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Abstract

This paper reports the effect of the position of a cooled cylinder in a rectangular cavity on the cooling process of
water around the cylinder. The governing equations are solved by a finite difference method, and the flow structure and
temperature distributions are predicted. The initial water temperature, 7}, is varied at 4, 6. 8 and 12°C, while the
temperature of the cylinder surface is fixed at 0°C. The obtained timewise variations of the temperature field and the
velocity field as well as the mean Nusselt number over the cylinder surface are compared. The changes in the position
of the cylinder and the initial water temperature largely affect fluid flows. Only an upward flow appears along the
cylinder for 7; = 4°C, while for T, > 4°C a downward flow is observed in early stages, and then the flow direction is
changed to upward. Therefore, an averaged Nusselt number over the cylinder surface and averaged water temperature
vary in a complicated manner with time for 7; > 4°C. The cooling rate of water is largely affected by the change of the
position of the cylinder. {C 1998 Published by Elsevier Science Ltd. All rights reserved.

Nomenclature

a thermal diffusivity

¢ specific heat

d diameter of the cylinder

g gravitational acceleration vector

h averaged heat transfer coefficient over the cylinder
surface

Nu mean Nusselt number over the cylinder surface
n outward normal to the cylinder surface

Pr  Prandtl number, v/a

p pressure

q see eqn. (4)

G averaged heat flux over the cylinder surface

Ra  Rayleigh number, p... god*(T,— T, )!/pav

T temperature

T average water temperature

¢ time

*Corresponding author. E-mail: sasa(@gpo.kumamoto-
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u

velocity vector

X, Y dimensionless coordinate axes, x/d, y/d
X,y coordinate axes (see Fig. 2)
() average value.

Greek symbols

A thermal conductivity

v kinematic viscosity

0 dimensionless temperature (7— T)/(T\,— T})

f dimensionless area averaged temperature, (7'— 7))/
(T.—T)

=

<,

14

n transformed coordinate axes (see Fig. 2)
density

/)IYIEIX see eqn' (4)

T
w

dimensionless time, at/d’
see eqn. (4).

Subscripts

i

initial

ref reference value at (7,4 T})/2

W

cylinder surface.
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1. Introduction

A number of studies have been reported on sensible
heat and latent heat thermal energy storage, since the
effective load leveling of electric power at night is an
urgent issue today. In those storage systems, water is
commonly used as a working fluid because of its inex-
pensive and nontoxic nature. Therefore, understanding
of transient cooling process of water is very important in
designing the storage systems. The density inversion of
water between 0'C and 4°C complicates fluid flows and
heat transfer in the systems. Many experimental and
numerical studies [1-6] have reported on the effects of
the density inversion of water on the natural convection.
Most of these studies deal with steady heat transfer in a
rectangular enclosure whose opposing two horizontal or
two vertical walls are set at different temperatures. Only
a little attention [7] has been focused on the transient
heat transfer. However, understanding of the transient
natural convection heat transfer is inevitable for practical
applications of thermal energy storage. Therefore, exten-
sive study on it is needed, especially on the transient heat
transfer in water around cylinders in a confined region
because such configuration commonly appears in many
thermal energy storage systems.

The ultimate aim is to clarify transient natural con-
vection around a tube bundle in a confined region.
However, as a first step the authors have studied a single
cylinder in a rectangular cavity. Recently, we performed
a numerical analysis [8] to examine the effect of the initial
temperature of water on transient natural convection in
water around a cooled cylinder placed at the centre of a
rectangular cavity. It was found that the fluid flow and
the heat transfer change with time in a complicated way
for the initial temperature greater than 4°C.

In the present study. we examined further the effect of

the position of the cooled cylinder in the rectangular
cavity on transient natural convection in water with the
density inversion, since no studies appear to have been
reported. to the authors” knowledge. It seems that the
position of a cylinder in a cavity greatly affects the cooling
process of water due to the density inversion. Therefore,
clarification of the effect is important for thermal energy
storage. The initial water temperature ranged from 4°C
to 12°C, and timewise variations of velocity and tem-
perature fields, averaged Nusselt number over the cyl-
inder surface, as well as the mean water temperature were
compared.

