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a b s t r a c t
The numerical simulation of macrosegregation formation during the horizontal solidification of a Sn-3 wt
%Pb alloy in a rectangular cavity is presented and compared to experimental results. The benchmark
experiment consists in solidifying a rectangular ingot of Sn-3 wt%Pb alloy using a solidification setup
with a precise control of the thermal boundary conditions. The 3D simulation is based on a model formerly derived with a two-phase volume averaging technique. It is focused on the solidification stage
of the experiment, during which lead segregation occurs. Both the temperature field measured in situ during the solidification and the post-mortem observations of macrostructures can be compared with the
numerical simulation results. These comparisons are rather good: the evolution of the temperature field
during the solidification process is well reproduced, and the main zones of lead enrichment are recovered. A particular focus is made on the segregated channels development mechanism, as well as their size
and geometric shape. They are observed to grow in the vicinity of the side walls and to feature a curved
tubular shape in the simulations.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
During the solidification of metal products, heterogeneities and
defects at the scale of the ingot may appear; often referred to as
macrosegregations, they affect the properties and the quality of
the final product [1]. Many experimental investigations have been
dedicated to this phenomenon in alloys solidification. Hebditch
and Hunt [2] carried out a reference experiment to investigate
the macrosegregations during the horizontal solidification of rectangular ingots of lead–tin and tin–zinc alloys. This experiment was
designed to be a quasi-2D benchmark. It has been a reference case
for numerous simulation works, either interested in benchmark
problems [3,4], or studying different aspects of the situation, as
the modeling of the microsegregation impact [5], the shrinkage
induced segregation [5,6], and the growth kinetics [6,7]. The experience of Hebditch and Hunt, however, presented uncertainties in
the control of the thermal conditions, which made it difficult to
accurately simulate the heat transfer. The macrosegregation was
⇑ Corresponding author.
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http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.04.120
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also studied in solidification experiments concerning cylindrical
ingots of tin–lead alloys and using very low cooling rates [8–10].
The prediction of the segregation defects, in particular at the
macroscopic scale, has been shown to be strongly dependent on
the permeability model (impact of the overall anisotropy [5] and
the permeability level [11]), the fluid inertia through the Forchheimer correction term [12] and the scheme and mesh size
adopted in the numerical discretization [13].
In an effort to address these issues, a series of experimental
works has been performed in the SIMAP/EPM laboratory. A new
design and new technical solutions have been chosen in order to
accurately control the cooling rate and the horizontal temperature
gradient, particularly through the use of a closed-loop control and
detailed temperature measurements. The work was initiated by
Quillet et al. [14], who built the first model of the AFRODITE experimental setup. They conducted an experimental study on the solidification of a rectangular tin–bismuth ingot, heated horizontally
from one side. Wang and Fautrelle [15] then carried out experiments on pure tin samples heated from the two lateral sides, which
gave the possibility to maintain a stable horizontal temperature
difference. More recently, Hachani et al. presented results of
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tin–lead experiments focused on the effect of natural convection
and initial concentration on the formation of macrosegregations
[16,17]. They also studied the effect of forced convection driven
by electromagnetic field [18,19].
Macrosegregation phenomena are very complex. They can be
seen as the result of relative movements of solid and liquid phases.
These movements have different origins: for example, natural/
forced convection and flow induced by shrinkage for the liquid
phase, grain motion and solid skeleton deformation for the solid
phase [1]. The numerical models used to describe macrosegregations formation have been long too simple to reproduce the intricate physics. Recently, however, new models involving transport
equations for the different scales appeared which gave interesting
results. These models are based on volume averaging or statistical
averaging techniques [20–23]. Analysis of results obtained in the
numerical solidification benchmark [3,24] showed that different
numerical realizations of a unique system of coupled equations
with different models lead to different results even in 2D
approaches. As far as physical experiment is concerned, one should
be aware of the braking effect of the lateral walls, as noticed by
Boussaa et al. [25]. Furthermore, 2D simulations are not able to
properly describe the 3D-shape of the segregated channels. Four
recent 3D numerical studies investigated the shape of the segregated channels [25–27,11]: two studies predicted tubular shapes
and two predicted lamellar shapes. Concerning the experimental
studies, they generally do not address this question.
A former conference paper [25] gave a first glance at the comparison between experiments and 3D numerical simulations in
the AFRODITE setup. It confirms that 2D simulations overestimate
the velocity intensity and fluctuations in the cavity before solidification and poorly reproduce the flow pattern. This is attributed to
friction on the lateral walls, which is neglected in standard 2D
models [28]. The experimental results used for this first comparison were obtained on a former version of the AFRODITE setup
with a cooling rate of 0.02 K/s. These experimental runs revealed
margins for improvement in the AFRODITE setup, which led to
the present improved version of the setup. Moreover, the only
experimental information about segregation was given by a postmortem X-ray view of the global solidified sample. In practice, if
promising information about mesosegregation patterns was
obtained from both experimental and numerical sides, the connection between these experimental and numerical results was quite
weak.
The goal of the present paper is to give a deeper comparison
between, on one hand, new experimental results obtained from
an improved AFRODITE setup and, on the other hand, 3D numerical
modeling based on the developments presented in [24] for the
solidification of Sn-3 wt%Pb alloy. The cooling rate has been
increased to 0.03 K/s. Two-dimensional maps of the experimental
temperature field are obtained thanks to an array of thermocouples. The experimental results include post-mortem X-ray views,
the usual global view of the sample, but also cross-section views.
More quantitative information is also given by local post-mortem
ICP (Inductively Coupled Plasma) concentration measurements
over the whole sample. These experimental results are confronted
with the corresponding results obtained numerically. The numerical simulation is also used to make a focus on the segregated channels formation.

