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A two-dimensional lattice Boltzmann-cellular automaton model is coupled with the CALPHAD

(Calculation of Phase Diagrams) method for simulating dendritic growth during ternary alloy

solidification with convection. In the model, the kinetics of dendritic growth is determined by the

difference between the equilibrium liquidus temperature and the actual temperature at the solid/liquid

interface, incorporating the effects of the interface curvature and the preferred dendritic growth

orientation. The lattice Boltzmann method is used for evaluating the local liquid compositions of the two

solutes impacted by diffusion and convection. Based on the local liquid compositions, the equilibrium

liquidus temperature and the solid concentrations of the two solutes are obtained by the CALPHAD

method. The model is applied to simulate dendritic growth of an Al–4?0 wt-%Cu–1?0 wt-%Mg ternary

alloy with melt convection. The results demonstrate the high numerical convergence and stability, as

well as computational efficiency, of the proposed model. Melt convection is found to influence the

dendritic morphologies and microsegregation patterns in the solidification of ternary alloys.
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Introduction
Microstructure and microsegregation developed in
solidification are closely associated with the properties
of final products. As most commercial materials are
multicomponent alloys and the analysis of solidification
in multicomponent alloys is much more difficult than
that in binary alloys, research on the microstructure and
microsegregation evolution in multicomponent alloy
solidification has received increasing interest.1 In addi-
tion, melt convection is known as an unavoidable
phenomenon in solidification process, which alters the
thermal and solutal transport and thus impacts the
evolution of solidification microstructures.

With the rapid development of powerful computers
and advanced numerical techniques, numerical modelling
has emerged as an important and indispensable tool for
the research of solidification. Various numerical appro-
aches are proposed to simulate the evolution of micro-
structure and microsegregation, which involves the effects
of melt flow, thermal/solutal transport, dendrite coarsen-
ing, capillary effects, ..., preferential crystal orientation,

thermodynamics and kinetics on the moving solid/liquid
(SL) interface. Models based on the cellular automaton
(CA) technique can reproduce a wide range of micro-
structure features observed experimentally with an
acceptable computational efficiency, indicating the excel-
lent potential for engineering applications.2–5 Some of the
present authors developed a CA model that is coupled
with PanEngine that is the kernel part of a thermo-
dynamic and phase equilibrium calculation software
package PANDAT6 for the prediction of microstructures
and microsegregation in the solidification of ternary
alloys for the case of pure diffusion.7 Two of the present
authors further extended the model to the system
including melt convection by combining the CA-
PanEngine model with a Navier–Stokes (NS) solver.8

The model is able to simulate dendritic growth behaviour
in ternary alloy solidification in the presence of convec-
tion. However, as the NS solver is a continuum based
approach and limited in implementing non-slip boundary
conditions at the moving SL interface, the fluid flow
calculation becomes difficult to converge as the solid
fraction increases. It is found that when the solid fraction
reaches ,0?3, the simulation encounters convergence
problems of the fluid flow calculation.

During the last two decades, the lattice Boltzmann
method (LBM) has rapidly developed as a new powerful
tool for the numerical calculation of fluid flow, heat and
solute transport. Lattice Boltzmann method is a kinetic
approach that considers flows to be composed of a
collection of pseudoparticles represented by a distribution
function.9–13 Compared to conventional computational
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fluid dynamics, LBM has the merits of high computa-
tional efficiency, good versatility in the constitutive
description of its underlying pseudoparticles and simpli-
city in coding. In particular, LBM exhibits good nu-
merical stability for simulating complex fluid systems,
such as multiphase and multicomponent flow phenomena
under complicated geometrical boundary conditions.
Since LBM describes fluid motion at the level of the
distribution functions, it can be naturally incorporated
with the related simulation techniques for crystal growth
in a fluid flow. Miller et al.14 and Medvedev et al.15 deve-
loped phase field LBM coupled models for the simulation
of convective dendritic growth in pure substances.
Recently, some of the present authors suggested a CA
based approach coupled to an LBM solver for simulating
the dendrite growth of binary alloys in the presence of
forced convection.16,17

In this paper, the previously developed two-dimen-
sional (2D) LBM-CA model17 is extended to the ternary
alloy system by coupling the model with the thermo-
dynamic software package PanEngine for the simulation
of dendritic growth during ternary alloy solidification in
the presence of melt convection. The model details,
validations through the comparison of the simulations
to the analytical predictions and simulated dendritic
morphologies of an Al–4?0 wt-%Cu–1?0 wt-%Mg tern-
ary alloy with forced flow are presented.

