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Nomenclature

C, :Constant pressure specific heat
: Acceleration of gravity
: Local heat transfer coefficient
: Mean heat transfer coefficient

&

h

7

K : Thermal conductivity

) : Length of cylinder

L :Specific internal energy per unit mass
Nu. : Local Nusselt number

Nu : Mean Nusselt number

P : Pressure

Pr :Prandtl number

7,z : Cylinderical coordinates

T  :Local temperature of fluid

u,v : Velocities in z and 7 directions
X, Y : Body forces in z and r directions
o :Local density of fluid

r : Dynamic viscosity

* Graduate School, Kyungpook National University
+x Member, Kyungpook National University

¢ : Stream function

[0 : Vorticity

¢ : Dependent variable
Subscripts

oo : Free stream condition

W : Wall condition

1. Introduction

Heat transfer problems around the maximum den-
sity point have a practical importance in designing
the utility systems for northern districts, for exam-
ple, freezing of water, engineering ice making, etc.

By the dependence of density on temperature
and pressure, density extrema may occur across a
given flow region. A general analysis of a particular
flow geometry seems to be very complicated, evemn
if the Boussinesq approximation is applied to the
extent of neglecting density variations in continuity
considerations. And the analysis is more complicated
when a density extremum condition arises, since the
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thermal expansion coefficient may be positive, zero,
and negative within such a flow. Through one
portion of the thermal boundary layer the buoyancy
forces will be upwards, and through the other port-
ion such forces will be downwards. Consequently a
complicated flow structure may result.

In case where an ice surface is in contact with a
surrounding pure water, the analysis becomes more
complicated by the melting or fusion process which
occurs at the ice-water interface. In such a case the
melting or fusion process can be approximated by
applying a blowing or suction boundary condition
at the interface.

The phenomena related to the free convective
melting of an ice surface into a pure water medium
have been investigated to some extent in the past.
Merk? is the first to analyze convective reversals
around the density extremum. Using an integral
method, he predicted that around 7.=5.31°C, the
Nusselt number has a minimum and the direction
of the flow changed from upward at lower tempe-
ratures to downward at higher temperatures.

Dumore et al® performed an experiment by mel-
ting an ice sphere immersed in still water. They
demonstrated that a convective inversion occurred
at 4.8°C.

Tkachev® obtained a minimum Nusselt number
at 5.5°C in his experiments with vertical ice cylin-
ders.

The observations of Schenk & Schenkels® for ice
spheres in cold water were in fair agreement with
the previous experimental results»®. Their results
showed that a dualflow exists in the range of 4°C
< T.<6°C and a minimum value-in heat transfer
parameter occurs at 7..=5.3°C.

Heat transfer characteristics passing through the
maximum density point around a horizontal ice
cylinder immersed in water was studied theoretically
and experimentally by Takeo-Saitoh”. It was fo-
und that at about 6°C of water temperature the
stagnation Nusselt number takes its minimum
value, and the instability of the flow was observed.

Gebhart and Mollendorf!® also carried out nume-

rical calculations for thermally induced buoyant

flows using their new density relation®. Analysis
of flows arising from thermally induced buoyancy
and from combined buoyancy effects showed the
simplicity of the formulation and closer agreement
with the previous experiments®.

A steady state finite difference analysis for a
vertical ice wall has been reported in the ranges of
free stream temperatures from 0°C to 24°C by
Wilson and Lee!®. The calculated stream function
showed that near the wall there existed a noted
upward flow region for 5.73°C< 7.,<6.0°C in pure
water.

The present study is intended to relate the expe-
rimental results of Tkachev which were not enough
to analyze heat transfer characteristics. In the pre-
sent work, more detailed heat transfer characteristics
and flow patterns are studied for vertical ice circ-
ular cylinder.

2. Analysis

The physical model and the coordinate systems
are schematically shown in Fig. 1. The problem is
to analyze numerically the convective flow around
a vertical ice circular cylinder (radius 7,=2.5cm,
height /=30cm) which is located in quiescent pure
water of constant temperature 7,. The temperature
of the cylinder wall was 0°C. And cylindrical coo-
rdinate system is employed.

For simplicity, the following assumptions and

restrictions are made.
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(a) )
(a) For dominant upflow

(b) For dominant downflow
Fig. 1 Coordinate systems
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a) Flow is laminar

b) The shape of an ice surface does not change
during melting.

¢) All fluid properties remain constant with an
exception of density in the body force term.

d) The flow is symmetrical with respect to the
vertical plane passing through the axis.

