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Abstract

This paper presents numerical simulation of solidification around a cooled circular cylinder with the presence
of a free surface in a rectangular cavity. The free surface is introduced to account for volume change due to
density difference between the solid and liquid phases during solidification. Pure tin with the solid-to-liquid
density ratio ps = 1.05 (shrinkage) is investigated as a phase change material. The front-tracking method
combined with an interpolation technique, in which the interface separating two phases is represented by
connected elements laid on a stationary grid, is used for solving the problem. The case of no volume change,
i.e., ps = 1.0, is also calculated and compared with the case of ps = 1.05 to see how volume shrinkage
affects the solidification process. The numerical results show that shrinkage reduces the solidification rate,
and thus results in a decrease in the form, i.e., the area, of the solid layer around the cylinder. In addition,
the liquid level decreases in time due to volume shrinkage upon solidification.
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Tém tét

Bai bao giéi thiéu mé phdng sé qué trinh héa rdn xay ra xung quanh maét tru tron dwoc Iam lanh véi sw hién
dién cta maét thoang trong mét khoang hinh chir nhat. Mat thoang duoc dua vao dé bu vao su thay déi vé
thé tich do sw khac nhau vé khéi lwong riéng gitra pha I16ng va pha rén trong qua trinh hoa ran. Thiéc
nguyén chét véi ti s6 khéi long riéng gitra pha ran va pha 18ng psi = 1.05 (co thé tich) dwoc nghién ciru nhuw
Ia mét vét liéu chuyén pha. Phuong phép theo dau bién két hop véi ky thuét ndi suy ma & dé bién phén céch
gitra hai pha duoc biéu dién béi céc doan thang lién két, duoc st dung cho viéc gidi bai toén. Truong hop
khoéng c6 sw thay déi vé tich véi ps = 1.0 ciing duoc tinh toén va so sanh véi ps = 1.05 dé thdy duoc anh
huéng cta s co thé tich dén qua trinh héa ran. Két qué mé phdng cho thay, sw co thé tich lam gidm téc d6
héa ran, va kéo theo gidm sw hinh thanh cta mién rén xung quanh tru. Thém vao dé, muc mét thoang gidm
dan theo thoi gian do sw co lai vé thé thich trong qua trinh héa ran.

T khoa: Md phéng sb, Theo d4u bién, Héa ran, Co thé tich, Try tron

1. Introduction complicated system in which there exist three or more
cylinders has been investigated by Sugawara and
Beer [2]. In another work [3], an enthalpy
formulation-based fixed-grid approach was employed
to investigate the solidification around a number of
staggered cylinders. However, in the above-
mentioned papers, the results were restricted to
indentical densities of the solid and liquid phases. It
has been reported that density differerence between
the solid and liquid phases, which causes volume
change upon solidification, may have strong effects
on the final solidified products [4,5]. To account for
this effect, it is neccessary to include a gas phase to
the problem, i.e., there is the presence of the free
surface. The investigations considering such above-
mentioned aspects have not been reported in
liturature.

Solid-liquid phase change finds application in
many systems and in nature including latent heat
energy storage, metallurgy, and food and
pharmaceutical processing. Solidification around
cooled cylinders appears in thermal energy storage
systems, metal casting and others. Therefore,
understanding solidification heat transfer around
cooled cylinders plays an important role in designing
and operating such systems. Accordingly, there have
been many works concerned with solidification
around cylinders. Sasaguchi and co-workers [1]
presented a numerical method for the solid—liquid
phase change around a single cylinder and two
horizontal cylinders in a rectangular cavity. A more
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In the present study, we present numerical
investigations for solidification around a cooled
cylinder with natural convection and with the
presence of the free surface. The method utilizes the
front tracking technique [6] to represent the solid—
liquid interface and an interpolation technique, i.e., an
immersed boundary method, to deal with the no-slip
and constant isothermal temperature boundary
conditions [4]. Pure tin with the solid phase denser
than the liquid phase, i.e., with volume shrinkage
upon solidification, is used as an investigated phase
change material.