2. Physical/numerical model and governing equations

Figure 1 shows the physical system. It consists of a
rectangular cavity which contains a horizontal cylinder
with diameter d, and all the walls (left, right, top and
bottom walls) are assumed to be insulated. In order to
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Fig. 1. Physical model: (a) upper-cylinder-case ; (b) centered-
cylinder-case ; (c) lower-cylinder-case.

examine the effect of the position of the cylinder on the
cooling process of water, the position of the cylinder is
changed at an upper portion, at the centre and at a
lower portion of the cavity, as shown in Fig. 1(a)-(c),
respectively. The value of d is arbitrarily set at 0.015
m, and the height and width of the enclosure are also
arbitrarily set without considering a particular device, as
shown in Fig. 1. The cavity is filled with water. Initially,
water is set at a uniform temperature, 7;. At time =0
s, the temperature of the cylinder surface, 7, is suddenly
changed and maintained at 0 C, and the cooling of water
is initiated. Calculations age performed for 7, of 4, 6, 8
and 12°C.

For simplicity, the following assumptions are made in
the analysis: (1) the flow is two-dimensional, laminar
and incompressible ; (2) the liquid density varies only in
the buoyancy term, i.e., water is the Boussinesq liquid.
With these assumptions, the dimensional governing equa-
tions may be derived as follows:

Continuity

Veu=0. 8]
Momentum

‘u
ps, tolur Viu = —Vp+pvAu+(p.,—p)g. (2)

Energy equation

cT

pe— +pcu- V)T = ZAT. (3)

ct
The following density-temperature relationship of water
proposed in reference [9] was adopted for the liquid
density, p,

P = Pl =0 T— T ") C)]
where P, = 999.972 kg/m®, w = 9.297173x 107°'C ",
T = 4.0293°C and ¢ = 1.894816. This relationship
takes into account the nature of the density-inversion in
water, and it is introduced to the third term on the right-
hand side of equation (2).

Introduction of the Cartesian coordinate system (x—

¥ system) into a complicated physical domain requires
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interpolation of the variables, i.e. velocities, temperature
and pressure, on some boundaries since the grids are not
necessarily coincident with them. To eliminate the errors
and complexity due to this interpolation, the governing
equations are transformed into a generalized coordinate
system, and calculations are performed on the trans-
formed plane. In addition to transforming the governing
conservation equations into the generalized coordinate
system, it is necessary to adapt the grid lines in the gen-

eralized coordinate system to the physical boundaries of

the system by properly generating the grids in the physical
domain. In the present study, we adopted a numerical
grid-generation technique proposed in ref. [10]. A com-
plete set of the dimensionless governing equations and
the transformed equations to the generalized coordinate
system can be seen in references [8, 11]. Two dimen-
sionless parameters appear in the dimensionless gov-
erning equations, namely Rayleigh number, R«, and
Prandtl number, Pr (sse NOMENCLATURE for the
definitions). The value of Ra is 1.84 x 10%, 4.08 x 10°,

7.22 x 10* and 1.65 x 10° with a cylinder diameter . of

0.015m, and Pris 12.5,12.1, 11.7and 10.9 for T} = 4°C,
6°C, 8°C and 12°C, respectively. All thermophysical
properties are evaluated at (7;+ 7,,)/2.

Asanexample, Figs 2(a) and 2(b) show the grid system
generated by using the technique described above. Fig.
2(b) represents the grid system in the computational
plane, and Fig. 2(a) shows the transformed grid from
the computational plane into the physical plane. Points
indicated by the numbers in the physical and com-
putational planes correspond with each other. Points 1.
3 and 13 in Fig. 2(a) all represent the top of the cylinder
surface. In this study, we chose a 81(&) x 301(#) uniform
mesh for T; = 4°C and a 81(&) x 201(») uniform mesh for
7. > 6°C in the computational plane, and 0.025-0.2s for
time increment. Comparing numerically obtained tem-
perature fields with experimental ones. the validity of the

13,

Fig. 2. Grid system : (a) physical plane ; (b) computational plane.

numerical model and the computer code was checked in
ref. [8]. The effect of the number of meshes on numerical
results was also examined, and Fig. 3 for 7; = 8°C with
the cylinder located at the lower part of the cavity (Fig.
1(c)) exemplifies the results. In Fig. 3, timewise variations
of an averaged Nusselt number over the cylinder surface,
Nu, defined by the next expression,
— hed
Nu = —~——,

A

(6)

where

are shown. It is seen that 81(¢) x 201(x) mesh is adequate
for T, = 8"C with the cylinder located at the lower part
of the cavity. The same result is obtained for other pos-
itions of the cylinder and for T, > 4'C, but 81 x 301 mesh
is used for T, = 4°C because more accurate results are
obtained with it than other mesh.

