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A comparative assessment is performed between purely porous formul ation of the mushy zone controlled by permeability
and the hybrid formulations controlled by both permeability and viscosity of the mushy zone during solidification of a
binary alloy. The Darcy’s Carman-Kozeny equation is used to model the permeability of the mushy zone in porous
formulation for all themodels. Thefirst hybrid model employs switching functionsto simultaneously control the permeability
and viscosity of the mushy zone up to acritical solid fraction and thereafter it switchesto apurely permeability controlled
porous formulation. The second hybrid model assumes mushy zone to be non-newtonian slurry with the liquid viscosity
following a power law up to the critical solid fraction and a permeability controlled porous medium thereafter. A two-
dimensional computational domain of agueous ammonium chloride (NH,CI-H,0) solution empl oying continuum mixture
approach is considered for the analysis. Model with purely porous mushy zone formulation showed higher solutal
gradientsin the mushy zoneresulting in higher solutal buoyancy driven convection in mushy zone along with higher bulk
macrosegregation effects in comparison to the hybrid models. Both the hybrid models showed potentia of capturing the
settled free floating particles and broken dendrites with the non-newtonian slurry hybrid model showing potential of
capturing theliquidusirregularities.
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Introduction

Modeling of alloy solidification has been atopic of
extensive research over the last few decades owing
toitssignificant rolein processes, such as, materials
processing, metallurgy, crystal growth, welding,
purification of metals and casting. Phase change
process in the case of alloy solidification is
characterized by amushy zone consisting of both solid
and liquid phases formed due to the solidification
occurring over a temperature range. Mushy zone
encounters significant thermal and solutal gradients
on account of release of thelatent heat and differences
in solute solubility in liquid and solid phases due to
thermodynamic constraints. Hence the thermo-sol utal
convectionin themushy zone significantly affectsthe
overall solute segregation in the solidified domain.

Flemings (1974) in hisfamous book on solidification
processing has highlighted these effects in detail.
Moreover, the mushy zone has a complicated
morphology consisting of interconnected columnar
dendritesand freeflow floating equiaxed crystalsoften
associated with gradual columnar to equiaxed
transition (CET) asthe solidification front proceeds,
which further adds to the complicationsin modeling
aloy solidification. Another difficulty associated with
modeling alloy solidification is the incorporation of
microscopic heat and mass transfer effects. These
arediscussed inthebook by Kurz and Fischer (1992).

The above-mentioned facts have led to a
significant focus on specialized model sto predict the
morphological features, heat and mass transfer
characteristics of the mushy zone at micro level and
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its subsequent coupling with the macroscopic heat
and mass transfers requiring large computational
resources. Hence, normally thismicro-macro coupling
is performed at the macro level itself mainly by two
approaches. The first approach is based on the
classical mixture theory by Bennon and Incropera
(19873, b) and the second approach is based on the
volume averaging theory by Beckermann and
Viskanta (1993). All the significant advancements
thereafter have mainly utilized these two approaches
for modeling aloy solidification.

Most of the above-mentioned mushy zone
models have been developed using the Darcy’s
porosity model with the assumption of the columnar-
dendritic morphology as described by Brent et al.
(1988). However, intheregionsof highliquidfraction,
mushy zone morphology ispredominantly freefloating
equiaxed and its modeling isrelatively complex and
lessreported. Itisusually inadequateto represent the
mushy zone having regions of non-stationary solid
phase using the Darcy’s porosity model. Nikrityuk
(2011) has reviewed various hybrid formulations of
mushy zones which provide a means to model the
non-stationary solid phase. Hybrid models provide a
simple approach for modeling the mushy zone as a
fluid with increased viscosity below a critical solid
fraction and asinterdendritic skel eton abovethecritica
solid fraction. Oldenburg and Spera (1992) devel oped
ahybrid model which used switching functions based
on the theory of rheology to effectively control both
the permeability and viscosity during the solidification.
Thismodel handles both the columnar dendritic and
equiaxed morphology of the mushy zone. Morvan et
al. (1999) employed thismodel to study the effect of
latent heat and natural convection on the crystal-melt
interface in a Bridgman-Stockbarger furnace.
Chakraborty et al. (2003) used this model to study
the turbulent momentum, heat and species transport
during binary alloy solidification. Kund and Dutta
(2010) applied thismode for modelingthesolidification
of aliquid aluminium alloy along a cooling slope.
llegbusi and Mat (1997, 1998) developed a hybrid
model which assumed high solid fraction region of
the mushy zone as a non-newtonian semi-slurry
system following a power law relationship with the
rate of deformation and for lower solid fraction it
followed the Darcy’s porosity model (Brent et al.
1988). Later Mat and llegbusi (2002) extended this
work for predicting macrosegregation in alloy

