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Abstract—The problem of outward melting of ice around a horizontal isothermal cylinder is considered.

A numerical model in which natural convection induced in the molten water encompassing density inversion

is taken into consideration has been developed. Via finite-difference solution of the melting model, numerical

simulation of melting of ice has been performed for the cylinder surface temperature 7, =4, 6, 8, 9 and

10°C with cylinder radius of 25.4 mm. The results of the present simulation were found qualitatively valid
when compared with the existing experimental data.

INTRODUCTION

UNDERSTANDING the solid-liquid phase change (melt-
ing/solidification) heat transfer characteristics is of
fundamental importance in a wide range of naturally
occurring processes and engineering applications such
as the formation of ice on a lake or river, the freezing
of water pipes, metal processing, freezing of food-
stuffs, thermal control of space craft, and thermal
energy storage system. In recent years, the impetus for
considerable attention on the heat transfer problems
associated with melting and solidification has been
heightened by the proposed feasible applications of
phase change processes for thermal energy storage
system.

Experimental results [1-4] have provided conclusive
evidence that during the melting process around a
horizontal heated cylinder the natural convective
motion induced in the melt plays a dominant role
except in the earliest stage of the phase change process.
These experimental investigations lead to the con-

clusion that natural convection has to be taken into.

account in the analysis for predicting the melting
phenomena. Phase-change heat transfer problems in
the presence of natural convection of melt exhibit
considerable difficulty and complexity in the ana-
Iytical studies due to the fact that the solid-liquid
interface movement is a transient phenomena as well
as an unknown of the problem. A comprehensive
survey of the recent literature on the analysis of solid—
liquid phase change problems is given by Viskanta [5].
Among various analysis techniques, numerical
methods appear to be the most viable approach.
Numerical simulations of melting process around a
heated single tube or cylinder have been conducted by
Yao et al. [6] and Rieger et al. [7]. These analyses
show that as a result of the recirculation induced in
the melt and thermal plume activity, a “pear-shape”
solid-liquid interface is formed, which is in good
accord with the earlier experimental results [1-4].
Recently, the influence of density inversion on the

melting of ice around a horizontal heated cylinder was
studied experimentally consecutively by Herrmann et
al. [8] and White [9]. Their findings indicate that due
to the density anomaly the melt shape resembles an
upside-down pear shape for cylinder temperature
below 8°C and an upright pear for cylinder tem-
perature above 8°C. Moreover, White [9] has suc-
cessfully visualized the natural convection flow pat-
terns in the molten water during the melting process.

The primary objective of this paper is to simulate
numerically the heat transfer process during the out-
ward melting of ice around a horizontal isothermal
cylinder. Natural convection as well as the density
anomaly of the water are included in the melting
model. Comparisons are made between the predicted
results and the existing experimental data and the
agreement appears to be reasonably good.

PHYSICAL PROBLEM
AND MATHEMATICAL FORMULATION

Figure 1 illustrates schematicalily the physical prob-
lem of ice undergoing outward melting process
around a horizontal isothermal heated cylinder of
radius r;. Initially ice is at its fusion temperature 7.
Melting is started by suddenly raising the temperature
of the cylinder to a specified temperature T, > 7.
Mathematically the process of solid-liquid phase
change is characterized by the existence of time depen-
dent moving phase change boundary, which is
described by a function of angular position ¢* and
time ¢, S(¢*, o).

In the development of a convenient mathematical
formulation for the melting process in the presence
of natural convection of the melt, the following
idealization are assumed:

(1) Fluid motion of water is two-dimensional lami-
nar incompressible flow.

(2) The physical properties of water/ice are tem-
perature independent except the density, for
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NOMENCLATURE
C, specific heat n  transformation variable
F, Fourier number, = at/r? 8  dimensionless temperature,
g  gravitational acceleration (T-TYNT;— Ty
Ak heat of fusion v kinematic viscosity
K thermal conductivity T dimensionless time, Ste- F,
Nu Nusselt number ¢* angular coordinate
Pr  Prandtl number ¢  dimensionless angular coordinate, ¢ */n
g  temperature index Y+ stream-function
r  radial coordinate ¥ dimensionless stream-function
r,  radius of cylinder w*  vorticity
rsp iemperature coefficient @  dimensionless vorticity
Ra Rayleigh number, V%  Laplace operator
rspracri (T—=TY o v+ (1 ~rsp) V!  Laplace operator in transformed plane.
|Tmcan - Tm|q}
§  radial position of ice interface Subscripts
Ste Stefan number, C (T, — T)/Ah; f fusion
t time i cylinder surface
T  temperature m  physical properties of water at 4.
V*  melt volume ratio. 029325°C
mean physical properties of water at film
Greek symbols temperature
«  thermal diffusivity s ice interface.

which the density variation in the water are con-
sidered insofar as they contribute to buoyancy
but are otherwise neglected.

