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ABSTRACT 
 

The natural convective heat transfer rate from a thin, horizontal, two-sided circular plate might be increased by 
having a small hole in the center of the plate and this has been investigated in the present numerical study. It has 
been assumed that the upper and lower plate surfaces are isothermal and at the same temperature, and that the 
flow is axisymmetric about the vertical center-line through the plate. The Boussinesq approach has been 
adopted. The solution has been obtained using ANSYS FLUENT©. The mean heat transfer rates from the top 
and bottom plate surfaces and the total heat transfer rate from the entire heated surface have been expressed in 
terms of Nusselt numbers based on the effective plate diameter. These Nusselt numbers are dependent on the 
Rayleigh number based on the effective diameter of the plate, the ratio of the diameter of the hole in the center of 
the plate to the outer diameter of the plate, and on the Prandtl number, results being obtained for a Prandtl 
number of 0.74. Heat transfer rate for a plate having a hole in its center has been compared with the heat transfer 
rate existing under the same conditions for a plate without a hole. The results show that there is some increase in 
the heat transfer rate in certain situations resulting from the presence of the center hole. This increase is generally 
relatively small. The results also show that in other situations the heat transfer rate decreases due to the center 
hole. 
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1. INTRODUCTION 
 
Natural convective heat transfer from two-sided horizontal plates occurs in some situations that arise in 
practice. Means of increasing the heat transfer rates in such situations have been discussed. It has been 
suggested that one possible means of accomplishing this is to incorporate a relatively small hole in the 
middle of the plate, the heat transfer increase then being the result of the changes in the flow pattern over the 
plate that are produced by the presence of the center hole. This possibility has been investigated in the 
present numerical study. A thin, horizontal, two-sided, circular, isothermal plate has been considered, the 
plate, in general, having a relatively small-diameter hole at its center. The configuration considered is shown 
in Fig. 1. The top and bottom surfaces of the plate are assumed to be at the same temperature which is higher 
than that of the surrounding fluid. 
 
There have been some limited previous numerical and experimental studies of natural convective heat 
transfer from two-sided (top and bottom) thin horizontal plates, e.g., see [1-14]. None of these studies have 
dealt with the case of a circular plate with a hole in the center. The present study is part of a broad series of 
ongoing investigations of heat transfer from horizontal and near horizontal heated surfaces (see [15-27]). 
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Fig. 1 Flow situation considered. 

 
 

 
 

Fig. 2 Geometrical dimensions used in defining situation considered. 
 
 

2. SOLUTION PROCEDURE 
 
It has been assumed that the flow is steady and axisymmetric about the vertical center-line through the plate. The 
Boussinesq approach has been adopted in dealing with the buoyancy forces. The numerical solution has been 
obtained using the commercial CFD solver ANSYS FLUENT©. Extensive grid-independence and convergence 
criteria testing has been undertaken. The numerical approach adopted here in order to determine when 
turbulence develops involved solving the Reynolds averaged governing equations together with the turbulence 
model for all conditions considered and then monitoring the results obtained with increasing Rayleigh numbers 
to determine when significant turbulence effects develop. This approach has been used quite extensively in 
previous studies, e.g., see [28-34]. The k-epsilon turbulence model has been used. While this does not give good 
predictions of transition in all situations, the results obtained in previous studies indicate that the model does 
appear to give results of acceptable accuracy for the type of flow situation being considered here. 
 
 

3. RESULTS 
 
The aim of this study is to determine the effect of the center-hole on the heat transfer rate from the plate. 
Therefore, the heat transfer rate from a circular two-sided plate without a center-hole that has a diameter dn has 
been compared with the heat transfer rate from a circular two-sided plate with a hole in the middle that has the 
same surface area as that of the plate without a center hole. Thus, if the diameter of the hole in the plate is di and 
the outer diameter of the plate with a center-hole is do (see Fig. 2) then: 
 

             (1) 2 2 2 2 2 2 2 2i.e. i.e., , , , 1n o i n o i o id d d d d d D D       
  
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where Do = do/dn and Di = di/dn  
 