solidification.

It is clear that the development of the
solidification modeling is a continuously improving
process with employment of different approachesto
model specificissuesrelated to solidification of metals

and alloys and its proper validation as reviewed by
Verma and Dewan (2014).

It is seen that various mushy zone models are
available in the literature. However, there is no
systematic study performed to access the suitability
of thesemodel sfor specific applications. Theobjective
of the present study is to compare the Darcy’s porosity
model (Brent et al. 1988) with the hybrid models by
Oldenburg and Spera (1992) and llegbusi and Mat
(1997, 1998) and to delineate the efficacy of each
model in capturing the characteristic features of
solidification of agueous NH,,CI-H,O system which
has been used extensively as an anal ogous systemto
experimentally study the solidification characteristics
of binary alloy system owingtoitstransparent nature,
solidification characteristics (interms of mushy zone
morphology) smilar to aloysand lower melting point.
Therefore we have also considered the same system
for our study. Modelsfor the above-mentioned three
cases were devel oped using the continuum approach
which conddersall thethreeregions, viz., solid, mushy-
zoneand liquid, asasingle-phasethuseliminating the
need to explicitly track the interfacial boundary
conditions. To account for the discontinuity in the
temperature gradient due to the release of the latent
heat, the enthalpy formulation (Brent et al. 1988) is
used for the energy equation in the present study.
The detailed model formulation is described in the
next section thereafter the results and discussion is
presented. Finally, the major findings of the study are
summarized in the conclusions.

Model Description

We have considered the solidification of NH,Cl-H,O
systemin atwo-dimensional rectangular domain (Fig.
1). Themodel employsthe mixture theory by Bennon
and Incropera (1987a) for the micro-macro coupling
(temperature solute microsegregation relation) on a
fixed grid. We have considered the same geometrical
configuration, thermo-physical properties, boundary
and initial conditions as those used by Bennon and
Incropera (1987Db).
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Fig. 1: Schematic of computational domain

Assumptions

(i) Theflow islaminar andincompressible.

(i) Onlysolidandliquid phasesare present and there
isno porosity.

(i) Thesolid andliquid phaseshave equa densities
and hence shrinkage effects during the
solidification are neglected.

(iv) Thedensity isconstant except in the buoyancy
term of the momentum equation.

(v) The phases are in the local thermodynamic

equilibrium and hence equilibrium
thermodynamic phase diagram can be used.

(vi) The properties of NH,CI-H,O system are
evaluated using the mixture theory.

Governing Equations

The governing equations for 2D planar case are
presented in this section.

