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A well validated, quasi two-dimensional, unsteady solidification experimental benchmark is proposed to
study the critical role of thermally driven natural convection using commercial pure tin. The experiment
consists of solidifying a parallelipedic sample from two vertical sidewalls using two heat exchangers in a
rectangular cavity. The mean temperature gradient GT, and the mean cooling rate CR, are set to control the
experimental process. An array of 50 thermocouples allows us to measure the instantaneous temperature
field and its evolution. While in the liquid state, the isotherms exhibit a plausible convective heat flow
and its intensity increases as the Rayleigh number increases. In the solidification process, a novel recales-
cence phenomenon is observed by tracing the solidifying front in a relatively slow cooling rate case. By
setting different mean temperature gradients, different patterns of the natural convection and the tem-
perature field evolutions are obtained. A discussion is also presented regarding the crystallography.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Heat, mass and solute transport phenomena via natural convec-
tion during metal/alloy solidification not only influences the move-
ment of the melt–solid interface, but also changes the heat
distribution globally, and consequently affects the morphology of
solid/liquid interface, micro/macro structure, micro/macro-segre-
gation, and freckles [1–8], and in consequence, the mechanical
properties. Since so many conditioning thermal parameters need
to be controlled in three-dimensional experiment [9–11], a quasi
two-dimensional Cartesian geometry experimental model are
occupied extensively study interesting [12]. The rectangular enclo-
sure is insulated except for one vertical surface where the latent
heat extracted, and the role of associated convective flow on solid-
ification process were studied experimentally [3–5] and numeri-
cally [6,13–16]. It should note that the convective flow in this
one-sidewall heat release experimental set-up is not strong and
can not extend to the whole domain sufficiently due to the wall ef-
fect. The present study improves to two-sidewall thermal condi-
tioning, which overcome above limit, and achieve significant
natural convection. The pure metal can be use to do fundamental
experiments without considering solute transport for simplifying
the model [4].

The main purpose of the present work is to carry out a well
instrumented benchmark experiment, and then investigate the
influence of the pure thermal convection on pure metal solidifica-
ll rights reserved.

: +33 476 82 5249.
.fr (Y. Fautrelle).
tion by looking at: (1) heat transfer in the whole experiment pro-
cess, particularly in the phase-change process; (2) the
relationship between thermodynamics and hydrodynamics in a li-
quid state; and (3) the mechanism by which thermal convection
and latent heat release act on solidification, and their role during
solidification.

Our results serve two purposes. First, they provide experimental
evidence for the numerical models. However, they also provide
quantitative results to study solidification, mechanism, or research
on practical applications such as convection free crystal growth,
heat flow in die or continuous casting.

A new quasi two-dimensional solidification benchmark experi-
ment is established in the EPM/SiMAP/CNRS laboratory in France.
The novel features of this experiment are as follows: two individ-
ually-regulated heat exchangers were designed, allowing different
cooling rates to be set, which readily obtain the expected thermally
or thermo-solutal driven convection. The newly designed heat
exchangers significantly diminish experimental bias due to their
higher heat transfer efficiency. Some new techniques are com-
monly used, this employs an automatic regulation technique based
on heat radiation to ensure the precise insulating boundary condi-
tions throughout the whole experimental procedure, which is
essential to achieve a precise instantaneous temperature field. An-
other feature of this quasi two-dimensional benchmark is that a
reliable identical micro-segregation distribution was obtained in
both the median and surface planes.

Since three-dimensional model has complexities in heat and
flow field structures, thus it is not easy to provide benchmark data,
and we have stressed out our model as ‘‘quasi two-dimensional

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.05.030
mailto:Yves.Fautrelle@simap.grenoble-inp.fr
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


X. Wang, Y. Fautrelle / International Journal of Heat and Mass Transfer 52 (2009) 5624–5633 5625
model”. In the conclusion part, we will discuss and summarize this
Hele–Show like benchmark model the reasonability taken as quasi
two-dimensional.

The experimental set-up and configuration are presented in
Section 2, and Section 3 aims to investigate the heat transfer
in the liquid state and solidification process. The crystal
growth and grain structure are illustrated in Section 4 and fi-
nally, some concluding remarks and perspectives are intro-
duced in Section 5.

