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ABSTRACT 
With natural convective heat transfer from horizontal 

elements of relatively complex shape that have a uniform 
surface temperature it has been found that if a length scale 
based on the ratio of the element surface area to its perimeter is 
used in defining the Nusselt and Rayleigh numbers then, for a 
given Prandtl number, the variation of Nusselt number with 
Raleigh number is effectively the same for all element shapes. 
However, in a number of practical situations the element 
surface is not isothermal but there is effectively a uniform heat 
flux over the surface. Few studies have been undertaken to 
determine whether natural convective heat transfer rates from 
horizontal heated elements having a uniform surface heat flux 
and relatively complex shapes can be correlated using the same 
procedure that applies when there is an isothermal surface. A 
fuller investigation of whether the results for surfaces with a 
uniform heat flux can be correlated in this way has been 
undertaken. Attention has been given to an element having a 
circular shape with an inner circular adiabatic section, to an I-
shaped element, and to a plus (+)-shaped element. Results for a 
square and a circular element are also presented for comparison 
purposes. The elements considered are imbedded in a larger 
surrounding flat adiabatic surface, attention being restricted to 
the case where the heated elements are facing upwards. The 
heat transfer from the element has been assumed to be to air. 
The results have been obtained numerically using the 
commercial CFD code ANSYS FLUENT©. The possibility that 
turbulent flow can occur in the system has been allowed for by 
using the basic k-epsilon turbulence model. The results have 
been used to investigate whether the heat transfer rates in the 
laminar, transitional and turbulent flow regions for the element 
shapes considered here can be correlated for each of the 
separate flow regions by using the same length scale that has 
been found to apply for elements with a uniform surface 
temperature. 

INTRODUCTION 
In the natural convective cooling of devices such as non-

computer electronic and electrical components that are used in 
various industrial applications the heat transfer often effectively 
occurs from horizontal elements of relatively complex shape. In 
the case of such elements that effectively have a uniform 
surface temperature it has been found [1-3] that if a length scale 
based on the ratio of the element surface area to its perimeter is 
used in defining the Nusselt and Rayleigh numbers then, for a 
given Prandtl number, the variation of Nusselt number with 
Raleigh number is effectively the same for all element shapes. 
But in some practical situations the element surface is not 
isothermal and there is instead effectively a uniform heat flux 
over the element. A very limited number of studies exists to 
determine whether natural convective heat transfer rates from 
horizontal heated plane elements having a uniform surface heat 
flux and relatively complex shapes can be correlated using the 
same procedure that applies when there is an isothermal 
element. The present study therefore was undertaken to more 
fully investigate whether the results for elements with a 
uniform heat flux can be correlated in this way. 

Attention has been given to a heated element having a 
circular shape with an inner circular adiabatic section, to a 
heated I-shaped element, and to a heated plus (+)-shaped 
element (see Fig. 1). For comparative purposes results have 
also been obtained for a heated circular element without an 
inner adiabatic section and for a square element (see Fig. 2). As 
shown in Fig. 3 the elements considered are imbedded in a 
larger surrounding flat adiabatic surface. The surface of the 
heated element is in the same plane as the surface of the 
surrounding adiabatic surface. Attention has been restricted to 
the case of upward facing heated elements and it has been 
assumed that the heat transfer from the elements is to air due to 
the applications considered here. The configurations considered 
are simplified models of those existing in most practical 
occurrences but the findings should be quite adequate to 
indicate whether the results for uniform surface heat flux 
elements can be correlated using the same length scale as that 
which has been found to apply with isothermal elements.  
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Figure 1 Complex element shapes considered 

 
 
 

Figure 2 Circular and square elements 

 
Results have been obtained numerically for a relatively 

wide range of the governing parameters and allowing for the 
possibility that laminar, transitional and fully turbulent flows 
can occur in the system. The main aim of the present study was 
to use the results obtained to determine whether, for the 
element shapes considered, the heat transfer rates in these three 
flow regions can be correlated for each of these separate flow 
regions by using the same length scale that has been found to 
apply for elements with a uniform surface temperature. 

There have been many studies of natural convective heat 
transfer from heated horizontal elements. Most of these studies 
have dealt only with isothermal elements having a relatively 
simple shape and only with conditions under which laminar 
flow exists, e.g., see [4-15]. Some studies have considered 
elements having more complex shapes but again have mainly

 

Figure 3 Flow situation considered 

 
considered isothermal elements and conditions under which 
laminar flow exists, e.g. see [3, 16-18]. The present study 
therefore considers situations that are different from those 
considered in almost all past studies in that it deals with 
elements which have a relatively complex shape over whose 
surface there is uniform heat flux and with conditions under 
which laminar, transitional, and turbulent flow exists. 

