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ABSTRACT
Natural convection flows around submerged heated cylinders have gained attention in recent years due to
their use in many engineering applications such as flow around tubes and rods (as in nuclear reactors and spent
fuel cooling ponds). The purpose of this paper is to establish the modelling strategy for simulating natural
convection heat transfer and flow around vertically positioned cylinders submerged in a water tank heated with a
constant heat flux. The simulations were conducted for cylinders having different diameters which varied from
10 mm to 165 mm. The problem involved flow transition from laminar to turbulent within the boundary layer as
the maximum Rayleigh number based on the cylinder length reached a magnitude of the order of 10 14. The
outcomes of these calculations were validated against published experimental data. The comparisons were made
in terms of heat transfer coefficient and Rayleigh number which showed good agreement between predictions
and experimental results.
The predicted results showed sensitivity to various eddy viscosity models and the final results were obtained
with SST model. Another important point that emerged from the study was that the specification of a suitable
evaporation boundary condition at the top (water) surface was very critical. The treatment of evaporation from
the top surface is discussed in detail which was also successfully incorporated in the methodology. We believe
that the results obtained from our study will be useful for modelling flow in situations where a large number of
heated cylinders are involved.
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INTRODUCTION
In recent years, natural convection heat transfer around vertical cylinders has gained increased attention
owning to its significant applications, specially, in the nuclear applications starting from the reactor core to the
nuclear waste management. For the purpose of this research we have practically focused on the waste
management applications (Hasan et al., 2015). The Spent Nuclear Fuel (SNF), nuclear waste, needs to be
submerged under water in cooling ponds for several years until became less radioactive.
SNF cooling ponds, in principle, based on two phenomenon to get rid of the decay heat released from the
fuel racks. First is natural convection phenomenon between the fuel racks and the surrounding water. The second
mechanism is via the complex phenomenon of evaporation into atmosphere from the free water surface which
represents the major component of the heat loss from such ponds. These two fundamental phenomenon will be
discussed in detailed in the following sections.
Establishing a methodology for modelling submerged vertical cylinders will allow more understanding of
the flow behaviour in such situations. The well-known Computational Fluid Dynamics (CFD) methodology will
be used in this study and the general methodology can be found in many textbooks such as (Versteeg and
Malalasekera, 2007).
A rule of thumb is that most of numerical methodologies need to be validated against reliable experimental
data to give the confidence of the obtained results. After reviewing the literature we found few experimental
work been conducted on heated vertical cylinders submerged in water which can be used to validate our
numerical methodology.
(Kimura et al., 2004) have experimentally investigated the heat transfer around heated vertical cylinder
submerged in a water tank as shown in Fig. 1. The cylinder was supplied with constant heat flux. A unique
aspect of the work of (Kimura et al., 2004) was that they have studied the effect of the diameter to height (D/L)
ratio of the cylinder on the heat transfer characteristics where the diameter was varied from 10 to 165 mm. The
study shows that increasing the cylinder diameter results in shifting the onset of transition vertically upward
direction and the heat transfer coefficient has considerably enhanced with reducing the diameter.
(Arshad et al., 2011) have reported an experimental work of natural convection heat transfer from a 3 x 3
array of thin vertical cylinders. The cylinder assembly was submerged in a large water tank where all cylinders
were heated with uniform heat flux. The results showed that the temperature distribution on the cylinders
surfaces is gradually increased in the axial direction until the flow transition from laminar to turbulent the
temperature starts to fall down enhancing the heat transfer. As outcome of this study, they proposed empirical
correlations for an assembly of cylinders in terms of Nusselt and Rayleigh numbers.

Fig. 1. Sketch of the experimental apparatus (Kimura et al., 2004).
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From the experimental work found in the literature we have carefully chosen the experiment conducted by
(Kimura et al., 2004) to validate our modelling methodology with their data. This experiment was selected for
few reasons as listed below.






The heat transfer medium is water.
The position and shape of the cylinder
The cylinder is heated with uniform heat flux which is similar to the situation in the cooling ponds.
Allow to examine the effect of cylinder diameter on the heat transfer characteristics
Water top surface is exposed to atmosphere to allow for evaporation to take place.

