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Abstract

Natural convection cooling of the fluid in a drink can placed
in a refrigerator is investigated. In this study the full com-
bined boundary layer system on the can wall is simulated. The
cylindrical can filled with water (Pr = 7.0) at non-dimensional
temperature of 0 is located within a larger cylindrical container
filled with air (Pr = 0.7) at non-dimensional temperature of -1,
with Raw=4.62×108 in the water domain andRaa=4.20×106 in
the air domain. The container and can have a height-width ratio
A of 2 and 4. The heat capacity in the walls is neglected as the
walls of the can are very thin, and hence, the assumption of zero
thermal resistance at the walls is used. Initially both fluids are
at rest and the temperature of the water is higher than that ofthe
air. The study examines the placement of the inner can in two
configurations. The first case has the inner can placed vertically
in the middle of the outer container and the second case has the
inner can placed vertically at the bottom and in contact withthe
outer container. The commercial package FLUENT 6.3.26 is
used to investigate the behaviour of the natural convectioncool-
ing using both an axisymmetric two–dimensional mode and a
non-axisymmetric three–dimensional models. The results show
that the flow behaviour in the two and three dimensional mod-
els is consistent, although the plume in the air flow on top of
the can was observed to be non-axisymmetric and flapping in
the three dimensional models. This effect was observed to in-
crease when the gap between the top of the can and the ceiling
of the container increases. The three dimensional models have
a rate of cooling around 3% slower than the corresponding two
dimensional models. In general though, the two dimensional
models produced satisfactory results, while requiring a lot less
computational time compared to the three dimensional models.

Introduction

The cylindrical container is one of the most common shapes
encountered in natural convection heat transfer processes, with
such examples as liquid/gas storage tanks, thermal energy stor-
age systems and food cans, amongst others. The simplest model
of this process is to assume that the walls of the can are main-
tained at either a uniform temperature or a uniform heat flux
with an adiabatic top and bottom. The flow structure of this
model, classified by Evanset al. [1] for a heated container, con-
sists of a boundary layer along the hot walls, a mixing region
at the top where the discharges mix with the upper/lower core
fluid and a main core region where the temperature of the fluid
gradually stratifies. Otis and Roessler [2] conducted an experi-
mental investigation into the development of stratification of ni-
trogen gas in a piston-cylinder enclosure with isothermal walls
and provided experimental support for the existence of internal
waves, as occurs in the rectangular cavity [3, 4]. The transient
flow patterns of natural convection cooling in a vertical cylinder
and rectangular container with an initially homogeneous fluid
and isothermal walls using direct numerical simulation were ex-

tensively investigated by Lin and Armfield [5, 6, 7, 8]. The tran-
sient flow patterns show that the flow activity occurs mainly in
the vertical thermal boundary layer along the vertical walland
in the horizontal region at the bottom of the container. Trav-
elling waves observed in the vertical thermal boundary layer
and the cold intrusions in the horizontal region were analyzed.
The flow evolution was found to be slightly different in the two
geometries. The cylindrical container has a higher rate of strat-
ification than the rectangular container as it has less volume at
the same width/radius. Various scaling relations were devel-
oped and verified by direct numerical simulations with various
Ra, Pr andA.

Nonetheless, the simple model of isothermal or isoflux wall is
not suitable for some practical systems, such as cooling a drink
can in the refrigerator. This problem has neither isothermal nor
isoflux walls, as the fluids interact on both sides of the can walls
to form a combined natural convection boundary layer system.
In this study, the full combined systems are simulated with the
effect of the can placement investigated and compared between
axisymmetric two-dimensional models and non-axisymmetric
three-dimensional models.

Numerical Method

Models

The natural convection cooling of a cylindrical can surrounded
by homogeneous fluid in a vertical cylindrical container is con-
sidered. Air (Pr = 0.7) is used as the cooling fluid to cool the
water (Pr = 7.0) contained in the can. The cylindrical container
has a heightZ and radiusR. The inner cylindrical can has a
height H and radiusL, as illustrated in figure 1. The height
radius ratiosA of the container and can are 2 and 4, respec-
tively. The walls of the outer container have a constant non-
dimensional temperature ofθw = -1. Initially both fluids are
at rest and the temperatures of air and water areθa = -1 and
θo = 0, respectively. The configuration and control parame-
ters have been chosen to match a can 13 cm high, filled with
water at 20◦C, and placed in a refrigerator containing air at
5◦C. Based on the physical properties of the water and the
air, the water domain hasRaw=4.62×108 and the air domain
hasRaa=4.20×106. The walls of the can are very thin, hence,
the assumption of zero thermal resistance at walls is used and
the heat capacity in the walls is neglected. The inner can is in-
vestigated in two separate cases. The first, case 1, has the can
vertical and located in the middle of the container with no con-
tact between the can and container walls, shown in figure 1(a).
The second, case 2 as in figure 1(b), has the can vertical and lo-
cated at the bottom of the container in contact with the container
floor, the floor of the can is then maintained atθw.