The present study is part of a larger overall investigation of 
natural convective heat transfer from horizontal and near 
horizontal heated elements for conditions in which laminar, 
transitional, and turbulent flow occurs. Representative other 
studies that are part of this larger investigation are described in 
[3, 19-26]. 

NOMENCLATURE 
 
A [m2] Surface area of heated element 
d [m] Outer diameter of circular element 
g [m/s2] Gravitational acceleration  
k [W/mK] Thermal conductivity 
l [m] Reference element size, 4A/P 
L [-] Dimensionless mean size of element, l/d or l/w 
Nu [-] Nusselt number based on w or d 
NuL [-] Nusselt number based on the reference heated element 

size, l 
P [m] Total perimeter of the heated element 
Pr [-] Prandtl number 
q' [W] Mean heat transfer rate per unit area over element surface 
r [m] Outer radius of circular elements 
rin [m] Radius of inner circular adiabatic section 
R [-] Dimensionless outer radius of circular element, r/d 
Rin [-] Dimensionless radius of inner circular adiabatic section, 

r/rin 
Ra* [-] Heat Flux Rayleigh number based on w or d 
Ra*L [-] Heat Flux Rayleigh number based on the reference heated 

element size, l 
Tf [K] Undisturbed fluid temperature 

Tw [K] Mean element surface temperature 
w [m] Side length of non-circular heated element 
wa [m] Width of “arms” of  I-shaped and + -shaped elements 
Wa [m] Dimensionless width of “arms” of I-shaped and + -shaped 

elements, wa/w 
 

Greek symbols 

α [m2/s] Thermal diffusivity 
β [1/K] Bulk coefficient of thermal expansion 
ν [m2/s] Kinematic viscosity 

 

  Plus-Shaped Element                         I-Shaped Element

Circular Element with 
Adiabatic Core Section 

  Circular Heated      Square Heated 
         Element                  Element 
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SOLUTION PROCEDURE 
In the present study it has been assumed that the flow is 

steady and that the fluid properties are constant except for the 
density change with temperature which gives rise to the 
buoyancy forces, the Boussinesq approximation being used in 
dealing with this. Attention has been restricted to the case 
where the heated element is facing upwards. Radiant heat 
transfer has been neglected. In dealing with the case of an 
element having a circular shape with an inner circular adiabatic 
section it has also been assumed that the flow is axisymmetric. 
In the case of the other element shapes considered, the flow has 
been assumed to be symmetrical about the centre-lines shown 
in Figs. 2 and 4. The possibility that turbulent flow will develop 
has been dealt with by using the basic k-epsilon turbulence 
model with standard wall functions and with account being 
taken of buoyancy force effects. This model is applied under all 
conditions considered and determines when transition to 
turbulent flow occurs. A number of previous studies, e.g., [27-
33], have shown that the use of this approach gives relatively 
good predictions of the conditions under which turbulence 
develops in flows of the type being considered here. The 
governing equations based on the use of the assumptions 
discussed above and subject to the boundary conditions have 
been solved numerically using the commercial CFD solver 
ANSYS FLUENT©.  

Grid independence and convergence-criteria independence 
testing showed that with the meshes used in obtaining the 
results presented here the heat transfer results, i.e., the derived 
Nusselt number values, are grid- and convergence criteria 
independent to within approximately one per cent.  
 

 
 
Figure 4 Centre-lines about which symmetry is assumed for the 

+-shaped and I-shaped elements. 
 

RESULTS 
The solution depends on the following parameters: 

• the Heat Flux Rayleigh number, Ra*, based on the outside 
size of the element, i.e., on the outer diameter, d,  in the 
case of the circular element and on the outer size, w, in the 
case of the square , I-shaped, and +-shaped elements (see 
Fig. 2) and on the uniform surface heat flux, i.e.: 
 

(1) 
 
 

• the element shape being considered 
• the Prandtl number, Pr.  
 

Because of the applications that motivated this study, results 
have only been obtained for a Prandtl number of 0.74, i.e., 
effectively for the value for air. Heat Flux Rayleigh numbers of 
between approximately 105 and 1016 have been considered.  

For the case being considered here where there is a uniform 
specified heat flux per unit area, q’, over the element surface, 
the mean surface temperature relative to the temperature of the 
undisturbed fluid well away from the element, Tf, has been 
expressed in terms of a mean Nusselt number based on the 
outer diameter, d, of the circular element and on the outer size, 
w, of the elements of other shapes considered, i.e., in terms of: 

 
(2) 

 
 
Since a fixed value of Pr is here being considered, Nu will 

be a function of Ra*, the relation between Nu and Ra* 
depending on the shape of the element being considered.  

