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Abstract
Natural convective heat transfer from the exposed top surface of an inclined
isothermal cylinder, with a circular cross-section, mounted on a flat adiabatic base plate
has been numerically investigated. The cylinder is mounted normal to the flat adiabatic
base plate. The numerical solution has been obtained by solving the dimensionless
governing equations, subject to boundary conditions, using the commercial finite volume
method based code FLUENT. The flow has been assumed to be symmetrical about the
vertical center-plane through the cylinder. Results have only been obtained for Prandtl
number of 0.7, this being the value existing in the application that originally motivated
this study. The simulations consider Rayleigh numbers between 103 and 107, inclination
angles between 0o and 180o, and dimensionless cylinder diameters between 0.25 and 1.
The effects of dimensionless diameter, Rayleigh numbers, and inclination angles on the
mean Nusselt number for the top exposed surface of the cylinder have been studied.
Empirical correlations for the heat transfer rates from the top exposed surface of the
cylinder have been derived.
Introduction
The growth in electronic device density and operating speed demands the
development of effective thermal management and cooling schemes. Many components
used in electronic cooling situations that arise in non-computer applications such as those
that exist in measurement and control systems can be approximately modeled as
involving natural convective heat transfer from an inclined cylinder with a circular cross-
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section mounted on a flat adiabatic base plate. The primary objective of the present study
is to numerically investigate the natural convective heat transfer rates from such
cylinders. Furthermore, the other cylinder surfaces are exposed to the surrounding air. A
depiction of this flow situation being considered is shown in Figure 1. The numerical
study presented in this study therefore investigates the heat transfer rate from the exposed
top surface of the cylinder at various angles of inclination between the vertically upwards
and vertically downwards as shown in Figure 2. The influence of the cross-sectional sizeto-length ratio of the cylinder, i.e., D/h, and the mean heat transfer rate emanating from
the side surface of the cylinder on the mean heat transfer rate from the exposed top
surface of the cylinder at various angles of inclination have been thoroughly investigated.
The present study is an extension of the previous work described in [1-4] in which the
heat transfer rates from the side surface of inclined short cylinders were investigated. The
present work was undertaken to fully account for that interaction of the flow between the
top exposed surface with the side surface of the cylinder at different angles of inclination
and to investigate its effect on the convective heat transfer rates. An extensive set of
empirical equations describing the results has been developed.
Natural convective heat transfer from vertical and horizontal cylinders has been
extensively reviewed in the literature. A comprehensive study of this subject can be found
in refs. [5-10]. However, most of these studies assume the length-to-diameter ratio of the
cylinder is relatively large and utilize the boundary layer assumptions.
There have been a few limited studies of relatively short cylinders in which the
interaction of the flows from the heated surfaces is possibly significant. More recently, an
experimental study was undertaken by Kimura et al. [11]. They observed that the local
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heat transfer coefficients increase in both laminar and turbulent flow regions with
decreasing diameter. Oosthuizen [12] experimentally studied the free convective heat
transfer rates from vertical cylinders to air, with the cylinders attached to an insulated
surface on one end and with the other end exposed and at the same temperature as the
cylindrical side surface. Oosthuizen’s main results indicate that the heat transfer rate from
shorter cylinders with exposed ends in both orientations is lower than that from cylinders
with insulated ends. A similar experimental study of heat transfer from horizontal
cylinders with various length-to-diameter ratios, attached to an insulated surface on one