Under these postulations, the governing equations

for this problem can be described as follows.
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Here, the +pg term in equation (2) is the body
force per unit volume, and the sign of the term
will be negative for dominant upward flow and
positive for dominant downward flow. The approach
of Lafound!® was employed as density equation in
terms of temperature as shown in Fig. 2.
By introducing vorticity and stream function, and
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Fig. 2 Density distribution of pure water

)

by eliminating the pressure term from equations
(2) and (3), the governing equations can be wri-

tten as:
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where the stream function, ¢, is defined as:
? 1 0
Pu='i— 7:{}—, PV=—7a—f €]
and vorticity, o, is defined as:
Boundary conditions are listed as follows.
z=0(except for the wall) ; g=w=0
T=T.
2
r=vr. ; %%{L:B—;[}TZ(D:O
T=T.
r=7, cu=T=0
o K 2T
pL ar 1)
¢=—S:prvdz

To solve above equations (5),(6), and (7), the
finite difference scheme developed by Gosman et
al'® was employed.

3. Results and Discussion

Figure 3 shows the velocity profiles at a distance
of 2=0.0515m along the cylinder for various selected
free stream temperatures. The positive velocity ind-
icates upflow and the negative velocity means dow-
nflow. It is shown that the flows below 4°C which
is approximately the temperature of the maximum
density point in pure water are wholly upward.

Up to 2.5°C, rather vigorous flow pattern is obse-
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Fig. 3 Velocity profiles for various free stream

temperatures at z2=0.(0515m

rved with increasing free stream temperature. But
the fluid velocities are decreasing with increasing
T. for 2.5°C<T,<4.4°C. This results from the
relatively lower buoyancy forces which exist in the
outer portion of the thermal boundary layer for
values of T, approaching to or surpassing 4°C.

For 4.4°C<T.<5.72°C, converging solutions could
not be obtained for either upflow or downflow. And
an oscillation was observed during computational
procedure. Various grid configurations and a great
number of factors of under-relaxation were employed
to obviate this difficulty but all attempts were
failed.

For T.=5.72°C, because of high free stream tem-
perature, the fluid far from ice wall is significantly
heavier than that near the wall. The fluid near the
wall flows upwards and downflow is observed far
from the wall. Thus, a dualflow pattern can be
observed at this free stream temperature. This trend
was found to be valid for 5.72°C< 7T..<6.0°C.
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Fig. 4 Thermal boundary layer thickness for

various free stream temperatures

Fig. 5

Local Nusselt numbers for various free
stream temperatures

If T. is increased beyond this temperature range,
downflows are observed and the flows become vig-
orous with increasing free stream temperature in
all the velocity fields.

Thermal boundary layer thickness is shown in
For 7.,<2.5°C, the thermal
layer thickness decreases progressively and then
increases for 2.5°C<7.<4.4°C with
temperature. For 7.>5.72°C, the thermal boundary

Figure 4. boundary

increasing

layer thickness decreases with increasing free stream
temperature. This trend is very similar to that of
the velocity boundary layer.

The local Nusselt number, Nu., can be defined as:

hz H oT
Nuz=—f === Iy,
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over a length, 0.3m
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number variation along the cylinder can be deter-

If is evaluated numerically, the Nusselt

mined for various free stream temperatures. Local
Nusselt numbers for various 7., appear in Figure
5. The local Nusselt number increases with incre-
asing 7., for the range of T..<2.5°C and also with
increasing 2, but it decreases with increasing T
for the range of 2.5°C<T.,<4.4°C. Above T.=
5.72°C, this increases again with increasing T..
And it also increases with increasing z. These trends
correspond to convective flow velocity patterns.
From the local heat transfer coefficient, the mean
heat transfer coefficient, %, and mean Nusselt num-

ber, Nu, can be obtained as follows;

1
h= 7 Sohdz
<. hl
N”_T

In Figure 6, the mean Nusselt number is plotted
for various free stream temperatures. Qualitatively,
the present results show a good agreement with the

experimental results of Tkachev®. As shown in
Figure 6, the computed results have greater values
of Nusselt number than those of the experimental
results in all the temperature range. It was found
that the mean Nusselt number distribution of a ver-
tical ice cylinder is higher than that of a vertical

ice plate for whole range of free stream temperatu-

res. This trend appears because the ratio, %, is rel-

atively small'?,
4. Conclusion

The results show three distinct flow regimes:
dominant upward flow, dominant downward flow,
and dualflow region. The range of upward flow is
T.<4.4°C and that of downflow is T.=6.0°C.
Dualflow is obtained in the range of 5.72°C< T, <
6.0°C. No solution has been obtained in the range of
4.4°C<T.<5.72°C.

The computed results of mean Nusselt number
are slightly greater than the experimental results.

The heat transfer rate of a vertical ice cylinder
is higher than that of a vertical ice plate for the
whole ranges of free stream temperatures.
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