Equation for conservation of mass equation/
continuity equation

%

o +div(pu)=0 1)

Equation for conservation of X-momentum

d(pu)
ot

+div(puu)

2
= div(u,gradu) —%+ Au @

Equation for conservation of y-momentum

d(pVv)
ot

+div(puv)

= div(w,gradv) —g—5+ Av+ S @

Equation for conservation of energy

M+div

o (puh) =div(agradh) + S, (4)

Equation for conservation of species

¥+ div(puC) = div(p DgradC) + R
)

According to the mixture theory by Bennon and
Incropera (1987a), the mixture density, velocity,
enthal py, species concentration, thermal conductivity
and diffusion coefficient are defined as

P =0sPst+ 9P (6)

u= fug+ fu, (")
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h=fh+fh ®)
C=f{C,+ f,C 9
K= gsKs + gl K| (10)
D=1D (11)

where f_ and f;, the mass fractions of the solid and
liquid phases, respectively, arerelated to the volume
fractions g, and g, by therelation

pf.=0,0.,pf=0p,9,+9 =1 (12

In case both solid and liquid have an equal
density, equation (6) isnot required.

The sensible enthalpy of the solid and liquid
phases are defined as

h=CST and h =CT+h, (13)

The supplementary relations required for the
closure of the above system of equations were
obtained from the phase diagram under theassumption
of thermodynamic equilibrium. The relation for the
temperature solute coupling (micro segregation)
described below was obtained using the lever rule:

1ok, | T-T, (14)

and the concentrations of solutein solidand liquid are
givenby

C.= > |c
7|1k, D) | (15)

1
C=|l———1|C
T 1+ .k, D) (16)

Model 1: Darcy’s Porosity Model (Brent et al.,
1988)

This model assumes the morphology of the mushy

zone to be columnar dendritic and considersit as a
porous medium of a variable permeability (k) given

(1_ f| )2 (17)

here k, denotes the permeability coefficient and f
the liquid fraction. The braking effect of areducing
permeability is introduced into the momentum
equations via the Darcy’s source terms Au and Av
defined as

u Y
MPY ond av=_HiP
kp, kp,

Au=—

(18)

here y, denotes the liquid viscosity, p and p, the
mixture and liquid density and u and v the x and y
componentsof velocity.

Model 2: Hybrid Model by Oldenburg and Spera
(1992)

This model employs Eq. (17) for calculating the
permeability of the mushy zonefor fI <0.5andfor fI
> 0.5, it operates simultaneously on the viscosity (“I)
and permeability (K) of the mushy zone which are
defined as

U (—Al /j’*FfJ (19)

where A =0.4,f=1-f and p’ denotestheinitial
liquid viscosity.

(1-f,)°
k =Gk, [ 2 (20)
here F and G are the switching functions defined as

F =05- arcten[100(f, ~ £5)] (21
TT

G= [o.5+n1arctan[100( f - ff”)]] (22)
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These switching functions are based on the
theory of rheology of suspension and control the
Darcy’s source term (through the permeability) and
the viscosity contributions appropriately. Here the

vaueof f" istakenas0.5asused by Chakraborty
et al. (2003).

Model 3: Hybrid Model by Ilegbusi and Mat (1997)

This model assumes the mushy zone as a non-
newtonian semi-slurry system below a critical
coherency solid fraction (f_,) for whichitsviscosity
follows a power law given by

n-1

w = m‘%(A T A)Y?

for (fs < fcoh) (23)

here mand n denote empirical constants defined as

m=exp(9.783f, +1.435) and (24)
n=0.105+0.41f, (25)
1 uY (ov) du av)
SAA=2|| = | +| = —
2 [(ax) J{ayj )+(8y+axJ
(26)

where A denotes the rate of deformation.

The standard Darcy’s porosity model based on
the Carman-Kozeny equation (Brent et al. 1988) is
applied above the coherency point (f,>f_,), where
the critical coherency solid fraction (f_,) isdefined
as the solid fraction at which an interconnected
network of dendritesfirst forms. Inthe present study
the value of for the agueous NH,CI-H,O system is
taken as 0.3 as used by Mat and Ilegbusi (2002). To
start the solution initial deformation rate is obtained

assuming aconstant viscosity ( ptlo) inthefirstiteration

loop of thefirst timestep. Using theinitial deformation
ratetheviscosity of themushy zoneisvaried according
to equation (23).

