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Abstract

This article describes a CFD model to predict the heat and mass transfer in the region of the initial contact of a liquid

metal supplied to a cooled moving substrate. The situation resembles closely the early conditions for solid phase surface

formation in many continuous casting operations. For near-net-shape applications where surface finish is important,

the article describes a modeling approach for incorporating the key elements of water side cooling, intervening moving

substrate, active contact layer, and liquid metal with binary-alloy solidification behavior. These elements provide the

necessary macroscale results for incorporating models of the microstructure development of the cast along the surface.

For the present article the results are compared to experimental data derived from the continuous casting of Al–

4.5 wt%Cu.

� 2005 Elsevier Ltd. All rights reserved.

Keywords: Near-net-shape; Melt/substrate contact; Macro-segregation; CFD model
1. Introduction

Enormous emphasis in recent years on near-net-

shape casting has led to a wide variety of computational

studies to support the interest in this processing para-

digm. The present study also contributes to this model-

ing literature, but places emphasis on two features in

near-net-shape casting not generally considered: (1) cou-

pling broader influences into the prediction of the heat

and mass transfer behavior in the solidification process,

in particular coolant side flow and intervening substrate

conditions, and (2) consideration of the interfacial con-

tact between molten metal and substrate with surface

treatment. The larger goal in emphasizing these features
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is an improved understanding of the conditions contrib-

uting to surface formation at or near the initial metal/

substrate contact point.

The initial formation of a cast surface is considered in

this study from the perspective of belt casting of Al–

4.5 wt%Cu aluminum alloy sheet. A key factor in the

surface forming process is surface treatment on the sub-

strate, activated with contact of the molten metal.

Understanding the heat and mass transfer behavior in

response to surface treatment is important to developing

improved models of observed surface microstructures. It

is in this liquid/solid contact region where features, seen

in the as-cast final product, are generated and subse-

quently ‘‘frozen’’ into the surface. The issue of surface

quality becomes increasingly important in net-shape

casting of thinner sections, which while greatly reducing

the need for subsequent rolling operations, also reduces
ed.
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Nomenclature

a constant in Arrhenius contact model

A(Tm) Arrhenius function representing contact

model response

B solid phase turbulence damping constant

(B = 100)

c species composition

cp specific heat

D binary diffusion coefficient

E constant in Arrhenius contact model

f mass fraction

h enthalpy

hf heat of fusion

H cast thickness

k thermal conductivity

k0 permeability material constant

k�p effective partition coefficient

kp equilibrium partition coefficient

kl permeability factor

L length of substrate in model

ms, ml slope of solidus/liquidus lines

_m mass flow

MI momentum source due to decomposition of

surface stress tensor

R universal gas constant

Rc contact layer thermal resistance

Sg gas phase mass source (contact zone)

Sd mass diffusion source (contact zone)

Sh energy source (contact zone)

S/1 volume integral source term (Table 1)

S/2 surface integral source term (Table 1)

T temperature

Ts, Tl solidus and liquidus temperatures

Ti melt inlet temperature

Tm contact zone temperature or pure metal

melting temperature

Tw substrate temperature along contact zone

Tf melt temperature along contact zone

ui mixture velocity (=fsusi + fluli)

usi solid phase velocity

uli liquid phase velocity

Ub substrate (belt) velocity

Vcv volume of control-volume

Greek symbols

a volume fraction

d thickness of contact layer

e turbulent dissipation

/ general scalar

j turbulent kinetic energy

l dynamic viscosity (molecular)

lt turbulent viscosity

q density

rtrj rera turbulent Prandtl/Schmidt number

sij surface stress tensor

Dnj outward unit vector

Dt time step

U species/enthalpy slip contributions

C molecular diffusion coefficient for species a
CjCeCa turbulent diffusion coefficients

Superscripts

a alloy component

b base component

0 initial condition

Subscripts

e eutectic

eff effective transport property (molecular +

turbulent)

g gas/vapor phase

g � l difference between gas and liquid state

ip integration point

l liquid phase

le liquidus–eutectic intersection

0 initial value

s solid phase

se solidus–eutectic intersection

A.G. Gerber / International Journal of Heat and Mass Transfer 48 (2005) 2722–2734 2723
the possibility of correcting the surface defects. The pre-

sent work describes a CFD model developed to predict

conditions during the initial formation of a cast surface.