(3} The volume change associated with phase change
and the viscous dissipation are neglected.

(4) The water is a Newtonian fluid.
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FiG. 1. Schematic representation of the physical problem.

To describe the nonlinear variation of density with
temperature for water in the range of 0 to 20°C, the
relation given by Gebhart and Mollendorf [10}

p = pull —rsp|lT—Ty}%, M
where
P = 999.9720kg/m?>,

rsp = 9297173 x 10-¢/°C
T = 4.029325°C, ¢ = 1.894816

is used.

With the foregoing, the fluid motion and tem-
perature distribution in the water during melting of
ice are governed by the normalized partial differential
equations in vorticity-stream-function—temperature
formulation as follows.

Vorticity equation :

8 &
o 1 (a«;f dw oY _a_») — PV PrRa,

3F, " wr\d¢ or or dp
. 0 cos (ng) @
[SIn (ﬂ(ﬁ) 5 |9_0m|q+ nr “aTﬁ Ie“'omlq . (2)
Stream-function equation:
Vi = —aw. 3)

Energy equation:

06 1 (o0 ayan\ .
3, +m(5?¢;5r“5:55)'”

@)



Numerical simulation of melting of ice around a horizontal cylinder

where
é? 10 1 &
2 Y
v o or? +r6r+(nr)2 o’

For complete mathematical formulation, the fore-
going set of equations {2-4) are subjected to the fol-
lowing boundary conditions :

¢=0 or 1; %:z/t=w=0 (Symmetry lines)
r=1; 8=1, 'P=%=0

8
r=3S; =0, w——‘{'—o ()

and moreover
interface gives

oS 1 S\ 08
i =5 (1+(Gs Sa¢)) ©
In view of the fact that the physical domain of the
above set of equations (2){6) is not known a priori,
but is irregular and time-dependent due to the exist-
ence of the moving phase interface, a coordinate
transformation is employed to immobilize this moving
irregular solid-liquid interface and thus a more tract-
able computational domain for numerical solution of
the problem can be obtained. For the present study,
the following coordinate transformation is adopted.

energy balance at the solid-liquid

_r—l
"=soT

U

Consequently, the moiten water region is then

mapped into a regular domain characterized by

0 <7 <1 for all ¢ during any time interval and the

solid-liquid interface in the transformed plane is

stationary and defined by # = 1. And the transformed

version of the governing equations becomes :
Vorticity equations :

a0 on do 1 0y (611/ ow oY ﬁa))

oF, ' 0F, on o o é¢

nr or

= Pr¥%w+ PrRa [sin (nd) %’5 -é% 106,07

cos () . .
+— (64,19 e‘“'+a¢a 16— Bml)] ®

Stream-function equation:
Vi = — . )
Energy equation :

06 an é?
oF,  dF, 0On

16y (6:/1 6 oy aa) %0, (10)

nr or \0¢ on  on 0¢
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where

. {(on 1 ony| o° 2 om0
V= [(5) <m a¢)] 7 a0 06 on 00

*(7:)755522' B%“*(u:)z %’3—]5 (n
afvz ="(sil) afvf 12)
=5 (” " *2%%;)' 19

The energy balance equation at the solid-liquid inter-

_face is transformed to

s 1 asY\ oy 00
o ——Ste(l+( Saqs))ar 5 09

and the boundary conditions in the transformed
domain are

n=0; 0=1, y=7 =0 (17

n=1; =0, *J/*%=0 (18)
0

¢=0 or 1,—6-5=w=w=0. (19)

SOLUTION METHODOLOGY

A finite-difference method was used to obtain a
numerical solution for the coupled governing equa-
tions (8-16) together with the boundary conditions,
equations (17-19). The finite-difference analogs of the
governing equations are derived by using central
difference approximation in spatial derivatives and
forward difference approximation in time derivatives
except the convective terms for which the hybrid cen-
tral/upwind difference scheme [11] is employed. The
alternating directional implicit (ADI) splitting scheme
[12] is adopted to formulate the resulting set of
algebraic finite-difference equations in the convenient
tridiagonal form. Then the solution of the set of
difference equations can be efficiently obtained by
using Thomas algorithm [13]). Moreover, the cross-
differential terms in the governing equations are evalu-
ated explicitly from the values of the variables at the
previous time step.

