition & validation -

Figures 6.11 and 6.12 show isotherms with various thermal boundary conditions.

Figure 6.11(a) illustrates the experimental result measured by Hojo et al. (1987) using
40 thermocouple, while (b) ~ (h) illustrate computational results. Conditions for each case are
summarized in the following Table 6.

114



SIT

ey

M)

SRS

(a) velocity profile

Figure 6.1

R oy
: ~ -—
X
—% —3 — ]
L A
£ &3

----------

(b) isotherms

Fluid flow and temperature profile

resistance constant C" = 0
temperature of surface 150°C

—0.07mls

(a) velocity profile (b) isotherms

Fluid flow and temperature profile

resistance constant C" = 0.01
temperature of surface 150°C

Figure 6.2



o1l

.

4 ..ulll'J’Ml//m--_..,,/ .
W 1224404.,,

- '..nlll,l,lfllunm... Ny g

S ..,

T 4

P

{a) velocity profile (b) isotherms

Figure 63  Fiuid Mow and temperature profile

resistance constant C" = 0.1
ternperature of surface 150°C

—=0.07m/s

..... Ire
rllll'f”l’l”m.n-.’// //’_\/
.Il'l”""”f’lna..,”// # &

.-tlll"lﬂnm..,,”w B

(a) vclocity profile (b) isotherms

Figure 6.4  Fluid flow and temperature profile

resistance constant C" = 0.5
temperature of surface 150°C



aetay

"= 0.0%mls
..llll'll’ll’m-—.--.,,,/
,.um.'m:m......,,,d,/
..lllll""luu.;..,,,w/
'..""”""".”"’W/
l'.'""""""'"’w
l:..ummm....,,

\‘.od”mlm.,,
trs,

LI

(n) velocity profile (b) isotherms

Figure 6.5 Fluld flow and temperature profile

resistance constant C" = 2.0
temperature of surface 150°C

——=(1.07mlsg

[P L L T,
'.illllhll LTI
LTI

]

W) ',nl'“"!l
Il ikt
il T

(a) velocity profile (b) isotherms

Figure 6.6 Fluid flow and temperature profile

resistance constant C" = 0,
heat transfer cocflicient 4500/°*" W/m*K



—1r0;07mls

/7

F187780000, ”,/

B Htteeeea,,,
eatttithiitss..,,
wortlilitte..,,,
‘.-uﬂ””llm.,” 7/
werttitlitin..,

2
99 eoJ‘

811

.)D!l""’

b

AY

(n) velocity profile (") isotherms {(a) velocity profile (h) isotherms

Figure 6.7  Fluid flow and temperature profile Figure 6.8  Fluid flow and temperature profile
5 o= 0.01 resistance constant C" = 0.1
Ef&:?'?ﬂfﬁsfgr"f.?ﬂnc((cm 45%:]}“0-5" wim'K heat transfer cocfficient 4500/¢°*Y W/m’K



—=0.07mls

gosrers

aery
l.uuuut”/”.‘._....,,/ / AL i anananen RT Y.
.nllll"”fliﬂlu...”‘,

& tliti,....,

5 V11200
S tilftun..,
ot
.,

i,

¥
—
©
(a) velocity profile (b) isotherms (a) velocity profile (b) isotherms
Figure 69  Fluid flow and tempcrature profile Figure 6,10 Fluid flow and temperature profile

resistance constant C" = 0.5 resistance constant C" = 2.
heat transfer coefficient 4500/¢*7 W/m'K heat transfer coefficient 4500/t W/m’K



Table 6 Conditions for Calculations

c thermal boundary condition
case (b) 0.1 T, = 150°C
case (c) 0.1 h, = 4500/:%*7 W/m*K
case (d) 0.5 h; = 45004 W/m’K
case (¢) 0.3 h; = 45007 W/m*K
case (f) 0.5 h; = 4000/°>7 W/m*K
case (g) 0.5 h, = 4000/*¢ W/m*K
case (h) 05 T, = 130 ~ 183°C

In the experiment, the inlet flow generates a region of hot liquid around the centre line,
while a large mushy region develops in the rest of the mould. The isothermal lincs lic along the
roll surface and the final thickness of the solidified shell is 1.42 mm. The shell scems to remelt
and is thin near the middle of the sump. The computational results revealed similar temperature
profiles to thosc of Hojo et al.'s experiment, particularly in the simulation of a large mushy
region and a similar fully liquid region. .Large or small, however, all computational results show
the hot liquid region tends to spread horizontally near the meniscus surface unlike Hojo ct al.'s
data. It can be speculated that the resistance to flow in the mushy region is Sverestimated. For
the same reason, the computational results show flat curves of the liquidus line crossing the
boundary of symmetry.

Each of the 200°C isotherm lines in the computational results is very wavy instcad of the
straight cone-like experimental linc shown in Figure 6.11(2). This is because the isotherms of
the present calculations were steady state solutions and directly related to the flow ficld, the
convective heat transfer dominating thermal diffusion phenomena.

Regarding the solidified shells, in case(b) and (d) the metal solidified before the roll bite
point. In these two cases, the 190°C isotherms lic at similar locations to those found by Hojo et
al's. The other results predict much thinner shells than those reported by Hojo et al's.
Similarly, the 190°C line locates close to cach shell. It is because the liquid fraction, where
temperatures are less than 190°C, is expected to be less than 30%, and the region is expected
to behave practically as though it were solid.  Figure 6.12(h) illustrates the result using a
Dirichlet boundary condition II wherein the temperature of the roll surface is fixed at a value

varying lincarly from the solidus temperature at the first point of contact point to 130°C at the
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roll bitc point. Since the surface temperature is fixed relatively higher, the fully liquid region

spreads widely near the meniscus.

To investi;;>te thermal conditions in more detail, further comparisons were made and arc
now prescnted.

Figure 6.13 provides a comparison of the temperature along the vertical axis of symmetry
of the mould. The solid red circle represents Hojo ct al.'s data. Each computational resuit
predicts an abrupt temperature curve between the 15 and 20 mm point. This zone represents the
cnd point of the inlet flow beyond which the resistance becomes abruptly larger. Hojo et al.'s data
reveals a similar temperature curve.  Cases (d) and (g) also suggest good agreement with
experiment.  The abrupt curves in cases (b) & (d) near the roll bite point are related to the

complction of solidification.