The boundary and initial conditions for the
computational domain considered for al the three
cases are shown in Fig. 1. The thermo-physical
properties of NH,CI-H,O system along with other

Table 1. Thermo-physical properties used for NH,CI-H,0
system

Property Symbol (Unit) Solid Liquid
Specific heat c,Q KglK-1) 1870 3249
Thermal conducti- K (WnrlK-1) 0.393 0.468
vity

Density p(Kgnm3) 1078 1078
Diffusioncoefficient D (m?s™?) — 4.8x10°

Viscosity ulo (Kgnmls?l) — 1.3x10°
Latent heat of fusion  h, (JKg™) 3.138x10°
Permesbility coefficient  k, (m?) 5.56x1011
Thermal expansion B; (K™ 3.832x10*
coefficient

Solutal expansion Bs 0.257
coefficient

Eutectic temperature T, (K) 257.75
Eutectic composition Ce 0.803
NH,Cl melting point Tn (K) 633.59
Equilibrium partition k 0.3

coefficient P

data used for the numerical simulation are given in
Table 1.

Numerical Solution Procedure and Model
Validation

The governing equationswere discretized and solved
using thefinite volume method using the commercial
CFD software ANSYS FLUENT 15.0. Since the
present study involvesacomparison of different mushy
zone models where non-uniform pressure gradients
exist, a staggered grid arrangement was used for
capturing the pressure correctly. For the pressure
velocity coupling the PISO algorithm was used. We
have employed the second order upwind scheme for
the discretization of the momentum, energy and
species equations. The computational domain was
meshed with a 100x100 grid and time step of 0.5s
was used. Fig. 2 shows the temperature profiles and
velocity magnitudes along the x-direction computed
using 50x50, 100x100 and 120x120 grid systems at
the location y = 0.05 m (horizontal mid-plane) after
90s. It is observed that the thermal profiles for all
grids overlap with each other, however, the velocity
profilesdo not vary significantly beyond 100x100 grid.
Computations at each time step required
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Fig. 2: Results of grid sensitivity for the computational
domain (A) temperature (K) and (B) velocity
magnitude (m/s) at y = 0.05 m along the x-direction

approximately 200 iterationsfor convergence.

The developed model was validated with the
results of Bennon and Incropera (1987b) using the
Darcy’s porosity model (Model 1) for the differently
heated sidewalls case. It isobserved that the predicted
thermal profile[Fig. 3A (1)], velocity streamfunction
profile[Fig. 3B (1)] and liquid species concentration
profile[Fig. 3C (1)] agree well with those computed
by Bennon and Incropera (1987b) at the same time
instant.

Results and Discussion

AsshowninFig. 1, thecomputational domainisinitialy
kept at a temperature of 311 K. To start the
solidification the temperature of the left wall is
changed to 223 K. The solidification starts from the
left wall and slowly continues in the computational
domain. The evolution of the solidification in the
computationa domain of aqueousNH,CI-H,O system
was considered at 90 s, 180 s and 360 s using the
above-mentioned three models. Figs. 3-5 show a
comparison of theisotherms, streamlines and species
concentration at different timeintervals.

At t = 90 sisotherms for all the three models
[Fig. 3] are curved typically corresponding to strong
buoyancy driven convectionwhich generatesatypical
strong counter clockwisecircular loop (generated due
tothethermal gradient) inthebulk fluid alongwitha
small clockwiserotating weak loop within the mushy
zone (generated dueto the solutal gradient). Also the
isotherms begin to converge with movement fromthe
bottomto thetop. Thisbehaviour isdueto anincrease
inthe solute concentration within themushy zonea ong
the y-direction and it leads to the generation of
clockwiseinterdendritic flow acting against the gravity
within the mushy zone. Theinteraction of thissolute
rich fluid with the warm bulk fluid moving in the
anticlockwise direction driven by the right heated
vertical wall locally reducesthe growth rate causing
athinning of the mushy region near the top end.