Hebditch–Hunt macrosegregation experiment [2], with emphasis
on achieving well-defined and monitored thermal boundary
conditions.
The results of a solidification experiment performed in the
AFRODITE setup will be presented in this paper. A slender rectangular sample of a Sn–Pb binary alloy has been solidified in a wellcontrolled experiment, with a temperature difference DT between
the two end sides maintained at 40 K and a cooling rate CR of
0.03 K/s. This slow-cooling condition is used in order to promote
the formation of segregations. The time evolution of the temperature field has been recorded thanks to a dense array of thermocouples. This gives us a real-time insight into natural convection in the
liquid phase and into the solidification process. Finally postmortem analyses of the solidified sample have been performed:
X-ray radiographies show the macrosegregation patterns and ICP
analyses give a quantification of the solute distribution.

2. Experimental setup

2.2. Thermal resistance and boundary conditions

The AFRODITE experimental setup developed in the
SIMAP–EPM laboratory is a key tool for the validation of numerical
models as it affords detailed measurements obtained with
thoroughly controlled initial and thermal boundary conditions. In
its principle, the experiment is similar to the well-known

The temperature difference DT between the two exchangers is
monitored during the whole process, as shown in Fig. 2. However,
because of the thermal contact resistance between the exchangers
and the melt, the exact temperatures applied at the sample ends
are unknown and have to be determined for the sake of

2.1. Description of the AFRODITE experimental setup
The experimental setup, shown in Fig. 1a, consists of different
main parts: the sample of Sn–Pb binary alloy (1), the stainless steel
crucible (4) with welded thermocouples (5), the two heat exchangers (2) and (6), and the linear motor (8), which generates a travelling magnetic field in order to homogenize the solute during the
initial melting of the sample. In addition, a Kirchhoff box, not represented on the figure, is used to minimize the losses by radiation.
The whole setup is put inside a vacuum chamber (for more details,
see [15,16]).
The initial Sn–Pb binary alloy sample is enclosed in a parallelepipedic cavity of 100 mm in length (along the x axis), 60 mm
in height (along the y axis) and 10 mm in width (along the z axis).
Note that the back wall corresponds to z = 0 mm and the front wall
to z = 10 mm (see the axes in Fig. 1b). The differential heating of
the sample is achieved by two heat exchangers, which independently control the temperature at either end of the sample. The
sketch in Fig. 1b shows the sample and the two heat exchangers,
together with the positions of the fifty thermocouples, which
map the side wall of the crucible. These K-type thermocouples
record the temperature at a rate of 1 Hz.
The whole solidification process consists of the five steps illustrated in Fig. 2: the melting of the initial sample, the first temperature stabilization to obtain a homogenous temperature inside the
sample, the creation of the temperature difference DT between the
ends of the sample, the second temperature stabilization with
applied DT, and, finally, the cooling of the sample. During the first
stabilization of the temperature field, electromagnetic stirring is
used to homogenize the liquid sample. Stirring was mandatory in
order to avoid lead stratification which might occur during the
melting step. Indeed, it was previously observed that, after the
melting and the application of the temperature difference between
the two endwalls (i.e. at step 4 in Fig. 2), the temperature field distribution without any stirring consisted of vertical isotherms as in
a solid. This was an indication that natural convection was almost
suppressed, and the most likely reason is the existence of density
stratification due to the lead segregation occurring during the
melting step. As expected, this effect was observed to be more pronounced at higher lead composition as in Sn-10 wt%Pb samples
[17].
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(a)

(b)

Fig. 1. (a) Schematic of the experimental facility and (b) sketch showing the positions of the thermocouples on the side wall of the crucible. The components of the
experimental apparatus shown in (a) are: (1) Sn–Pb sample, (2) left heat exchanger, (3) resistance, (4) stainless steel crucible, (5) thermocouples positions, (6) right heat
exchanger, (7) water cooling system, (8) linear motor for stirring.

numerical temperature distributions in the melt before solidification [28].