2. Quasi-2D experimental methodology

2.1. The experiment set-up

The experiment device consists of five major parts. The sche-
matic sketch of which is illustrated in Fig. 1, and more details
can be referenced in [17]. Important features of this apparatus
are as follows:

(1) The dimension of the parallelepiped sample is L = 10 cm
length, W = 1 cm width and H = 6 cm height. Beforehand,
the tin is melted with a high frequency induction heating
technique, and is quickly quenched into a water-cooling
copper crucible, to get a pre-sample, and then is installed
into a thin (Wc = 1 mm) stainless steel crucible.

(2) Fifty thermocouples were fixed on one of the largest surfaces
of the crucible by laser-welding; on the opposite surface, the
other sixteen thermocouples are arranged in the relative
positions in order to calibrate temperature measurement.
The interval distance in either the horizontal or vertical
direction is 1.0 cm (see Fig. 1). Temperature fields and the
evolutions are recorded during the melting/solidifying pro-
cess by this thermocouple array. The relative accuracy of
the temperature measurement is ±0.1 K and, the response
time of the thermocouples is 0.7 s, the recording time step
was 1.0 s. The reproducibility of the temperature measure-
ment has been confirmed by comparing the temperature
measurements across several experiments with identical
experimental conditions. The temperature differences
between these experiments are less than 0.5 K.

(3) The newly designed heat exchangers yield novelty features:
they have the same cross-sectional shape (1 cm � 6 cm) of
the sample in the y-direction to ensure the heat flux release
through them being more homogenous; the compact three-
part structure, cooper–stainless steel–cooper, is designed in
Fig. 1. Sketch of the solidification benchmark experiment, the locat
order to shorten the heat transfer time; and to overcome
chemical corrosion between tin and copper, two metal-lay-
ers Cr, Ni are deposited on the narrow vertical surfaces of
the heat exchangers. The arrangement with six thermocou-
ples in each heat exchanger (Fig. 1), with a vertical distance
of 20 mm and a horizontal distance of 15 mm, allows us to
measure the heat flux. Notice that the undesirable fluctua-
tion in heat flux measurement temperature is significantly
dampened compared with the previous configuration [4,18].

(4) An enclosure Kirchhoff box assures thermal insulation of the
largest surface of the crucible via the heat radiation compen-
sative method. This procedure is realized by a PID regulating
system, the details can be found in [17,19].

(5) The entire set-up is installed inside a vacuum chamber in
order to limit heat transfer by air convection and protect
the sample from oxidation; the degree of vacuum is of the
order of 0.01 atm.
2.2. Experimental procedure

A series of experiments have been performed using the follow-
ing steps:

� Step 1: 0.42 kg of commercial pure tin is enclosed in a quartz
cylinder, and is inductively melted, surrounded by a water-cool-
ing copper coil delivering high frequency current. The melt is
then quenched into a parallelepiped copper crucible, and a
pre-sample is obtained.

� Step 2: The pre-sample is heated by the two heat exchangers,
and the temperature is ramped up at a rate of 0.02 K/s, to avoid
large temperature differences in the sample. When the control
temperature reached 413 K, it is held for 10 min. The tempera-
ture is then continuously increased to 533 K, and is then held
at this temperature for 30 min.

� Step 3: After the holding stage, the mean temperature gradient
is manipulated by increasing the left wall temperature linearly
to GTL/2, and simultaneously decreasing the right wall tempera-
ture to GTL/2, here, the mean temperature gradient GT stand for
the difference of wall temperature between two heat exchang-
ers (DT) over the length L = 10 cm.

The heating/cooling rate was ±0.03 K/s via the controlled tem-
perature regime with thermocouples FR3 and FL3 undergoing PID
regulation. When the temperature reach the desired value, it is
ion of the lateral thermocouples and the two heat exchangers.
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then held for forty minutes to ensure the thermally driven convec-
tion extend well and is stabilized in the whole liquid domain.

� Step 4: The heat exchanger is set for cooling rates of 0.02, 0.03,
and 0.04 K/s, respectively, and the temperature decayed until
the solidification process is fully accomplished. The latent heat
release and phase-change occurs in this step.
3. Heat transfer results

3.1. Symmetrical regime GT = 0 K/m

A mean temperature gradient of GT = 0 K/m indicates that the
experimental control regimes (by FL3 and FR3) are the same on
the both vertical sides (Fig. 1). The temperature profiles with the
thermocouples TC25, TC26, . . ., TC30 (Fig. 1), and the correspond-
ing heat powers passing by the two heat exchangers during the
whole experimental procedure, are illustrated in Fig. 2. The heating
rate is 0.02 K/s and, the cooling rate is 0.03 K/s.