Figure 6.14 compares shell thicknesses correlated with the contact time betwecn the metal
and the roll. The contact time was calculated from the tangential velocity and the distance
between the first contact point and the location on the roll.  An analytical solution using the
Virtual Adjunct Method (VAM) (Clyne & Garcia, 1981) was also obtained and is also illustrated.

Using VAM, the relation between shell thickness 'd' and contact time 't' are described by

t = Bd? + B,d (6.2)
where
B, = — 6.3)
1 4asx2
C..P.
B, = = 64

1 1
n2xexp(N M? + erfiy) b,

constant *' is obtained by iterations from the following condition
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exp(xd) | MO, TPep(ne) | mlay 6.5)
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where M = K Cospo/ Ko ConPp @ = K G pr/KsCPs, 1 = ag/a;, and the local heat transfer

cocfficient h, = 4500/4%* is used.

The analytical solution shows a root square curve of time, and is much lower values than
numerical and experimental results. This discrepancy is thought to be related to the fact that
VAM assumes the metal inlet flow is rectified along whole arca of the meniscus surface. In this
assumption, a shell might develop at a root square curve and shell growth is rather depressed.

This analytical model can not account for influence of the inlet flow condition.

Hojo ct al.'s data shows a characteristic curve, which demonstrates a pausc in shell growth
between 0.2 and 0.5 second. Although none of the computational results predict the Hojo ot al.'s
results quantitatively, the results of cases (b) and (d) have flat curves which mean a pausc of the
sheil growth between 0.4 and 0.6 second and show a similar trend. To understand quantitative

differcnces, a morc detailed investigation would seem to be required.

From the results shown in Figure 6.11 ~ 6.14, casc (d) best predicts the Hojo ct al.'s
experimental results. Although one could get the better computational results through ad-hoc
tuning, it is not important for us to create a result completely corresponding to the cxperimental
one by arranging unknown boundary conditions. The purpose of the work is not to predict Hojo
ct al's data but to demonstrate the possibility of the numerical model for simulating transport

phenomena in a twin roll caster and for investigating features of the system.
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6.4 Effects of Turbulent Prandtl Number

The turbulent Prandtl number is onc of the most important parameters influencing the
transport of energy, and its effects arc discussed in this section.

In turbulence, the shear stress *t’ and heat flux 'q' are given, on the x-y plane, by,

du == (
= e— - pU .
T=p pu'v 6.6)
q, = K_E] - p(,’ fi:-pf . 6.7)

where u', represents velocity fluctuation and T 1$ temperature fluctuation.

By analogy with Prandtl's mixing length hypothesis, the fluctuating components are expressed
by,

vl = - \,‘%‘y‘__, Tl = - = 9T (6.8)

Here the turbulent Prandt! number 'Prt’ is defined as,

Pr = J = pIC'P (6'9)

Many rescarchers have investigated the turbulent Prandtl number for a long time, mainly by
cxperimental methods. Most of them, however, have investigated simple flow systems, for
instance a pipe flow, and very few works have been carmried out for complex geometries such as
the twin roll caster mould.

Generally, the value 0.9 is used as the turbulent Prandtl number of air, and 1.0 is uscd
for water. In practice, these values prove to be quite accurate in many cases, provided molecular

conduction processes arc relatively unimportant in comparison to turbulent transport process.
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Concerning the value for hot liquid metal, however, no cxperimental data has been reported. The
Prandtl number of a liquid metal is much smaller than 1 {(c.g. 0.15 for steel and 0.01 for Al). As
such, the heat conductive layer is thicker than the laminar sub-layer in turbulent heat transfer.
Since eddies of turbulence easily losc their heat by conduction during their irregular motions,
the transport of heat is considered smaller than that of momentum. To take into account such
phenomena, a valuc which is larger than 1 is sometimes adopted for a liquid metal. Tani (1984)
suggested Pr, = 2 ~ 3 in a liquid metal.

To investigate cffects of the turbulent Prandtl number in the system, several calculations,
for various of Pr, = 0.5 ~ 5, have been carried out.

Figure 6.15 shows isotherms at Prt = 1, 1.5, 2 and 3 when the resistance constant C" =
0.5, the heat transfer coefficient h; = 45004%*”. No big difference is observed among them, but
the thickness of the solidified shell at the roll bite point is slightly decreascd with inerease in Pr,.
When Pr, is less than 1, the shell is completely solidified at the exit.

Figurc 6.16 shows the temperature profile of the centre line of the mould. Except near
the roll bite point, all results are very close. Also, very similar shell profiles to those measured

were obtained in all cases, as shown in Figure 6.17.

Considering the results, the cffects of Pr, on the transport profile is very small in this
system. The results demonstrate that convective heat transfer is much larger than conductive heat
transfer in such systems.

Figure 6.18 shows the final thickness of the solidified shell at the roll bite point, at the
contact time of 0.92 scc, corrclated to the turbulent Prandtl number.  Under the sclcétcd
conditions, the prediction of the shell thickness at Pr, = 3 coincided with the Hojo ct al.'s result.
The change of values scems to follow a curve tending towards a horizontal asymptote. The
reason why the thickness is affected only near the roll bite point by variations in Pr,, in spite of
very little influence at other locat'ions, is that the flow ncar the roll bitc point is very small
because of high resistance there. It demonstrates that heat conduction at the point is important
enough to determine the inner quality of strip.
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6.5 Effects of Superheat

Superheat (or inlet temperature) is an important operational parameter in casting
processes. In this section, the effects of superheat (SH) are investigated for four different values
of superheat, SH = 1, 5, 10 and 20 K. Since the real thermal boundary condition is unknown
for each case, the same heat tansfer coefficient, h; = 4500/t°°%7 W/m’K, was used. The
resistance constant C" and the turbulent Prandtl number Pr, were fixed at 0.5 and 3.0,

respectively.

Figure 6.19 shows a comparison of isotherms. Hojo et al. (1987) alsc measured
temperatures at SH = 1 K, and their result are also shown.