Attention will first be given to the case of an element 
having a circular shape with an inner adiabatic circular section. 
If the outer radius of the element is r and the radius of the inner 
adiabatic section is rin then the element shape will be defined 
by: 

 
(3) 

 

Results have been obtained for Rin values between 0 (the 
case where there is no inner adiabatic circular section) and 
0.425. 

Now it has often been assumed (e.g., see [1-3]) that for 
natural convective heat transfer from horizontal heated 
elements, if a mean element size, l, defined by: 
 

(4) 
 
 

is introduced and if Nusselt and Rayleigh numbers based on 
this mean element size are used then the variations of Nusselt 
number with Rayleigh number will be the same for all element 
shapes. In the above equation, A is the surface area of the 
heated element and P is the total perimeter of the heated 
element.  

For a circular element with an unheated adiabatic inner 
section: 

 
(5) 

 
 

 

from which it follows that the dimensionless mean element 
size, L = l / d, is given by: 
 

(6) 
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Figure 5 Variation of Nusselt number based on the outer 
diameter of element with Heat Flux Rayleigh number based on 
the outer diameter of element for a circular element having an 

inner circular adiabatic section. 
 

 

Figure 6 Variation of Nusselt number based on the mean 
element size, l, with Heat Flux Rayleigh number based on the 
mean element size, l, for a circular element having an inner 

circular adiabatic section. 

 
The Nusselt and Rayleigh numbers based on l will be 

designated as NuL and RaL* respectively, i.e.: 
 

 
(7) 

 
 

Typical variations of Nu with Ra* for various values of Rin 
are shown in Fig. 5 while the corresponding variations of NuL 
with RaL* for various values of Rin are shown in Fig. 6. It will 
be seen from Fig. 6 that the variations of NuL with RaL* in the 
laminar flow region and in the fully turbulent flow region are 
essentially the same for all values of Rin. However, in the 
transitional flow region there is a difference between the 
variations for different values of Rin. This difference mainly 
results from the fact that the value of Ra* at which transition 
occurs varies with Rin. 

Figure 7 Variation of Nusselt number based on the outer size 
of element, w, with Heat Flux Rayleigh number based on the 

outer size of element, w, for a square element, a circular 
element with no inner circular adiabatic section, an I-shaped 

element, and a + -shaped element. 

 

 

Figure 8 Variation of Nusselt number based on the mean 
element size, l, with Heat Flux Rayleigh number based on 
the mean element size, l, for a square element, a circular 

element with no inner circular adiabatic section, an I-shaped 
element, and a + -shaped element. 

 
 

Attention will next be turned to heated elements having an 
I-shape or a + -shape. For these elements the dimensionless 
mean element size, L = l / w, is given for the I-shaped element 
by: 
 

 

(8) 
 

 
and for the +-shaped element it is given by:  
 
 

(9) 
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Results have only been obtained for an I-shaped element 
with Wa = 0.25 and a + -shaped element with Wa = 0.5. 
Therefore, L = 0.4546 for the I-shaped element and L = 0.75 for 
the + -shaped element. These results will be compared to those 
obtained for a square element and a circular element having no 
inner adiabatic centre section, i.e., for the case where Rin = 0. 
Typical variations of Nu with Ra* for these element shapes are 
shown in Fig. 7 while the corresponding variations of NuL with 
RaL* for these element shapes are shown in Fig. 8. It will be 
seen from Fig. 8 that the variations of NuL with RaL* for all 
element shapes considered are essentially the same in the 
laminar flow region. However, with these element shapes there 
are very significant differences between the variations of NuL 
with RaL* in the transitional flow and fully turbulent flow 
regions. The results therefore indicate that for complex shaped 
elements having a uniform surface heat flux the introduction of 
l as the characteristic length scale does not provide a means of 
correlating the results for all element shapes in the transitional 
and the fully turbulent flow regions.  

CONCLUSIONS  
The results of the present numerical study indicate that: 

1. The heat transfer rates for a circular element having an 
inner circular adiabatic section and a uniform surface 
heat flux are well-correlated in the laminar and the fully 
turbulent flow regions by expressing the results in terms 
of the mean element size defined in eq. (4). However, 
this approach does not provide a means of correlating 
the results in the transitional flow regime.  

2. In the case of square heated elements, circular heated 
elements with no inner adiabatic section, I-shaped 
heated elements, and + -shaped heated elements with a 
uniform surface heat flux the results are well-correlated 
in the laminar flow region by expressing the results in 
terms of the mean element size defined in eq. (4). 
However this approach does not provide a means of 
correlating the results in the transitional flow region and 
in the fully-turbulent flow regime. 
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