A novel pseudo-plateau at the melting point Tm = 504.97 K ap-
pears in the fusion and freezing processes in Fig. 2(a). A huge latent
heat release is observed, as shown in Fig. 2(b).

According to Fourier’s heat law, the area integrations under the
heat power curve over 4720–6070 s for the melting process, and
9100–10,200 s for the solidification process are computed, Pe =
27.77 kJ and the calorific capacity is Pc = �3.98 kJ. Thus, the experi-
mental value of latent heat is Pe + Pc = 23.79 kJ. Furthermore, in the
solidification process, Pe = 20.43 kJ, Pc = 3.84 kJ, Pe + Pc = 24.27 kJ, it
is noticeable, that both heat variations are approximately equal to
the theoretical latent heat value Lf(qS + qL)V/2 = 24.29 kJ.
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Fig. 2. Temperature profiles in the mid-height (see Fig. 1). (a) Heat power is
released by the two heat exchangers. (b) When GT = 0 K/m, the heating and cooling
rates are 0.02 K/s and 0.03 K/s, respectively.
3.2. Unsymmetrical case: GT = 200 K/m and GT = 400 K/m

The temperature profiles and the heat power curves under the
condition of GT = 200 K/m and CR = 0.03 K/s are shown in Fig. 3.
The typical melting point pseudo-plateau is also observed in
Fig. 3(a). Several heat varying processes can be readily identified
in Fig. 3(b): 9000–9400 s is the holding liquid state, 9400–
10,560 s is in the liquid cooling stage, and the phase-change is
reached during 10,560–12,500 s. The temperature profiles and
the heat power curves under the condition of GT = 400 K/m and
CR = 0.03 K/s are shown in Fig. 4, it can be found that as the mean
temperature gradient increases, the slope of the curvature around
the melting point (Fig. 4(a)) is larger than that in Fig. 3(a), it may
interpret that high intensity of the natural convection increases
heat and mass transfer globally. As the heat flux shows in
Fig. 4(a) and (b), 6600–7050 s is the holding liquid state, 7050–
7600 s is in the liquid cooling stage, and the phase-change is
reached during 7600–9600 s.
3.3. Thermal convection in the liquid state

In the temperature holding stage, the liquid metal is imposed by
a certain mean temperature gradients, and the natural convection
is generated, which is a typical Boussinq problem. The thermal
flow goes upward in the vicinity of the hotter wall (left) and down-
ward near the cooler wall (right) thanks to the variation in the den-
sity. Thus, a global thermally convective vortex is formed.

The temperature values distribute along the horizontal direc-
tion in the middle-height with thermocouples FL4, FL3, TC21,
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Fig. 3. Temperature profiles in the mid-height (see Fig. 1). (a) Heat power is
released by the two heat exchangers. (b) When GT = 200 K/m, CR = 0.03 K/s.
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Fig. 4. Temperature profiles in the mid-height (see Fig. 1). (a) Heat power is
released by the two heat exchangers. (b) When GT = 400 K/m, CR = 0.03 K/s.

Fig. 5. Temperature variations in the horizontal at mid-height for various static
mean temperature gradients in the liquid state of pure tin.
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TC22,. . ., TC29, TC30, FR3 and FR4 (see Fig. 1) for the various mean
temperature gradients: GT = 0, 100 K/m, 200 K/m, and 400 K/m are
given in Fig. 4. In order to get the boundary temperature of the
melt, heat flux conservation is applied to the cross-section of the
heat exchangers and the melt near the sidewalls:

kCuðTFL4ðor FR4Þ � TFL3ðor FR3ÞÞ=e1 ¼ kSnðT � TTC21Þ=e2: ð1Þ

where kCu, kSn are the conductivities of copper and tin, e1 = 15 mm is
the horizontal distance of the thermocouples, e2 = 5 mm the dis-
tance between the vertical wall and the thermocouple close to it.
The computing values are drawn in Fig. 4.