When the superheat is 1 K ( i.e. inlet temperature = 209°C) solidification is completed
before the roll bite point in both calculations and Hojo et al.’s experiments. However, the
location of their liquidus lines are very different from each other. In the computational result,
a large liquid region exists, and it shows heat loss of the inlet flow is very small. Figure 6.19(3)
illustrates a small liquid region experimentally and a very large mushy region, and difference
of the superheat significantly influences 2 temperature profile. Although comparison among
Figure 6.19(b) ~ (d) also shows that decrease of the super-keat increases the area of the mushy
region, the amount of the increase is smaller than Hojo’s results.

Hojo’s temperature data fluctuated by more than +1 K, so both a more precise model
and a more precise measurement are necessary to discuss these results quantitatively.

Figure 6.20 shows the temperature of the centre line of the mould.
Temperature lines at SH = 1, 5, 10 K in the lower zone within 15Smm of the roil nip are very
close. Hojo et al.’s data show the same tendency. It is considered that heat transfer near the
kissing point of the shells is relatively small because of very little flow, particularly at conditions
of small superheat. Temperature drops are also observed at the same position, and no
temperature decrease of the inlet flow is observed under these conditions.

When the superheat is 20 K, the temperatures exhibit over-all increase. Negligible heat
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diffusion is observed in the end of the inlet flow.

Figure 6.21 provides 2 comparison of shell profiles.
All cases illustrate the same shell profiles before 0.4sec. The effects of the superheat appear near
the exit. Hojo's data show qualitatively similar behaviour.

6.6 Summary

A mathematical model for solidification coupled with turbulence in a vertical twin roll
caster has been developed. The effects of several important parameters in the model were
investigated in the Sn-15%Pb alloy system, and the results were compared with Hojo et al.’s
experimental results (1987).

These are summarized below :

1. The resistance constant for the additional term in the momentum equation to allow
for mushy zone solidification significantly affects thermal conditions within the
mould. In the model, a value of C* = 0.5 was properly chosen.

2. The model takes into account the effects of inlet flows and is able to predict the
pause in shell growth and remelting phenomena. The computational results are
in qualitative agreement with Hojo et al.’s temperature measurements, zlthough
Clyne’s analytical solution did not predict a similar shell profile.

3. Increasing the turbulent Prandtl number decreased the final shell thickness. The
over-all temperature profile, however, was not affected so much for the range of
parameters studied. The result at the condition Pr, = 3, C" = 0.5, local heat
transfer coefficient h;=4500/1%>*" gave the best agreement with Hojo et al.’s
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results.

4. Increasing the super-heat, decreases the area of the mushy and solid regions.
Although the same tendency appeared in the experimental result, the
computational result at SH = 1 K was not in quantitative agreement with Hojo
et al.’s results.

From the points mentioned above, the model 1s an apparently useful tool for studying
heat, mass and flow phenomena in twin roll casting processes. Further investigations for the
industrial process using this model are discussed in the next chapter.
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COMPUTATIONAL STUDIES
of TRANSPORT PROCESSES
in A TWIN ROLL STAINLESS-STEEL CASTER

7.1 Introduction

In this chapter, several fluid flow simulations involving coupled heat transfer and
solidification In stainless-steel systems are performed for the twin roll caster. The propertics of
austenitic stainless—steel 304 and specifications of the twin drum caster in N.S.C. are basically
used for these performance predictions. The power-law scheme (cquation(4.97)) was cmployed
to discretize the convective terms in all the transport cquations.

Unlike the simulations for the Sn—Pb system shown in chapter 6, the Reynolds number
of the system is quite high. First, therefore, the effects of the number of grids are investigated
in order to sclect an adequate grid density.

Next, the cffects of important operating parameters are discusscd: roll gap (10 ~ 30 mm),
casting speed (40 ~ 120 m/min), super—heat (10 ~ 50 K), design of submerged nozzle, height of
the pool, and heat transfer coefficicnt. Paramcters concemed with the nozzle can have a large
influence on the transport phenomena in the mould. However, so far, a study of such factors has
been superficial. The sclected parameters ; depth, size, thickness and direction of the inlet flow,
are quantitatively investigated.

Lastly, the cffccts of the enginecring factors for the design of the twin roll casting system
arc summarized using the computational results. The author believes that the computational
results can give very important int:ormation for the design of the inlet system in the twin roll

castcr.
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7.2 Grid Selection and Effects

A plant scale twin roll caster is a much larger piece of equipment than the laboratory
scale caster considered in Chapter 6. As such, the Reynolds number of the system is very large.
In general, a high Reynolds number flow (strong turbulence) requires a large number of grids
for computations.

Here the question of influence of the number of grids is discussed.

Three kinds of grid densities, 32 x 32, 42 x 42 and 52 x 52, were employed in the
investigation. Specifications and properties used in the computations are summarized in Table

7.

Table 7 Specifications and properties (stainless steel 304)

roll diameter 1.2 m
pool depth 0.386 m
nozzle entrance 1§ ~ 18 mm
nozzie depth 4 mm
nozzie thickness 50 ~ 70 mm
casting speed 60 m/min
strip thickness 30 mm
inlet temperature 1464 °C
water temperature 20 °C
properties (SUS304)
viscosity 7x10% Pa-s
density 7000 kg/m?
heat conductivity 31 W/m-K
specific heat 700 J/kg-K
latent heat 2.64x 10° kg
solidus temperature 1399 °C
liquidus temperature 1454 °C
properties (submerged-nozzle)
density 2200 kg/m?
heat conductivity 17 W/m-K
specific heat 1054 J/kg-K
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non-dimensional numbers
Reynolds number (Re) 4.8 x 10°
Prandtl number (Pr) 0.158
Rayleigh number (Ra) 33x 107
Grashoff number (Gr=Ra/Pr) 2.1 x 108
representative length (D) 0419 m
- . —

Since boundary conditions of the surface on the roll for the energy cquation were
unknown, a Dirichlet condition II (cq. 4.64) was adopted: temperature of the roll surface is
assumed to vary lincarly from the solidus temperature at the first point of contact to 1266°C at
the roll bite peint. A relaxation factor of 0.3 was used for all equations (Dirichlet condition
cases). A value of 10~ was used for the convergence criteria for the encrgy equation. This is
very crucial when discussing shell thickness. A value of 10~ was used for the other equations

for a convergence criterion.