InModel 1 the porousformulation of the mushy
zone controls the permeability of the mushy zone
completely, i.e., starting from zero solid fraction
(liquidusregion), therestriction of the bulk flow from
entering the mushy region starts. Hence, in comparison
to Model 2 (having gradual increase in porosity due
to switching functions) and Model 3 (no porous
formulation and only viscosity controlled flow at low
solid fraction value), comparatively lesser amount of
bulk fluid is able to penetrate the mushy zone at the
liquidusin Model 1. It istherefore observed that for
Modd 1, theisothermsdivergenear thetop wall region
as the bulk warm fluid rotating in the anticlockwise
direction contributesto alesser extent in remelting of
the dendritesin the top portion of the mushy zone. In
Model 2 the permeability ishighin comparison to that
inModel 1 duetothe use of switching functionsinits
formulation which offerslesser restriction to the entry
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porosity model), Model 2 (Oldenburg and Spera hybrid model), and
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of the bulk fluid from entering the mushy
region, whereas Model 3 offers no
restriction to the bulk fluid fromentering
the mushy zone near theliquidusregion.
Hence in these two models thinning of
the mushy zone near the top end is
observed. It is aso observed that the
isothermsand the corresponding liquidus
shapeinthe upper half of thedomain are
comparatively irregularinModel 3. This
observation issimilar to that by Mat and
Ilegbusi (2002) who predicted irregular
geometry of theliquiduswith thismodel.
This behaviour may be attributed to the
capability of the model in capturing the
high deformation rate due to the
interaction of accumulated solutewith high
viscosity bulk fluid near theliquidusregion.

A comparison of the velocity
streamlinesat t = 90 s[Fig. 3(B)] shows
that the flow field for both Model 1 and
Model 2 are undistorted and correspond
to strong buoyancy driven flow; however
Model 3 showsdistortion of the bulk flow
field which may be due to the combined
effect of the shear forcesdueto bulk fluid
entering the mushy zone and the distortion
of flow field due to the liquidus front
irregularities. The streamlines
corresponding to Model 1 have sharp
profiles indicating higher bulk flow
strength in Model 1 compared to Model
2and Model 3. Thisfactisconfirmed by
a relatively higher maximum
streamfunction value for the flow in
Model 1.

A look at the curvature of the
liquid species concentration profilesat t
=90 s[Fig. 3(C)] shows high curvature
of theiso-composition linesfor Model 1
owing to higher solutal gradients due to
unperturbed solutal driven convectionin
the mushy zone. This behaviour isagain
in line with the above discussion. The
counter rotating bulk fluid entering the
mushy zone in Model 2 and Model 3
dilutes and homogenises the solute
concentration thereby reducing the solutal
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gradient resulting in nearly vertical iso-
compositionlinesin themushy zonefor Model
2 and dlightly distorted for Model 3 (due to
liquidusirregularitiesasdiscussed earlier). But
thisentering bulk fluidisunableto contribute
significantly to the advection of the rejected
solute into the bulk fluid. This behaviour is
evident from the lower macrosegregation
effectin Model 2 and Model 3in comparison
to that in Model 1. However at t = 90 s, the
bulk macrosegregationislow for al themodels
asindicated by the values of minimum liquid
species concentration in the bulk fluid which
isthe same astheinitial solute concentration
of thefluid.