Much emphasis has been placed on the application of

CFD methods to solidification problems using fixed

grids, which include predictions of macro-segregation

in the final cast [1–7]. Most of the processes considered

in these studies involve flow conditions with no or rela-

tively low forced convection, so that thermal and solutal

buoyancy remain an important influence on the solidifi-

cation and segregation behavior. Excellent examples of

this are CFD models applied to the DC casting of alumi-
num [3,4] and freeze coating studies [5]. In the present

case forced convection dominates the metal flow behav-

ior in the vicinity of the contact region allowing the

influence of buoyancy to be neglected. Research on

macro-segregation in flows characterized by forced con-

vection has been conducted [6,7], however none have

emphasized the tightly coupled heat transfer elements

that comprise the initial contact region with a view to-

ward surface formation. The CFD model of Gerber

et al. [8] has considered this coupled heat transfer pro-

blem, with an emphasis on the influence of a thermally

activated ‘‘contact layer’’ between the molten metal
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and substrate. The present study furthers this research

by incorporating macro-segregation predictions into

the overall solution, and examines the influence of the

thermally activated contact zone on near surface solid

fraction levels, temperatures and alloy compositions.
2. Governing equations

The surface conditions leading to the initial forma-

tion of the solid skin is difficult to predict due to the tight

coupling of several distinct zones in the casting process.

These zones each contain their own combination of

physical models, and yet must be solved in a tightly cou-

pled manner to determine the overall behavior of the

cast. The basic zones are shown in Fig. 1, and include

water-side cooling (zone B), a moving substrate (zone

C), active contact layer (zone D), and liquid metal which

can change phase (zone A). While all the zones must be

solved together in the solution strategy, each zone will

described separately in terms of the models employed

to describe heat and/or mass transfer behavior.

To present the governing equations for each zone in a

compact manner, Table 1 has been provided. A general

convection–diffusion equation, with source term, is ap-

plied for each dependent variable in the solution with

coefficients and source terms as outlined in the table.

Details of the implementation for each zone now follow.
3. Melt zone

To account for solidification in the melt a fixed-grid

binary alloy phase-change model was implemented,

where the fully liquid, two-phase liquid and solid, and

fully solid regions can be resolved on a single non-mov-

ing grid. The incorporation of the solidification model

with species transport follows the spirit of the conti-

nuum mixture approach developed by Bennon and

Incropera [9,10] with modifications related to CFD
Fig. 1. Schematic of initial contact zone typical of many strip

casting configurations.
implementation in a non-segregated finite-volume/

finite-element solution approach. For the melt the gov-

erning energy equation conserves the diffusion, advec-

tion, and transient evolution of sensible and latent heat

in the domain, while the momentum equations account

for the presence of solid and its resistance to fluid mo-

tion. Turbulence equations are modified to account for

the damping of turbulence as a significant solid fraction

develops. Due to the potential role of macro-segregation

on final surface quality, a model for species transport is

also included.

The solidification model uses a continuum treatment

that involves solving transport equations for the mixture

enthalpy, h, and mixture mass fraction of species ca (the

primary alloying component). The mixture enthalpy is

defined as

h ¼ fshs þ flhl ð1Þ

where for each phase the enthalpy is

hs ¼ cpsT

hl ¼ cplT þ ðcps � cplÞT e þ hf
ð2Þ

In this treatment the specific heats of each phase, cps and

cpl, are assumed constant and the heat of fusion, hf, is

fixed at the eutectic temperature Te. The solid enthalpy

uses a reference of zero at T = 0 K. The liquidus, solidus

and eutectic enthalpy boundaries must be defined in

order to determine the mixture temperature; this is

described fully in Appendix A. For a full description

constitutive equations for mass fraction, f, and volume

fraction, a, describing the solid and liquid phases, ‘‘s’’

and ‘‘l’’, in the continuum are

fs þ fl ¼ 1

as þ al ¼ 1

fs ¼
asqs

q

fl ¼
alql

q

ð3Þ

while within (and across) phases the distribution of spe-

cies a and b are represented as follows:

ca ¼ cas fs þ cal fl

cb ¼ cbs fs þ cbl fl

ca þ cb ¼ 1

cas þ cbs ¼ 1

cal þ cbl ¼ 1

ð4Þ

where b is taken as the base component, and a transport

equation is solved for the distribution of component a in

the a–b mixture. The phase diagram for the binary mix-

ture is described in Appendix A, and Eqs. (3) and (4) can

be used for computing local equilibrium states from the

phase diagram. In the present analysis the temperature,

T, is assumed the same between phases, and details of



Table 1

Governing equations for the melt, substrate and water zones

General convection–diffusion

equation
oq/
ot

þ o

oxj
ðquj/Þ ¼

o

oxj
Ceff

o/
oxj

� �
þ S/1 þ S/2

/ Ceff S/1 S/2

Melt zone

Mass 1 0 0 0

Momentum ui l + lt � op
ox

þ l
kl

ðusi � uiÞ þMi 0

Energy h k/cP + lt/rt 0 � o

oxj
ðqðhl � hÞðuj � usjÞÞ

Species ca qD + lt/ra 0 � o

oxj
ðqðcal � caÞðuj � usjÞÞ

where cal � ca ¼ cas fs
1

k�p
� 1

 !
Turbulent kinetic energy j l + lt/rk Pk � qe–jB

ð1� flÞ2

f 3
l

0

Turbulent dissipation e l + lt/re
e
j
ðce1Pk � qce2eÞ � eB

ð1� flÞ2

f 3
l

0

Substrate zone

Energy h k/cp 0 0

Note: Convective term uses specified substrate velocity (Ub).