Stirring

3. Model description and numerical approach

Fig. 2. Time evolution of the temperature measured at the thermocouples FL3 and
FR3 (in the left and right heat exchangers, respectively, close to the sample) during
the solidification of the Sn-3 wt%Pb alloy. The applied temperature difference is
DT = 40 K, and the cooling rate is CR = 0.03 K/s. The evolution is composed of five
stages: (1) the melting step, (2) the temperature plateau to obtain a homogenous
temperature field, while electromagnetic stirring is applied to homogenize the
solute, (3) the application of the temperature difference DT, (4) the second stage of
temperature stabilization, and (5) the solidification at constant cooling rate.

comparison with numerical simulations. To have an estimation of
the temperature difference in the melt (DTmelt), the heat conservation law is applied, along the x-axis and at mid-height (y = 30 mm),
to a control volume containing two thermocouples in the heat
exchangers (e.g., FL5 and FL6 for the left heat exchanger) and one
in the melt (e.g., L21). Denoting Tleft-end the unknown temperature
at the left end of the sample and following what is proposed in
[15,16,11] and [28], we can write:

U¼

kCu ðT FL6  T FL5 Þ kSn3Pb ðT left-end  T L21 Þ
¼
;
e1
e2

ð1Þ

where kCu = 380 and kSn-3Pb = 33 Wm1K1 are the thermal conductivities of copper (exchangers) and of the Sn-3 wt%Pb melt, respectively, e1 = 15 mm is the horizontal distance between the exchanger
thermocouples, and e2 = 5 mm is the horizontal distance between
the thermocouple L21 and the left endwall. This calculation is performed for both endwalls and the difference between the two
extrapolated temperatures gives DTmelt  20 K. It is thus this temperature difference which will be used in the numerical simulations. This approach has previously been validated by showing the
very good agreement it affords between the experimental and

The simulation of alloy solidification in presence of convection
requires the solution of coupled conservation equations for mass,
momentum, energy, and concentration, with the necessity to take
into account a phase transition governed by a phase diagram. The
approach used in the present simulations is based on a two-phase
volume averaging technique [22]. The system of macroscopic
equations, equation for the thermodynamic temperature T
(uniquely defined for the liquid and the solid phase), momentum
equation for the liquid phase formulated with its intrinsic velocity
~
V ¼ g l~
v l and equation for the average concentration
hCi ¼ g l C l þ g s C s , is given in Table 1 (Eqs. (2)–(4)) [3]. The solid
phase is immovable and its description does not require any
momentum equation. Furthermore, spatial variations in the average concentration due to convection are related to concentration
in the liquid phase. Here, the subscripts l and s are related to the
solid and liquid phase, respectively, and gl and gs are the liquid
and solid volume fractions.
The flow between the dendrites in the mushy zone is taken into
account by adding a Darcy term in Eq. (2) with a permeability K
given by a Kozeny–Carman law based on the secondary dendrite
arm spacing k2 (Eq. (6)). This secondary arm spacing changes during the maturation of the dendrites. In the calculations, however,
we have used a constant value, k2 ¼ 90 lm, obtained by postmortem analyses of the solidified sample [16]. The thermal conductivity k is locally calculated as k = klgl + ksgs, using the values
of the thermal conductivities kl and ks given in Table 2 and the local
values of the volume fractions gl and gs. Under the assumptions of
thermodynamic and chemical equilibrium, along with an instantaneous diffusion of the solute in both phases, the concentrations in
the liquid and solid phases within the mushy zone are related via
the lever rule, i.e. Cs = kpCl, with kp denoting the partition coefficient. We also assume that, within the mushy zone, the solute concentration in the liquid and the thermodynamic temperature are
related via a linearized phase diagram with a liquidus slope mL
(Eq. (8)). The density of the solid phase is considered as constant
and the Boussinesq assumption is used for the liquid density in
the buoyancy term. Finally, the no-slip condition is assigned to
all the walls. These walls are also assumed to be thermally insulated, except for the two narrow vertical endwalls (at x = 0 and
x = 100 mm), on which uniform temperatures are imposed. The
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convective, and diffusive terms are specified via appropriate
user-defined functions [30]. The model has formerly been checked
against a numerical solidification benchmark [24].