The vertical boundary temperatures of the samples, are deter-
mined by Eq. (1), they are also used as the thermal boundary con-
ditions in the numerical simulation with the software package
FLUENT. In order to have a precise comparison with the experi-
ment, a three-dimensional model is adopted.

The experiment and the computing temperature profiles are
plotted in Fig. 5. The interface temperature on the sample is calcu-
lated by Eq. (1), which is used as the boundary temperature for
simulating study. Notice that a slight difference between experi-
ment and computing result in case of GT = 400 K/m, this might be
explained by the fact that the temperature difference between
the experiment and the simulation in case of 400 K/s may come
from the heat lost increasing cause of radiation with the Kirchhoff
box. The other cases of the computed and the experimental values
are in approximate agreement with each other. Moreover, Temper-
ature is found to be distributed linearly within the thermal bound-
ary layer, whose thickness is dT � 6 mm; thus the temperature
values are measured by TC21/TC30 were located within the ther-
mal boundary layers.
Similarly, we study the thermal flow boundary layers driven by
natural convection with a method of fluid developing along vertical
plane with a certain temperature difference [20]. Pure tin has a
low-Prandtl number Pr = m/a = 0.015 (m, a are the kinematic viscos-
ity and the heat diffusion of tin, respectively), which has a large
inertial effect. The vertical Grashof number, GrH is,

GrH ¼
gbDTH3

m2 ¼ gbH3

2m2L
GT or RaH ¼ GrHPr; ð2Þ

where g is gravity acceleration, b is the expansion coefficient, v is
kinematic viscosity, and DT is the horizontal temperature difference
between the two vertical sidewalls within the sample, which is esti-
mated above. It indicates that GrH is proportional to the mean tem-
perature gradient, GT. The present case, RaH < 109, exhibits that the
flow regime is laminar. Fig. 6 shows the isothermal contours and
the local temperature gradients for three RaH. As RaH increases,
the curvature of the isotherm becomes large and the intensity of
fluid flow increases as illustrated in Fig. 6(a)–(c). It is seen in
Fig. 6(c), where RaH = 8.8 � 105, that the isotherm in the center part
becomes an almost horizontal line; clearly, this indicates that the
intensity of the buoyant flow becomes increasingly stronger. On
the other hand, we can estimate the order of the typical velocity [4]:

U ¼ 4g
Dq
q

H
� �1=2

; with
Dq
q
¼ bTDT ¼ bT � GT � L

2
; ð3Þ

where bT = 6.6 � 10�5 K�1, if DT = 40 K is selected, we have
U0 � 4 cm/s. The thickness of the flow boundary layer can be calcu-
lated by [20]:

dm ¼
4my
U0

� �1=2

¼ y
Gry

4

� ��1=4

< dT ; ð4Þ

where dv is the flow boundary layer. This type configuration con-
sists of fluid flow developing along the ambient walls and, creates
conductive, convective heat transfer. It is appropriate to use adi-
mensional Nusselt numbers to characterize heat and flow intensity,
and thus, the local transfer coefficient h and Nusselt number Nuy

[20] are as follows:

h ¼ � k
y

Gry

4

� �1
4

� oT
ox

����
x¼0
¼ u

y
Gry

4

� �1
4

; Nuy �
hy
k
; ð5Þ

where Gry ¼ gbDTy3

m2 . If we integrate along the vertical narrow surface,
we can obtain the global mean Nusselt number, Nu, developing
along the height H:



Fig. 6. Thermal convection in the liquid state. Left: temperature contour; right: temperature gradient and isotherm. The represented scope is 10 cm � 4 cm (measurement
zone: 9 cm � 4 cm) (see Fig. 1).
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Nu �
�hH
k
; and �h ¼ 1

H

Z H

0
hdy ¼ 4

3
u

gbTDT
4m2H

� �1
4

; ð6Þ

where bT = 6.6 � 10�5 K�1, k = 30 Wm�1 K�1, and m = 2.86 �
10�7 m s�2. Finally,

Nu � 4
3

gbT H3DT
4km2

 !1
4

u: ð7Þ

According to the above derivation, for the various cases of the mean
temperature gradients in Fig. 6, we obtain Nu � 100 for GT = 100 K/
m; Nu � 315 for GT = 200 K/m, and Nu � 640 for GT = 400 K/m.