The knowledge gained from this validation exercise will be partially applied in future to produce a valid
numerical model of the SNF cooling pond. In addition, this validation exercise will provide a baseline for
modelling flow in similar situation.

NATURAL CONVECTION HEAT TRANSFER
When a heated body is immersed in a quiescent fluid, a natural circulation current is induced as a result of
temperature gradient. This is happening due to the fact that the density of the fluid is highly dependent on
temperature so that the hot fluid tends to move upward exchanging positions with the relatively colder fluid. The
effect of natural convection may be neglected in some occasions when forced convection is introduced. The
dimensionless relations which govern natural convection phenomenon, when uniform heat flux is provided, are
modified Grashof number, GrL* , modified Rayleigh number, RaL* , and Nusselt number, Nu L . These numbers can
be defined as follows:
GrL* 
Ra L*  GrL* Pr 
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k
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k
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where L is the length of the cylinder, and h is the convective heat transfer coefficient an calculated according
to the following equation:

h
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HEAT LOSS FROM THE TOP SURFACE
The heat loss from the free water surface takes place by three different mechanisms; evaporation,
convection, and radiation. The treatment of each mechanism is explained in the following sections. However, the
total heat flux from the free water surface can be considered as follows:




qtotal
 qevap
 qconv
 qrad

(5)

Evaporation Heat Loss
Given that the top surface of the water is exposed to the atmospheric air, it is important to understand the
mechanism of evaporation to be able to specify the appropriate boundary condition in the numerical model.
Evaporation is the net mass loss from water surface as a result of phase change from a liquid to a vapour.
Water vapour is in constant motion, moving back and forth from the free water surface. Evaporation takes place
when the leaving molecules are more than entering. This process is associated with large amount of energy
which is required to break the hydrogen bonds between the molecules of water allowing molecules to escape
from the water surface. There are three drivers of the evaporation process and are listed below (Silberberg,
2006).
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 The supplied heat energy which increases the kinetic energy of the water molecules.
 Diffusion of water vapour from the free water surface to the surrounding humid air.
 Transport of water vapour within the layers of the atmosphere away from the water surface.
Diffusion occurs when the fluid phase changes from liquid to gaseous phase, which takes place at a very thin
boundary layer just above the free water surface (Thompson, 1998). The result is that the moisture moves from
the regions of high concentrations to lower concentrations in the form of vapour (McQuiston et al., 2005). This
thin boundary layer can be assumed as air fully saturated by water vapour. However, evaporation rate is mainly
affected by the velocity of surrounding air, water and air temperatures, water surface area, and humidity
(Vinnichenko et al., 2011, Magin and Randall, 1960).
Evaporation can occur due to two mechanisms, first, is free evaporation (when the surrounding air is at rest)
because of the difference in moisture concentration between the thin layer of the air directly above the water
surface and the surrounding air. The second mechanism is the forced evaporation as a result of air flow across
the free water surface (Shaw, 1998). There are many approaches to estimate the evaporation rate; the most
commonly is through an experimental measurement or by using the well-known similarity theory. This theory
assumes the complete analogy between convective heat and mass transfer under some conditions.
(Bower and Saylor, 2009) have experimentally investigated the natural convection driven evaporation.
Sixteen different water tanks having different sizes were used where measurements of relevant temperature and
relative humidity were collected. They have developed a power law correlation between Rayleigh number and
Sherwood number for evaporation. They found that the value of the exponent of the power law correlation is
very close to 1/3 which is similar to the exponents of Nu – Ra power law correlations for convective heat transfer
in many studies.
(Jodat et al., 2013) have experimentally studied the ability of similarity theory to estimate the water
evaporation rate. The study has considered free, forced, and mixed convection regimes. They have considered in
their study water temperatures ranged between 20 to 55 oC and the air average velocities varied from 0.05 to 4
m/s. For the natural convection regime, the similarity theory has well predicted the evaporation rate; however, in
the combined regime the similarity theory was not able to predict the nonlinear behaviour. In the forced
convection regime, the similarity theory underestimated the evaporation rate. The outcomes of this investigation
were summarised in a new correlation for the mixed convection to enhance the results for this regime.
In the present study, we have assumed that the surrounding humid air is quiescent so that the evaporation
from the free water surface can only occur naturally. Hence, the similarity theory between heat and mass transfer
can be used for the purpose of this validation work. The dimensionless mass transfer coefficient, Sherwood
number, is defined as the following power law correlation Eq. (6) (Cengel, 2003).