Water cooling zone

Mass 1 0 0 0

Momentum ui l + lt � op
ox

þMi 0

Energy h k/cp + lt/rt 0 0

Turbulent kinetic energy j lt/rk Pk � qe 0

Turbulent dissipation e lt/re
e
j
ðce1Pk � qce2eÞ 0

A.G. Gerber / International Journal of Heat and Mass Transfer 48 (2005) 2722–2734 2725
how to determine T given h, ca and fs is described in

Appendix A. Finally the mixture properties for density,

q, and thermal conductivity, k are evaluated as

q ¼ asqs þ alql ð5Þ

k ¼ asks þ alkl ð6Þ

and the continuum molecular diffusion coefficient for the

a component is calculated as

C ¼ qðfsDa
s þ flDa

l Þ ð7Þ

It should be noted that while local equilibrium according

to the Lever rule applies in the simulation at the micro-

scale, non-equilibrium behavior in temperature and spe-

cies transport is allowed at the macroscale. For example,

while an infinite species diffusion rate is allowed at small

scales in the solid phase (according to the Lever rule),

in Eq. (7) the mass diffusivity of the solid (about one

thousand times less than the liquid phase) reflects that

observed in actual Al–Cu systems and prohibits any sig-

nificant solid-state diffusion at the macroscale. The mac-

roscale in this case would be defined by the size of the

computational grid.

The fluid flow conditions in the melt zone are gov-

erned by the conservation equations for mass and

momentum as outlined in Table 1. Themass conservation
uses a mixture density (Eq. (5)) and a mixture velocity

field defined as ui = fsusi + fluli. It is the mixture velocity

that is used for all of the advection terms in the transport

equations, however using this formulation for velocity re-

sults in slip contributions to the energy and species equa-

tions, which appear as source terms in Table 1.

The complete solidification model also requires mod-

ifications to the momentum equations to account for the

interphase viscous drag between the evolving solid struc-

ture and the liquid metal. As a starting point in this

paper a fixed solidification structure is assumed (i.e.,

fixed dendritic growth from the belt surface). In this

regard the second term in the melt zone momentum

sources (see Table 1) represents a D�Arcy-Law momen-

tum sink [11], with kl a permeability factor dependent

on the morphology of the solidification front, and usi
the solid phase velocity.

The form of the permeability factor chosen for this

model is [11]

kl ¼ k0f 3
l =ð1� flÞ2 ð8Þ

where k0 is a material constant that is dependent upon

the solidification behavior of the particular alloy.

In the momentum equations ui is the mixture velocity

of the two phases, which in the limit of complete solidi-

fication, approaches the solid phase velocity components
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(usi). The terms Mi in Table 1 represent additional con-

tributions to the source from the linearization of the sur-

face stress tensor, sij, which is reduced by the assumption

of a Newtonian fluid in accordance with standard prac-

tice [12].

Due to the limited experimental/theoretical work on

turbulence levels adjacent to a solidification front the

standard two-equation j–e turbulence model was em-

ployed, with only minor modification, for both the melt

and cooling water zones. The form of the equations is

shown in Table 1. The practical approach taken here

has been to add damping terms along walls with solidi-

fication so that turbulence is gradually removed with

increasing solid fraction (in Table 1 see source terms,

with coefficient B, for turbulent kinetic energy and dissi-

pation). The near wall shear stresses are reduced to zero

by the imposition of a zero velocity gradient in the solid

through source terms in the momentum equations (i.e.,

D�Arcy-Law model).

The behavior of the turbulence damping terms re-

flects the D�Arcy-Law permeability function kl in the

momentum equations, with the intention that as the

solidification structure develops the scale of turbulent

activity should be reduced in a similar way. Standard

thermal wall functions were applied along all walls ex-

cept for the top surface of the substrate, which required

a special treatment due to the presence of the contact

layer (to be described subsequently). All conservation

equations were influenced by the turbulence model

through the adjustment of the laminar diffusion coeffi-

cients as follows:

leff ¼ lþ lt

keff ¼ k þ lt=rt

Cj ¼ lþ lt=rj

Ce ¼ lþ lt=re

Ca ¼ Cþ lt=ra

ð9aÞ

where

lt ¼ qclj2=e ð9bÞ

A full description of the terms in the j–emodel and stan-

dard model constants are given in Ref. [13].
4. Contact layer zone

Along the top surface of the substrate (belt) a thin

�contact� layer is introduced between the melt and the

cooling substrate. In many strip-casting processes this

thin layer is comprised of a chemically inert (often

refractory) material, or, a mould release agent (such as

graphite or silica) that is placed onto the substrate via

a carrier fluid such as water. This layer is typically very

thin, beginning with a thickness of �1 lm and increas-

ing, when thermally activated, to �50 to 100 lm in
thickness. With this in mind the shape of the contact

layer is assumed not to influence the metal flow at the

surface, and the contact layer fluid moves at the speed

of the substrate. Other assumptions, outlined in greater

detail in [8], are thermal equilibrium within a well-mixed

gas–liquid mixture in the contact region, and radiant

energy transport is neglected. It should be noted that

the movement of the gas after activation of the contact

layer is assumed to be at the substrate speed. Due to

the relatively high surface tension of aluminum, the

transport of bubbles through the aluminum layer is

not a problem in practice.