end with the other end exposed and at the same temperature as the cylindrical surface,
was undertaken by Oosthuizen and Paul [13]. Their results showed that the Nusselt
number based on diameter increases as the length-to-diameter ratio decreases due to three
dimensional flow effects. Natural convective heat transfer emanating from a vertical
cylinder with an exposed horizontal top surface and constant surface temperature has
been numerically investigated by Oosthuizen [14,15]. These investigations concluded that
the mean Nusselt number for the heated top surface is much lower than that of the heated
side surface. Consequently, the heated side surface is the dominant factor in determining
the overall mean Nusselt number. Popiel et al. [16] obtained experimental results using a
transient technique for the laminar free convective mean heat transfer rate from
isothermal vertical slender cylinders where the top and bottom surfaces are insulated.
Their results were obtained in air for Rayleigh numbers based on the height of the
cylinder in the range 1.5×108<Ra<1.1×109 and for dimensionless heights of 0<h/D<60.
Even with the smallest h/D cylinder, the heat transfer coefficients were found to be higher
than the values predicted assuming flow over a wide flat plate.
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A few studies concerned with natural convective heat transfer from inclined short
cylinders have been undertaken. For example Oosthuizen [17] experimentally
investigated free convective heat transfer in air from inclined cylinders where the both
ends of the cylinders are insulated. He derived empirical equations to evaluate the Nusselt
number for an inclined cylinder. Al-Arabi and Salman [18] and Al-Arabi and Khamis
[19] experimentally studied natural convective heat transfer from inclined cylinders with
various length-to-diameter ratios. The authors found that the heat transfer rate depends on
both the diameter and the inclination angle. They also discovered that the length of the
laminar flow region increased with increased angle of inclination from the horizontal.
Oosthuizen and Mansingh [20] experimentally studied free and forced convective heat
transfer from short inclined cylinders. They found that the ratio of the length to the
diameter of the cylinder has a significant effect on the free convective heat transfer rate
from short cylinders where end effects cause a rise in the heat transfer rate with
decreasing length-to-diameter ratio and they provided a correlation equation that can be
used to calculate the mean Nusselt number. Natural convective heat transfer rate from
short isothermal inclined downward pointing cylinders with exposed ends in air has been
studied by Oosthuizen and Paul [21, 22]. Their results indicated that the heat transfer rate
from cylinders with exposed ends is lower than that from cylinders with insulated ends
with the difference increasing with decreasing length-to-diameter ratio. Moreover, the
heat transfer rates from short cylinders with exposed ends pointing downward are very
close to those for short cylinders with exposed ends pointing upwards.
Most of these previous studies have considered a relatively narrow range of the
governing parameters and none gives much information about the effect of the interaction
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of the flow from the heated side wall of the cylinder with the flow over top heated end of
the cylinder for different angles of inclination relative to the vertical. There still therefore
exists a need for a broader range of results that can be used as the basis for predicting
heat transfer rates in practical situations involving the type of flow here being considered.
Numerical solution procedure
The solution domain used in obtaining the numerical solution is shown in Figure 3.
The flow has been assumed to be symmetric about the vertical center plane EFNOSICDE
shown in Figure 3 and to be steady and laminar. It has also been assumed that the fluid
properties are constant except for the density change with temperature which gives rise to
the buoyancy forces, this being treated here by using the Boussinesq approach. The
governing equations have been written in dimensionless form using the length, h, of the
cylinder as the length scale and Tw – TF as the temperature scale, Tw being the temperature
of surface of cylinder and TF being the fluid temperature far from the cylinder. The
following reference velocity has been introduced:

ur =


h

Ra Pr

(1)

Where Pr is the Prandtl number and Ra is the Rayleigh number based on h, i.e.:

 g (Tw − TF )h
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3
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where T is the fluid temperature, Tw is the temperature of the hot cylinder surface and TF
is the fluid temperature far from the cylinder. As shown in Figure 3, the z-coordinate is
measured along the axis of the cylinder and the x- and y-coordinates are measured in the
plane of the flat adiabatic base plate. In terms of these dimensionless variables if  is the
angle from the vertical at which the cylinder is inclined the governing equations are the
following:
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Because the flow has been assumed to be symmetric about the vertical centerplane of the cylinder, the domain used in obtaining the solution is as shown in Figure 3.
The assumed boundary conditions on the solution in terms of the dimensionless variables
are that for all the cylinder surfaces the dimensionless velocity components are all equal
to zero and the dimensionless temperature is equal 1. On the adiabatic base the assumed
boundary conditions are that all dimensionless velocities are equal to zero and that the
dimensionless temperature gradient normal to all surfaces is equal to 0. On the plane of
symmetry the dimensionless velocity component normal to the plane is zero and the
gradients normal to this plane of the remaining velocity components are zero. On the
7

outer planes of the solution domain the dimensionless temperature is equal to zero and
the velocity components in the plane of the surface are zeros.
The above dimensionless governing equations subject to the boundary conditions
discussed above have been numerically solved using the commercial finite-volume
solver, FLUENT. The dimensionless governing equations subject to the boundary
conditions discussed above have been numerically solved using the commercial finite
volume method based code, FLUENT. In the present study, the side surface of the
cylinder used the Quad/map scheme and the exposed top surface used the
Quad/Tri/Wedge scheme, while the cylinder volume was meshed with the
hexahedron/map scheme and rest of the enclosure was meshed with hexahedron/cooper
using GAMBIT. Close to the hot cylinder surfaces, the number of grid points or control
volumes was increased to enhance the resolution and accuracy. To ensure the accuracy of
the results presented extensive grid and convergence criterion independence testing was
undertaken in previous work this being described in details in the previous work refs. [14].
It indicated that the heat transfer results presented here are to within 1% independent of
the number of grid points and of the convergence-criterion used. Also the effect of the
positioning of the outer surfaces of the solution domain (i.e., surfaces ABRH, BRSC,
CSOF, AHOF and HRSO shown in Fig. 3) from the heated cylinder surfaces was also
examined and the positions used in obtaining the results discussed here were chosen to
ensure that the heat transfer results were independent to within 1% of this positioning. No
convergence problems were observed, the average Nusselt number being found not to
change by more than 1% for residual values below 10-4. For all cases to obtain
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convergence, each equation for mass and momentums have been iterated until the
residuals fall below 10-4 while the energy equation has been iterated until the residual
falls below 10-6. The pressure-based solver was used with the second-order upwind
scheme for convective terms in the mass, momentum and energy equations. For pressure
discretization, the Presto scheme has been employed while the SIMPLE-algorithm has
been used for pressure-velocity coupling discretization.
The mean Nusselt number for the top exposed heated surface of cylinder is
defined by:

Numt =

q 'mt h
k (Tw − TF )

(9)

'
where qmt
is the mean heat transfer rate per unit area from the exposed top surface of the