Sh  0.15Grm Sc 

1/ 3

where

(6)

Sc and Grm are the Schmidt and Grashof numbers for mass transfer, respectively, and can be

defined as:

Sc 
Grm 
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Therefore, the mass transfer coefficient can be calculated from the following equation:

Sh 
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(9)

Area
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where, the characteristic length, Lc, is considered as follows:

Lc 
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and

DH 2O, Air is the mass diffusivity of water vapour in air at the average temperature and can be evaluated

from the following expression:

DH 2O, Air  1.87 10 10
Then the evaporation mass flux, m•, can be found from:

T 2.072
P





me  hm  v,s   v,

(11)

(12)

Finally, the heat flux due to evaporation can be calculated as follows:

qevap
 me h fg

where

(13)

h fg is the latent heat of vaporisation.

Convection and radiation heat loss
The heat loss form the water top surface by the mean of natural convection and radiation is less significant
than the evaporation heat loss. However, it cannot be ignored as the water bulk and surface temperatures are very
sensitive to the boundary condition at the top surface.
The heat loss by convection from the free water surface to the atmosphere can be treated as a horizontal
plate and the correlation in Eq. (14) can be used to evaluate the convective heat transfer coefficient which is
analogy with the mass transfer correlation as shown in Eq. (6).

Nu  0.15Gr Pr

1/ 3
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k

(14)
(15)

Then, the convective heat flux can be calculated from the following equation:


qconv
 hconv Ts  T 



The radiation heat flux can be found from:


4
qrad
  Ts4  Tsurr



(16)

(17)

NUMERICAL SIMULATION
The experiment conducted by (Kimura et al., 2004) was used to validate our numerical methodology. A
sketch of the experimental apparatus is shown in Fig 1. The vertical cylinder as shown in figure is heated with
constant heat flux with value of 5000 W/m2 where the surrounding water temperature was initially at ambient
temperature. The simulations were conducted for cylinders having diameters 10 mm, 26 mm and 165 mm. The
problem involved flow transition from laminar to turbulent within the boundary layer as the maximum modified
Rayleigh number based on the cylinder length reached a magnitude of the order of 10 14. Due to the symmetry in
the geometry of the experimental apparatus, only one quarter of the geometry is considered for all the simulation
cases to reduce the computational time.
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Fig. 2. Grid distribution of the computational domain for Kimura et al. experiment.

The computational grid shown in Fig. 2 was constructed mostly with hexahedral mesh to generate number of
cells around 0.5 million. Inflation was used at the cylinder surface to control the y+ value and the wall normal
expansion ratio (maximum of 1.1). During the simulation the y+ value was kept in range of 0.25 to 0.9 which is
fine enough to capture the flow transition from laminar to turbulent (Fluent, 2014).
Various eddy viscosity turbulence models were tested to find out which of these models has the capability to
capture the transition behaviour of the flow. Transition shear stress transport (SST) turbulence model (Menter et
al., 2006) was found to lead to satisfactory results providing that y+ at the cylinder surface was kept within the
recommended value (0.001 to unity).
In order to model the buoyancy driven flow, gravity was specified with value of 9.81 m/s2 downward.
Besides, all the properties of water were considered to be temperature dependent. All the physical properties of
water follow the relation described in Eq. (18), except the thermal expansion coefficient which can be evaluated
from Eq. (19) (Arshad et al., 2011).

  A  BT f  CT f2  DT f3

(18)

   1 ( A  2 BT f  3CT f2 )

(19)

where φ represents all the physical properties of water (ρ, Cp, k, µ), except the thermal expansion coefficient
(β). Tf is the film temperature. A, B, C and D are thermodynamics constant and their values are summarised in
Table 1.