Figurc 7.1 illustrates grid formations for calculations. These formations were gencrated
by solving Laplace cquations (cgs. (4:33) — (4:34)). A valuc of 10 was uscd for convergenee
criteria of the numerical grid generation. When the residuc was larger than 107, numerical
results did not make sense physically.

Although it takes much longer time to generate the grid for a larger grid density,
fortunately, in the geometry modelled, parallel horizontal coordinate lines (x-coordinate) are
available, and the author found the same grid formation and computational results could be
obtained by dividing cach x-coordinate line uniformly, without solving the Laplace equations.
This approach to gencrate a grid system saved computational time and avoided numerical solution
crrors during grid gencration.

Shaded portions in the Figures 7.1(a-c) represent submerged-nozzles. TLzir sizes are
slightly different to cach othcr owing to the grids, The resistant constant for solidification, C",
was sct cqual to 1 for all calculations. Since the pilot plant twin roll equipment is much larger
than the laboratory scale onc, the curve shape of the meniscus surface at the top right comer,

probably whose hight is about 10 mm, is not considered in the geometry.
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Figure 7.2 shows computational results of velocity profiles. The results suggest a very
similar flow pattern to that of the water model (Fig. 5.23), because the solidified shell and the
high resistance mushy region are too small to influence the flow field significantly. It is also
because the forced convection dominates over the natural convection in the system. In such a
case we can say the water model is useful for studying the fluid motion in the mould.

All vector plots show almost the same flow pattern, and a comparison of the three figures
(Fig. 7.2(a<c)) shows no clear differences.

Figure 7.3 gives profiles of the turbulent kinetic energy, ’k’. The inlet flow causes
strong turbulence, and the highest point of the turbulent kinetic energy appears at the exit of the
submerged-nozzle. The high energy zone expands vertically, the centre of the recirculation by
the inlet flow being a region of high turbulent kinetic energy. Since the value of k is zero in
the solid region, a large k-gradient exists near the roll, particularly in the lower region where
the inlet flow impinges on the solidified shell. By contrast, the fluid flow in the upper region
of the pool is very mild.

Comparison of the turbulent kinetic energy does not show 2 big difference among three
kinds of grid density, although Figure 7.3(a) is slightly different from the others.

Figure 7.4 illustrates isotherms. Large mushy regions are observed in 2ll cases owing
to the relatively low super-heat condition. Large temperature gradients are observed near the
roll surface and within the body of the submerged nozzle (made of refractory Al,O5-C).

A comparison among them tells that the higher grid density gives the lower temperature
field ir spite of the same boundary conditions. While the temperature of the meniscus of the
result in the 32 x 32 grid density is higher than 1445°C, that in the 52 x 52 one is lower than
1440°C. Regarding the highest temperature region of the inlet, it seems reasonable to suppose
that the smaller exit of the nozzle in a 42 x 42 grid density induces the smaller zone in Figure
7.4(b). Effects of the nozzle size will be discussed later.

Although the accuracy of the computational results cannot be discussed here for lack of
precise measurements, generally speaking, the higher grid density gives the more accurate
solutions in a finite difference method. However, the comr: ™tional time increases almost
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geometrically with the number of grids. Table 8 indicates two representative temperature values

and approximate computational time in cach case.

Table 8 Comparison of temperature and CPU at various grid densities

grid T at meniscus T at centre roll bite CPU (386-33MHz

(0.1m from centre) point + Math co-processor)

14453°C 1451.3 °C
42 x 42 1440.5°C 1449.9 °C 2.7 days

" 52x52 1437.9°C 14482 °C

Judging from computational time and accuracy, a 42 x 42 grid density was employed for

the investigations described below.

7.3 Effects of Gap Between Rolls

The distance between the roll surfaces (roll gap) at the roll bite point limits the maximum
strip thickncss and may affect transport phenomena in the mould. Here the cffects of roll gap

are described.

Figure 7.5 shows predicted velocity profiles for three roll gaps; 30mﬁ1, 20mm, 10mm.
Casting speed is 60 m/min, and the Dirichlet boundary condition II on the cold boundary is
adopted for the energy cquation (1399 — 1266°C). A decrease in the roll gap decrcases the
velocity of the inlet flow, due to a decrease of the inlet mass flow ratc. A very mild flow was
observed in the pool for the smallest gap (Figure 7.5(c)).

Decreases in the roll gap deforms the physical domain, and gives rise to instabilities
during computations owing to large disproportion in grid size. It causes and requires a large
number of itcrations for converged solutions. Table 9 displays the number of total iterations and
computational time.
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Table 9 Number of iterations and CPU for convergence

" roll gap number of iterations CPU (IBM386 33MHz)

| 30 mm 30000 2.7 days

" 20 mm 120000 11 days

I 10 mm 250000 23 days’

e c ts were obtamed usimg a super—computer(FACOM 2200), an was
estimated from the number of iterations, 11 and 23 days per one calculation arc not
practical time

Figure 7.6 illustrates isotherms for the same conditions as Figure 7.5.
Decreasc of the roll gap decreases temperature of the pool, because both inlet mass flow ratc and
inlet energy also decrease. In the case of a small roll gap, the lower region of the mould is
relatively cold, for the hot inflow does not reach there.

One of the key picces of information for engineers to design a twin roll casting system
is the temperature profile ( or the solid/liquid fraction) of the strip at the roll bite point.
Figure 7.7 indicates the temperature of the roll at the bite point. All three cascs have similar
temperature profiles: temperature gradients within 1mm from the outside strip surface arc very
large, while gradient valucs are roughly equal.

Judging from the similarity of the temperature profile at the roll bitc point and practical
computational time, a valuc of 30 mm was cmployed for the roll gap for thc remaining
parametxic studies.