cylinder.
Results
The solution has the following parameters:
1. The Rayleigh number, Ra, based on the length of the heated cylinder, h, and the
overall temperature difference Tw – TF.
2. The dimensionless diameter of the cylinder, Dh=D/h.
3. The Prandtl number, Pr.
4. The inclination angle,  of the cylinder.
Because of the applications that motivated this study, results have only been obtained
for Pr=0.7. Rayleigh numbers between approximately 103 and 107, dimensionless
diameter ratios of between 1 and 0.25 and inclination angles of between 0o and 180o.
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In order to validate the results a comparison between the present results when h=0, i.e.,
for flow over a circular surface in the same plane as the surrounding adiabatic surface
with existing correlation equations for this situation has been considered. Some typical
results for this situation are shown in Figures 4 and 5 for the cases where the circular
surface is facing upwards and downwards, respectively. The variations given by
empirical equations for this flow situation given in Table 1 are also shown in these
figures. It will be seen that there is good agreement between the correlation equation
given by Kakac and Yener [6] and the numerical results, where the differences of the
mean Nusselt number are between 13.3% and 1.8% for the upward facing surface. For
the downward facing surface the differences of the mean Nusselt number between the
correlation equation given by Sucec [8] and the numerical results are between 2.6% and
1.2%. It will also be seen that the correlation equation cannot be used to predict the heat
transfer rate when the dimensionless diameter, Dh=D/h, is greater than zero. This is
because for the upward facing and the downward facing cylinder cases there is an
interaction of the flow along the heated side surface of the cylinder with the flow over the
“top” heated surface.
Typical variations of the mean Nusselt number for the top surface with changing
angles of inclination for various values of Dh and Ra are shown in Figures 6 and 7,
respectively. The results indicate that Numt is approximately inversely proportional to the
dimensionless cylinder diameter Dh at all angles of inclination considered. Evidentially,
Numt increases for all Rayleigh numbers considered as the angle of inclination increases to
about <180o. The highest value of Numt occurs when the cylinder is in a vertical position
where the top surface is facing down, i.e., when  is equal 180o, except for the case where
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Dh=1 and Ra≥106. The angle of inclination has a greater influence on Numt at the higher
values of Rayleigh numbers as opposed to lower ones. As the cylinder is inclined relative
to the vertical position the mean Nusselt number for the top surface of the cylinder Numt
plays a significant role in determining the overall heat transfer rate. When the cylinder is
oriented at angles between 0o and 70o-80o, the end-surface is embedded in the warm
convection flow generated by the lateral surface of the cylinder which limits the actual
temperature difference between the end-surface and the adjacent fluid. However the
reverse is true for angles ranging between 100o-110o and for 180o the warm convective
flow that originates from the end- surface affects the heat transfer rate from the lateral
surface of the cylinder.
The variations of the Nusselt numbers for the top surface and for the side surface with
angle of inclination for Dh equal to 1 and 0.25 and for Ra=104 are shown in Figures 8 and
9, respectively. It is evident from these results that the lowest values of the mean Nusselt
number arises from the top surface as expected. This occurs when the top surface is
facing up, i.e., when  is equal to 0o, beyond which Numt is proportional to . The other
extreme occurs when the angle of inclination reaches its maximum value when the heated
top surface is facing down, i.e., when  is equal to 180o. Although the mean heat transfer
rate from the top heated surface, Numt, exhibits lower values than the mean heat transfer
rate from the side heated surface, Nums, when  is equal to 0o it has a greater value than
Nums when  is equal to 180o.
It is worth noting that the overall mean Nusselt number is essentially equal to the
mean Nusselt number for the side surface at low values of Dh, as the ratio of the area of
the top surface to that of the side surface is equal to Dh/4. However, this scenario changes
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when the cylinder is inclined relative to the vertical position, resulting in a significant
difference between the mean Nusselt number from the top surface of the cylinder relative
to the mean Nusselt number from the side surface.
The changes in the three-dimensional flow patterns and in the flow interaction
between the flow over the side surface of the cylinder and the flow over the top surface of
the cylinder with angle of inclination are illustrated by the local Nusselt number
distributions over the top heated surface shown in Figure 10, where the dimensionless
local Nusselt number is defined as:
NuL (Top ) =

'
qTop
h

(10)

k (Tw − TF )

This figure shows the local Nusselt number distributions over the top surface of
the cylinder for Dh equal to 0.5 and for two values of Rayleigh numbers for different
angles of inclination. The results given in this figure illustrate the effect of the angle of
inclination on the interaction of the flow at different Rayleigh numbers on the top surface
of the cylinder. As a result of the interaction of the flows over the side surface and the top
surface of the cylinder, the changes of the Rayleigh number and angle of inclination
cause a complex flow over the top surface. This figure shows regions of high and low
local Nusselt number for different inclination angles and for different Rayleigh numbers.
The variation of the mean Nusselt number for the top surface relative to the mean
Nusselt number for the side surface was discussed above. The relative importance of the
heat transfer rate from the top surface compared to that from the vertical side surface of
the cylinder will however depend both on the mean Nusselt numbers for the surfaces and
on the relative surface areas of the cylinder. Now since:

12

As =  Dh,

At =


4

D 2 , and Ac =  Dh +


4

D2

(11)

where As, At, and Ac are the dimensionless surface areas of the side of the cylinder, of the
top surface of the cylinder and of the entire surfaces of cylinder respectively, it follows
that:
As
A
Dh
A D
4
=
; t=
; t= h
Ac Dh + 4
Ac Dh + 4
As
4

(12)

The above relations indicate that over the range of values of Dh considered here,
i.e., 0.25 to 1, At/As is relatively small having a maximum value of 0.25 when Dh=1, i.e.,
the area of the top surface relative to the area of the vertical side surfaces remains
comparatively small. As the angle of inclination increases from 0 o the interaction
between the flow over the side surface of the cylinder and that over the top surface
becomes significant and the effects of the top surface of the cylinder become more
dominant and cannot be neglected, a portion of the side surface becoming less important.
Now since:

q 'mc Ac = q 'ms As + q 'mt At

(13)

It follows from the above equations that:
A
Numc = Nums  s
 Ac


 At 
 + Numt  

 Ac 

(14)

where Nums, Numt and Numc are the mean Nusselt numbers for the heated side surface, the
top surface and the combination of side and top surface of the cylinder respectively.
Hence, using Equation (12)
 4 
 Dh 
Numc = Nums 
 + Numt 

 Dh + 4 
 Dh + 4 

(15)
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This equation indicates, as is to be expected, that Numc tends to be equal Nums at
low values of Dh and that it tends to be equal Numt at large values of Dh. It will also be
noted that:
'
Qmc qmt
A
Numc Ac Numc 4 + Dh
= ' c =
=
Qmt qmt At
Numt At Numt Dh

(16)

This equation allows Qmc/Qmt to be found using the calculated Nusselt number
values. Some typical results so obtained are shown in Figure 11. From these results it can
be seen that while Qmc/Qmt is always greater than approximately 4 it is only at low values
of  that the contribution of Qmt to Qmc can be neglected. The assumption that the
contribution of Qmt to Qmc can be neglected has sometimes been used in deriving
correlation equations for the heat transfer rate from vertical cylinders using Eq.(15) and
neglecting the second term on the right hand side. The present results show that this
approach will not normally be applicable to the inclined cylinder case.
Consideration will next be given to the values of the mean Nusselt number of the
top surface of cylinder, Numt. Because the size of the top surface, i.e., its diameter, will be
the dimension that determines the heat transfer rate from this surface, the following are
defined:

NumtD = Numt Dh

and

RaD = Ra Dh3

(17)

Now both correlation equations for the case of an isothermal vertical cylinder, i.e.,
for =0o, when the heat transfer rate from the top surface is neglected and for the case of
a horizontal cylinder, i.e., for =90o, for a Prandtl number of 0.7 have the form:

NumtD = B RaDn

(18)
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The parameter B is depending only on the Prandtl number of the fluid involved.
When the cylinder is inclined at an angle to the vertical, the interaction of the flow
between the surfaces that makeup the cylinder becomes important.
Fitting an equation of this form to the numerical results indicates that the present
numerical results for the case of vertical and inclined isothermal heated cylinder, at
different angles to the vertical with different dimensionless diameter, can indeed be
approximately described by:
𝑁𝑢𝑚𝑡𝐷 = 𝐶 𝑅𝑎𝐷𝑛

(19)