Table 1
Model.
Mass and momentum:

r:~
V¼0

ð2Þ

@~
V q
lg
~~
VÞ  g l rp  l l ~
V þ gl q
q0 þ 0 ð~
V:rÞ~
V ¼ r:ðlr~
g
gl
K
@t

ð3Þ

Heat:

q0 c p
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@T
@g
V:rT ¼ r:ðkrTÞ þ q0 L s
þ q0 c p ~
@t
@t

ð4Þ

Solute:

@hCi ~
þ V:rC l ¼ 0
@t

ð5Þ

4. Results
In this section, we will compare the experimental results
obtained with the AFRODITE setup on the solidification of
Sn-3 wt%Pb with numerical simulation results. As explained in
Section 2.2, the simulation is performed with a temperature
difference DT melt ¼ 20 K between the endwalls and the cooling rate
is CR = 0.03 K/s.
4.1. Temperature field

Density:

q~ ¼ q0 ð1  bT ðT  T 0 Þ  bC ðC l  C 0 ÞÞ

ð6Þ

Permeability:

K¼

g 3l
k22
180 ð1  g l Þ2

ð7Þ

Lever rule, phase diagram:

hCi ¼ g l C l þ g s C s ¼ ðg l þ kp ð1  g l ÞÞC l

ð8Þ

T ¼ T f þ mL C l

ð9Þ

Table 2
Thermo-physical properties of Sn-3 wt%Pb.
Phase diagram data for Sn–Pb
Melting temperature of pure Sn
Eutectic temperature
Eutectic mass fraction
Liquidus slope
Partition coefficient
Initial mass fraction

Tf
TE
CE
mL
kp
C0

°C
°C
wt%
K (wt%)1
–
wt%

232
183
38.1
1.286
0.0656
3

Thermal data
Specific heat (liquid or solid)
Thermal conductivity in the liquid
Thermal conductivity in the solid
Latent heat

cp
kl
ks
L

J kg1 °C1
W m1 °C1
W m1 °C1
J kg1

242
33
55
6.07  104

q0

bT
bC

l

kg m3
K1
(wt%)1
kg m1 s1

7130
9.5  105
5.3  103
2  103

k2

m

90  106

t
dt
dx  dy  dz

s
s
m3

–
5  103
(5  104)3

Other characteristics
Density
Thermal expansion coefficient
Solutal expansion coefficient
Dynamic viscosity of the liquid
phase
Secondary dendritic arm spacing
Calculation parameters
Time
Time step
Grid size

thermo-physical parameters used in the simulation are given in
Table 2 [4,29].
The Eulerian fluid–fluid model within the frame of the Euler–
Euler approach has been chosen among other multiphase models
proposed by FLUENT. In this approach, the different phases are
defined in the whole cavity, but they are locally characterized by
the volume fraction they occupy. Momentum and continuity equations are solved separately for each of the two phases. The terms
related to thermal and solutal buoyancy convection and the Darcy
term are implemented into the momentum equations for the liquid
phase via user-defined functions. The governing Eqs. ((1)–(4)) are
solved using a scalar transport equations solver, where unsteady,

Selected instantaneous colormaps of the temperature field are
given in Fig. 3 to illustrate the thermal evolution during the solidification process (stage 5 in Fig. 2). The results in the left column
have been obtained numerically and those in the right column
have been obtained experimentally. In both cases, the temperature
field is taken at the side-wall of the crucible (z = 0), which is
equipped with the thermocouples. However, as it was shown that
the temperature field in such slender cavity is quasi-2D [28], Fig. 3
gives a good representation of the temperature field in the cavity.
The first snapshots (Fig. 3a-1 and a-2 at t = 15,150 s) are taken
at the appearance of the solidification front on the cold side (left
end of the sample), and the sample at that time is still mainly liquid. The observation of both numerical and experimental temperature fields shows that, despite the low value of the Prandtl
number (Pr  0.015), the flow is strong enough to distort the isotherms. This flow, due to the applied horizontal thermal gradient,
corresponds to a single roll, which occupies the whole cavity and
goes up the hot wall and down the cold wall. The temperature field
presents a stratified core and boundary layers along the vertical
endwalls. The maximum velocity obtained by simulation at this
step is 1.83  102 m/s.
At t = 15,600 s, i.e. 530 s after the beginning of the solidification,
the solidification front has progressed from the left to the right.
Compared to the previous selected time (t = 15,150 s), the isotherms in the left part of the sample, which is now in solid or
mushy zones, gradually become vertical with a mainly conductive
transfer. The isotherms in the liquid zone are also less distorted
(Fig. 3b-1 and b-2). This is due to the progress of the solidification
front, which entails a reduction in size of the fluid zone and a
reduction of the thermal gradient in this zone. The maximum
velocity, calculated numerically in the liquid, is now
0.75  102 m/s, which indicates a strong reduction (about 60%)
compared to its value at the beginning of the solidification
(t = 15,150 s).
At t = 15,680 s, the solidification front has kept progressing from
left to right, reducing the size of the liquid zone. The temperature
gradient in this liquid zone has still been decreased (see the
increased space between successive isotherms in Fig. 3c-1 and c2), and the maximum velocity is now reduced to 0.41  102 m/s.
Finally, at t = 16,050 s, a second solidification front has
appeared on the right side of the sample (Fig. 3d-1 and d-2),
because the temperature imposed on this side is now below the
melting temperature of the alloy. The liquid phase, confined
between the two fronts, has nearly disappeared to give a global
mushy zone. In this zone, weak residual velocities remain, organized as two counter-rotating rolls because the velocity is upward
in the central part which is warmer than the sides. At this step, the
heat transfer is mainly conductive with quasi-vertical isotherms.
The left and right solidification fronts will further meet,
numerically at x = 68 mm and experimentally at x = 75 mm (the
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experimental value is obtained from post-mortem analyses, see
Section 4.4). Hence, the last liquid does not solidify at the right
endwall, but rather at some distance (one-fourth to one-third of
the length) from this wall.
Globally, it is seen that the numerical simulations exhibit a
good consistency with the thermal field observed at all stages of
this solidification experiment.
4.2. Macrosegregation
To investigate the macrosegregation, an X-ray photography of
the solidified sample is taken. The main objective is to observe all
types of macro-mesosegregations, especially the segregated channels which are difficult to track. Lead easily absorbs the X-rays since
it has a higher atomic weight than tin. The contrast in the grey level
photograph thus provides an indication of the solute distribution
within the sample: lead-rich zones appear as relatively clear zones
on the photograph. Fig. 4 shows a comparison between the X-ray
photograph and the solute (lead) concentration distribution