Table 1. Thermodynamic constants for physical properties of water (Arshad et al., 2011).
Property / thermodynamics constant
Density (ρ) (Kg/m3)
Specific heat (Cp) (J/Kg K)
Thermal conductivity (k)(W/m K)
Viscosity (µ) (Pa.s)
Thermal expansion coefficient (β) (1/K)

A

B

223.127
5021.28
-5.084 x 10-1
6.3225 x 10-2
6.7678
6

6.7678
-5.4571
6 x 10-3
-5.1485 x 10-4
-1.8538 x 10-2

C

D

-1.8538 x 10-2
8.842 x 10-3
-7.565 x 10-6
1.415 x 10-6
1.522 x 10-5

1.522 x 10-5
-1.306 x 10-9
-

Fig. 3. The overall heat transfer coefficient corresponding to the water surface temperature.

The evaporation heat flux from the water free surface can be obtained by applying the similarity theory at a
wide range of water surface temperatures Eq. (6 to 13). In the same way, the convective and radiative heat fluxes
can be calculated using Eq. (16) and Eq. (17), respectively. In the previous calculations, the humid air conditions
were considered to be at a temperature of 295 K and relative humidity of 70%. In addition, the air properties (k,
ʋ, α, Pr) were estimated at the average temperature (between air and water surface temperatures).
Now, the values for the total heat flux may obtain from Eq. (5) and then the results can be converted to
overall heat transfer coefficient, hoverall. After evaluating the overall heat transfer coefficient, hoverall, at the free
water surface under different water surface temperatures, these data can be plotted in form of hoverall against the
water surface temperature, Ts, as shown in Fig. 3, and the best fit curve polynomial correlation is obtained Eq.
(20).
In order to utilise the new correlation for the overall heat transfer coefficient Eq. (20), a user-definedfunction (UDF) was written and compiled to the Fluent solver (Fluent, 2014).

hoverall  42107  374.56T  1.0971T 2  0.0011T 3

(20)

The simulations were conducted until the steady state was reached for the three cases. The commercial CFD
package of ANSYS Fluent 15.0 was used to perform these calculations, where the continuity, momentum and
energy equations were solved. All the conservation equations were solved with second order upwind scheme,
except the continuity equation which used PRESTO!. The calculations were performed with residual criterion of
10-4 on an i7- 3770 CPU @ 3.40 GHz 4 cores machine. A typical computation needed 12 hours.

RESULTS AND DISCUSSION
The results obtained from the simulations were processed and displayed in the form of surface temperature,
heat transfer coefficient along the cylinder surface, and Nux vs. Rax*.
Surface Temperature Visualisation
Figure 4 shows the temperature distributions along the surface of the cylinder for three different diameters.
The colours shown in this visualisation are indicating as follows, black (low temperature), light grey (moderate
temperature), and dark grey (high temperature). It can be clearly seen from the photos in Fig. 4 that the predicted
results show good agreement with those obtained from the experiment. The lowest temperatures were recorded
at the bottom of the cylinder where the temperature values keep increasing in the vertical upward direction up to
the separation point where the transition from laminar to turbulent takes place.
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Fig. 4. Temperature distribution along the cylinder surface. (a) D = 165 mm, (b) D = 26 mm, and (c) D = 10 mm.

The observed temperature gradient in the bottom part of the cylinders is due to the effect of the buoyancy
driven flow within the boundary layer. This flow behaviour should be more pronounced with increasing the axial
distance
According to the visualisation photos in Fig. 4, the onset of transition to turbulence keeps shifting in the
vertical upward direction with decreasing the diameter of the cylinder and this is due to the increase of the
curvature effect. When the boundary layer becomes turbulent, the temperature starts to decrease gradually in the
vertical upward direction.
Heat Transfer Characteristics
Figure 5 shows the comparisons of heat transfer coefficient between the predicted results and experimental
data (Kimura et al., 2004). Overall the comparisons show a good agreement. However, minor differences can be
observed which is probably due to uncertainty in geometry and the validity of the top surface heat loss
correlation where the discrepancy is more pronounced. It can be clearly seen in Fig 5 that the heat transfer
coefficient gradually falls with increasing height of the cylinder up to the point where the flow transition from
laminar to turbulence takes place. After that the flow became fully turbulent, at the top region of the cylinder,
resulting in enhancement of the heat transfer.
As the water properties are considered to be temperature dependent, any change in the temperature will
directly affect the flow and heat transfer characteristics. Figure 6 displays the viscosity and the thermal
conductivity of water within the boundary layer in the vertical upward direction. The increase of surface
temperature, vertically upward direction, decreases the dynamic viscosity, µ, and increases the thermal
conductivity, k.
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(a)

(b)

(c)
Fig. 5. Comparisons of local heat transfer coefficient between the present work and data for Kimura et al. [xx]
for different diameters (a) D =165 mm, (b) D =26 mm, and (c) D =10 mm.