In addition, we can check the accuracy of the cal-
culations with an overall energy balance expressed by the
next relation:

g - fﬁ[{dr =R (5)

T Jo
24— 3
where 0 is a dimensionless average water temperature
over the area which contains water in the cavity. If the
energy balance is accomplished, the value of R disap-
pears. However, since there are numerical errors in the
calculations there exist some amount of residual. In the
present calculations, the maximum value of R among all
calculations is 0.12 at r = 6.35. This value is not so small,
but we chose the mesh size and the time increment men-
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Fig. 3. Check of mesh dependence for T; = 8 C with a cylinder
located at a lower part of the cavity as shown in Fig. 1(c).
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tioned before with compromise between computational
time and accuracy.

The governing equations in the generalized coordinate
system were discretized based on the MAC algorithm
[12], and they were solved iteratively. Detailed numerical
procedure is given in refs. [§, 11].

3. Results and discussion
3.1. Results for T,=4 C

In order to examine the effect of the position of the
cylinder for an initial water temperature, T,, of 4°C,
comparison  of  temperature  distributions  at
7 = 0.870(r = 1440 s) are shown in Fig. 4. The density of
water increases with temperature in the range between
0°C and 4°C (the density inversion); therefore. for
7, = 4°C only an upward flow arises along the cylinder
surface at which the temperature is 0°C. As is seen in Fig.
4(a), with the cylinder located in the upper portion of the
cavity (the upper-cylinder-case) the upward flow already
disappears at t = 0.870 because the amount of hot water
above the cylinder is so small that the temperature differ-
ence between the cylinder surface and water above the
cylinder decreases very quickly. Thermal stratification
has been formed in water under the cylinder, and the heat

(c)

Fig. 4. Comparison of temperature fields at t = 0.870 (1 = 1440
s) for 7, = 4°C: (a) upper-cylinder-case ; (b) centered-cylinder-
case; (¢) lower-cylinder-case.

transfer is almost dominated by conduction. For the case
with the cylinder located at the centre of the cavity (the
centered-cylinder-case), the upward flow is still observed
at this time (Fig. 4(b)) and water above the cylinder is
effectively cooled. The upward flow is much stronger at
early stages for the case with the lower cylinder (the
lower-cylinder-case) than that for the other cases.
Cooling of water above the cylinder is accomplished fas-
ter for the lower-cylinder-case than that for the centred-
cylinder-case. Therefore, only a weak upward flow is
observed at t = 0.870 in Fig. 4(c), but water in the entire
region is already cooled down well for the lower-cylinder-
case.

Comparison of timewise variations of the average Nus-
selt number, Nu, over the cylinder surface is shown in
Fig. 5 for T, = 4°C. As described before, for T, = 4°C the
upward flow at early stages decays with time, regardless
of the position of the cylinder. Accordingly, the average
Nusselt number, Nu, monotonically decreases with time
(Nu is infinity at = 0), as shown in Fig. 5. In particular,
the decreasing rate is very large at early stages for the
upper-cylinder-case because the upward flow ceases
quickly as described before, and the conduction domi-
nated heat transfer lasts for a long period.

Figure 6 shows comparison of timewise variations of
a nondimensional averaged water temperature,
O( =(T—T)/(T.,—T))). where T is an averaged water
temperature over the area in the cavity. The value of §
becomes unity when water in the entire region is com-
pletely cooled down to T,,. As seen from Fig. 6, 8 for the
lower-cylinder-case considerably increases with time at
early stages, and the value is much larger than those for
the other cases. This is because for the lower-cylinder
case the large amount of water above the cylinder is
effectively cooled down by the strong upward flow at
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Fig. 5. Timewise variations of averaged Nusselt number over
the cylinder surface for 7, = 4°C.
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Fig. 6. Timewise variations of averaged water temperature for
T,=4C.

early periods. On the other hand, for the upper-cylinder-
case the decrease in the temperature of water below the
cylinder is quite slow so that the increasing rate of 0 is
very small, except at very early periods.