2. Numerical problem and method

Fig. 1 shows the investigated problem, a
solidification layer forming around a cooled circular
cylinder held at temperature 7. with a free surface in
a rectangular cavity. The diameter of the cylinder is
denoted by d. The fusion temperature of the liquid (or
melt) is 7, greater than 7. Initially, the gas and liquid
phases are at temperature Ty (7o > T,,). To save the
computations, the half of the physical domain is
investigated as shown in

Fig. 1a. The fluid and thermal properties of each
phase are assumed constant, and the presence of the
gas phase (i.e., free surface) is to account for volume
change due to density difference between the solid
and liquid phases during solidification. The fluids
assumed incompressible are driven by buoyancy-
induced natural convection, 1i.e., Bussinesq
approximation. We treat all phases as one fluid with
variable properties such as density o, viscosity g,
thermal conductivity £ and heat capacity C,. In terms
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of the one-fluid representation, the momentum and
thermal energy equations are

o(pu)/ot+V-(puu)=-Vp+V-p(Vu+Vu')

+pf + [ oxn, S(x—x, )dS+pgB(T~T,) (1)
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Here, u is the velocity vector, p is the pressure, g is
the gravitational acceleration, and ¢ is time. 7 and the
superscript 7 denote the temperature and the
transpose. D/Dt is the material derivative. f is the
momentum forcing term used to impose the no-slip
condition on the solid-liquid interface, and % is the
energy forcing term used to impose a constant
temperature on the cylinder boundary [4]. The fourth
term on the right-hand side of Eq. (1) accounts for the
interfacial tension force at the free surface [7]. The
last term in Eq. (1) is the Boussinesq approximation
for density changes due to thermal gradients [8],
and § is the thermal expansion coefficient of the
fluids. At the interfaces, denoted by f, o is the
interfacial tension acting on the liquid—gas front. x is
twice the mean curvature, and ny is the normal vector
to the interface. The Dirac delta function d(x — X)) is
zero everywhere except at the interfaces x;. ¢ is the

heat source at the solidification interface, given as

Fixed grid

(b)

Fig. 1. Solidification around a cooled cylinder with the free surface in a rectangular cavity: (a) computational

domain; and (b) front-tracking

representation  for
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the solidification and free surface interfaces.
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or
on

. oT
q =k, —) —k, (4)

=—pV L
an jl ps n~h
where the subscripts s, / and g (when available)
represent solid, liquid and gas, respectively. V, is the
velocity normal to the solidification front and L; is
the latent heat.

These above-mentioned equations are solved by
the  front-tracking method combined  with
interpolation techniques on a staggered grid with
second order accuracy in time and space [4]. The
momentum, energy and mass conservation equations
are discretized using an explicit predictor-corrector
time-integration method and a second-order centered
difference approximation for the spatial derivatives.
The discretized equations are solved on a fixed,
staggered grid using the MAC method [9]. The
interface between two phases is represented by finite
discrete points, on a stationary grid as shown in

Fig. 1b, that are updated by

+1
X

-]
y —Xf+anAl

)
where the superscripts n and n+1 are the current and
next time levels. V is the velocity interpolated from
the fixed velocity field for the points on the liquid—
gas interface, and ¥, for the points on the solidifying

interface given by ¥, =—¢, /(p,L, ). Positions of the

liquid—gas points are used to determine an indicator
function /; which is zero in the liquid and one in the
gas, and positions of the solid-liquid points are used
to determine an indicator function /; which is zero in
the solid and one in the liquid. The general equation
for reconstructing g is

Accordingly, the values of the material property
fields at every location are given as

¢:¢g11+(1_11)|:(olls+(1_15)¢)s:| (7)
where ¢ stands for p, x4, Cp, or k. A more detailed
description of the method used in this study can be
found in [4].

3. Numerical parameters

We choose the diameter d of the cylinder as a
scaling length, and <. =pCd’/k as the
characteristic time scale. The characteristic velocity
scale is taken to be U, =d/z.. With these above
choices, the dynamics of the problem is governed by
the following dimensionless parameters: Prandtl
number Pr, Stefan number S?, Rayleigh number Ra,
Weber number We, initial dimensionless temperature
of the liquid 6, density ratios py and pg, viscosity
ratio 4, thermal conductivity ratios ky and kg, heat

capacity ratios C,y and C,g, and expansion
coefficient ratio Sy
Pr— Cty S = Cp/(Tm _71) Ra= gh(T, _Tm)dSC,;/p,z
k, L, ik,
U’d T,-T
We =P 0y =——=, sl:&’pglz&)
o T,-T, P P
My, k, k, C, 0.5,
Hy =%k, :;’kg/ :*S’Cps/ =1 ’ﬂgl =—££ (8)
Hy k, k, sz o5
The temperature is non-dimensionalized as

0=(T-T. )/(Tm —T.). The dimensionless time is 7=
t .

VI =[5(x=x,)n,dS (6)
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Fig. 2. Evolution of the solidification layer around the cooled cylinder with py = 1.05. In each frame, the left
shows the velocity field normalized by U, and the right shows the isotherms plotted every A@= 0.1
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As previously mentioned, in this study, we focus
only on the effects of volume change (py) and thus
other parameters are kept constant, i.e., Pr = 0.01, St
=0.02, Ra = 1x10%, We = 5x10™%, & = 1.42, pa = g
=0.05, ks = 1.0, kg = 0.005, Cpy = Cper = 1.0, and Sy
= (0.003. The values of these parameters correspond to
pure tin with the cylinder diameter d of a few
centimetres. The computational domain is WxH =
2dx7d with a grid resolution of 64x224. The cylinder
center is at x = 0, y = 2.5d, and the initial level of the
liquid is 5.5d. Method validations have been
extensively carried out in our previous works [4,7],
and thus are not presented in this paper.