obtained at the end of the numerical simulation and averaged over
the sample thickness (along the z-axis).
On the X-ray photography (Fig. 4a), we observe the existence of
white channels, mostly in the lower left part of the sample which
corresponds to the first solidified zone. These channels correspond
to zones rich in lead. These zones, called segregated channels or
freckles, can also be observed in the numerical calculations
(Fig. 4b). Numerically, it is verified that the lead concentration in
these zones is higher than the initial concentration C0 = 3 wt%.
The appearance of the channels is favored by the strong convective
flow which exists at the beginning of the solidification and drains
the solute, rejected by the newly formed solid, along the mushy
zone. Later, the convection is reduced, particularly when the second solidification front appears at the right wall, and freckles are
not observed.
Another characteristic feature observed on the X-ray photograph in Fig. 4a is the lead-rich column located in the right part
of the ingot, in the zone where the last liquid, strongly enriched in
lead, is solidified (compare with Fig. 3). The geometric shape of this

a-1

a-2

b-1

b-2

c-1

c-2

d-1

d-2

Fig. 3. Temperature fields at selected instants during the solidification of a Sn-3 wt%Pb alloy: (a) t = 15,150 s, (b) t = 15,600 s, (c) t = 15,680 s, and (d) t = 16,050 s. The indexes
1 and 2 correspond to the numerical calculations (on the left) and the experimental data (on the right), respectively. The white dashed rectangle on the numerical snapshots
represents the part of the domain in which thermocouples are present. Conversely, the white stripe all around the color map on the experimental snapshots corresponds to
the part of the domain in which no thermocouple is present.
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column (with a basis larger than the top) is connected to a sedimentation effect which leads to the accumulation of the heavier
lead-rich alloy at the bottom of the sample. The numerical results,
in Fig. 4b, are here again consistent with the experiment, since they
give the same type of lead-rich column, with lead concentrations
above 4 wt%.
Fig. 4 thus shows a rather good qualitative agreement between
the experiment and the simulation. We note, however, significant
differences. The lead-rich column visible on the experimental sample is located closer to the right endwall than that obtained numerically. This difference may arise from the difficulty to have
perfectly matched initial and boundary conditions between the
simulation and the experiment, but also from the variability in
the position of this column for given experimental conditions. Concerning the segregated channels, their number and morphology
also differ. Variability effects, but also model approximations, can
be invoked. Indeed, the freckles development mechanism in the
simulations is expected to be strongly linked to the dendrite secondary arm spacing, k2, which is the length scale used to define
the permeability in the mushy zone. This choice is a significant
simplification of the intricate morphology of the columnar dendrites developing in the mushy zone. In particular, the permeability is possibly overestimated in the model compared to real
columnar structures.
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be noted that the color labels in Fig. 5a are somewhat different
from those in Fig. 5c.
In the xy plane, at 0.5 mm from the front wall, two channels are
visible: they correspond to low solid fraction (Fig. 5b) and high
lead concentration (Fig. 5c). From the views in the xz plane, we
see that these channels have grown along the front wall, while
another channel is visible along the back wall. In the mushy zone,
the flow (Fig. 5b) is mainly determined by the strong convective
roll existing in the liquid phase. At the channel boundaries, however, the fluid motion is influenced by the concentration gradients.
Indeed, the area surrounding each channel rejects lead while solidifying, thus enriching the channel in heavier solute, which induces
a pumping effect by solutal buoyancy. Locally, the resulting flow
occurs from the zones with a relatively high solid fraction towards
the more liquid zones, which still drains the solute towards the
channels. These observations can be made in both the xy and xz
planes, indicating the 3D nature of this phenomenon.
The enrichment of the segregated channels can be well
observed in the color map of lead concentration shown in Fig. 5c.
Indeed, lead concentrations far higher than the initial concentration C0 can be found in the channels. This enrichment causes the
depletion of the surrounding zones, which is visible both in the
xy and xz planes. Fig. 5c also clearly depicts that the channels
are located near the side walls and exhibit a tubular form. It must
be noted that the transverse size of the computed channels is
larger than that of the experimentally visualized channels.