7.4 Effects of Superheat

In the plant scale twin roll caster, controlling the liquid steel's superheat is not casy,
because the inlet temperature depends upon upstream processes as well as the controls of the inlet
system. Here the cffects of superheat(SH) ranging between 10 K and 50 K are discussed, since

this represents the range of possibilities in the pilot plant.
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Figure 7.8 illustrates temperature profiles for SH = 20 ~ 50 K. The same boundary
conditions as Figure 7.6(b) are used on the roll. The bulk temperature in the pool depends upon
the super-heat , particularly, increase of the inlet temperature increases temperature of the
meniscus. The figure demonstrates that a very thin mushy region appears near the roll surface
when the superheat is larger than 20 K, compared to that for SH = 10 K (Figure 7.6(b)).
Increases in superheat decreases the thickness of the mushy region.

All isotherms have similar charactenistic that the temperature gradient in the vicinity of
the roll surface is very large and small near the meniscus.

The constant temperature of the strip surface at different superheat is open to the
question, although the Dirichiet boundary condition leads to a better convergence of solution
than the Neumann boundary conditions in this system.

Figure 7.9 shows predicted isotherms for different superheat using Neumann boundary
conditions: a heat transfer coefficient h; = 8000 W/m°K, which Suichi et al(1991) reported using
one-dimensional heat conduction model, was employed for the present calculations. Since the
solidified shell is too thin to divide into some nodes in the upper mould, the thickness of the heat
resistance in the vicinity of the roll surface was assumed to be constant. A relaxation factor 0.1
was used for the energy equation. The comparison in Figure 7.9 indicates that an increase in
superheat proportionally increases the temperature within the mould. The bulk temperature in
the poot for the Neumann boundary condition was essentially lower than that of the Dirichlet
boundary condition. The over-all heat flux through the shell surface on the roll is calcalated,
to be approximately 107 W/m?®, which is in agreement with the value estimated on the basis of
secondary dendrite arm spacing in the solidified strip (Miyazaki et al, 1990). '

Figure 7.10 shows the temperature of the roll bite point (exit of the mould) for a
Dirichlet boundary condition within 3 mm from the outside shell surface. There is a rapid
temperature drop within 1 mm from the roll surface. The temperature gradient for conditions
of higher superheat is larger than of lower super-heats due to the constant temperature (1266°C)
of the strip surface.
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Figure 7.11 shows the temperature of the roll bite point for the Neumann boundary
condition. Although similar curves are observed, temperature of the strip surface increases
following increase of the superheat; 1169.4°C (SH=10K), 1219.3°C (20K), 1314.7°C (30K},
1323.9°C (40K) and 1333.0°C (50K). Little solidified shell is observed for the case of high
superheat.

7.5 Effects of Casting Speed

Figure 7.12 shows predicted velocity profiles for various casting speeds using the
Neumann condition on the roll boundary (h; = 8000 W/m°K, SH = 10K).  Obviously all
figures have the same flow pattern, and the absolute values change in proportion. This can be
attributed to the fact that convective flows (inertial forces) dominate diffusive flows (viscous
force), and also the solidified shell is thin enough to be neglected compared with the bulk

region.

Figure 7.13 gives a comparison of isotherms at the various casting speeds. Unlike the
velocity profile, the temperature profile is very greatly influenced by the casting speed condition.
Increase of the casting speed increases the temperature in the pool and decreases the area of the
solid and mushy regions. It is entirely reasonable to say that the decrease in contact time
between the steel and the roll causes such phenomena.

Since the depth of the pool is constant, casting speed is identical to solidification time,
which is the most important factor in the process. To reveal the effect, the relation between
casting speed and solidified thickness is indicated in Figure 7.14. Solid circles designate
experimental data (Yoshimura et al., 1991) and circles and solid lines designate the
computational results. Computational results at three levels of liquid fraction (f; =0.5, 0.6, 0.7)
are plotted in the figure. The computational results demonstrate that an increase of casting speed
linearly decreases thickness of the solidified shell. The experimental data indicates that increase
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in casting speed slowly decreases the thickness of the strip. Judging from only the results, we
may say the liquid fraction at the centre of strips were around 0.6 until casting speed is less than
80 m/min, and it has larger value at higher casting speed. It is seen from Figure 7.14 that at
low casting speeds under 80 m/min, a solidified shell forms on the roll surface, but for higher
casting speeds, a solidified shell is very thin. This is due to the increase in turbulent heat flux
at the shell surface at higher casting speeds. The constant convective cooling rate of h, = 8000
W/m?K appears to be too small to form 2 strip for the higher rates of casting. Concerning the
thermal conditions for calculations might not be accurate, it cannot be discussed at the present
for the lack of information. Further investigation for the point is being continued.

7.6 Effects of Nozzle Design

One of the most important and difficult points in the development of the twin roll casting
system is designing the inlet system (a nozzle for pouring). Until today, neither any
mathematical model to take intd account this point has been developed, nor has any physical
model provided sufficient information.

In this section, the effects of several parameters concerned the design of the nozzle are
investigated in the stainless steel system, using the author’s model. In the implementations, the
same boundary conditions were used: casting speed = 60 m/min, super-heat = 20 K, heat
transfer coefficient between the roll and the shell surface = 8000 W/m’K.

7.6.1 Inside gap of the submerged nozzle

Figure 7.15 shows velocity profiles for various inflow entry ports ; total (full mould)
inside gap of the nozzle is (2) 9 mm, (b) 15 mm, (¢) 27 mm, (d) 40 mm. To avoid the
influence of the size of the meniscus of the pool, the outside thickness of submerged nozzle is
kept constant.
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Figure 7.15(a) demonstrates that the strong inflow causes a strong counter flow and a
strong recirculation. Any increase in entrance size decreases velocity of the inflow and the
counter flow. In the case of 40 mm wide entrance, velocity of the inflow is smaller than casting
speed, and the flow field is very mild in the mould.

Figure 7.16 illustrates isotherms for the same conditions as Figure 7.15. Figure 7.16()
shows the lowest temperature field, and the mushy region occupies most of upper region in the
pool in Figure 7.16(2) & (b). Increase of the entrance size increases bulk temperature and area
of the liquid region. For the case of a wide entrance, the high temperature region is observed
along the centre line of the mould.

On the other hand, the temperature of the outside surface of the solidified shell decreases
as following increase of entrance size: temperature at the roll bite point is () 1219°C, (b)
1216°C, (c) 1169°C, (d) 1161°C.