With the above assumptions energy transport across

the contact layer can be assumed as locally one-dimen-

sional (due to the thin nature of the layer and the high

surface heat flux at �1 MW/m2 normal to the substrate

[8]), and can be described with the equation:

o

oy
k
oTm

oy

� �
¼ �Sh ð10Þ

where y is taken as the coordinate normal to the surface

of the substrate. In Eq. (10), k is the mixture thermal

conductivity, Tm, the temperature in the contact layer,

and Sh any energy source term. If the energy required

for gasification of the contact material is considered

small relative to the total energy transported over the

contact layer then Sh = 0 [8]. The resulting equation

for energy transport appears overly simplified, however,

determining the level of gas generated ag, and the related

thickness of the contact layer d (the thickness over which
Eq. (10) must be integrated), is not straightforward.

The governing equations (at steady-state) for mass

transport in the contact layer are as follows for the gas

phase:

o

ox
ðqgUbagÞ ¼ Sg � Sd ð11Þ

and the liquid phase,

o

ox
ðqlUbalÞ ¼ �Sg ð12Þ

where the volume fractions sum to unity (ag + al = 1)

and the velocity of the contact layer is assumed to move

at the speed of the belt, Ub. In Eqs. (11) and (12) the

source terms Sg and Sd represent, respectively interphase

mass transfer and mass diffusion (of the gas phase) into

the melt or substrate.

The mass generation for the gas phase, Sg, is based

on a Boltzmann distribution (implied in an Arrhenius

thermal activation model indicated by function A(Tm))

of the fraction of molecules with energy available for

gasification. This fraction is always applied to the

remaining liquid along the cooling substrate as follows:

Sg ¼ ð1� agÞ
ql

q
_m0AðTmÞ ð13Þ
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Fig. 2. Schematic of contact layer between melt and substrate

and representative grid arrangement for all three zones.
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where for various types of contact layers, under

controlled experiments, the behavior of the function

A(Tm) can be determined. Assuming an Arrhenius equa-

tion to represent the activation behavior of the form

A(Tm) = ae�E/RT, the constants for the present case were

a = 1 · 108 (proportionality constant) and E = 43,000

(kJ/kmol) with R the universal gas constant (kJ/

kmol K). The units for A(Tm) are fraction of molecules

activated per unit volume of mixture and the activating

temperature (Tm) that of the contact layer. The initial

mass flow of the applied contact layer is indicated by

_m0. The diffusion term, Sd, is intended to account for

mass that diffuses into the melt, though little informa-

tion is available for this. For the present investigation

Sd will be assumed to be zero, although clearly this could

be modified to account for high solubility gases from the

dissociation of the contact layer.

While Eqs. (11) and (12) account for the movement

and generation of the second phase, the total insulating

effect of the contact layer, obtained by adding Eqs. (11)

and (12), is governed by the equation:

o

ox
ðqUbÞ ¼ �Sd ð14Þ

With Eqs. (11) and (14) two equations are available for

obtaining the unknowns ag and d, however d does not

appear explicitly in these equations. To bring d into

the equations, a finite-volume integration of Eqs. (11)

and (14) is performed over a control-volume located in

the contact layer as shown in Fig. 2. Assuming an arbi-

trary control-volume height d, the integration of Eq.

(11):I
s

ðqgUbagÞdA ¼
I
V

ðSg � SdÞdV ð15Þ

with an assumed depth of unity so that dA = d and

dV = ddx, results in the discrete equation:

ðqgUbagdÞe � ðqgUbagdÞw ¼ ðSg � SdÞDx�d ð16Þ

where the East–West notation is common with finite-

volume discretization techniques. Similarly for Eq. (14):I
s

ðqUbÞdA ¼
I
s

ððqg�lag þ qlÞUbÞdA

¼
I
V

ð�SdÞdV ð17Þ

we arrive at the discrete equation:

ððqg�lag þ qlÞUbdÞe � ððqg�lag þ qlÞUbdÞw
¼ ðSg � SdÞDx�d ð18Þ

Eqs. (16) and (18) provide two discrete equations for ag
and d. The solution of this coupled non-linear equation

(described in Appendix B) will provide the distribution
for ag and d along the substrate length. The solution uses

the latest available estimate for the contact layer temper-

ature distribution.