The computational algorithm used in the present
simulation is based on the solution procedure outlined
by Ho and Viskanta [14, 15]. For all cases under
consideration in the present study a grid system of 31
in the #-direction by 21 in the ¢-direction was used.
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RESULTS AND DISCUSSION

Numerical simulations of the melting of ice around
an isothermal horizontal cylinder have been con-
ducted for the cylinder surface temperature T; = 4, 6,
8, 9, 10°C with cylinder radius r; = 25.4 mm.

Flow pattern

Typical predicted streamlines and temperature dis-
tribution in the water during the melting process of
ice are illustrated through a sequence of contour plots.
In these plots, the inner dash—dot line circle designates
the cylinder surface and the outer dash—dot line con-
tour denotes the instantaneous solid-liquid interface
profile. Figure 2 displays the evolution of the flow
pattern and temperature distribution for the case
T, = 4°C (Ste = 0.051). In the early stage of the melt-
ing process, F,=0.7, the heat conduction as expected
is the dominant energy transport mechanism in the
water as clearly indicated by the concentric isotherm
distribution with a weak flow field in the narrow melt
layer. As the melting continues, the convective motion
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in the water starts intensifying as evidenced by the
downward shifting of the vortex center to the bottom
as well as by the deformed isotherms. In this surface
condition of T; = 4°C, the witer formed by melting
near the cylinder is at a higher density than that near
the ice interface; thus water near the surface of the
cylinder moves downward while the relatively lighter
water near the ice interface moves upward. Obviously,
this recirculation behavior is opposite to that of nor-
mal fluids. At F, = 3.2 it appears that thermal bound-
ary layers have been developed along the ice interface
and the surface of the heated cylinder, respectively.
Moreover, a thermal plume originates at the bottom
portion of the ice interface. Consequently, the pro-
gress of the ice front in the bottom region is greatly
enhanced. On the other end, the melting in the top
region is markedly retarded. As time further proceeds
the downward accelerating melting continues and an
upside-down pear melt shape is clearly formed.
Besides the reverse flow motion in the water due to its
density anomaly, the characteristics of the flow pat-
tern and melt shape are similar to those known for
ordinary fluids [1-4].

F1G. 2. Predicted distribution of isotherms (left) and streamlines (right) at various time for 7; = 4°C and
Ste = 0.56.



Numerical simulation of melting of ice around a horizontal cylinder

In Fig. 3, the flow pattern and isotherm dis-
tributions at four different instants of time for
T, = 8°C (Ste = 0.101) are shown. Due to the fact that
the density of water at the ice interface and at the
cylinder surface are approximately the same, the water
with maximum density located somewhere in between
moves downward and hence two counter-rotating cir-
culating flows occur in the melt zone. As the melting
proceeds, the outer circulation along the ice interface
relatively intensifies and encompasses larger portion
of the melt zone. As a result, the ice front movement
is primarily determined by the outer circulation and
a downward melting pattern appears. Besides, in the
upper part of the melt zone, the melting process is
noticeably retarded due to the circulation of cold melt
in the region, as evidenced by the isotherm dis-
tribution in the figure.

Melting at T; = 10°C (Ste = 0.126), Fig. 4 shows
that at the the early stage of melting, F, = 0.3, in the
vicinity of the heat source a circulation moving
upward along the cylinder surface is developed. Latter
F, = 0.8, the vortex center of the circulation is shifting
upward to the top region of the melt zone and hence
a greatly enhanced melting occurs at the very top
region above the heat source. A pear-like melt shape
has already been formed at this early stage of the
process. As the melting further progresses, a weaker
counter vortex develops gradually in the melt front
movement both at the top and the bottom of the
cylinder. Furthermore, this outer circulation tends to
limit the impinging range of the thermal plume arising
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from the top of heat source, resulting in a “bottle-
neck” melt shape. Such flow pattern is similar to that
of natural convection of water encompassing density
inversion without phase change in a horizontal cylin-
drical annulus [16].

A qualitative comparison between the predicted
flow pattern of the present study and the flow visu-
alization photographs of White [9], provided kindly
by Prof. R. Viskanta of Purdue University, has been
attempted and is shown in Fig. 5. Although the pre-
dicted flow pattern and the given flow visualization
photographs are not at identical instants of time, a
qualitative comparison can still be inferred. It is
clearly indicated that in general the agreement in flow
patterns is very good. It should be noted that White
[9] also observed a three-dimensional vortex motion
developed in the late stage of melting process, which
apparently can not be predicted from the assumed
two-dimensional numerical simulation of the present
investigation.