Attimet = 180 sand subsequently at t =
360 s (Figs. 4 and 5) the thermal, flow and
solutal profiles substantiate the abovetrends.
The mushy zone continued to broaden for
Model 1 and similar trend is aso noticed for
Model 3 at these time instances. Small loops
rotating in the clockwise direction appear for
Model 2 and Model 3 indicating initiation of
the solutal buoyancy. While for Model 3 this
loop remained confined to the bottom of the
mushy zone, for Model 2 number of smaller
loops start emerging along the liquidus line.
This indicates that for Model 3 the solutal
gradients are confined to the top and bottom
of the mushy zone whereas Model 2 showed
solutal gradients distributed in small pockets
along thelength of the mushy zone. Thismay
be attributed to the combined effect of
reducing permeability and increasing viscosity
while moving from the liquidus towards the
solidusregionfor Model 2. Theeffect of bulk
macrosegregation is seen for Model 1 and
Model 3 at t = 360 swith an increase in the
minimum liquid species concentration in the
bulk fluid. However, the strength of the bulk
macrosegregation is less pronounced for
Model 3 in comparison to Model 1 due to
higher viscosity of thefluidin mushy zonein
case of Model 3. It is also seen that Model 2
and Model 3 predict larger mushy region at
the bottom of the cavity as shown in Fig. 6.
Mat and Ilegbusi (2002) also observed this
behaviour with Model 3 and attributed it to
the allowance for the motion of free floating
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particlesand broken dendritesinthismodel. However
at the later stages of solidification when the mushy
zone increases and effect of decline in permeability
within the mushy zone becomes more pronounced,
these di stinctive characteristics do not magnify further
and just continued to follow the set trends.

Conclusion

In the present paper a comparison of two important
hybrid models [by Oldenburg and Spera (1992) and
Ilegbusi and Mat (1997)] with the generally used
Darcy’s porosity model is presented for the case of
solidification of NH,CI-H,0O system in a two-
dimensional rectangular domain. The concept of
splitting the mushy zoneformul ation into viscosity and
porosity control under the aegis of Darcy’s porosity
model allows these models to capture both the
columnar dendritic and equiaxed morphology of the
mushy zone. The distinctive characteristics of the
three model s are highlighted in terms of the shape of
themushy zone, distribution of solutd gradientswithin
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themushy zone, interdendritic flow inthe mushy zone,
irregularity of theliquiduslineandthebulk flow field
and the bulk macrosegregation effect. The Darcy’s
porosity model (Model 1) showed higher curvaturein
isothermsand speci esconcentration profilesalongwith
an early initiation of the solutal buoyancy driven
interdendritic flow inthemushy zoneal ong with higher
bulk flow strength and bulk macrosegregation. For
the hybrid models (Model 2and Model 3) theisotherms
and speci es distribution profileswereless curved due

Notation

Au X-momentum source term

Av y-momentum source term

C, and G speciesconcentrationin solidand liquid

phases of aloy

C; and Qp specific heat of solid and liquid aloy

D speciesdiffusion coefficient inalloy

DI species diffusion coefficient in liquid
dloy

foand f, mass fractions of the solid and liquid
phases

gs and g, volumefractions of the solid and liquid
phase

h sensible enthal py of thealloy

h, and hI sensible enthalpy of solid and liquid
phases of aloy

h; latent heat of fusion of alloy

k permeability

Ko permesbility coefficient

K therma conductivity of thealloy

tothedilution of thesolutd gradient regioninthe mushy
zone by the bulk entering fluid. Theflow field inthe
case of Model 3 wasirregular in comparison to that
in Model 1 and Model 2. Model 3 [hybrid model by
Ilegbusi and Mat (1997)] showed characteristics of
capturing the liquidusirregularities. Both the hybrid
model s showed potential of capturing the settled free
floating particles and broken dendrites in terms of
wider mushy zone at the bottom of the cavity at later
stagesof solidification.

Ksand K| thermal conductivitiesof solidandliquid
phases of aloy

p effective pressure

R species source term

S buoyancy source term assuming
Boussinesq approximation

S, energy source term

T temperature

Si q liquidus temperature corresponding to
solute concentration C

T melting point of solvent

u(u, v) velocity

U and ug liquid and solid vel ocity

ol thermal diffusivity of thedloy

T dynamic viscosity of liquid alloy

P aloy density

pgand 2 solidand liquid density of alloy

A rate of deformation
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