3.4. Phase-change evolution

The melting temperature isotherm can be followed and gives
the shape of the solidification front. Two experiments with differ-
ent mean cooling rates, CR = 0.02 K/s, CR = 0.03 K/s, and the same
temperature gradient, GT = 0 K/m, are examined.

The phase-change evolution is illustrated at nine selected time
points in Fig. 7 for CR = 0.02 K/s, and GT = 0 K/m, and the experi-
ment time is noted on each subfigure. Due to the influence of
thermal convection, the starting solidifying position appears at
the two bottom corners, and then the solidifying front proceed
and produce a bowl-like shape as seen at t = 9380 s, and
t = 9410 s. These may have resulted from two counter vortices
going downward along the two vertical walls and upward in the
center. Then, during the period 9410–9440 s, the solidifying front
goes back towards the sidewalls. At about 9440 s, it became to-
tally liquid, that is, the remelt phenomenon or the so-called rec-
alescence occurs. A certain amount of latent heat is released
from the melt, thanks to the phase-change, and it does not have
enough time to be extracted by the heat exchangers. The period
of heat release lasts about 30 s. The solidification restarts, and
as the latent heat is near exhaustion, the natural convection be-
comes weak. The solidifying front curves become approximately
parallel and vertical during the period 9540–12,000 s and then
the liquid core becomes increasingly smaller. The liquid core has
a spindle-like shape, and then disappears at the internal part of
the domain, at about t = 1290 s. The last solidifying position is lo-
cated in the upper-middle portion of the sample due to the differ-
ence in density between solids and liquids; thus, it is easy for
shrinkage to occur at that position. It should be mentioned that
the time of phase-change after remelt is significantly longer than
that of the previous two stages, while the latent heat release plays
the dominant role other than the natural convection during that
period.

A phase-change evolution with a relatively high cooling rate,
and CR = 0.03 K/s, is exhibited in Fig. 8. Due to the more rapid
cooling rate, the ratio of heat release is so high that the recales-
cence phenomenon is not observed. A similar shape for the solid-
ifying front is found, but the last solidifying position is located in
the upper portion. The whole solidification process is accom-
plished in about two minutes. Obviously, the effect of heat flow
driven by natural convection is stronger than that of the previous
case.

After comparing these cases, it is evident that the lower cooling
rate easily forms recalescence phenomena.
3.5. Temperature field evolution

Obtaining the available temperature field and its evolution is
one of the fundamental objectives of a solidification benchmark
experiment. Two cases with different mean temperature gradients
are introduced in the following sections.



Fig. 7. Phase-change evolution or the observation of recalescence phenomena produced by tracing the solidifying front trace. GT = 0 K/m, CR = 0.02 K/s (measurement zone:
9 cm � 4 cm).
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3.5.1. Symmetrical case: GT = 0 K/m
Temperature field evolution is shown in Fig. 8 at four represen-

tative time points with the conditions GT = 0 K/m, CR = 0.03 K/s. The
temperature map at t = 5350 s (Fig. 9a) illustrates the situation
near the end of the melting process, the last melting zone, yielding
a melting point temperature of 504.97 K, largely distributed in the
center. The boundary layer accumulates the majority of tempera-
ture variation. Fig. 9(b) exhibits the heat flow in the total liquid
state at t = 8600 s. The flow pattern suggests that two counter vor-
tices of heat flow act in the liquid metal. This flow pattern could
not be observed in the associated numerical study, it might result
from assumption of thermal diffusion will be very quickly accom-
plished in liquid state, thus the temperature difference within the
liquid cannot build, while this temperature different is necessary
to generate convective flow. Fig. 9(c) shows the temperature
Fig. 8. Phase-change evolution. GT = 0 K/m, CR =
map, in which the last solidifying zone remains in the upper-center
part, although the natural convection at this moment becomes
very weak since the solidification is near the end. However, the
flow pattern changes a little compared to Fig. 9(b). Fig. 9(d) shows
the situation after the phase-change process has been finished; the
temperature is inversely distributed as shown in Fig. 9(a).