3.2. Results for T, = 8°C

When the initial water temperature is 8"C, the fluid
flow and the temperature field become much more com-
plicated since the maximum water density (at x4"C) is
located at the mid-point between the temperature of the
cylinder surface and 7. Figures 7, 8 and 9 show the
timewise variation of the temperature field for the upper-,
centred- and lower-cylinder cases, respectively. The time-
wise variations of Nu and @ are shown in Figs 10 and 11,
respectively. For the upper-cylinder case (Fig. 7) a strong
downward flow arises at an early time (Fig. 7(a)), and
then it becomes weak with time due to reduction of the
temperature difference between the cylinder surface and
water below the cylinder (Fig. 7(b)). An upward flow
along the cylinder appears when the temperature of water
around the cylinder decreases to around 4'C. However,
this upward flow exists only for a short period because
the amount of water above the cylinder is very little for
the upper-cylinder-case, thus the temperature difference
between the cylinder and the water above the cylinder is
quickly decreased. As time proceeds further (Fig. 7(c)),
almost no natural convection is observed, thermal strati-
fication is established below the cylinder, and the cooling
rate of water is considerably reduced. Thus, the value of
Nu for the upper-cylinder-case decreases almost con-
sistently with time as shown in Fig. 10, and the increasing
rate of 8 significantly reduces for = > 1.0 (Fig. 11).

For the centred-cylinder-case (Fig. 8), only a down-
ward flow is evident at an early stage (Fig. 8(a)), as for
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Fig. 7. A timewise variation of temperature field for the upper-
cylinder-case for 7;=8"C: (a) t=10.292 (r=480 5); (b)
7= 1.023 (r = 1680 s): (c) T = 2.484 (1 = 4080 5).

the upper-cylinder-case (Fig. 7(a)) since the region where
T > 4°C is much larger than that where T < 4°C (the
density-inversion region). Water below the cylinder is
effectively cooled to nearly 4°C by this strong downward
flow. However, the flow becomes weaker as the cooled
water with T = 4°C accumulates around the cylinder,
and the upward force, derived by light water with
T <4°C near the cylinder, gradually increases its
strength. Ultimately, it produces in an upward flow along
the cylinder, as shown in Fig. 8(b). During the devel-
opment of the upward flow, almost no flow is observed
below the cylinder and the water temperature is kept at
nearly 4°C. As time proceeds further, the strength of the
upward flow is reduced with a decrease in the water
temperature above the cylinder. Finally, heat transfer is
almost dominated by conduction (Fig. 8(c)). In Fig. 10,
the slight increase in the value of Nu during 600 s—1800 s
for the centered-cylinder-case is due to the strengthening
of the upward flow with time as described above. It is
also seen from Fig. 11 that this upward flow suppresses
the decrease in the increasing rate of 8 as was shown for
upper-cylinder-case, thus the increasing rate of @ for the
centered-cylinder-case continues to be larger for a longer
period in the centered-cylinder-case than it is in the
upper-cylinder-case.
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(c)

Fig. 8. A timewise variation of temperature field for the centered-
cylinder-case for 7;=8C: (a) t=10.292 (r=480 s): (b)
t=1.023 (r = 1680s): (c} © = 2.484 (r = 4080 s).

For the lower-cylinder-case, as is seen in Fig. 9, an
upward flow is predominant almost the entire time range
(a downward flow along the cylinder surface is observed
for a very short period from the beginning of the cooling
process). Water above the cylinder is effectively cooled
down for a long period due to this upward flow. Hence,
in Fig. 10, the period in which the value of Nu slightly
increase is longer for the lower-cylinder-case than that for
the centered-cylinder-case, and the value for the lower-
cylinder-case remains large even at late stages, compared
with the other positions of the cylinder. As is seen from
Fig. 11, the value of 8 for the lower-cylinder-case is smal-
ler than that for the other cases at early stages since
natural convection is stronger for the other cases than
that for the lower-cylinder-case. However, at late stages.
the value for the lower-cylinder-case exceeds that for
other cases because of the long duration of the upward
flow in the lower-cylinder-case.

In the case with 7; = 6°C (not shown here), an upward
flow emerges earlier than in the case with T} = 8"C for
all positions of the cylinder. The timewise variations of
Nu are qualitatively similar to those with 7, = 8 C, but
the values of 8 vary with time similarly to those with
T, = 4°C since the period in which the downward flow
exists is very short.

(cj

Fig. 9. A timewise variation of temperature field for the lower-
cylinder-case for 7, =8 C: (a) t=0.292 (=480 s): (b)
= 1.023 (r = 1680 s); (¢) T = 2.484 (1 = 4080 s).
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Fig. 10. Timewise variations of averaged Nusselt number on the
cylinder surface for 7, = 8 C.