With the distribution of ag and d determined, and

since Eq. (10) implies that heat transfer through the con-

tact layer is primarily one-dimensional, a local contact

resistance, Rc, can be calculated as follows (assuming

the gas separates from the heavier liquid):

Rc ¼ d
ag
kg

þ ð1� agÞ
kl

� �
ð19Þ

This resistance is applied when performing the finite-vol-

ume integration over control-volumes for the fluid and

solid adjacent to the evolving gas layer as shown in

Fig. 2. In that integration process it is assumed that

the thickness d is much smaller than the grid resolution

for the CFD mesh near the surface. The contact layer

temperature, Tm, used to evaluate the properties for

the contact layer, can be deduced from a finite-volume

integration of Eq. (10) to be simply:

Tm ¼ 1

2
T f þ

1

2
T w ð20Þ
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5. Contact layer response

In Fig. 3a is shown a typical CFD solution (using

L = 55 mm H = 10 mm and a casting speed of 0.14 m/s)

including Eqs. (16), (18) and (19) to model the contact

zone response. The contact layer liquid mass fraction fl
is seen to decline slightly as only a relatively small

amount is (typically) consumed. However, the volume

fraction of the gas phase increases rapidly, so that the

resulting contact layer thickness, d, provides a large

thermal barrier to subsequent heat removal (as is appar-

ent in the thermal resistance implied by Eq. (19)). In

solving for the contact layer gas volume fraction and

thickness, the latest interface temperature calculated

using Eq. (20) was used. This implies an initial guess

at the start of a solution, however the error is continu-

ally reduced with iteration until at steady-state the final

interface temperature is obtained. In Fig. 3b is shown

the final temperature distribution along the interface

for the melt, contact layer and substrate surface.
Fig. 3. Contact layer response for the case of Ti = 988 K,

Ub = 0.14 m/s, H = 10 mm and a = 1 · 108 where in (a) parting

layer thickness (d), vapor volume fraction (a), and contact

liquid mass fraction (fl) are shown, and in (b) melt (Tf), contact

layer (Tm) and substrate wall temperature (Tw) are shown along

the length of the substrate.
6. Cooling water zone

The cooling water zone operates at much higher

speeds, higher pressure, and lower temperature than

the melt zone. Phase change does not occur in this zone

so the governing energy equation, as described in Table

1, does not include latent heat and no longer applies

to a mixture of two-phases as in the melt zone, but to

a single-phase fluid. In addition the mass/momentum

equations are for a single-phase fluid and require no

interphase drag term. The terms Mi are treated as

described in the Melt zone.

Since the water is assumed incompressible the tran-

sient term in the mass conservation equation is dropped.

The flow in the water zone is turbulent and requires a

turbulence model as previously described for the melt

zone. The form of the governing equations for turbu-

lence is the same as employed in the melt zone except

the additional damping terms associated with the

appearance of the second phase are dropped.
7. Substrate zone

The substrate has a prescribed motion, defined by the

casting speed of the process. Since only the speed is known

a conservation equation for energy is required that in-

cludes both the advection and diffusion of energy. The en-

ergy equation for the substrate is shown in Table 1, where

Ub is the prescribed velocity of the substrate (belt).
8. Numerical model: melt, substrate and cooling water

zones

The model has been implemented within the general-

purpose CFD software CFX-TASCflow. The CFD algo-

rithms for this software are based on a finite-volume/

finite-element discretization [14] of the conservation

equations (in the present model mass, momentum, en-

ergy, species and turbulence). The discretization is

nominally second order accurate, solution times are

accelerated through the use of a linear multi-grid solver

and a coupled solution of the momentum and mass

equations [15].

The liquid and solid phase conservation equations

are discretized using a conservative finite-volume inte-

gration over a control-volume. The discretization of

the conservation equations, in the context of a finite-ele-

ment representation of the geometry, is as follows for a

general scalar /,

qV cv

/� /0

Dt

� �
þ
X
ip

_mip/ip

¼
X
ip

C/
o/
oxj

Dnj

� �
ip

þ S/1V cv þ S/2 ð21aÞ



Fig. 4. Comparison of predicted surface conditions to mea-

sured casting data for Al–Cu4.5 wt% [17,18] where Ti = 988 K,

Ub = 0.14 m/s, H = 10 mm and a = 1 · 108.
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where

_mip ¼ ðqujDnjÞip;0 ð21bÞ

and

S/2 ¼
X
ip

ð _mip � _mip;sÞUip ð21cÞ

In Eqs. (21) Vcv is the volume of the control volume, the

subscript ‘‘ip’’ denotes an integration point, the summa-

tions indicated are over all the integration points defin-

ing a surface, Dnj is the outward unit vector of discrete

surface segment, Dt is the time step, and the subscript

‘‘0’’ indicates property evaluation at the old time level.

In Fig. 2 is shown the location of the integration points

relative to the flux-element and control-volume faces.

The term S/1 represents volume integrated source terms,

while S/2 represents surface integrated source terms.

Referring to Table 1 and the S/2 column, Uip would ap-

ply for the melt species equation to (cal � ca) and for the

melt energy equation to (hl � h). In Eq. (21c) mip,s repre-

sents the solid mass flow (evaluated using the mixture

density) at an integration point.