Governing equations

The unsteady natural convection flow in the cylindrical con-
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Figure 1: Computational domains and the coordinate system
for the axisymmetric two-dimensional model, (a) case 1 and (b)
case 2.

tainer and can is governed by the Navier–Stokes equations and
temperature equation. With the Boussinesq approximation,the
equations can be written in non-dimensional form as follows:

∇ ·u = 0, (1)
∂u
∂τ

+u ·∇u = −∇p+
Pr

Ra1/2
∇2u+Prθ, (2)

∂θ
∂τ

+u ·∇θ =
1

Ra1/2
∇2θ. (3)

The gradient operator is given by,

∇ ≡

∂
∂r

+
1
r

∂
∂φ

+
∂
∂z

. (4)

The Prandtl number,Pr, and the Rayleigh number,Ra, are de-
fined as,

Pr =
ν
α

, (5)

Ra =
gβ∆T h3

να
, (6)

whereg is the acceleration due to the gravity,β is the coeffi-
cient of thermal expansion andν is the kinematic viscosity. The
length scaleh = H for Raw, andh = Z for Raa.

Discretisation

The governing equations are solved with a finite-volume dis-
cretisation process, carried out using the commercial solver
FLUENT 6.3.26 for both 2D– and 3D–models.

For the 2D–models, the unsteady segregated solver was used
with a second-order upwind scheme for convective terms and a
second-order central scheme for the diffusion terms. The PREs-
sure STaggering Option (PRESTO) scheme has been employed
for pressure discretisation and the SIMPLE-algorithm has been
used for the pressure-velocity coupling. It is necessary tocon-
centrate the mesh points near the walls in both the water and air
domains as most of the flow interaction happens near the walls.
A non-staggered mesh, very fine near the walls and relatively
coarse away from the walls, is used in this study. Four meshes,
as shown in table 1, have been tested to determine the grid de-
pendence of the flow with negligible variation observed in the
temperature and velocity fields. The results presented herewere
obtained on mesh 1, with the time step∆τ=1×10−4.

smallest mesh size
near the can wall

number of nodes

water air L H R Z
mesh 1 0.000523 0.000632 111 261 181 483
mesh 2 0.001151 0.001285 60 131 92 243
mesh 3 0.001859 0.002418 45 131 67 243
mesh 4 0.003932 0.004185 31 96 34 178

Table 1: The details of test meshes

For the 3D–models, the Non-Iterative Time Advancement
(NITA) solver was used with the fractional step method to cou-
ple the velocity and pressure. The 3D–computational domains
were generated inGAMBIT 2.3.16 using the Cooper volume
meshing scheme for the can, resulting in 556,100 hexahedral
cells in the water domain and, using the same meshing scheme
1,405,375 hexahedral cells and 1,232,990 hexahedral cellsin
the air domain for cases 1 and 2, respectively, with a time step
∆τ=5×10−5 for all the cases.

Numerical results

Case 1

In the early stage of the cooling process, the thermal boundary
layer rapidly forms on all the can walls. After the full develop-
ment of the thermal boundary layer, warm air moves upwards
to the ceiling of the container. When it reaches the ceiling,a
warm intrusion forms and moves along the top and towards the
vertical wall of the container, with a vortex at the front of the
intrusion, as seen in figure 2 atτ=0.5. In the case of the three-
dimensional flow the results are presented on both(x,z) and
(x,y) planes to further display any three dimensional structure
in the flow.

Once heated the intrusions have reached the outer container
wall, the outer container begins to fill with stratified air and ap-
proaches a quasi–steady state.

Figure 2: Time evolution of transient temperature in the two–
and three–dimensional simulation of case 1.

As seen here the cooling process of the 3D–model is initially
similar to that of the 2D–model, however atτ = 10, the plume
of warm air, which discharges from the top of the can towards
the ceiling of the container, has moved out of thez–axis in the
3D results shown in the(z,x) plane, resulting in asymmetrical



Figure 3: The temperature distributions of the water in the can
and the surrounding air in the range ofθ=-1 – -0.8 of both 2D–
model and 3D–model atτ=35 of case 1.

Figure 4: Particle traces of the flow in case 1 atτ=85 and the
temperature ranging from -1 to 0 represented by the colour of
contour lines.

flow in the air domain. The circulation on top of the can then
dissipates into the flow, as shown in figure 2 fromτ=10. The
asymmetrical flow in air domain of the 3D–model moves non-
periodically back and forth exhibiting a flapping motion. Fig-
ure 2 shows that the air flow becomes more stable in the later
stages of the cooling process due to the decrease in the temper-
ature difference between the inside and the outside of the can
and the decrease in the velocity of the plume of air is discharged
from the top of the can.