3.3. Resulis for T, = 12°C
For the largest initial-temperature (7, = 12°C) exam-

ined in this study, the timewise variation of fluid flow is
also similar to that for 7; = 8 C. Thus, from Figs 12 and
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Fig. 11. Timewise variations of averaged water temperature for
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Fig. 12. Timewise variations of averaged Nusselt number on the
cylinder surface for 7;=12 C.

13, the variations of Nu and 8 with time are also similar
to those with 7; = 8°C in Figs 10 and 11. However, as is
seen in Fig. 14, for the lower-cylinder-case the thermat
stratification in water above the cylinder is quite strong
so that the development of an upward flow is largely
delayed and cooling rate of water remains small for a
long period (compare with the case for 7; = §°C in Fig.
9). As a result, the value of Nu for the lower-cylinder-
case is smaller than that for the other cases at early stages
(Fig. 12). But, as described above, the period in which
the upward flow exists is quite long, thus the value of Nu
remains almost constant for a long period for the lower-
cylinder-case and the value becomes greater than that for
the other cases at late stages (Fig. 12). This trend reflects
the variation of 0 with time in Fig. 13, that is, the value
of @) for the lower-cylinder-case is much smaller than that
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Fig. 13. Timewise variations of averaged water temperature for
T,=12C.

()

Fig. 14. A timewise variation of temperature field for the lower-
cylinder-case for 7,=12'C. (a) t=0.437 (1=720 s); (b)
= 1.748 (1 = 2880 s); (c) T = 3.642 (1 = 6000 s).

for the other cases for a long period from the beginning
of cooling, but the difference gradually becomes small
with time and almost disappears at around t = 6.
Distinct asymmetry of temperature fields with respect
to a vertical plane through the cylinder axis is found (e.g.
see Fig. 7)., in spite of the fact that the symmetry in
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the geometry, in the temperature and velocity boundary
conditions, as well as in the mesh system is secured. It
seems that under some conditions a transient flow is so
unstable as to create the asymmetrical flow even with
small numerical disturbances such as a truncation error
in the calculation with double precisions variables. This
asymmetry seems to appear also in a real system because
disturbances must exist in it, and we should confirm it by
very careful experiments in the near future.

4. Conclusions

Numerical calculations were performed to examine the
effect of the position of a cooled cylinder in a rectangular
cavity on the transient cooling of pure water around the
cylinder. The cylinder was placed at an upper portion,
the centre, or a lower portion of the cavity (Fig. 1). The
initial temperature, 7, was changed at 4, 6, 8 and 12°C,
while the temperature of the cylinder surface was fixed at
0C.

For T, = 4"C, only an upward flow emerges around
the cylinder for all the positions of the cylinder (this flow
exists only a short period in the case with the cylinder
located at the upper part of the cavity). The upward flow
becomes weaker as time proceeds. Hence, the average
Nusselt number, Nu, over the cylinder surface decreases
consistently with time. The cooling rate of water is the
largest with the cylinder located at the lower part of
the cavity (the lower-cylinder-case). medium with the
cylinder at the centre of the cavity (the centred-cylinder-
case), and smallest with the cylinder at the upper part of
the cavity (the upper-cylinder-case).

For T, > 4°C, a downward flow is predominated at
early stages (this flow exists only for a short period for
the lower-cylinder-case). When water around the cylinder
is cooled down to nearly 4°C, the flow direction is
reversed and an upward flow appears. The upward flow
weakens with time as the temperature difference, between
the cylinder and water above the cylinder, decreases (this
flow exists only for a short period for the upper-cylinder-
case). Therefore, the values of Nu and 0 vary in a com-
plicated manner with time, as shown in Figs 10, 11, 12
and 13. In addition, for the lower-cylinder-case with
T, = 12°C, a strong thermal stratification in water above
the cylinder is formed so that the development of the
upward flow is largely delayed and the cooling rate is
suppressed for a long period (Fig. 13).

In this study, we performed calculations only for an
enclosure with a specific height (64) and width (4d) as
well as for a specific diameter, d (=0.015 m), of a cylin-
der, as shown in Fig. 1. If we consider a different enclos-
ure and cylinder, the feature of natural convection may
change and therefore the cooling rate of water may be
affected. The authors will conduct numerical simulations
to examine these subjects in the near future.
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