Governing equations and numerical
algorithm

Model description
In the present work, the LBM with the lattice Bhatnagar–
Gross–Krook scheme11,12 is adopted for the calculation
of melt convection and solute transport. Since in the solid
phase there is no convection, and the solute transport is
purely governed by diffusion, the finite difference method
(FDM) is applied to solve the solute diffusion in the solid
phase. The diffusion coefficients in solid and liquid
are considered to be independent of composition but
temperature dependent. Two solutes are considered to
diffuse independently, and cross-diffusion is neglected. In
addition, since the thermal diffusivity of Al rich alloys is
about four orders of magnitudes larger than the solute
diffusivity, the kinetics for dendritic growth can be
assumed to be solute transport controlled. In the present
work, the temperature field in the domain is considered to
be uniform with a constant undercooling or cooling down
from the liquidus with a constant cooling rate. Based on the
domain temperature and the LBM calculated local liquid
compositions of two solutes, which are controlled by both
convection and diffusion, the kinetics of dendritic growth is
determined by a CA approach. Two of the key parameters
required in the microstructure modelling of alloys are the
solute partition coefficient and the liquidus slope. For
simple binary alloy systems, they are usually considered to
be suitably taken as constants. However, for multicompo-
nent systems, these two parameters may vary significantly
with temperature and compositions. Accordingly, it is
necessary to couple microstructure simulation models with
thermodynamic calculations in the modelling of the
microstructure and microsegregation of multicomponent
alloys. In the present work, the CA approach is coupled
with PanEngine that is developed based on the CALPHAD
method6 to obtain phase equilibrium information of the

ternary alloy systems. The governing equations and
numerical algorithms for calculating fluid flow, solute
field, interface curvature, crystallographic anisotropy
and growth kinetics are described below.

Calculation of fluid flow and solute transport
In the present work, LBM is adopted for numerically
calculating fluid flow by solving the discrete Boltzmann
equation on a lattice. According to the Bhatnagar–
Gross–Krook approximation, the lattice Boltzmann
equation (LBE) can be expressed as11,12

fi(xzeiDt,tzDt){fi(x,t)~{½fi(x,t){f
eq
i (x,t)�=t (1)

where fi (x,t) is the particle distribution function (PDF)
representing the probability of finding a particle at
location x at time t, ei is the discrete moving velocity of
the pseudoparticle, Dt is the time step, t is the relaxation

time and f
eq
i (x,t) is the equilibrium PDF (EPDF).

Lattice Boltzmann method can also be used to
simulate solute transport due to convection and diffu-
sion. Similar to the LBE for fluid flow calculation, the
LBE for solute transport with PDF gs

i (x,t) and source
term Gs

i (x,t) can be written as13

gs
i (xzeiDt,tzDt){gs

i (x,t)~

{½gs
i (x,t){g

s,eq
i (x,t)�=ts

DzGs
i (x,t) (2)

where the superscript ‘s’ stands for the sth component

of alloys (s51,2). ts
D and g

s,eq
i (x,t) are the relaxation

times and the EPDFs for the transport of two solutes,
respectively. The source term, Gs

i (x,t) in equation (2)

denotes the rejected solute contents of the sth compo-
nent during dendritic growth.

A 2D nine-velocity (D2Q9) scheme11,12 is employed,
where space is discretised into a square lattice, including
nine discrete velocities ei, given as

ei~

(0,0),

( cos½(i{1)p=2�, sin½(i{1)p=2�)c,

( cos½(2i{9)p=4�, sin½(2i{9)p=4�)21=2c,

8><
>:

i~0

i~1{4

i~5{8
(3)

where c5Dx/Dt is the lattice speed, and Dx is the lattice
spacing. Macroscopic variables such as fluid densityr,
velocity u and concentration Cs can be calculated from
the relevant PDFs, respectively

r~
X8

i~0
fi, ru~

X8

i~0
fiei and Cs~

X8

i~0
gs

i (4)

