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Abstract: Preparation of semisolid slurry using a cooling slope is increasingly becoming popular, primarily because of the simplicity 
in design and ease control of the process. In this process, liquid alloy is poured down an inclined surface which is cooled from 
underneath. The cooling enables partial solidification and the incline provides the necessary shear for producing semisolid slurry. 
However, the final microstructure of the ingot depends on several process parameters such as cooling rate, incline angle of the 
cooling slope, length of the slope and initial melt superheat. In this work, a CFD model using volume of fluid (VOF) method for 
simulating flow along the cooling slope was presented. Equations for conservation of mass, momentum, energy and species were 
solved to predict hydrodynamic and thermal behavior, in addition to predicting solid fraction distribution and macrosegregation. 
Solidification was modeled using an enthalpy approach and a volume averaged technique for the different phases. The mushy region 
was modeled as a multi-layered porous medium consisting of fixed columnar dendrites and mobile equiaxed/fragmented grains. The 
alloy chosen for the study was aluminum alloy A356, for which adequate experimental data were available in the literature. The 
effects of two key process parameters, namely the slope angle and the pouring temperature, on temperature distribution, velocity 
distribution and macrosegregation were also studied. 
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1 Introduction 
 

Semisolid metal processing uses solid–liquid 
slurries containing fine and globular solid particles 
uniformly distributed in a liquid matrix, which can be 
handled as a solid and flow like a liquid[1−3] when 
sheared during the forming or injection process. In the 
recent years, many methods have been introduced for the 
production of semisolid slurries since it is scientifically 
sound and industrially viable with such preferred 
microstructures called thixotropic microstructures as 
feedstock materials. These methods can be divided into 
two groups[4−5]: 

1) Methods which use melt agitation such as stir 
cast, electromagnetic stirring, mechanical or ultrasonic 
vibration and inclined plates; 

2) Methods without melt agitation such as low 
pouring temperature and partial remelting, stress-induced 
and melt-activated (SIMA) process and addition of 
chemical refiners. 

Among several methods developed to produce such 

feedstock, magnetohydrodynamic (MHD) stirring is the 
most popular. This method uses shear forces by applying 
a rotating electromagnetic field to a solidifying liquid 
alloy in a conventional continuous die caster machine. In 
spite of its attributes, MHD stirring has some problems 
such as restriction in the size and morphology of primary 
solid phases and relatively non-uniform microstructures 
in the radial direction of produced ingots[4−5]. Thus, 
simple processes with reduced equipment and 
inhomogeneity in the final microstructure are required to 
overcome these problems. 

One such process that needs very low equipment 
investment and running costs is the cooling slope[6, 
7−11]. In this method, the molten alloy with a superheat 
temperature is poured on a cooling slope. Solid columnar 
dendrites formed at the contact between the melt and the 
cooling slope, are broken into refined and globular 
microstructure as a result of shear stress due to gravity 
force and melt flow inertia. In this method, various 
parameters such as superheat temperature, cooling slope 
length and angle, can affect the final microstructure. 

HAGA and SUZUKI[12] experimentally studied the 
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effect of cooling rate on the microstructure of aluminum 
alloy ingots obtained by casting of alloy via a cooling 
slope. HAGA and KAPRANOS[13] investigated A356 
and A390 aluminum alloy ingots produced via both 
cooling slope and low superheat casting. GUAN et al[14] 
numerically studied the effect of slope angle and pouring 
temperature on the exiting alloy temperature. BIROL[15] 
experimentally studied the effect of pouring temperature 
and cooling slope length on the as-cast and reheated 
microstructure of A357 feedstock. MEHRARA et al[16] 
experimentally studied the evolution of the mushy zone 
during the flow of a model alloy, i.e. succinonitrile-acetone 
organic alloy on a cooling slope. LEGORETTA et al[17] 
performed parametric study for obtaining thixotropic 
feedstock of A356 alloy by using cooling slope. 