3.5.2. GT = 400 K/m
Fig. 10 shows temperature field evolution during solidification

under the conditions GT = 400 K/m, CR = 0.03 K/s. Fig. 10(a) shows
the moment (t = 7600 s) the solidification begins from the bot-
tom-right corner; the tendency of natural convection is indicated
by the dark line and the arrows. The isotherm of the melt point
temperature extends from the right to the left. Moreover,
Fig. 10(b) exhibits the liquid–solid coexist state; the temperature
0.03 K/s (measurement zone: 9 cm � 4 cm).



Fig. 9. Temperature evolutions during the melting and freezing processes. GT = 0 K/m, CR = 0.03 K/s.

Fig. 10. Temperature field evolution during solidification. GT = 400 K/m, CR = 0.03 K/s.
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contour curvature in the liquid zone follows the trend of the ther-
mally convective flow. In Fig. 10(c) at t = 8800 s, the temperature
decays under the melt point temperature, but due to the latent
heat, it is not entirely exhausted; the distribution of isotherms is
still inhomogeneous. This inhomogeneous temperature zone final-
ly disappears at about t = 9200 s, as illustrated in Fig. 10(d).
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4. Crystal growth

Macroetching methods are used to reveal the macrostructure of
the sample. Acid (75 vol.% HCl + 25 vol.% HNO3) is used to treat the
samples in their largest median planes. A comparative metallo-
graphic study has been performed for various mean temperature
gradients GT = 100 K/m, GT = 200 K/m, GT = 400 K/m at CR = 0.03 K/
s, as shown in Fig. 11.

In this study, the grains are grown from the two vertical side-
walls. It is found that in cases of relatively low mean temperature
gradients, as in Fig. 11(a) and (b), the columnar grains are coarse.
The low growing orientation may be explained by the low local
temperature gradients of the melt, and the slow interface growth
velocities. Particularly in the case introduced in Section 3.4, it is
possible to remelt, and the heat effect of latent heat release is high-
er than the effect of natural convection during the solidification
process. Again, when the melt is solidified with high mean temper-
ature gradients as shown in Fig. 11(c), the influence of natural con-
vection is significant and the columnar grains grow against the
thermal convective flow (Fig. 10(a)). Also, thanks to higher local
temperature gradients and higher cooling rates, the columnar
grains align closely and become fine. Another observation is that
the cracks can be observed in Fig. 11(c), as indicated by an arrow.
It is remarkable that the columnar grains crash at that location and
the density difference is large thanks to the last solidification zone;
therefore, we may conclude that huge stresses must exist at that
point.

Generally speaking, the crystal growth of the pure metal is
columnar, while we observed a few equiaxed grains in three sam-
ples. These may result from one of two sources: other chemical ele-
ments, which may improve equiaxed growth, that are included in
the commercial pure tin; variation in the orientation of columnar
growth; or inverse growth, which may cause competition between
Fig. 11. Grain structure, CR = 0.03 K/s. The mean temperature gradien
crystals, and then a collision caused by the influence of the natural
convection, thus forming equiaxed grains.
5. Concluding remarks and perspectives

A quasi two-dimensional benchmark experimental model has
been established. The influence of natural convection with pure
tin on solidification has been examined in the present study. Fur-
thermore, thermal convection has been confirmed by measuring
the temperature field and its evolution.

The reasons of such experimental model being considered as a
quasi two-dimensional benchmark are as follows:

(1) The geometry of the sample, the ratio length–width is L/
W = 10, the height–width W/H = 6.

(2) Three-dimensional numerical study shows that in the thick-
ness direction the quasi two-dimensional flow can extend to
about 0.8 cm (for 1 cm width) from the median plane to the
biggest walls.

(3) In Section 3.3, the theoretical analysis of the boundary thick-
ness provides the flow boundary layer and thermal bound-
ary layer basis, which valid these 3D effects (wall effect)
can then be reasonable smaller.

(4) The macrostructures of the sample on the surface (taken at
1 mm to the biggest sidewalls) and in the median plane
are almost the same, that is, the macrostructure in the differ-
ent slices along the third-direction have almost the same
distributions, this implicit that the heat transfer has little
difference in the thickness direction during the solidifica-
tion. While in the previous case that has a large difference
[18]. Again, the heat transfer between the crucible and the
ts are (a) GT = 100 K/m; (b) GT = 200 K/m; and (c) GT = 400 K/m.