4.3. Development of the segregated channels
4.4. Lead concentration profiles in the solidified ingot
It has been formerly shown that, during the solidification of
samples in the AFRODITE setup, the temperature in the liquid
exhibited a fluctuating behavior, in connection with the fluctuating
convective roll [25]. In the vicinity of the liquidus temperature,
these local temperature fluctuations induce heterogeneities in
the local concentration field, as prescribed by the phase diagram.
And while the temperature of the sample slowly decreases, leadrich areas remain liquid while poorer areas begin to solidify. This
mechanism is illustrated in Fig. 5, where we focus on the formation
of segregated channels at an early stage of the solidification where
only a mushy layer exists at the cold endwall. Colormaps of the
solid fraction are shown in Fig. 5a and b, while colormaps of the
averaged lead concentration according to Eq. (7) are shown in
Fig. 5c. In each figure, two 2D views are presented, one in the vertical xy plane at z = 9.5 mm and the other in the horizontal xz plane
at y = 3 mm. The channels, corresponding to low solid fraction
zones, can be seen in the lower left part of the cavity in Fig. 5a.
To better highlight the phenomenon, these views are zoomed in
Fig. 5b where the velocity field in the mushy zone is superimposed
and in Fig. 5c where the lead concentration is presented. It should

The X-ray photography only gave qualitative information on the
macrosegregation in the solidified ingot. Quantitative data, however, have been obtained by ICP analyses done on samples taken
at the locations of the 50 thermocouples. Each sample corresponds
to a cylinder of 3 mm diameter taken over the thickness of the
ingot (i.e. along the z axis). The analysis, presented in references
[16–19], gives the mean lead concentration of each sample. Fifty
lead concentration values are thus obtained, taken at five different
heights from y = 10 mm to y = 50 mm (see the position of the thermocouples in Fig. 1b). The lead concentrations obtained by ICP
analysis along three horizontal lines (at y = 10 mm, 30 mm and
50 mm) are presented in Fig. 6, where they are compared with
those obtained numerically on the same lines, after averaging over
the thickness of the ingot.
As expected from the formerly discussed sedimentation phenomenon, the numerically obtained concentration profiles exhibit
stronger lead concentrations at y = 10 mm (lower height) than at
y = 30 mm, the concentrations at y = 50 mm being the smallest.
We can also observe that the numerical concentration profiles have

Macrosegregaon

Channels

(a)

(b)

Fig. 4. (a) X-ray photography of the solidified sample and (b) thickness-averaged lead concentration map obtained by numerical simulation, at the end of the solidification
process (in wt%).
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(a)
-1

× 10

(b)

(c)
Fig. 5. Initiation of the segregated channels, 80 s after the beginning of the solidification process: (a) solid fraction distribution maps in the xy plane at z = 9.5 mm and in the
xz plane at y = 3 mm; (b) zoom on the regions of interest in (a), with the velocity field in the mushy zone superimposed (Vmax = 1 mm/s); (c) distribution of averaged lead
concentration in the zoomed areas, with a color scale restricted to [2.5, 4 wt%] in order to better visualize the segregated channels. Note that in the xz-plane views, the front
wall (z = 10 mm) is at the top and the back wall (z = 0 mm) is at the bottom (see the orientation of the z axis). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