Most of the above studies reported in literatures are 
experimental in nature. To the best of the authors’ 
knowledge, there is no comprehensive computational 
model to predict hydrodynamic and thermal behavior of 
the flowing molten alloy, in addition to predicting solid 
fraction distribution and macrosegregation. With this 
viewpoint, the present paper deals with a numerical 
model to simulate the flow of molten A356 aluminum 
alloy along a cooling slope. Here, A356 aluminum alloy 
is chosen because it exhibits many benefits such as wear 
and corrosion resistance, hot tearing resistance, good 
weldability, high strength to weight ratio and excellent 
castability leading to its suitability for military, aviation 
and automotive sectors. The present model uses a volume 
of fluid (VOF) method for tracking the metal-air interface 
during filling and an enthalpy-based macro-scale model 
for the phase change process. The influence of two key 
process parameters, namely the slope angle and the 
pouring temperature, on temperature distribution, 
velocity distribution and macrosegregation are also 
investigated. 
 
2 Description of physical problem 
 

To investigate the influence of various process 
parameters on the final microstructure of the ingot for 
producing semisolid slurry, a typical cooling slope model 
is modeled as shown in Fig.1. To save computational 
time, a two-dimensional coordinate system is used, 
neglecting end effects in the transverse direction. No slip 
boundary condition is provided at the cooling slope wall. 
The liquid metal is poured at the top of the cooling slope 
where specified velocity inlet boundary condition is used 
in the model. At the exit of cooling slope, a specified 
pressure outlet boundary condition is used. The symmetry 
boundary condition is used at the face parallel to cooling 
slope. For heat transfer, a heat flux condition is used to 
simulate cooling at the bottom of the plate. The alloy 
used in simulation is aluminum alloy A356, whose 

thermo-physical properties, along with other system 
parameters, are summarized in Table 1. 
 

 
Fig.1 Schematic diagram of model system 
 
Table 1 Thermophysical properties and model data 

A356 alloy property Value 
Specific heat capacity (c) /(J·kg−1·K−1) 1082 
Thermal conductivity of solid (ks) /(W·m−1·K−1) 60.0 
Thermal conductivity of liquid (kl) /(W·m−1·K−1) 160.0 
Density of solid (ρs) /(kg·m−3) 2495 
Density of liquid (ρl) /(kg·m−3) 2495 
Viscosity of metal (μ) /(kg·m−1·s−1) 1.13×10−3 
Liquid diffusion coefficient (Dl) /(m2·s−1) 1.0×10−9 
Latent heat of fusion (L) /(J·kg−1) 397 700 
Thermal expansion coefficient (βT) /K−1 2.1×10−5 
Solutal expansion coefficient (βC) 0.025 
Melting temperature (TM)/K 933 
Eutectic temperature (TE)/K 840 
Eutectic composition of Si/% 12.6 
Initial composition of Si/% 7.32 
Equilibrium partition coefficient (kp) 0.13 

Model data Value 
Cooling slope length (L)/mm 200, 250, 300
Slope angle(θ) (w.r.t. horizontal plane)/( °) 30, 45, 60 
Initial thickness of molten metal at inlet/mm 15 
Pouring temperature/K 925, 940, 955
 

3 Mathematical formulation 
 

The solidification of alloy involves three distinct 
co-existing phases: a fully solidified region, a mushy 
region and fully liquid region. Here, the mushy region is 
modeled as a multi-layered porous medium consisting of 
fixed columnar dendrites mobile equiaxed/fragmented 
grains. A critical solid fraction referred to as coherency 
factor is used for demarcating the mobile and immobile 
zones. The fragmented dendritic particles and free 
equiaxed grains in the mobile non-coherent zone move 
by forced convection. 
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The flow resistance in the mushy region caused by 
the solid particles can be estimated by two methods. In 
the immobile coherent zone (i.e. in the region denoted by 
solid fraction above the critical value), the mushy region 
can be considered as a porous medium where the solid is 
stationary and the liquid flows through the porous 
structure, and Darcy’s law can be used for modeling flow 
resistance. In the mobile non-coherent zone where the 
mushy region can be treated as a mixture of freely 
moving solid phase and liquid, the flow resistance can be 
modeled by prescribing an appropriate viscosity model 
as a function of solid fraction.  