The basic equations, and their linearization, are fur-

ther described elsewhere [16] while extensions specific

to the present model were the incorporation of the solid-

ification model with species transport, multi-zone imple-

mentation and contact layer model. Calculations were

conducted to obtain grid independent solutions in terms

of the solidification front profile and melt/substrate

interface conditions. The total grid size was 55,700

nodes (in a 2D plane), with nodes distributed between

the melt (51,100 nodes), substrate (1880) and water
Fig. 5. Predicted conditions for Al–Cu4.5 wt% with Ti = 988 K, Ub =

(a) temperatures in the melt and cooling water zones, and in part (b)
zones (2720). The grid was highly refined in the melt re-

gion (by grid embedding) adjacent to the substrate to

capture the thermal gradients, flow recirculation, and

segregation profile development.
9. Model results and discussion

In strip-casting the formation of a high quality

as-cast surface under a variety of casting condi-

tions (speeds, thickness, etc.) requires an active thermal
0.14 m/s, H = 10 mm, L = 55 mm and a = 1 · 108. Shown in part

temperature in the substrate zone.



Fig. 6. Close-up view of predicted conditions for Al–Cu4.5

wt% at conditions Ti = 988 K, Ub = 0.14 m/s, H = 10 mm,

L = 55 mm and a = 1 · 108 in the region of the melt/substrate

contact. Shown are profiles of (a) solid fraction, (b) composi-

tion and (c) liquid metal speed.
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barrier to reduce the thru-thickness thermal stress suffi-

ciently to prevent plastic deformation. This barrier also

controls cooling conditions for the metal along the mov-

ing substrate. For the present paper, a thin gas layer

originating from an organic liquid (contact layer) ap-

plied to the moving substrate provides this barrier. To

validate the numerical model experimental cooling data

from a small-scale twin-belt caster was used. Since the

CFD model accurately represents the geometry (assum-

ing symmetry), cooling water flow rates, and casting

conditions of the entrance region of this experimental

system [17,18], portions of the experimental heat flux

and centerline temperature profile can be used to evalu-

ate the model accuracy.

The experimental system consists of two endless

belts, one on top of the other, rotating in opposite direc-

tions. Molten aluminum metal is poured into the cavity

between the two belts. Interlocking steel blocks form the

edges of the mold cavity. A carefully designed injector is

inserted between the belts to deliver the metal to the sub-

strate. The belts are supported at the mold entrance, and

along its length, by liquid bearings consisting of hexa-

gonal jet nozzles arranged in a honeycomb pattern. A

thin water film is maintained by this nozzle arrangement

to provide the bearing surface and high heat transfer

rates. A constant monitoring of the heat flux profile oc-

curs along the belt length, and an active contact layer, a

subject of this paper, can be used to modulate the heat

flux level. Since the cast is wide relative to its thickness

two-dimensional flow and heat transfer conditions can

be assumed at the half-width location. Furthermore

the belt/cooling system is identical both along the top

and bottom of the cast allowing only half of the cast

cross-section to be modeled.

The numerical model results were compared against

heat flux and centerline temperature profile data ob-

tained experimentally at a cast speed and thickness of

Ub = 0.14 m/s and H = 10 mm, respectively. The pre-

dicted results for these casting conditions are shown in

Fig. 4 where the extent of the substrate (L) considered

in the simulations was 55 mm. The centerline cooling

profile and the average cooling flux along the substrate

are both well predicted. From this Figure important fea-

tures of the casting process are apparent. At initial con-

tact a very high cooling flux is achieved of �30 MW/m2,

and it is at this point the thermal barrier is activated.

Rapid growth of the thermal barrier leads to a large

reduction in the cooling flux by the time the first water

cooling zone is reached. Following this the cooling flux

is gradually reduced as the gas layer grows. The response

of the gas layer thickness and contact layer temperatures

for this case have already been described in conjunction

with Fig. 3 in a previous section.

In Fig. 5 are shown the temperature distributions in

the melt and water zones, as well as the belt temperature.

In Fig. 6 are shown close-ups of the conditions immedi-
ately following the contact point. Rapid formation of

solid and subsequent remelting occur in this region.

The formation of a solid structure in the presence of

strong fluid recirculation (see Fig. 6c), resulting from

flow separation off the nose-tip, results in high levels

of macro-segregation just following the contact point

as shown in Fig. 6b. Fluid motion counter to the sub-

strate motion onto which the forming solid is attached,

results in significant interphase slip and the accumula-

tion of ca in the liquid phase. This aspect of the casting

process is modeled assuming dendritic solidification,

with the solid phase attaching immediately to the mov-

ing melt. If a portion of the solid structure were assumed

to be detached from the substrate, either as equiaxed

crystals or sheared dendrites from a columnar structure,

the tendency for macro-segregation would be reduced

since the interphase slip would be significantly less over

a range of solid fraction. Obviously many modeling
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approaches could be taken here to represent the behav-

ior of the solid phase development. In this paper a

straightforward assumption has been taken to highlight

the tendency for macro-segregation in the contact re-

gion. Due to the extremely high cooling rates near the

metal contact point an effective partition coefficient of

k�p ¼ 5kp was employed to reflect likely reduced parti-

tioning behavior at high solid growth rates [19]. Future

studies will explore these features in more detail.