As the flow in the air domain approaches a quasi–steady state,
a thermal boundary layer gradually forms in the water within
the can, the slower rate of formation being a result of the larger
Prandtl number. Reduced circulation on top of the can in the
3D–model results in less heat transfer at the top of the can, as
compared to the 2D–model. Figure 3 presents the temperature
distributions in the range ofθ=-0.8 – -1, where it can be seen
that the temperature gradient at the top of the can is greaterfor
the 2D model, leading to a greater heat transfer rate. A central
plume of cooled water is evident in the 2D results, but not in
the 3D results, as a result of the increased cooling rate there,
showing that the water in the can in the 2D model is less sta-
ble than in the 3D model. Particle tracking in the air and water
domains in figure 4 reveals non-axisymmetric spiral motionsin
the upper regions of both the air and water domains. These non-
axisymmetric feature persist only during the initial phaseof the
flow, at later time the fluid in both domains becomes contin-
uously stratified and the non-axisymmetric motions in the 3D
models die out.

Case 2

Figure 5 shows the flow development of 2D and 3D–models for
case 2, with the 3D results shown on both thexz– andyz–planes.
The basic structure of the flow is similar to that observed in case
1, with a plume rising from the can to the ceiling, generating
intrusions with associated vortices that travel beneath the up-
per boundary to the wall of the outer container, then filling and
stratifying the air domain.

Figure 5: Time evolution of transient temperature in the two–
and three–dimensional simulation of case 2.

Again the plume rising from the can top is seen to be non-
axisymmetric in the 3D results, as seen in figure 5 atτ=10.
Detailed examination of animations of the 3D flow show that
this non-axisymmetric flow takes the form of a random flapping
motion of the plume, similar to 3D–model of case 1, which van-
ishes in the later stages of the cooling process. The magnitude
of the flapping motion in the 3D results is considerably greater
than that of the case 1 flow, and this may be attributed to the
increased gap between the top of the can and the ceiling of the
container, as all parameters, with the exception of this gap, are
the same as for case 1.

Figure 6 further confirms the non-axisymmetric flow of this

Figure 6: Isosurface of temperatureθ=-0.37 in 3D–model of
case 2 atτ=85.



Figure 7: Particle traces of the flow in case 2 atτ=85 and the
temperature ranged -1 to 0 represented by the colour of contour
lines.

case, evident in theθ=-0.37 isosurface, also showing that this
non-axisymmetry exists only in the plume region of the flow.

Figure 7 contains particle traces of the flow in the air and water
domains for case 2, with the temperature of the fluids repre-
sented by the colour of the contour lines. The flow of the water
inside the can is seen to be dominated by a single toroidal re-
circulation, except for a small area below the top of the can,
similar to case 1. The air domain clearly has a relatively un-
structured flow with the non-axisymmetry appearing to be more
intense than that of case 1.

Cooling rate

The cool down times of water in the can are compared, where
the cool down time is the time required for the average tem-
perature in the can to reach the valueθw,avg(τd)=-0.99, are pro-
vided for each of the cases in table 2. As shown above the basic
structures of the 2D and 3D flows are very similar, with non-
axisymmetric 3D effects seen only at early time in association
with the plume rising from the top of the can. The similarly of
the 2D and 3D flows is also seen in the cooling down time, with
the time for the 3D flow being approximately 3% greater than
that of the 2D flow, for both cases. This is attributed to the re-
duced heat transfer rate shown on the top of the can in the early
part of the flow development, which is in turn believed to be
associated with the unsteady, flapping, behaviour of the plume.
It is also noted that the case 2 has a significantly shorter cool
down time than case 1.

case τd
case 1–2D 18817
case 1–3D 19304
case 2–2D 11414
case 2–3D 11783

Table 2: The comparison of time taken to cool the can fluid to
an average temperatureθw,avg(τd)=-0.99

Conclusions

2D axisymmetric and 3D solutions were obtained for the cool-
ing down of the water in a cylindrical container located inside
a larger cylindrical container of air with the wall of the larger
container maintained at a constant temperature. Two cases were
considered, in the first the inner container is located in thecentre
of the larger container with no direct contact between the two

containers. In the second the inner container is at the bottom
of the outer container the the two lower boundaries in contact.
The results have shown that in both cases the 3D effects are rela-
tively small, occurring in the early part of the flow development
and in association with the plume that forms in the air domain
at the top of the inner container. The non-asymmetric natureof
the 3D flow was greater for case 2, which is attributed to the
increase in the gap between the upper boundaries of the inner
container and the outer container in that case.

The general similarity between the 2D and 3D models, and
agreement to within 3% of the cooling down times, show that
the much more efficient 2D model is able to provide a satisfac-
tory prediction of this complex flow.
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