Melt shape and melt volume

Figure 6 displays the transient progression of the
interface contour for various heat source temperature.
The aforementioned evolution of natural convection
flow patterns in the molten water can be further in-
ferred from the figure. Examination of the figure re-
veals that only at the early stage can a dominant role
of conduction be deduced from the concentric melt
shape for all cases. As soon as the melt layer thickness
becomes large enough for the development of natural

F1G. 3. Predicted distribution of isotherms (left) and streamlines (right) at various time for 7} = 8°C and
Ste = 0.101.
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T =4°C, r=0333

7. = 10°C, v=0489

= 8°C, r=0408

T, = 10°C, t=0467

FIG. 6. The timewise melting front contours for various cylinder temperatures (dimensionless time t x 10°
as parameter).

convection of the melt, the melt shape evolves into
different irregular contour depending on the develop-
ment of the convective motion in the melt. For
T; < 8°C (Ste < 0.101) natural convection develops
mainly in the lower portion of the melt zone resulting
in an upside-down pear melt shape ; while for 7; > 8°C
(Ste > 0.101) the melting fronts propagate somewhat
differently resulting from the interaction of the inner
and outer circulation developed in the water zone. In

particular, the melt shape at T; = 10°C (Ste = 0.126)
resembles an upright pear due to the development of
upward recirculation around the heat source.

The instantaneous molten volume ratio, V'*, is
evaluated by a numerical integration of the instan-
taneous melting front contours and is defined as

eVl [sonae
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FiG. 7. Variation of melt volume ratio with Fourier number.

where ¥, is the volume of the heat source and V is the
integrated volume of the melting front contour. The
variation of V* with dimensionless time F, for various
Stefan numbers is depicted in Fig. 7. As expected, the
molten volume increases with time as well as the
Stefan number (or the heat source temperature). Ex-
perimental data of White [9] are also included in the
figure to make a comparison with the prediction of
the present simulation. It can be seen clearly from the
figure that the agreement between the predictions and
experimental data is reasonably good.

Heat transfer results

Attention is now turned to the heat transfer results
during the melting process. The local heat transfer
rates along the heat source surface as well as the ice
interface can be expressed in terms of local Nusselt
number Nu; and Nu, defined by

_ moe
W= on @
1 68\ on 06

Figure 8 displays the variation of the local Nusselt
numbers Nu;, and Nu, with the dimensionless time ©
for T, = 4°C. Initial high values of both local Nusselt
numbers with a sharp decline is a typical characteristic
for transient one-dimensional conduction heat trans-
fer. Such a conduction-dominated variation trend is
ended by a spanwise spreading into individual curves
for different angular locations. The local Nusselt num-
ber at the heat source surface displays a minimum and
then rises smoothly in the following melting process.
At the ice interface the variation history is somewhat
different. For the lower portion of the interface,
¢* < 72°, the local Nusselt number passes a
maximum following the initial declination to a mini-
mum ; while a monotonic decrease trend appears for
the upper part of the interface. Similar timewise vari-

ation of the local heat transfer coefficients was also
obtained by Rieger et al. [7] for melting of paraffin
around a horizontal heat source. This is due to that
at T; = 4°C the melted water does not encompass
density inversion in between. As for the other situ-
ations under consideration, in the presence of chang-
ing complex natural circulation patterns developed in
the molten water, rather complicated variations of the
local heat transfer coefficients at both the heat source
surface and the ice interface result. For instance,
Fig. 9 shows the complicated trend of timewise vari-
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FiG. 8. Variation of the local heat transfer coeflicients with
dimensionless time for T; = 4°C, Ste = 0.056.
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F1G. 10. Variation of the average heat transfer coefficients
with dimensionless time for various cylinder temperatures.

ation of the local heat transfer coefficients for
T, = 10°C.

The average heat transfer coefficient at both the
heat source surface and the ice interface is plotted vs
the dimensionless time for various heat source tem-
perature and is shown in Fig. 10. Following an initial
sharp decline, the average heat transfer coefficient at
the heat source surface passes a minimum and then
rises smoothly. On the other hand, a monotonic
decreasing trend with time appears for the average
Nusselt number at the ice interface, except for the
case of T; = 8°C. Further examination of the figure
indicates that for 7 < 0.2, both average heat transfer
coefficients for T, = 8°C appear to be the smallest
among the cases considered, and surpass that for
T, = 9°C in the remaining melting process. This result
clearly indicates that the minimum heat transfer rate
does not always occur for 7; = 8°C, which is appar-
ently in contradiction to the postulation made by
Herrmann that the minimum heat transfer occurs at
T, = 8°C. However, it should be noted that the exper-
imental results by Herrmann do not include any case
for T; = 9°C and thus it remains open to further
studies concerning such uncertainty.