While the contact zone may have a significant build

up of solute in the liquid phase, the presence of the con-

tact layer slows the subsequent solidification allowing

time for the accumulated solute to diffuse back towards

its initial composition. In Fig. 7a is shown the impor-

tance of an active contact layer along the substrate
Fig. 7. Profiles along the melt/substrate interface shown in part

(a) for composition (i.e., macro-segregation) and in part (b)

solid fraction, both shown with variations in contact layer

response. Dashed line indicates location of cooling water inlets.

Results are for conditions Ti = 988 K, Ub = 0.14 m/s, H =

10 mm.
length. For the most active case, a = 1 · 108, the solid

fraction level along the surface is reduced and allows,

via diffusion and possibly some fluid turbulent mixing,

for the ca level to return quite rapidly to its initial com-

position. This is not the case when a = 1 · 107 where

large variations in ca are frozen into the solid structure

which develops rapidly as shown in Fig. 7b. The varia-

tion of ca across the cast thickness in the contact region

is carried forward along the substrate as seen in Fig. 8

where the composition and solid fraction profiles are

shown at location x/L = 1. Here also it is apparent that

with a weak contact layer the macro-segregation distri-

bution is much more significant, since with the high solid

fraction levels diffusion of the solute to its initial compo-

sition is significantly reduced. The composition and solid
Fig. 8. Cast cross-section profiles at the exit of the contact zone

(x/L = 1) shown in part (a) for composition (i.e., macro-

segregation) and in part (b) solid fraction, both shown with

variations in contact layer response. Dashed line indicates

height of the nosepiece. Results are for conditions Ti = 988 K,

Ub = 0.14 m/s, H = 10 mm.
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fraction profiles shown for a = 1 · 108 suggest that the

macro-segregation will be further reduced at locations

x/L > 1 since a significant solid fraction has not yet

developed at the surface. It should be noted that in these

calculations interdendritic fluid flow due to density vari-

ations are included but are small compared to the influ-

ence of forced convection on solute transport.
10. Conclusions

A CFD model has been developed for simulating the

heat and mass transfer behavior of a liquid metal on a

moving substrate. The model couples the important fea-

tures of water cooling, substrate heat transfer (including

motion), metal/substrate contact heat transfer and metal

flow with solidification. The results compare well with

strip casting of an Al–4.5 wt%Cu alloy in terms of the

average heat flux removal in the initial contact zone,

as well as centerline cooling rate. From the results, the

contact layer model integrated into the CFD model

highlights its important role in controlling excessive heat

removal rates. A particular feature is that with solidifica-

tion of the alloy delayed (with a highly active contact

layer) any macro-segregation occurring as a result of

non-equilibrium flow conditions near the initial metal

contact can be diffused back into the melt, thus reducing

the possibility of severe macro-segregation near the sur-

face. This is not the case if the contact layer is only

mildly active where a solid shell quickly forms and traps

the composition variation into the surface. As the model

at present assumes only the most basic features (at the

microscale) of solid formation at the surface, i.e., den-

dritic columnar structures moving at the belt speed

under local equilibrium, the results can only provide at

best qualitative trends and require detailed experimental

data on final cast structures to suggest further modeling

of the initial surface conditions. This would involve con-

sidering effects of undercooling and various models for

the solid morphology including when the solid would at-

tach to the substrate. All of these features play a role in

the macro-segregation predictions and ultimately predic-

tions on final surface microstructure. However, this said,

the model provides a basis for further development of

microscale models since all of the key macroscale influ-

ences are present in the solution.
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Appendix A. Temperature/solid fraction calculation

A.1. Temperature update

Following the solution of the governing trans-

port equations an enthalpy and species distribution is

available for the melt zone, which, along with the

binary-phase diagram, can be used to determine the

temperature distribution. In doing this local thermal

equilibrium is assumed along with equilibrium species

transport according to the Lever rule. In Fig. 9 is shown

a linearized binary-phase diagram with phase bound-

aries shown relevant to solid–liquid phase transition.