This proposed model uses a fixed-grid continuum 
formulation with a single-domain approach based on the 
classical mixture theory[18−21] for solidification 
modeling. Using this fixed grid single domain approach, 
the interface comes out as a solution and is not required 
to track separately. Invoking assumptions consistent with 
the continuum model described in Ref.[18] and 
neglecting solidification shrinkage (ρs=ρl), the continuum 
density for the alloy phase is defined as follows. 

alloyllslmixture )1( ρρρρ =+−= gg                (1) 

As shrinkage is neglected, the volume fraction (gk) and 
the mass fraction (fk) can be considered equivalent and 
interchangeable.  

The VOF method[22] is used for tracking the 
interface between the alloy and air during flow on 
cooling slope. The volume of fraction of a control 
volume (F) has a range from zero to unity; the cells 
having F values between zero and one (0<F<1) 
represent the air–alloy interface, F = 0 indicates that the 
cell contains only air and F = 1 corresponds to a cell full 
of alloy. The volume of fraction function F is advected 
using the velocity field u with the following transport 
equation: 

0)()( =⋅∇+
∂
∂ FF
t

u                      (2) 

The properties appearing in the transport equations 
are determined by the presence of the component phases 
in each control volume. The density in each control 
volume is given by 

airalloy )1( ρρρ FF −+=            (3) 

Other physical properties are also computed in a 
similar manner.  

The most generalized governing transport equations 
for incompressible flow along with solidification are as 
follows: 
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2) Continuity 
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3) Momentum 
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4) Energy 
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5) Species 
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The above model will be complete only if we have a 

sub-model to represent solid phase velocity relative to 
that of the liquid phase. As the flow of liquid alloy down 
the slope is essentially a forced convection driven 
phenomenon, it may be fair to assume, as a preliminary 
model, that the solid phase in the non-coherent mushy 
zone moves with the same velocity as that of the liquid. 
In other words, in the mushy zone below coherency 
point,  

ls uu =                    (10) 

The effective viscosity, µeff, appearing in the 
momentum equation is the slurry viscosity that is a 
function of solid fraction, which in turn depends on 
temperature of alloy. The slurry viscosity was modeled 
as follows[26].  
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where the solid fraction is calculated by using Scheil 
equation as follows. 
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The coherency point after which solid cannot move 
is defined by gs, cr[27]. Below the coherency point the 
third term appearing in the momentum equation is forced 
to zero and once the coherency is reached, the third term 
dominates and acts like a source term for flow through  
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porous medium. In the third term, K is defined as 
follows[18]: 
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The term ∆H appearing in the energy equation is the 
latent enthalpy of a cell. The calculation of the term ∆H 
involves the instantaneous liquid fraction, which is 
predicted by an enthalpy updating technique[20−21], 
which will be discussed subsequently. 

The term sc  appearing in the species equation is a 
representative value of solid concentration, obtained by 
averaging over the solid volume fraction defined in 
microscopic scale, as suggested by Scheil’s 
assumption[23]. It can be written as: 

ss
0

s dfcc
sf
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4 Numerical scheme 
 

The governing transport equations are solved 
numerically using the commercial CFD solver Fluent 
6.3.26. The above-mentioned governing transport 
equations are converted into standard form as follows:  

( ) ( ) ( ) SΓ
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∂
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The equations are discretized using a pressure based 
finite volume method according to the SIMPLER 
algorithm[24], where ϕ represents any conserved 
variable and S is a source term. The source terms are 
included in the respective governing equations through 
the user defined functions in FLUENT.  