From the results , the smallest entrance system has the largest negative heat flux through the
roll. It seems reasonable to suppose that heat of the high speed and thin inflow easily diffuses
into the mould owing to large turbulent heat transfer.

7.£2 Depth of nozzle

The depth of the submerged nozzie affects the meniscus condition, which strongly
improved the quality of the strip surface.

Figure 7.17 shows predicted velocity profiles for various nozzle depths. Strong flow in
the pool is observed in the case of the most shallow submerged nozzle (Figure 7.17(a)). With
increase in nozzle depth, flow in the pool becomes slower. Figure 7.17(d) demonstrates that too
deep a nozzle gives rise to another recirsulation along the nozzle surface.

Figure 7.18 indicates the u-velocity profile of the meniscus surface in the mould.
Negative values in the figure means a flow towards the nozzle. In the case of nozzle depth =
Smm, a flow towards the roll is very strong, and the maximum velocity is larger than 0.5m/s.
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Increase of the nozzle depth decrcases velocitics. In the case of the depth = 101mm, negative
velocity is observed near the nozzle, and the velocities do not decrease compared with that of
depth = 43mm. In the casc of the depth = 130 mm, most of the velocitics are negative and the
flow of the meniscus surface dirccts the nozzle duc to the counter recirculation. The absolute

values of the velocitics are around 0.1my/s.

Figure 7.19 illustrates predicted temperature profiles. With increasing nozzle depth, the
nozzle temperature rises, and temperatures near the roll in the upper region decreases. For deep
nozzles (Fig. 7.19(c) & (d)), temperatures at the top right comer of the nozzle decreasc slightly
due to the cold comer flow near the top surface. Velocity inside the nozzle is so large that heat
transfer from the molten steel to the nozzle is very large. Thercfore the longer nozzic casily
becomes hot, and isotherms are influenced from the temperature of the nozzle. The decp nozzle

also causes a relatively large remelting of the solidificd shell as well as higher strip temperatures.

7.6.3 Outside thickness of the submerged nozzle

Flow and cnergy fields of three kinds of large submerged nozzle are investigated.

Figure 7.20 shows a predicted fluid flow and a temperature profile using a thick
submerged nozzle; outside thickness is 221mm at the top surface and 174mm at the nozzle front,
inside thickness = 15mm. The velocity profile demonstrates the outside thickness of the nozzle
is so large that the flow between the nozzle and the roll is suppressed. The macroscopic flow
pattern under the nozzle is similar to that of the thinner nozzle (Figure7.17(b)), because the
region occupied by the nozzle is stagnant zone at even the casc of the thinner nozzle. The
temperature profile is, however, very much affected by the nozzle. A large temperature gradient
can be observed in the nozzle, and the temperature at the top right comer is lower than that of
the thinner nozzle.

Figure 7.21 shows a fluid flow and a2 temperature profile when the thick nozzle is
submerged deeper; nozzle depth = 101 mm. The velocity profile is similar to Figure 7.17(c).

Heat of the inlet flow is absorbed by the nozzle, temperatures near the roll surface arc low: they
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arc around 1330°C at the strip surface on the roll. However, heat loss to the outside of the
mould through the nozzle was not considered in the calculation, and the temperature of the
submerged nozzle may become much lower in the real plant system. Since the nozzle depth is

larger than that of Figure 7.20, the temperature of the roll bite point is higher than that.

Figure 7.22 shows a fluid flow and a temperature profile in the case of a decp nozzle
whose outside and inside thickness arc large. The inlet flow is assumed to be arranged to the
same velocity, although it is difficult in the real system.

The inflow smoothly penctrates towards the roll bite point, no large recirculation is
observed in the flow field. The isotherms demonstrate that the nozzle divides the pool into hot
and cold zones. Since the region between the nozzle and the roll is separated from the main
flow, its temperature is very low. The inlet flow does not lose much heat because the flow is less

turbulent and heat diffusion is smaller.

7.6.4 Horizontally impinging

Figure 7.23 shows a velocity profile and isotherms using a horizontal impinging of the
molten stecl; the sizc of the entrance of the inflow is 9.6 mm per one side. To make
computations simple, the inlet flow is assumed to enter from the left boundary into the bulk,
although it may come from the top in a realistic condition.

The velocity profile demonstrates the inflow goes straight towards the roll, and divides
the pool vertically. Velocities near the meniscus are large (maximum 0.66 m/s), owing to the
horizontal inflow. One large mild recirculation is caused by the moving roll. Compared with
the flow ficld of the vertical impinging nozzle, the flow in the vicinity of the roll surface
develops better, in spitc of the turbulence near the top surface.

The isotherms demonstrate the bulk temperature in the pool is very high, and that the
temperature of the meniscus is almost the same as the inlet temperature. It is scen that the
solidificd shell is remelted in the middle. On the contrary, temperature mihc lower mould is

rclatively low, and the thickness of the solidified shell grows thicker than that of the vertical
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impinging nozzle.

Figure 7.24 shows fluid flow and temperature profiles for the case of a thick horizontal
impinging nozzle. The size of entrance was doubled to half the inlet velocity. The inflow
strikes the roll surface directly. Most of the inflow goes down along the roll surface after the
strike. The region under the nozzle is stagnant. The part of the inflow goes up, and would stir
the top comer strongly: in the calculation, the meniscus line is fixed.

The isotherms demonstrate temperature of the whole region in the mould is almost the
same as the inlet temperature. It is because the hot inflow covers the cooling roll surface, in
addition, most of the top surface is covered by the nozzle insulated at the top boundary.

In this condition, the solidified shell does not appear until the lower mould. Nevertheless, the
temperature of the strip surface at the roll bite point is relatively low (1194°C).

The effect of the inlet system to the strip temperature is summarized.

Figure 7.25 shows temperature profiles of the roll bite point within 3mm from the strip
surface for five representative submerged nozzles. The deep nozzle (depth = 101mm)
indicates the highest temperature at the strip surface, and the thinnest solid region. The thick
nozzle (outside thickness = 221 -» 174 mm) causes a slightly colder and thicker strip, in spite
of the same nozzle depth as that of the deep nozzle). The large entrance nozzle (inside
thickness = 80 mm), which has the same nozzle depth and outside thickness, induces the lowest
temperature at the strip surface, and the highest temperature at the centre of the strip. It is due
to less turbulent heat transfer between the shell and the molten steel. The largest thickness of
the solidified shell is observed in this case.