In the D2Q9 scheme of LBM, the EPDFs in equa-
tions (1) and (2) are defined as

f
eq
i x,tð Þ~wir 1z3

(ei
:u)

c2
z4:5

(ei
:u)2

c4
{1:5

u2

c2

" #
(5)

g
s,eq
i x,tð Þ~wiC

s 1z3
(ei
:u)

c2
z4:5

(ei
:u)2

c4
{1:5

u2

c2

" #
(6)

where wi are the weight coefficients given by w054/9,
w1–451/9 and w5–851/36. According to the Chapman–
Enskog analysis, the kinematic viscosity n and the
solutal diffusivities in liquid Ds

l are related to the

relaxation times t and ts
D respectively

n~c2Dt(2t{1)=6 and Ds
l ~c2Dt(2ts

D{1)=6 (7)
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In the solid phase, no flow occurs, and solute transport
occurs via diffusion only. The solute diffusion is go-
verned by the following equation that is solved using an
explicit finite difference scheme

LCs
s

Lt
~+ Ds

s +Cs
s

� �
(s~1, 2) (8)

To calculate the unknown PDFs at the boundary nodes
of a 2D domain [(x, y)|0(x(L, 0(y(L], the following
boundary conditions are adopted. The undercooled melt
flows into the domain from the left surface with a
uniform inlet velocity u(x,y)|x505(Uin,0) and flows out
from the right wall with Lxux|x5L50. The non-equili-
brium extrapolation scheme18 is used to treat the inlet
and outlet boundaries, whereas the periodic boundary
conditions are imposed on the top and bottom walls.
Since there is no convection in solid, and solute
transport at the SL interface is neglected, the bounce
back scheme is applied at the SL interface for both fluid
flow and solute field calculation. The zero flux boundary
condition of LxC|x50,L50 and LyC|y50,L50 for solute
transfer is implemented on the four surfaces of the
calculation domain.

Solution of phase fraction evolution
Dendritic growth is considered to be driven by the local
undercooling. The local undercooling at time t, DT(t), is
defined as the difference between the local equilibrium
liquidus temperature and the local actual temperature,
incorporating the curvature effect of the SL interface,
and it is expressed as

DT(t)~T�(t){T(t){C(h)K(t) (9)

where T*(t) is the local equilibrium liquidus temperature
obtained from PanEngine, which derives it based on the
local liquid compositions of two solutes, T(t) is the local
actual temperature determined by the imposed under-
cooling or cooling rate, C(h) is the Gibbs–Thomson
coefficient incorporated with the effect of the anisotropy
of the surface energy and K(t) is the local interface
curvature that is calculated according to the gradient of
local solid fraction at the interface using the following
equation

K(t)~ 2LxfsLyfsL2
xyfs{(Lxfs)

2L2
yfs{(Lyfs)

2L2
xfs

h i
|½(Lxfs)

2z(Lyfs)
2�{3=2

(10)

where fs is the local solid fraction. The growth velocity
and the local undercooling is related by

Vg(t)~mk(h)DT(t) (11)

where Vg(t) is the interface growth velocity, and mk(h) is
the interface kinetic coefficient.

Since dendrites typically grow with specific preferred
crystallographic orientations, it is necessary to consider
crystalline anisotropy in either the surface energy or the
interfacial kinetics (or both) in the model of dendritic
growth.19 The present model accounts for the anisotropy
in both surface energy and interfacial kinetics. For an
fcc lattice crystal of Al rich alloys simulated in the
present work, it exhibits the fourfold anisotropy of the
surface energy and kinetics at the SL interface. The
Gibbs–Thomson coefficient C(h) and the interface
kinetics coefficient mk(h) are given by

C(h)~-C 1{15e cos 4 h{h0ð Þ½ �f g (12)

mk(h)~
-

mk 1zdk cos 4 h{h0ð Þ½ �f g (13)

where -C, e,
-

mk and dk are the average Gibbs–Thomson
coefficient, the degree of anisotropy of the surface
energy, the average interface kinetic coefficient and the
degree of kinetic anisotropy respectively. h is the angle
between the normal of the SL interface and the
horizontal direction, and h0 is the preferred dendrite
growth orientation. The angle h is calculated according
to the gradient of the solid fraction at the SL interface
by

h~ arctan

Lfs

Ly

Lfs

Lx

0
BB@

1
CCA (14)

The growth velocities of interface cells are calculated
with equations (9)–(14). The change rate of solid
fraction of an interface cell can thus be evaluated from
the growth velocity Vg(t) as follows

Lfs

Lt
~G

Vg

Dx
(15)

where G is a geometrical factor related to the state of
neighbour cells, which is defined by

G~ min 1,
1

2

X4

m~1
sI

mz
1

21=2

X4

m~1
sII

m

� �
(16)

where SI and SII indicate the state of the nearest
neighbour cells and the second nearest neighbour cells
respectively. According to the state of a neighbour cell,
SI and SII are determined by

sI,sII~
0, fsv1ð Þ
1, fs~1ð Þ

�
(17)

If at time t5tn the sum of the solid fraction in an
interface cell is equal to one, the state of this cell is
assigned as solid, and new interface cells are explicitly
captured. However, the exact SL front is scaled by the
solid fraction within each interface cell.