The porous medium source terms in momentum 
equations are calculated for each control volume using 
the value of liquid fraction. The value of liquid fraction 
and solid fraction in the source terms of momentum, 
energy and species equations is calculated by using an 
enthalpy update scheme. The value of liquid fraction is 
given as LHf /l Δ= . 

The thermal and concentration fields are calculated 
by solving the energy and species conservation equations 
(Eqs.(8) and (9)). The coupling between temperature and 
concentration fields is achieved through the 
temperature-concentration algorithm similar to the one 
described in Refs.[19, 21].  

For an accurate prediction of the liquid fraction in 
the present ‘fixed-grid enthalpy-based’ procedure, the 
latent heat content of each computational cell needs to be 
updated according to the temperature and/or species 
concentration values predicted by the macroscopic 
conservation equations, during each iteration within a 
time-step in an implicit way. In a physical sense, such 

updating attempts to neutralize the difference in the 
nodal temperature predicted from the energy equation 
and that dictated by the phase-change considerations. In 
the present context, an iterative updating scheme 
proposed in Ref.[21] is chosen, which is of the form: 
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In the above equation, aP is the coefficient of TP in 
the discretization equation of the governing energy 
equation, λ is a relaxation factor, F−1 is inverse of suitable 
latent heat function for a binary alloy with Scheil’s 
behavior depending on phase diagram of the solution, ΔV 
is the volume of a computational cell centered on the grid 
point P and Δt is the time step. The term hP is the sensible 
enthalpy appropriate to the nodal point P.  

An appropriate representation of the metal–air 
interface during alloy flow on cooling slope is achieved 
by deploying the VOF method available in Fluent along 
with a geometric reconstruction scheme[25]. The 
air–alloy interface is sharp, such that this interface 
includes only one cell along the profile. The solute 
transport Eq.(9) is solved only in those cells where F=1. 
Solidification is suppressed in the cells having F<1 by 
avoiding enthalpy update in those cells. 
 

5 Results and discussion 
 

The final properties of the semisolid slurry at the 
exit of the cooling slope depend on various process 
parameters such as slope angle, slope length, cooling rate, 
pouring rate and initial superheat of the alloy. As a 
demonstration of the effectiveness of the numerical 
model developed, a parametric study is performed with 
respect to two key parameters, namely the slope angle 
and the pouring temperature. All other variables are kept 
constant. For the present simulations, a cooling slope of 
length of 250 mm and an inlet velocity of molten alloy 
A356 is 0.025 m/s (corresponding to a pouring rate of 
0.935 625 kg/s) are chosen. The critical solid fraction for 
coherence is taken as 0.20 for all simulations.  

 
5.1 Effect of slope angle 

The slope angle θ (Fig.1) significantly influences 
the velocity and temperature distributions, the evolution 
of macrosegregation, solid fraction, exit temperature, and 
maximum velocity. Fig.2 shows the simulation results of 
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velocity distribution for slope angles of 30° and 60° with 
respect to horizontal plane. Here, the computational 
domain chosen is of size 250 mm×15 mm. The pouring 
temperature is 940 K. The alloy accelerates down the 
slope after pouring, hence the flow cross sectional area at 
the exit is much smaller that at the inlet (Figs.2(a) and 
(b)). The velocity at the exit is 1.052 m/s and 1.288 m/s 
for slope angles of 30° and 60°, respectively (Fig.2). As 
expected, the maximum velocity increases for a higher 
component of g along the slope direction.  

The average solid fraction at the exit of the slope for 
various slope angles is shown in Table 2. As observed, 
the average exit solid fraction decreases with the slope 
angle. With increase in slope angle, the residence time of 

Table 2 Solid fraction at exit for various slope angles 
Slope angle/(°) Solid fraction 

30° 0.50 

45° 0.47 

60° 0.45 

 
the alloy in the cooling slope deceases and hence the 
solidification time is less. Correspondingly, the 
simulation results of temperature distribution shown in 
Fig.3 suggest that a higher slope angle results in higher 
alloy temperature at the exit of the slope. However, a 
sufficiently high slope is required, nevertheless, to cause 
the necessary shearing of dendrites for slurry production. 