R. Boussaa et al. / International Journal of Heat and Mass Transfer 100 (2016) 680–690

a clear maximum (appearing as a peak) at the same abscissa
x = 68 mm, which is the position of the solidification-end column.
This peak is stronger for the small heights, indicating that the column is richer at its basis. No segregated channels can be detected
on the y = 50 mm and y = 30 mm lines, i.e. there is no significant
fluctuation of the concentration along those lines. Conversely, for
y = 10 mm, we can observe a segregated channel at x  9 mm, in
agreement with what was found in Fig. 4b. This channel is visible
through a local maximum of lead concentration (higher than the
initial concentration C0 = 3 wt%) surrounded by two minima
(depletion zones). The true maximum in the segregated channel
must be higher, because the value shown is an average along the
ingot thickness whereas the channel is a local structure, located
close to the side wall.
These observations are mainly confirmed by the experimental
ICP results: concentration generally higher at the bottom of the
sample, presence of a concentration peak at the position of the
solidification-end column (located at x = 75 mm in the experiment). The ICP results obtained for each height, however, are given
at only ten selected positions (thermocouple locations) and are
averaged over a finite size sample. The observation of the localized
and thin segregated channels is then difficult with this technique.
The sedimentation phenomenon is also not clearly shown in the
left part of the ingot, in the zone where segregated channels exist.
The comparison between the calculation and the experiment
shows that the concentrations obtained numerically on the left
side of the solidification-end column are slightly higher than those
obtained by ICP analysis. The opposite is observed on the right side.
The global variation of the concentration along the ingot, however,
is quite similar: from x = 0 mm to x = 50 mm, the concentration
globally decreases; it then goes up stiffly, until it reaches its maximum at the solidification-end column; it then decreases stiffly,
and finally goes up in the right end-part of the ingot. Note finally
that the best agreement between the ICP data and the numerical
results is obtained for y = 50 mm (black triangles and curve,
respectively), a region, in the upper part of the ingot, where exist
small concentration gradients. It must be noted that the shrinkage,
present in the experiment, is mainly localized at the upper right
part of the ingot (see for example Fig. 4a). Thus, it is likely that
the shrinkage does not affect much the composition distribution
measured in the ingot.
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A 3D view of the lead concentration in the solidified ingot
obtained by numerical simulation is shown in Fig. 7: the isoconcentration surfaces at 3.3 wt% inside the ingot (displayed in
red) highlight the lead rich zones, i.e. principally the bottom part
of the ingot, the segregated channels, and the solidification-end
column; the concentrations maps on the back and left walls keep
a view of the global concentration field in the ingot.
The segregated channels in the simulation appear in the left
part of the ingot. They correspond to tubular structures along the
front or back walls. These structures are initiated close to the cold
left endwall, at a certain height. As the solidification front
progresses, they develop in the mushy zone with a descending
arc shape, in connection with the descending convective motion
existing in this solidification zone. The channels have a diameter
of 1–2 mm and a length of 5–30 mm. The solidification-end column presents a Gaussian-like shape indicating zones richer in lead
at the bottom of the column, as expected from the sedimentation
effect. It should be observed that despite the fact that the boundary
conditions at the front and back side walls are symmetrical, a dissymmetry is observed in the shape of the segregated channels in
the left part of the ingot. This may be due to the fluctuations of
the temperature field mentioned in Section 4.3, which generate
asymmetries. Indeed, the convective flow generated in the melt
in our experimental device is expected to be steady and symmetric
only for small applied DT. In real situations as the one studied here,
the flow is oscillatory and the appearance of the oscillations is generally associated with a loss of symmetry, which will affect both
the convective flow and the temperature field.
To assess these observations, new experimental analyses are
proposed. The ingot is cut into slices parallel to the yz plane
(Fig. 8), which are analyzed by X-ray photography performed in
the perpendicular x-direction. The slices have a thickness ranging
from 4 to 6 mm and are roughly situated at the following abscissa:
x = 10, 20, 30, 40, 50, 60, 70, 80 and 90 mm. The corresponding Xray photographs are shown in Fig. 9, together with views of the
lead concentration field in yz planes extracted from the simulation
at the same x-coordinates as the ingot slices. Note that the global
brightness in the X-ray images of the ingot slices is sometimes
higher due to the X-ray imaging technique. In fact, the brightness
depends on the orientation of the upper face of the slice with

4.5. Segregated channels morphology
In this section, we focus on the shape of the segregated channels
in the solidified ingot. Both the numerical simulation and specific
experimental analyses will be used to characterize this shape.
5
Line 10 mm (Exp)
Line 10 mm (Num)
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Line 30 mm (Num)
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Fig. 6. Lead concentrations obtained by ICP analysis (symbols) and by numerical
simulation (lines) along horizontal lines (x direction) at different heights (y = 10, 30,
and 50 mm).

Fig. 7. 3D view of the lead concentration in the solidified ingot (numerical
simulation) in order to highlight the shape of the segregated channels. The red
surfaces correspond to the iso-value 3.3 wt% within the ingot volume, whereas
colormaps of concentration are plotted on the backwall and on the left endwall. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 8. Schematic representation of the slices parallel to the yz plane obtained from
the solidified ingot (views from the side, given as dashed rectangles). These slices
have a thickness ranging from 4 to 6 mm.

respect to the X-ray beam, a perpendicular orientation giving more
reflection and then more brightness. This orientation is not well
controlled in our measurements, because the slices have not perfectly parallel faces, and this will generate a discrepancy in the global brightness. Similarly, the lateral edges of the slices may appear
as black areas as they are rather parallel to the X-ray beam and do
not reflect the beam.