The horizontal impinging nozzle leads to relatively thick solidified shell, and the
temperature at the centre of the strip is not high unlike the large entrance nozzle.

7.6.5 Height of poc!

Figure 7.26 shows predicted velocity profile and isotherms employing the pool height =
0.3 m (angular position of the meniscus = 30°). The nozzle position is almost the same as the
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lower domain of Figure 7.17(c), and a similar flow profile is observed; the flow at the meniscus
is directed towards the nozzle.

Figure 7.26(b) shows a higher temperature in the centre of the mould than that of a
higher pool (Fig. 7.19), because of higher input energy per volume and 2 smaller distance
between the nozzle and the exit of the flow. A large temperature gradient is observed above the
point where the recirculation of the inflow strikes the downwards flow on the roll.

No convergence solution could be obtained for the case of a poo! height of 0.52 m
(angular position of the meniscus = 50°). In the higher pool, the physical domain is almost
triangular, and both size and shape of grids of the top corner are very different from those at
the bottom (roll bite point). It seems to be necessary to change the grid structure and the grid
density.

7.7 Effects of Cooling Rate

One further parameter, cooling rate, is important for the mould. Sensitivity tests for the
heat transfer coefficient between the strip surface and the roll are now carried out.

Figure 7.27 illustrates isotherms at various heat transfer coefficients; h; = 10000 ~
18000 W/m”K. The predictions of velocity profiles are cut, because they are almost the same
as that of b, = 8000W/mK (Fig. 7.17(b)) due to a very thin solidified shell even in the case
of 18000 W/m’K.

Comparison of the isotherms demonstrate the general feature that an increase in the
cooling rate decreases the bulk temperature in the mould: the temperature of the meniscus for
h, = 12000 W/mK (Fig. 7.27(b)) is about 5 degrees lower than for h; = 10000 W/m’K (Fig.
7.27(2)), and is about 15 degree lower than that of h, = 8000 W/m*K (Fig. 7.19()).
However, no sigaificant difference is observed in the upper mould between Figure 7.27(c) and
@.

Regarding the temperature near the roll bite point, increases in the heat transfer
coefficient apparently decreases it, in any comparisons.
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Figure 7.28 indicates the temperature of the roll bite section within 3 mm from the strip
surface. A clear distinction can be made below 0.5 mm from the strip surface, which is
completed solid. Using interpolation, the thickness for h; = 18000 W/mK at the liquid fraction
= 0.6 (3.5mm) is more than twice as large as that for h; = 8000 W/m>K (1.5mm)

7.8 Engineering Characteristic of Twin Roll caster

As has been mentioned above, the predictions that this model produces can give a wealth
of important information for both designing and operating the twin roll casting system.

Here, we concentrated on the most interesting outputs for engineers of the twin roll
caster; temperature and thickness of strip, flow and temperature condition of the meniscus
surface of the mould. The data are summarized with predicable cost to keep each condition in
Table 10 & 11.

Table 10 Characteristics of the twin roll caster I

thickness of shell remelting
strip surface strip (Fg=0.4) in the middle

thin large small
roll gap large large small II

casting speed fast slow slow fast fast slow

super-heat high low low high high low

nozzle depth case by case shallow deep deep shallow

| inside thickness small | large | small | large | large | sman |
outside thickness small large large small large small ||

direction of inflow vertical { horizon | horizon { vertical | vertical-lower zone

horizon-upper zone
low high high low low high II |
large

: pool height
cooling rate
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*:  The point is that the smaller roll gap causes the colder strip, although the

maximum strip thickness is determined by the roll gap.

Table 11 Characteristics of the twin roll caster II

velocity of predictable cost
meniscus surface for equipment
large small high low
_I=_ —_—
roll gap small large small small large
casting speed fast slow fast slow fast slow
super-heat high low case by case high low
nozzle depth shallow deep shallow deep deep shallow
inside thickness case by case small large case by case
L outside thickness small large small large large small
“ direction of inflow || horizon { vertical { horzon { wvertical case by case
|| pool height high low high case by case
cooling rate large small large large small

Quantitative tendeacy of each factor s described before.
With all the information that has been obtained from the computational studies using the
model within limited conditions, the author believes the information can be quite useful for
developing and operating better twin roll casting processes.
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Comparison of temperature profiles
Effect of super-heat( Dirichlet condition, casting speed = 60 m/min )
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Figure 7.9 Comparison of temperature profiles
Effcct of super-heat ( Neumann condition, casting speed = 60 m/min )
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Figure 7.14 Relation between casting speed and shell thickness
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Figure 7.15 _Comoarison of velocity profiles
Effect of inside gap of submerged nozzle

( casting speed = 60 m/min, super-heat = 20 K, h = 8000 W/m'K )
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Figure 7.19 Comparison of temperature profiles
Effect of depth of submerged nozzle
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7.9 Summary

Computational studies for type 304 stainless steel were undertaken for various important
parameters, based on the twin drum caster at N.S.C., using the model the author has developed.
Much interesting information for the system has beca obtained, as summarised below :

For the operating conditions being practised at N.S.C., neither the solid region
nor the mushy region is large, and the energy field in the mould has little
influence on the flow field.

The super-heat condition significantly affects the energy field, and its increase
proportionally increases the bulk temperature within the pool.

Increase in casting speed increases the bulk temperature of the sump and
proportionally decreases in the constant cooling rate and the fixed roll gap.

In the twin drum caster, the strip is not completely solid at the roll bite point, but
the liquid fraction at the centre appears to be 0.5 and 0.7.

The smaller inside and outside nozzle causes hotter strip surface, and the small
entrance, thick nozzle causes a thicker strip.

In usual conditions, the flow near the meniscus is towards the roll, and increase
of the nozzle depth helps to reduce the velocity of the meniscus. Too deep a
nozzle, however, gives rise to an oppositely directed flow, but the absolute value
of the flow does not decrease so much.