 

 
Fig.2 Velocity distribution with different slope angles: (a) 30°; (b) 60° 

 

 
Fig.3 Temperature distribution with different slope angles: (a) 30°; (b) 60° 
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The desired solid fraction at the exit should, instead, be 
obtained by adjusting other control parameters such as slope 
length and cooling rate. 

Fig.4 illustrates the evolution of macrosegregation 
(as mass fraction (%) of Si) as the molten A356 alloy 
flows on cooling slope. It may be observed that near the 
inlet, there is very little macrosegregation as 
solidification just begins. The species distribution 
changes as the alloy travels down the slope and 
progressively approaches the eutectic composition near 
the exit of the slope. The black layer in Fig.4 denotes air 
(above the flowing alloy), in which the species 
concentration is zero. 
 

5.2 Effect of superheat 
Fig.5 describes the simulation results of temperature 

distribution in A356 alloy while flowing on the cooling 
slope for two different pouring temperatures: 955 K and 
925 K, in addition, the pouring temperature of 940 K is 
already taken in the previous case. Here, computational 
domain chosen is of size 250 mm×15 mm, which is the 
same as previous case and the slope angle is taken as 60°. 
The inlet velocity of molten alloy is 0.025 m/s, which 
corresponds to a pouring rate of 0.935 625 kg/s. Fig.6 
shows that the temperature of alloy decreases along the 
flow direction, as expected. It can be seen that there is 
a sharper decrease in temperature with relatively high 

 

 
Fig.4 Macrosegregation with different slope angles: (a) 30°; (b) 60° 

 

 
Fig.5 Temperature distribution with different pouring temperatures: (a) 955 K; (b) 925 K 
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Fig.6 Species distribution with different pouring temperatures: (a) 955 K; (b) 925 K 
 
pouring temperature, which significantly affects the exit 
temperature of the alloy. The exit temperature increases 
with the pouring temperature that, in turn, decreases the 
exit solid fraction as determined from Scheil equation. The 
macrosegregation with different pouring temperatures is 
shown in Fig.6. As expected, the case with lower pouring 
temperature shows higher macrosegregation at the slope 
exit, as solidification in the case begins earlier. 
 
6 Conclusions 
 

1) A numerical model to predict solidification and 
macrosegregation during slurry preparation using a 
cooling slope is presented. Parameters affecting the 
slurry properties at the cooling slope exit are slope angle, 
degree of superheat, pouring velocity and slope length, 
as they affect the temperature distributions, the evolution 
of macrosegregation, solid fraction, exit temperature, and 
maximum velocity.  

2) The model is demonstrated for the case of 
aluminum alloy A356 slurry preparation. Two key 
process parameters are studied in detail. The predictions 
of the model with regard to various process parameters 
are along expected lines.  

3) Direct comparison with other numerical models 
for cooling slope is not possible due to non-availability 
of such models in the literature. However, experimental 
validation with an in-house experimental set-up is 
planned for the future.  
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Nomenclature 

cp,l Specific heat capactityof liquid 
cp,s Specific heat capactity of solid 
cl Liquid solute concentration 
CS Average solute concentration in solid 
Co Initial solute concentration 
D Mass diffusivity 
fl Mass fraction of liquid 
fs Mass fraction of solid 
G Acceleration due to gravity 
gl Volume fraction of liquid 
gs Volume fraction of solid 
kl Thermal conductivity of liquid 
ks Thermal conductivity of liquid 
kp Partition coefficient 
K Permeability of mushy zone 
Ko Permeability constant 
L Latent heat of fusion 
P Pressure 
T Temperature 
TL Liquidus temperature at a given composition 
u Velocity vector 
βC Solutal expansion coefficient 
βT Thermal expansion coefficient 
ρ Density 
λ Relaxation factor 
μl Liquid viscosity 
μeff Slurry viscosity 
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