On the simulation plots (Fig. 9a), the segregated channels are
visible in Fig. 9a-1 to a-4 (left of the sample), with rather circular
cross-section shapes, and they are close to the side walls. On the
X-ray photographs, seemingly tubular forms close to the side walls
can also be found, in particular in Fig. 9b-1 and b-5. However,
although the general trend is that their shape is tubular, the channels are not systematically located close to the walls in the experiment: they may appear in the core of the ingot, with elongated
shapes, sometimes a little blurred. Note that the slices of the ingot
used for the X-ray photography have a significant thickness on
which channels will describe a path. This suggests that the X-ray
photographs provide elongated forms of channels, which are in fact
the projection of these paths, moreover attenuated in intensity by
averaging over the slice thickness. The lead sedimentation also
clearly appears in the X-ray photographs, particularly all around
the zone where the end of solidification occurs (Fig. 9b-5 to b-9).
The solidification-end column, which appears quite well symmetric with respect to the middle vertical xy plane (at z = 0.5) in the
simulation (Fig. 9a-7), does not present such a symmetry in the
experiment (Fig. 9b-7 and b-8), except approximately in its lower
part.
The main result of this section is that our 3D numerical model
of the Sn-3 wt%Pb alloy solidification in the AFRODITE setup predicts a tubular-type shape for the segregated channels, in contrast
with recent numerical works done on the same type of benchmark
experiment [27]. The experimental results obtained by X-ray

Channel

Channel
Fig. 9. Views in yz planes at different positions 1–9 in the ingot corresponding to x = 10, 20, 30, 40, 50, 60, 70, 80 and 90 mm: (a) colormaps of the lead concentration obtained
by simulation in these planes, with a concentration range between 2 and 4 wt%, (b) X-ray photographs of the ingot slices centered on the abscissa defined above (lighter grey
levels correspond to lead-rich areas). Note that in these yz-plane views the front side of the sample (z = 10 mm) is on the right and the back side (z = 0 mm) is on the left (see
the orientation of the z axis). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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imaging on the solidified ingot seem to confirm this prediction. The
channel morphology, however, seems more complex than in the
calculations.

4. Conclusions
A 3D solidification model, implemented in a numerical code, is
used to simulate the solidification of the Sn-3 wt%Pb alloy in the
AFRODITE setup. The corresponding experimental results are also
available, with temperature data registered during the whole
solidification process and concentration data obtained by postmortem analyses, allowing confrontation between the numerical
and experimental results. The solidification model has been
derived on the basis of a two-phase volume averaging technique. With this model, very good comparisons are obtained with
the measured thermal fields during the solidification process. This
implies that the buoyancy convection is correctly taken into
account in this 3D simulation. Despite the almost twodimensional character of the thermal field in this slender cavity,
the velocity field is not two-dimensional and must be solved with
a 3D approach. It was shown in [25] that the 2D calculations
overestimated the velocity field in the cavity before solidification
by a factor about 1.5. Accordingly, the bulk temperature variations were not well predicted. So former 2D calculations of this
solidification process were not able to reproduce the experimental results correctly. 2D models including terms taking into
account the friction at the side walls (2D1/2 model) [28] could
perhaps give better results.
The agreement is also found reasonably good regarding the
macrosegregation map and the segregated channels morphology.
The zones of strong lead enrichment are well predicted by the
model. The segregated channels are of complex fully 3D morphology and seem to be rather of tubular shape. This is confirmed by
the experiments. The numerical simulations show that they appear
preferably near the side walls and exhibit a curved shape, but this
feature is not clearly confirmed by the experiments. In fact, further
improvements in the experimental and numerical approaches are
needed in order to correctly characterize the segregated channels
and their morphology. On the experimental side, the use of precise
three-dimensional analyses of the ingot would be interesting. On
the numerical side, the perspectives could be both the improvement of the model and the use of finer meshes. It must be stressed
that in the experiments an equiaxed zone appears at the end of the
solidification, and a columnar numerical model cannot fully represent the real phenomenon. Previous 2D numerical simulations
have also shown that the size of the grid influences the number
and the location of the segregated channels [3]. We have not been
able, however, to investigate this effect in 3D because of the very
large required computation time. For the same reason, we did
not test the variability of the numerical solution for various realizations of the computation with different initial conditions. It was
thus not possible to compare the numerical results with more
recent experiments which report a certain variability in the
mesosegregation results (cf. Fautrelle et al. [31]).
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[12] A. Kumar, M. Založnik, H. Combeau, B. Goyeau, D. Gobin, A numerical
simulation of columnar solidification: influence of inertia on channel
segregation, Modell. Simul. Mater. Sci. Eng. 21 (2013) 045016.
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