At the peak of the surface temperature, the viscosity is at its lowest value which in turn increases the
Rayleigh number transforming the flow to be fully turbulent in this region. Meanwhile, the thermal conductivity
decreases due to the high temperature offering higher resistance to the heat transfer. After the flow is fully
turbulent, the turbulence activities lead to reducing the temperature in the top region of the cylinder.
Accordingly, the thermal conductivity increases offering less resistance to heat transfer. In general, the heat
transfer coefficient is enhanced more for smaller cylinder diameters.

Fig. 6. Dynamic viscosity and thermal conductivity distributions of the water within the boundary layer
along the cylinder length having a diameter of D = 10 mm.
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(a)

(b)

(c)
Fig. 7. Comparisons of local Nusselt number between the present work and data for vertical cylinder by Kimura
et al. (Kimura et al., 2004) and vertical plate by Fujii et al. (Fujii et al., 1970) for different diameters (a) D =165
mm, (b) D =26 mm, and (c) D =10 mm.
The plots of the non-dimensional local Nusselt number, ��� , against the local modified Rayleigh number,
Rax*, are shown in Fig 7. For the biggest diameter, 165 mm, the predicted data agreed well with the proposed
data by Fujii et al. (Fujii et al., 1970) for vertical flat plate in the laminar regime shown in Fig. 7 (a). These data
match with those obtained by (Kimura et al., 2004) over the laminar region as well as the turbulent region.
Figures 7 (b) & (c) show a comparison for the smaller diameters, 26 mm and 10 mm, respectively. Overall,
the current data are in good agreement with data reported by (Kimura et al., 2004), however, there is a deviation
from (Fujii et al., 1970) and this deviation increases for the smallest diameter, 10 mm. The reason for this
discrepancy is due to the high curvature of cylinder.
CONCLUSIONS
The modelling methodology of heated vertical cylinder submerged in a water tank was established and the
validation work was successful. Numerical simulation was conducted and the obtained data were validated
against the experimental data reported by (Kimura et al., 2004). The CFD model was able to predict the
temperature distribution along the heated surface of the cylinder and locating the flow separation point with good
accuracy. Also, it appears that the treatment of the boundary condition at the free water surface is capable to
evaluate the total heat loss due to evaporation, convection, and radiation. The discrepancies were probably due to
uncertainties in geometry specifications.
The presented methodology provides a baseline for modelling flows in similar situations and can be further
extended to model the SNF cooling pond and other situations where a large number of vertical cylinders are
used.
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NOMENCLATURE
Symbols

D
DH 2O, Air
g
Gr∗
h
k
L
me•
Nu
P
Pr
q●
Ra
Sc
Sh
T
x

diameter of the cylinder (m)
mass diffusivity of water vapour in air
acceleration of gravity (m/s2)
modified Grashof number (dimensionless)
heat transfer coefficient (W/m2·K)
thermal conductivity (W/m·K)
length (m)
evaporation mass flux Kg/s.m2
Nusselt number (dimensionless)
pressure
Prandtl number (dimensionless)
heat flux (W/m2)
Rayleigh number (dimensionless)
Schmidt number (dimensionless)
Sherwood number (dimensionless)
Temperature (K)
axial coordinate (m)

Greek Symbols
α
β
ε
µ
ν
ρ
σ

thermal diffusivity (m2/s)
coefficient of thermal expansion (1/K)
water emissivity
dynamic viscosity (Pa.s)
kinematics viscosity (m2/s)
density (kg/m3)
Stefan Boltzmann constant

Subscript
b
c
conv
evap
m
rad
s
∞
surr
t
v,s
v,∞
w
x

bulk
characteristic
convective heat transfer
evaporation heat transfer
mass transfer
radiative heat transfer
surface
ambient
surrounding conditions
total
vapour at surface conditions
vapour at ambient conditions
wall
local value
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