The horizontal impinging nozzle causes the upper mould region to be hot and the
lower mould region to be cold. Nevertheless, it leads to relatively thick shell
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finally.
8. A doubling of the cooling rate, leads to approximately twice as thick strip, for the

same conditions otherwise,

The parametric studies were carried out using personal computer (386 machine) in the
42 x 42 grid density and the roll gap is fixed 30 mm, for CPU condition.
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CONCLUSIONS

A general mathematical model has been developed to study coupled turbulent flow and
thermal transport In an arbitrary geometry and to predict the solidification heat transfer in the
growing shell of a twin roll caster in alloy systems. The dendritic columnar solidification was
modelled through implementation of the cnthalpy—porosity technique sclecting an appropriate
value of the resistance constant for the porosity function. The transformed curvilinear mass,
momentum and energy equations were suitably non-dimensionalized and solved with the physical
variables and the contra-variant vclocities, using a control-volume based finite difference
method. The pressure—velocity coupling of the momentum cquations were resolved through a
modification of the SIMPLER algorithm. For the grid generation, Laplace equations were
solved by SOR, and a simple uniform division approach was usecd. Computational studics were
largely carried out with a personal computer (386 machinc).

Carefully employing initial conditions and the step change approach help to obtain converged
solutions.

The fluid flow model was validated by comparing its predictions with experimental data
from a prototype water model at N.S.C. Regarding the solidification model, the numerical results
for Sn—-15%Pb alloy cxplain Hojo ct al.'s experimental work quit well. Numerical predictions

for 304 type stainless steel are also in agreement with facts that N.S.C. opcrators of the twin
drum caster have found.

Many investigations for transport phenomena in the mould of the twin roll caster have
been systematically performed, and interesting information obtajned.

In the small laboratory type twin roll caster of the Sn—Pb system, most of thc mould was
occupied by solid and mushy regions. The flow ficld, therefore, was largely influenced by the

encrgy ficld. Heat and momentum transport in the mould were strongly related to inlet
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conditions. The phenomenon of a remelting shell by the effects of flow, which no researcher has

. reported quantitatively, was described well by the model.
In the pilot scale twin roll caster, both solid and mushy regions are too thin to affect the
flow ficld. The study suggested difficulty in the scale-up of information obtained from
laboratery scale equipment, and the capability of a water model to predict flow ficlds within the

mould.

The predictions by various parametric studies demonstrate a relationship exists between
operational factors and fluid and cnergy conditions within the mould. In particular, concerning
the inlet system (submerged nozzle), very important information was obtained, although no report
has been appeared until today. (Sec chapter 7 for a full account of the point)

Contributions to knowledge
The following items represent the original contribution of this thesis to new knowledge:

1. 2-dimensional mathematical model of coupled turbulent fluid flow, heat transfer
and solidification in the wedged-shape geometry, and the computational code for
a personal computer (PC 386 or above/work station (ex.SUN)).

2. Validation of the model and suitable sclection of numerical parameters. The

model contains several techniques to obtain solutions in the twin roll caster.

3. Computational predictions for the twin roll caster. Detailed studies concerning the
design of the submerged nozzle are the first attempt, and the results also have
originality.

Recommendations for future work

Investigation of different metal and alloy systems should be carried out to understand the
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twin roll casting process. This author has already started.

In the author's expericnce, grid density and grid formation significantly affect the
accuracy and stability of the solutions. During the rescarch, the rate of the computer has become
morz than twice, therefore, more detail investigation using finer grid, particularly near the roll

surface, is recommended. This should allow 2 morc detailed shell profile to be computed.

A 3-dimensional version is expected in enginecring stages because the flow in the mould
has 3-dimensional features and information about the flow in the width direction is necessary

for designing the nozzle preciscly and optimally.
Experimental measurements in pilot plant scale equipment is strongly rccommended,

although it is difficult in practicc. In particular, the relation between the strip quality and the

physical conditions need to be understood using both experiments and calculations.
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NOMENCLATURE

a, : coefficient of east face (ref. eq(4-75)~(4-79))
d, : strip thickness

dd : distance from the first contact point

f : function

f;,f» @ coefficient in a low Reynolds turbulent model
£, : dumping function in turbulent viscosity

g : gravity

hy : overall heat transfer coefficient

h; : local heat transfer coefficient

h : sensitive enthalpy

k : turbulent kinetic energy

I : length scale

' : mixing length in turbulence

n : normal unit

P : pressure

q + heat flux

t : time

u : velocity in x-direction

u'  : friction velocity

v : velocity in y-direction

X,y : direction in rectangular coordinate

y*  : non-dimensional distance from the roli surface
Yi : distance from the meniscus in a mould

A : porosity function

A(] }): function for discretization of the convective terms

BI’BZ
C-

constant value in Virtual Adjunct Method

: resistance constant of the porosity function

C.,Co, (“D,C constant value in 2 turbulent model

-
-

awbmmeEmmwmup

h&t capacity

representative length

constant of wall function (=9.79)
external force

solid fraction

: total enthalpy
: elemental latent heat contribution

Jacobian

permeability
non-dimensional pressure
Prandt] number

external heat

: constant of wall function (=0.41)
: Raleigh number
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Re : Reynolds number

Sc  : Schmidt number

SO : source term

T : temperature

T, : wall temperature

T, : temperature of molten steel at the eatrance

Ty  : liquidus temperature
Tg  : solidus temperature
U,V : contra-variant velocity
U, : representative velocity = casting speed
a,B8,y : coefficient of the transformation
Bo : coefficient of thermal expansion
] : thickness of boundary layer
€ : dissipation rate of turbulent energy
) : non-dimensional temperature
: coordinate in a transformed plane
: heat conductivity
: latent heat of solidification
: viscosity
: kinematic viscosity
: density
+0y,0, - coefficient in the turbuleat model
: shear stress
: coefficient in the governing equations
: angle
: heat generation by viscous dissipation
subscnpt >
: inlet
: liquid region
: mould
: submerged nozzle
out : outlet
T : roll
ref : reference
roll : roll surface
S : solid region

3
Hre

BREEEASOHEN QD SR X

t + turbulent

9,§ : partial differential

@ :ambient

< superscript >

’ : component of fluctuation
- : non-dimensional

true value
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