It is assumed that the local thermodynamic equili-
brium is maintained at the SL interface, and thus, the
solidified cells always adopt the equilibrium value of the
solid concentration. As the dendrite grows, the growing
cells reject solutes at the SL interface. The rejected
amount of a solute element s is evaluated by

DCs~Dfs C�,sl {C�,ss

� �
(18)

where Dfs is the solid fraction increment of the interface
cell at one time step, which is evaluated by equa-

tion (15), and C�,sl and C�,ss are the interface liquid and

solid compositions of solute element s respectively. The
rejected DCs is added to the remaining liquid in the same
cell and its surrounding neighbour cells. Thus, the
source term Gs

i (x,t) in equation (2) can be calculated

with Gs
i (x,t)~wiDCs. The interface solid compositions

of two solutes C�,ss (s51, 2) in equation (18) and the

interface equilibrium liquidus temperature T*(t) in
equation (9) are obtained from PanEngine according
to the local interface liquid compositions of two solutes

C�,1l and C�,2l , which are determined using the LBM by
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solving equations (1)–(7). To improve the computa-
tional efficiency, a data tabulation coupling strategy
between CA and PanEngine is adopted. Before start-
ing the CA microstructure simulation, a data file is
generated by PanEngine. In the data file, the equilibrium
liquidus temperatures and the equilibrium solid compo-
sitions are tabulated with respect to the relevant liquid
compositions for a uniform grid spacing of 1 at-%.
PanEngine can perform the thermodynamic and phase
equilibrium calculations based on the Scheil model and
the equilibrium model. In this work, the Scheil model
is adopted to calculate the data in the tabulation file.
During the CA simulation, the required data of equi-
librium liquidus temperature and interface solid compo-
sitions are interpolated from the data stored in the
tabulation grids. The physical parameters used in the
present work are taken from Refs. 7 and 20.

Results and discussion

Single dendritic growth
To simulate single dendrite growth in an undercooled
melt with forced convection, the calculation was per-
formed on a square domain of 2506250 mesh with a
uniform mesh size of Dx52?0 mm. At the beginning of
the simulation, a solid seed with a crystallographic
orientation of 0u with respect to the horizontal direction
was placed at the centre of the domain. The other cells in
the domain were filled with the undercooled liquid with
DT0510 K. The relaxation times for fluid flow and
solute transport of Cu and Mg, the time step, the degree

of anisotropy of the surface energy and the degree of
kinetics anisotropy were taken as t51?0, tCu

D ~0:541,
t

Mg
D ~0:57, Dt~1:17|10{5s, e50?02 and dk50?3 respec-

tively. The average interface kinetic coefficient was
determined using an inverse problem approach and
was taken as

-

mk5361024 m s21 K21.7 Figure 1 pre-
sents the simulated dendrite morphology of an Al–
4?0 wt-%Cu–1?0 wt-%Mg alloy growing in forced flow
with an inlet flow velocity of Uin51?061023 m s21,
which is shown in Cu (Fig. 1a) and Mg (Fig. 1b)
composition maps. It can be noted that the dendritic
shape is obviously influenced by fluid flow. The growth
of the dendrite is promoted on the upstream side and
inhibited on the downstream side. As the dendrite
grows, two solutes are released at the SL interface,
which are washed away from the upstream to the
downstream direction by fluid flow, resulting in asym-
metrical solute profiles in the liquid, i.e. the concentra-
tions in the upstream region are lower than in
downstream. Figure 2 shows the composition profiles
of solutes Cu and Mg along the horizontal dendrite arms
with various solid fractions. It can be seen that at the SL
interface, there is a sudden increase in compositions of
both solutes, which then decay exponentially until they
again approach the initial compositions. It can be noted
that the liquid compositions at the interface of the
downstream tip (on the right hand side) are higher than
that of the upstream tip (on the left hand side). The
lower local solute concentrations will yield a higher
equilibrium liquidus temperature T*(t). According to
equation (9), under a uniform temperature field T(t), the

1 Simulated dendritic morphology shown in a Cu and b Mg compositions of Al–4?0 wt-%Cu–1?0 wt-%Mg alloy grown in

flowing melt with Uin51?061023 m s21 and DT510 K: velocity vector plots indicate strength and direction of flow

2 Concentration profiles of solutes a Cu and b Mg along horizontal dendrite arms with various solid fractions (Fs: total

solid volume fraction in domain)
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higher the equilibrium liquidus temperature, the larger
the local undercooling. Therefore, the driving force for
dendrite growth in the upstream region is larger than
that in the downstream region, resulting in an asym-
metric dendritic growth morphology.