Table 1
The thermo-physical properties of pure tin [22,23].

Definition Temperature (K) Values Units

Tm Melting point 504.928 K
q Density 500 7179 kg/m3

505 7079 kg/m3

600 6911 kg/m3

700 6838 kg/m3

Cp Heat capacity 298 228 J kg�1 K�1

505 250 J kg�1 K�1

573 242 J kg�1 K�1

k Thermal conductivity 373 63 W m�1 K�1

473 60 W m�1 K�1

505 30.0 W m�1 K�1

573 31.4 W m�1 K�1

Lf Latent heat of fusion 59.6 kJ/kg
m Kinematic viscosity 2.5 � 10�7 m2 s�1

a Thermal diffusivity 1.86 � 10�5 m2 s�1
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melt is ignorable small [19], the heat transfer via radiation
can be omitted and the temperature difference across the
thickness of the crucible and the melt are enough small [19].

(5) As discussion in Section 3.1, the heat loss is justified by inte-
gral the heat flux over the experiment time, which does not
play the dominate role in the whole heat transfer process.

The intensity of natural convection increases as the mean tem-
perature gradient increases. Thermal analysis, including thermal/
hydrodynamic boundary layers, has been performed experimen-
tally and quantitatively. Heat transfer and latent heat release dur-
ing the phase-change are characterized through the heat flow
patterns, and a particular recalescence phenomenon in slower
cooling rate cases is confirmed by tracing the solidifying front.

The experimental set-up has proven its ability to obtain well-
controlled solidification. Thus, based on the study of pure tin solid-
ification, the influence of natural convection with the binary or ter-
nary metallic alloy on solidification is also examined in this
benchmark experiment where the solute-rejecting process can also
be considered. The influence of natural convection on macro-segre-
gation has raised another interesting topic.

It is well known that manipulation of various measures can sig-
nificantly affect grain structures. For example, the mean tempera-
ture gradient and the mean cooling rate can be used to adjust the
local temperature gradients, the melt–solid cooling rate, or the liq-
uidus interface velocity. Our understanding of the mechanism of
columnar-to-equiaxed grains transition can also be improved by
the present benchmark study.

Magnetic fields and electromagnetic forces have also long
been used to control the flow of a solidifying melt. The purposes
for this include stirring the melt in order to remove inclusions,
controlling the grain structure and size, and improving the homo-
geneity of temperature and composition. Moreover, the external
force improves the defects of macro-segregation. Recently, a
numerical simulation suggested that the melt flow in a mushy
zone, generated by a periodically reversed driving force, might
be particularly efficient to reduce the macro-segregation in the
solidified material [21]. Thus, the influence of forced convection
by normal or modulated electromagnetic forces can be examined
in this benchmark.
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Appendix A. Thermo-physical properties of pure tin

From Table 1, we can see that the density variation can approx-
imately in agreement with Boussinesq approximation. Table 1 lists
some other thermo-physical properties of pure tin in our study
range as well.

Appendix B

An integrated form of the global heat transfer equation is pro-
vided by Quillet and Fautrelle in a previous study [4], in which a
quantity of an average temperature was introduced. However,
thanks to the large individual difference of the temperature in
the space domain and the limited numbers of thermocouples, par-
ticularly in the case of high mean temperature gradient, this meth-
od can only provide a rough estimation of the global heat transfer
process. Alternatively, a derivative equation, addressing the heat
flow process, is given:
Pe þ Pc þ Pl ¼
Z

V
qcp

oTðx; y; tÞ
ot

dv þ L
dms

ot
; ðA:1Þ

where q, L, ms, cp are the density, latent heat of fusion, the mass of
the solid phase and the heat capacity, respectively; Pe, Pc, Pl on the
LHS represent the heat powers passed by the two heat exchangers,
the unavoidable heat capacity of the stainless steel crucible absorb-
ing heat during fusion, and other heat lost, respectively. The first
term on RHS is the heat capacity variation; the second term is latent
heat release. With an adequate heat-insulating condition in the sur-
rounding environment, Pc, Pl are negligibly small. By setting a linear
temperature drop that occurs inside the heat exchangers rather
than in the sample, it is possible to get well-controlled heat flux
Pe) and observe the heat transfer evolution information. The two
terms on RHS of Eq. (A.1) provide an example of this point.
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