CONCLUDING REMARKS

Numerical simulation has been performed for out-
ward melting of ice around a horizontal isothermal
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cylinder. Results clearly indicate that the melting pro-
cess of ice around a horizontal cylinder is strongly
affected by the changing recirculation flow developed
in the molten water, which, due to the density anom-
aly of the water in the temperature range under con-
sideration, is more complex than those during the
similar melting process of normal phase change
material. A comparison of the predicted flow patterns
with the flow visualization results by White appears
to be in good agreement. For T; < 8°C (Sre < 0.101)
an upside-down pear like melt shape occurs ; while for
T, > 8°C (Ste > 0.101) an upright pear like melt shape
appears. Also, the predicted melt volume is in reason-
ably good agreement with the results by White. The
heat transfer results reveal that the minimum average
heat transfer does not always occur for T; = 8°C as
postulated by Herrmann er al. Instead, during the
latter stage of melting process, T; = 9°C appears to
be the one with the minimum average heat transfer.
Further experimental exploration is apparently
needed to clarify such uncertainty.

Acknowledgement—The authors wish to express their sincere
thanks to Prof. Raymond Viskanta and Mr. David A, White
for kindly providing the experimental results and flow visu-
alization photographs of their work on the similar problem.
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SIMULATION NUMERIQUE DE LA FUSION DE LA GLACE AUTOUR
D’UN CYLINDRE HORIZONTAL

Résumé—Le probléme de la fusion externe de la glace autour d’un cylindre horizontal isotherme est

considéré. On développe un modéle numérique dans lequel la convection naturelle induite dans I'ean de

fusion avec inversion de densité est prise en compte. Par une résolution aux différences finies, on obtient

la simulation numérique de la fusion de la glace pour une température de la surface du cylindre T; = 4, 6,

8, 9 et 10°C et un rayon du cylindre &gal 2 25,4 mm. Les résultats de cette simulation sont quantitativement
admissibles en comparaison avec les données expérimentales connues.

NUMERISCHE SIMULATION DES SCHMELZENS VON EIS AN EINEM
WAAGERECHTEN ZYLINDER

Zusammenfassung—Der Fall des Schmelzens von Eis an der AuBenseite eines waagerechten isothermen

Zylinders wird betrachtet. Es wurde ein numerisches Modell entwickelt, das die natiitliche Konvektion im

geschmolzenen Wasser unter Beriicksichtigung des Dichtemaximums enthélt. Mit Hilfe eines Diffe-

renzenverfahrens wurde das Modell des Schmelzvorgangs geldst, die numerische Simulation des

Schmelzvorgangs wurde fiir Oberflichentemperaturen des Zylinders von T} = 4°, 6°, 8%, 9° und 10°C bei

einem Zylinderradius von 25,4 mm durchgefiihrt. Es stellte sich eine qualitative Ubereinstimmung zwischen
der Simulation und vorhandenen Versuchsergebnissen heraus.
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YUCJIEHHOE MOJIEJTUPOBAHME IJIABJIEHHUA JIbJA BOKPYI
TFOPU3OHTAJIBHOI'O UHUJIMHIPA

AnnoTauss—PaccMaTpUBaeTCs 3a4a4a HapyXHOTO IUIABJICHHA JIbAa BOKPYI FOPH3OHTAaJbLHOIO H30TEp-

MHYeCKOTO uuiHHApa. Pa3paborana uucieHHas Molefb, B KOTOpPOH pacCMaTpUBAETCS €CTECTBEHHAS

KOHBEKLMS B BOAE, BO3HHKUICH B pe3yJibTaTe NIABJICHHS JIbAA, C Y4ETOM HHBEPCHH MIOTHOCTH. [1nasie-

HHE JIbJa HMCCIEAYETCA HHCIEHHO C MOMOIIBK) KOHEYHO-Pa3HOCTHOTO METOAa INpH TeMIepaTypax

noBepxXHOCTH uuanHapa T, = 4°, 6°, 8°, 9° u 10°C u npu paauyce uuaurapa, pasiom 254 mMm. Cpashe-

HHME pe3yJIbTATOB JAHHOTO MOJEIMPOBAHUS C CYIUECTBYIOLIUMH 3KCIEPHMEHTAILHBIMH JaHHBIMH MOKa-
34710 UX Ka4eCTBEHHOE COBMAJEHHE.
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