where C and n are constants and their values are given in Table 2.
Interestingly, the same form of equation as that given in Eq.(19) was given by of Kobus
and Wedekind [23] in their correlation equations for an inclined circular disk between
vertical and horizontal position.
A comparison between the results given by Eq.(19) and the numerical results are shown
in Figures 12, 13, 14 and 15. This correlation equation was developed in the current
research and can be used for a wide range of inclination angles. It can be seen that the
correlation equation is in good agreement with the numerical results except for the case
of a vertical cylinder, =0o, as shown in Figure 12, where the numerical results are
scattered. The scatter in the results is due to the interaction between the flows over the
cylindrical and top surfaces which is Rayleigh number dependent and due to the fact that
the heat transfer from the hot top surface is dominantly by conduction this being
especially true at the lower values of Rayleigh numbers considered. There is some
interaction of the flow up the heated vertical side surface and the flow over the heated top
surface which is not directly accounted here in deriving the correlation equation. The
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results given in Fig.13 shows that the maximum difference of the mean Nusselt number between
the numerical results and the present correlation equation is 41.6%, which occurs at the lowest
value of Rayleigh number. While the differences are between 21.3% and 0.3% for all other

values of Rayleigh numbers and dimensionless diameters considered in this study. The
results given in Fig.14 shows that the differences of the mean Nusselt number between the
numerical results and the present correlation equation are between 29% and 0.5% for all values

of Rayleigh numbers and dimensionless diameters considered in this study. Figure 15
shows the results of Kobus and Wedekind [23] correlation equation for a circular disk
which is based on experimental results and applies for the thickness to diameter ratios
between 0.063 and 0.163 and for inclination angles of between the vertical and the
horizontal position. Their correlation equation has uncertainty of less than 10%. The
present numerical and correlation results are in good agreement with the Kobus and
Wedekind [23] correlation equation for the horizontal case where =90o. The differences
of the mean Nusselt number between the present correlation equation and, the Kobus and

Wedekind [23] correlation equation are between 9.3% and 3.9%. While the differences of the
mean Nusselt number between the numerical results and the present correlation equation are
between 17.8% and 0.9% for all values of Rayleigh numbers and dimensionless diameters

considered in this study.
Conclusions
Natural convective heat transfer from an isothermal inclined circular cylinder
which has an exposed top surface and is, in general, inclined at an angle to the vertical
between vertically upwards and vertically downwards has been numerically studied. The
effects of dimensionless cylinder diameter, Rayleigh number, and inclination angle on the

16

mean Nusselt number for the top surface of the cylinder was conducted in this study. The
results of the present study indicate that:
1. In calculating the heat transfer rate from the entire circular cylinder the heat
transfer rate from the top surface of the cylinder can be neglected when the
dimensionless diameter, Dh=D/h, is less than 0.25 and the inclination angle, , is
less than about 40o.
2. The mean Nusselt number for the top surface of the circular cylinder increases as
the inclination angle increases from the vertical position where the heated top
surface is pointing upward.
3.

The results obtained for the mean Nusselt number for the top surface for different
angles of inclination can be adequately correlated by Eq.(19), except for the case
of a vertical cylinder, i.e., for =0o. The observed scatter in these results arises
from the following facts: (a) there is some interaction of the flow up the heated
vertical side surface and the flow over the heated top surface which is not directly
accounted for in deriving the correlation equation and (b) the heat transfer from
the hot top surface is dominated by conduction heat transfer especially at lower
values of Rayleigh numbers.
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Nomenclature
Ac

Dimensionless surface area of side and top surfaces of heated cylinder

As

Dimensionless surface area of side surface of heated cylinder

At

Dimensionless surface area of horizontal top of heated cylinder

A

Surface area of cylinder, m2

B

Constant used in correlation equation depending only on Prandtl number of fluid
involved

C

Constants used in correlation equation given in Table 2

D

Diameter of cylinder, m

Dh

Dimensionless diameter of the cylinder, Dh=D/h

g

Gravitational acceleration, m.s-2

h

Length of heated cylinder, m

k

Thermal conductivity of fluid, Wm-1K-1

n

Power of Rayleigh number used in correlation equation given in Table 2

NuD

Mean Nusselt number based on D and on (Tw – TF)

Numc

Mean Nusselt number of side and top heated surfaces of cylinder based on h and
on (Tw – TF)