Figure 3 shows the time history of the tip velocity
measured from the dendrite growth in Fig. 1. The tip
velocity of pure dendrite growth is also plotted for
comparison. As shown, the tip velocity initially rapidly
decreases. After a transient period, the velocities of the
different tips reach the approximately stable values with
different levels. The velocities of the up- and down-
stream tips are higher and lower than that without flow
respectively. The perpendicular tip approaches to an
approximately steady state growth velocity that is nearly
the same as the case of pure diffusion.

Multidendritic growth
To validate the present model for the simulations of
multidendritic solidification, the simulated solute distri-
butions in the solid for the case of pure diffusion
are compared with the Scheil model predictions. The
calculation domain consisted of 2506250 meshes with
Dx52 mm. The temperature in the entire domain was
assumed to be uniform and cooled down from liquidus
temperature to 600 K with a constant cooling rate of
1 K s21. The Scheil model assumes no diffusion in solid
and complete mixing in liquid. To analyse the effect of
diffusion in the solid on the microsegregation, zero and
non-zero solid diffusivities were used in the simulations.
The simulated concentration profiles of the two solutes as
a function of solid fraction are compared with the Scheil
predictions in Fig. 4. The Scheil profiles in Fig. 4 were
calculated using the phase diagram calculation software
PANDAT.6 Note that the simulated profiles with zero
solid diffusivity are almost superimposed on the Scheil
profiles for both solutes Cu and Mg. The reasons are as
follows. First, as mentioned in the section on ‘Solution of
phase fraction evolution’, the thermodynamic and phase
equilibrium calculations using PanEngine are based on
the Scheil model. Second, the slow solidification rate of
1 K s21 provides enough time for solute diffusion in
liquid, resulting in an almost uniform liquid composi-
tion field. Together with the zero solid diffusivity, the
simulation conditions are very close to the Scheil as-
sumptions. On the other hand, Fig. 4 also reveals that the
calculated solid composition distributions with non-zero
solid diffusivities are more homogeneous than those

obtained with zero solid diffusivity, illustrating the effect
of back diffusion on microsegregation.

The proposed model was then applied to simulate the
multidendritic growth behaviour with melt convection.
Figure 5 presents the simulated evolution of multi-
equiaxed dendrites of an Al–4?0 wt-%Cu–1?0 wt-%Mg
alloy in a flowing melt with Uin51?061023 m s21 and a
cooling rate of 10 K s21. For this simulation, the
relaxation time for the fluid flow calculation was taken
as t51?0. Since the diffusivities of two solutes are
temperature dependent, the relaxation times for solute
transport calculation tCu

D and t
Mg
D were also temperature

dependent and determined by equation (7). The simula-
tion was stopped at a total solid fraction of 0?93.
Figure 5 shows that at the early stage of solidification,
melt flows from left to right smoothly along the small
dendrites, during which the solute is transported from
the upstream side to the downstream side of each
dendrite, resulting in asymmetric dendrite features. As
solidification proceeds, the primary arms grow and
coarsen with the evolution of side branches. The growth
of the primary and secondary arms is all distinctly
promoted on the upstream direction. Fluid flow almost
vanishes in the interdendritic region as the dendrites
grow close to each other. Thus, at the later stage, the
growth of dendrites is not affected much by flow.
However, the final microstructure maintains the
deflected dendritic features that were developed in the

3 Time histories of tip velocities for case of Fig. 1

4 Concentration profiles of a Cu and b Mg solutes as

function of solid fraction for Al–4?0 wt-%Cu–1?0 wt-%Mg

alloy solidified with cooling rate of 1?0 K s21: simula-

tion was terminated at T5600 K
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early solidification stage. It can also be noted from
Fig. 5 that the proposed model is able to simulate the
convective dendrite growth to the end of solidification,
i.e. no convergence problem occurs.