The enthalpy for the solidus and liquidus lines (hs and

hl) and eutectic points (hse and hle) are defined as

hs ¼ cpsT s

hl ¼ cplT l þ ðcps � cplÞT e þ hf
hse ¼ cpsT e

hle ¼ hse þ hf

ð22Þ

where the specific heats of each phase, cps and cpl, are as-

sumed constant and the heat of fusion, hf, is fixed at the

eutectic temperature Te. The solidus and liquidus tem-

peratures are dependent on the composition through

the equations:

T l ¼ Tm þ mlcal
T s ¼ Tm þ mscas

ð23Þ

where ml and ms are the slopes of the solidus and liqui-

dus lines in Fig. 9 and Tm the melting temperature for a

pure substance. The solidus and liquidus compositions

are related through the equilibrium partition coefficient

given for the alloy where

kp ¼
ml

ms

¼ cas
cal

ð24Þ

With the liquidus, solidus and eutectic enthalpy bound-

aries defined then the mixture enthalpy, defined as

shown in Eqs. (1) and (2), can be isolated at a known

mixture composition ca to determine temperature from

the phase diagram. In this process there are two cases

to consider as shown in Fig. 9 for a non-eutectic solidi-

fication path (1–2) or a path that results in eutectic com-

position (3–4).

The procedure follows the steps at a known ca:

• If h > hl then the liquid metal temperature is

T ¼ h� ðcps � cplÞT e � hf
cpl

ð25Þ

• If he (or hs)<h 6 hl then a solution of the quadratic

equation

0 ¼ ðn1 þ n2ÞT 2 � ðn1T l þ n2Tm þ n3 þ n4ÞT þ n5

ð26aÞ



Fig. 9. Binary alloy (Al–Cu4.5 wt%) simplified phase diagram

with non-eutectic (1–2) and eutectic (3–4) solidification paths

shown.
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where

n1 ¼ cps � cpl
n2 ¼ cplð1� kpÞ
n3 ¼ ðcps � cplÞT e þ hf
n4 ¼ ðh� n3Þð1� kpÞ
n5 ¼ n3T liq þ n4Tm

ð26bÞ
provides the two-phase non-eutectic mixture

temperature.

• If ca < case and h 6 hs then for the non-eutectic solid

T ¼ h
cps

ð27Þ

• If case 6 ca and hse < h 6 hle then during eutectic phase

change

T ¼ T e ð28Þ

• If case 6 ca and h 6 hse then for eutectic solid

T ¼ h
cps

ð29Þ

In Fig. 9 is shown the temperature history for cooling

along a fixed composition where ca < case (path 1–2), or

when case 6 ca (path 3–4), using the logic outlined above.

In the first case the cooling is never isothermal however

in the second case, depending on the eutectic composi-

tion, the cooling is isothermal through the eutectic point.

A.2. Solid fraction update

The solid fraction that is not eutectic can be evalu-

ated from the known temperature field as follows:

fs ¼
cal � ca

cal � cas
¼ T � T l

T � Tm

� 1

1� kp
ð30Þ

while in the eutectic case the solid fraction can be deter-

mined from the enthalpy distribution as follows:

fs ¼
he � hse

hf
ð31Þ
Appendix B. Numerical model: contact layer

The contact layer involves a thin volume along the

surface of the cooling substrate of which its thickness

and gas volume fraction is not known. To resolve this

Eqs. (16) and (18) must be solved in an iterative forward

marching scheme to obtain the distribution of ag and d
using the latest available temperature distribution for

the contact layer. The solution of Eqs. (16) and (18)

begins with a Newton–Raphson linearization of the

non-linear terms at the e-face conditions (see Fig. 2).

Beginning with e-face in Eq. (16):

ðqgUbagdÞe ¼ ðqgUbagdÞ0e þ ðqgUbagÞ0eðd� d0Þ

þ ðqgUbdÞ0eðag � a0gÞ ð32Þ

which reduces to

ðqgUbagdÞe ¼ �ðqgUbagdÞ0e þ ðqgUbagÞ0edþ ðqgUbdÞ0eag
ð33Þ
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and when substituted into the vapor conservation equa-

tion (Eq. (16)) we obtain

ðqgUbagÞ0edþ ðqgUbdÞ0eag
¼ ðS�dDxÞ0 þ ðqgUbagdÞw þ ðqgUbagdÞ0e ð34Þ

A similar approach applied to the e-face conditions in

Eq. (18) leads to a representation of the e-face condi-

tions with

ððqg�lag þ qlÞUbdÞe
¼�ðqg�lUbagdÞ0e þ ððqg�lag þ qlÞUbÞ0edþ ðqg�lUbdÞ0eag

ð35Þ

and substitution into the mixture mass Eq. (18) we arrive

at the final equation:

ððqg�lag þ qlÞUbÞ0edþ ðqg�lUbdÞ0eag
¼ ððqg�lag þ qlÞUbdÞw þ ðqg�lUbagdÞ0e ð36Þ

Eqs. (34) and (36) can be used in a forward marching

scheme beginning from the leading edge of the substrate

where the initial conditions of ag = 0 and d = d0 are

known at the w-face conditions for the first control-vol-

ume (see Fig. 2). Repetitive application of Eqs. (34) and

(36), for a given control-volume, will converge to a final

ag and d at the e-face. The e -face conditions are then

used as the known w-face conditions for the next for-

ward control-volume. This is repetitively applied along

the length of the substrate.
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