NumtD Mean Nusselt number of the top surface of cylinder given by correlation equation
based on diameter, D
NumtR Mean Nusselt number of the horizontal top surface of cylinder based on
radius, R
NuL(Top) Local Nusselt number based on h and on (Tw – TF) for the heated top surface of
cylinder
Nums

Mean Nusselt number for heated side surface of cylinder
18

Numt

Mean Nusselt number for heated top surface of cylinder

Pr

Prandtl Number

P

Dimensionless Pressure

p

Pressure, Pa

pF

Pressure in undisturbed fluid, Pa

Qmc

Mean heat transfer rate over heated surfaces of cylinder, W

Qmt

Mean heat transfer rate over top surface of heated cylinder, W

q’mc

Mean heat transfer rate per unit area over heated surfaces of cylinder, W.m-2

q’ms

Mean heat transfer rate per unit area over side surface of heated cylinder, W.m-2

q’mt

Mean heat transfer rate per unit area over top surface of heated cylinder, W.m-2

q’Top

Local heat transfer rate per unit area over top surface of heated cylinder, W.m-2

R

Radius of cylinder (D/2), m

Ra

Rayleigh number based on h and temperature differences

RaD

Rayleigh number based on D and temperature differences

RaR

Rayleigh number based on R

T

Fluid temperature, K

TF

Fluid temperature far from the cylinder, K

Tw

Temperature of heated surfaces of cylinder, K

ur

Reference velocity, m.s-1

UX

Dimensionless velocity component in X direction

ux

Velocity component in x direction, m.s-1

UY

Dimensionless velocity component in Y direction

uy

Velocity component in y direction, m.s-1
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UZ

Dimensionless velocity component in Z direction

uz

Velocity component in z direction, m.s-1

X

Dimensionless horizontal coordinate

x

Horizontal coordinate, m

Y

Dimensionless horizontal coordinate

y

Horizontal coordinate, m

Z

Dimensionless vertical coordinate

z

Vertical coordinate, m

Greek Symbols
α

Thermal diffusivity, m2.s-1

β

Bulk coefficient, K-1

μ

Dynamic Viscosity, N.s/m2

ν

Kinematic viscosity, m2.s-1

θ

Dimensionless temperature



The angle of inclination of the cylinder relative to the vertical, Degrees
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Table 1 Empirical equations for natural convective heat transfer over uniform wall
temperature (UWT) of circular cylinder
Authors
References

Conditions

Pr
number

Range of RaD

Constants

2×10 ̶ 10

C=1.795, a=0.15,
b(deg-1)= 2.22×10-

2

Kobus &
Wedekind
[23]

0o≤ ϕ≤ 90o
0.068≤ h/D≤
0.63

Pr=0.72

Oosthuizen
[14]
Kakac &
Yener
[6]
Kakac &
Yener
[6]
Sucec
[8]

ϕ= 0o
0< D/2h≤ 1.5
ϕ= 0o
h=0

4

4

Correlation Equations

𝑎−𝑏ϕ

𝑁𝑢𝐷 = 𝐶 𝑅𝑎𝐷

104 ̶ 3×107

C=0.9724,
a=0.206, b(deg-1)=
1.33×10-4

Pr=0.7

104< RaD <107

̶

𝑁𝑢𝑚𝑡𝑅 = 0.45 𝑅𝑎𝑅0.16

Pr=0.72

105< RaD <107

̶

𝑁𝑢𝐷 = 0.54 𝑅𝑎𝐷0.25

ϕ= 180o
h=0

Pr=0.72

3×105< RaD
<3×1010
̶

𝑁𝑢𝐷 = 0.27 𝑅𝑎𝐷0.25

ϕ= 180o
h=0

Pr=0.72

106< RaD <1011

̶

𝑁𝑢𝐷 = 0.58 𝑅𝑎𝐷0.2
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Table 2 Constants used in Eq.(19)


o

0
45o
o
90 , 135o and 180o

C
0.8
0.65
1

n
0.12
0.21
0.21
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