4. Results and discussion

Fig. 2 shows the temporal evolution of the
solidifying and liquid—gas fronts with the temperature
and velocity fields. The density ratio py is set to 1.05.
This density ratio is for tin. At early times of the
solidification process, downward flow arises along
the solid—liquid interface, at which the temperature is
6, = 1.0, because the density of the liquid increases
with a decrease in the temperature. As shown in the
left frame (7 = 0.6) of Fig. 2, the downward flow is
strong with the cooled liquid accumulating at the
bottom part of the cavity. As a result, a thermally
stratified region is formed. At later time 7= 4 (middle
frame of Fig. 2), the flow decreases and three

circulations with the strongest one at the bottom form.

These circulations are induced by buoyancy, i.e., the
last term in Eq. (1). As time progresses, the
temperature of the liquid phase decreases to near the
fusion temperature 6,. Consequently, the flow is
suppressed. At 7 = 56 (right frame of Fig. 2), the
liquid temperature is uniform in the entire cavity, and
almost no flows are evident at this time, and the
solidification process is merely controlled by
conduction.

For tin, the solid is denser than the liquid, i.e.,
ps1 = 1.05, and this causes volume shrinkage during
solidification. Accordingly, looking at the level of the
liquid in the cavity, we can see that it decreases with
time as shown in Fig. 2.

Fig. 3 shows the temporal variations of the
average of the normal velocity of the solidifying
interface, and of the space-averaged Nusselt number,
at the sodifying interface, defined as

L
l-jggjdz
Ly on)y

Nu = )

where Ly is the length of the solidifying interface.
During the initial stages of solidification, the
temperature gradient at the solidifying interface is
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large, resulting in a high solidification rate, i.e., high
V., and high Nusselt number (Fig. 3). When the

temperature in the liquid phase decreases and reaches
the fusion temperature 6, the temperature gradient

drops down, and 7” and Nu decrease (Fig. 3).
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Fig. 3. Variations of the average solidifying velocity
and of the space-average Nusselt number at the
solidification interface with respect to time (py =
1.05).
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Fig. 4. Solidifying front and free surface location at 7
=60 for py=1.0 (left) and py = 1.05 (right).

To consider how volume change affects the
solidification process, we also perform simulation of
a case with no density difference, i.c., oz = 1.0, and
compare its results with those for py = 1.05, as shown
in
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Fig. 4. We can see that at this time as py
decreases from 1.05 to 1.0 the solid layer forming
around the cylinder is wider. This indicates that the
solidification rate decreases as py increases. This is
confirmed by Fig. 5, in which the area of the solid
phase increases with a decrease in py from 1.2 to 1.0
(one more case of py = 1.2 has been calculated to
show the effects of volume shrinkage). This is
understandable since there is flow induced by density
difference between the solid and liquid, coming to the
solid layer to compensate [7,10] for oy = 1.05 and 1.2
(volume shrinkage). This flow reduces the
solidification rate. Accordingly, the solid layer
forming around the cylinder decreases for the case of
shrinkage. In addition, as prevously mentioned, the
level of the liquid phases decreases with time for the
case of shrinkage while it does not change in the case
of no volume change, i.e. staying at 5.5d, as shown in
Fig. 5. Fig.5 also indicates that increasing this density
ratio results in a faster decrease in the liquid level.
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Fig. 5. Temporal variations of the level of the liquid
phase and the area of the solid layer A4, around the
cylinder for py = 1.0, py = 1.05, and py = 1.2. 4. is
the area of the cylinder.

5. Conclusion

We have presented the numerical results of
solidification around a cooled cylinder in a cavity
with the presence of volume shrinkage. To account
for volume change during solidification, a gas phase
was introduced at the top of the domain. Tin with py
= 1.05 was considered as a phase change material.
The case of no volume change, i.e., py = 1.0, was also
calculated and compared with the case of volume
change to demonstrate the effect of volume change on
the solidication process. The front-tracking method
combined with the interpolation technique [4] was
used for solving the problem. The numerical results
show that the presence of shrinkage reduces the
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solidication rate, and thus results in a decrease in the
form, i.e., the area, of the solid layer around the
cylinder. In addition, the liquid level decreases in
time due to volume shrinkage. The results for py =
1.2 are also presented.
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