The previously developed CA-FDM-PanEngine7 and
CA-NS-PanEngine8 models were also adopted to si-
mulate pure diffusive and convective dendrites with the
same conditions as used in Fig. 5. The time histories of
the solid fraction evolution simulated from different
models are compared in Fig. 6. It can be observed from
Fig. 6a that the two sets of data simulated from the CA-
LBM-PanEngine and CA-FDM-PanEngine models for
pure diffusive dendrite growth agree well with each
other. This indicates that the LBE for solute transport
calculation is equivalent to Fick’s law. On the other
hand, as shown in Fig. 6b, the evolution of solid fraction
with time simulated by the CA-LBM-PanEngine model
coincides well with that by the CA-NS-PanEngine when
the solid fraction is below 0?24, illustrating that the LBE
for fluid flow calculation converges to the NS equation.
It is noted that the CA-NS-PanEngine simulation could
not proceed when the solid fraction is above 0?24 owing
to the convergence problems of the NS solver. However,

the present CA-LBM-PanEngine model can perform the
simulation of convective dendrite growth to the end of
solidification, as shown in Figs. 5 and 6b. Accordingly,
the present CA-LBM-PanEngine model exhibits better
numerical stability than the CA-NS-PanEngine model
for simulating dendritic growth of ternary alloys in the
presence of melt convection. In addition, the present
model is more computationally efficient than the CA-
NS-PanEngine model. The calculation times for the
convective multidendritic growth (Fig. 6b) with total
solid fraction Fs in the domain Fs50?24 is ,43 and
63 min for the CA-LBM-PanEngine and CA-NS-
PanEngine models respectively on a PC Core 2 Duo
2?66 GHz CPU.

Conclusions
A coupled CA-LBM-PanEngine model has been devel-
oped for simulating the dendrite structure and micro-
segregation during solidification of ternary alloys in the
presence of forced melt convection. In the model,
instead of a continuum NS solver, the kinetic based
LBM is adopted to model melt flow and solute transport

a Fs50?1; b Fs50?4; c Fs50?93; d Fs50?93
5 Evolution of multidendrites for Al–4?0 wt-%Cu–1?0 wt-%Mg alloy solidified in flowing melt with Uin51?061023 m s21

and cooling rate of 10 K s21: a–c composition map of Cu, and d composition map of Mg (Fs: total solid volume frac-

tion in domain)
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in the liquid, while the solute diffusion in solid is solved
by an explicit finite difference scheme. Dendritic growth
is simulated using a CA approach that includes time
dependent calculations for the solute redistribution in
liquid and solid phases, interface curvature, preferred
crystallographic orientations and growth kinetics. The
evolution of the SL interface is considered to be driven
by the difference between the local equilibrium liquidus
temperature and the local actual temperature, incorpor-
ating the effect of curvature. Based on the interface
liquid compositions of the two solutes, which are
determined by the LBM calculations, the local equili-
brium liquidus temperature and the interface solid
compositions of the two solutes are obtained with the
aid of the thermodynamic calculation software package
PanEngine. The proposed CA-LBM-PanEngine model
was applied to simulate the single dendritic growth of an
Al–4?0 wt-%Cu–1?0 wt-%Mg alloy in a forced flow. The
tip velocity is found to be enhanced in the upstream
region and inhibited in the downstream regions, result-
ing in the asymmetric growth features of convective
dendrites. The model validation for multidendritic
simulation was performed by comparing the simulated
composition profiles of two solutes in solidified den-
drites with the predictions of the Scheil model. The
results show that the simulated solid compositions with
zero solid diffusivity and low cooling rate of 1 K s21

coincide with the Scheil profiles. Moreover, the calcu-
lated solid composition profiles with non-zero solid
diffusivities are initially higher and later lower than
those obtained with zero solid diffusivity, indicating the
effect of back diffusion. The evolution of multiequiaxed
dendrites with various orientations in the presence of
forced convection was simulated. It is found that at the
early stage of solidification, the primary arms and side
branches are distinctly deflected towards the incoming
fluid flow, whereas the flow effect on dendritic growth
gradually fades out at the later stage as the dendrites
grow close to each other. The profiles of solid fraction
versus time for pure diffusive and convective dendrite
growth simulated by the CA-LBM-PanEngine model
agree well with those from the previously developed CA-
FDM-PanEngine and CA-NS-PanEngine models. It is
also shown that the proposed CA-LBM-PanEngine
model is numerically more stable and computationally
more efficient as well as simpler to be implemented than
the CA-NS-PanEngine model for the simulation of

dendrite growth of ternary alloys in the presence of melt
convection.
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