The heat transfer rates from the heated plate have been expressed in terms of a Nusselt number based on the 
diameter of the comparable circular plate that has no center hole, i.e., on dn and the difference between the plate 
temperature and the air temperature far from the plate. In the present study, attention has been given to the mean 
heat transfer rate from the upper surface of the plate, to the mean heat transfer rate from the lower surface of the 
plate, and to the total mean heat transfer rate from the upper and lower surfaces of the plate. These heat transfer 
rates from the heated plate has been expressed in terms of a Nusselt numbers based on dn,, the outside diameter 
of the equivalent plate with no central hole, and on the difference between the temperature of the heated plate 
and the fluid temperature far from the plate, i.e., the following Nusselt numbers have be used: 
 
 

             (2) 
 
 
 
where Nutop is the mean Nusselt number for the top surface of the plate, Nubot is the mean Nusselt number for the 
bottom surface of the plate, and Nu is the mean Nusselt number based on the mean heat flux averaged over the 
top and bottom surfaces of the plate. The values of these Nusselt numbers will depend on: 
 

1. the Rayleigh number, also based on the diameter the comparable circular plate that has no center hole 
and on the difference between the plate temperature and the air temperature far from the plate, i.e.: 
 

 
             (3) 

 
 

2. the ratio of the inner hole diameter to the outer diameter of the plate, i.e., Di = di / do.  
 

3. the Prandtl number, Pr.  
 
Results have only been obtained for a Prandtl number of 0.74, i.e., effectively the value for air at ambient 
conditions. Hence the Nusselt numbers depend on Ra and Di . 
 
 

 
 

Fig. 3 Variation of the total mean Nusselt number with dimensionless hole diameter for 
lower Rayleigh numbers considered. 
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Typical variations of the mean Nusselt number averaged over both the upper and lower heated surfaces of the 
plate with the dimensionless hole diameter, Di , for various values of the Rayleigh number are shown in Figs. 3 
to 5. Figure 3 gives results for lower values of the Rayleigh number considered, Figure 4 gives results for 
intermediate values of the Rayleigh number considered, and Figure 5 gives results for higher values of the 
Rayleigh number considered.  
 

 
 

Fig. 4 Variation of the total mean Nusselt number with dimensionless hole diameter for 
intermediate Rayleigh numbers considered. 

 
 

 
 

Fig. 5 Variation of the total mean Nusselt number with dimensionless hole diameter for 
higher Rayleigh numbers considered. 

 
 
It will be seen from these results that, under some circumstances, the presence of the center hole does produce an 
increase in the Nusselt number relative to that existing at the same Rayleigh number when there is no center 
hole. However, this increase is relatively small and in some circumstances the presence of the center hole 
produces a decrease in the Nusselt number relative to that existing at the same Rayleigh number when there is no 
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center hole. These changes in the effects of the center hole dimensionless diameter on the Nusselt number are 
more clearly shown by the results presented in Figs. 6 to 9. These figures show variations of the mean Nusselt 
number averaged over both the upper and lower heated surfaces of the plate with Rayleigh number for various 
dimensionless hole diameters. Also shown in each of these figures is the variation of the mean Nusselt number 
averaged over both the upper and lower heated surfaces of the plate with Rayleigh number for the case where 
there is no center hole. It will be seen from these figures that at the lower Rayleigh number values considered the 
presence of the center hole produces an increase in the Nusselt number relative to that existing at the same 
Rayleigh number when there is no center hole whereas at the higher Rayleigh number values considered the 
presence of the center hole produces a decrease in the Nusselt number relative to that existing at the same 
Rayleigh number when there is no center hole. 
 
 

 
 
Fig. 6 Variation of the total mean Nusselt number with Rayleigh number for the case of a dimensionless hole 

diameter of 0.00625 and for the case without a hole in the plate. 
 
 
 

 
 
Fig. 7 Variation of the total mean Nusselt number with Rayleigh number for the case of a dimensionless hole 

diameter of 0.025 and for the case without a hole in the plate. 
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Fig. 8 Variation of the total mean Nusselt number with Rayleigh number for the case of a dimensionless hole 

diameter of 0.1 and for the case without a hole in the plate. 
 
 
 

 
 
Fig. 9 Variation of the total mean Nusselt number with Rayleigh number for the case of a dimensionless hole 

diameter of 0.15 and for the case without a hole in the plate. 
 
 
 
The results discussed above only considered the mean Nusselt number averaged over both the upper and lower 
heated surfaces of the plate (Nu). In some situations, however, there is also an interest in the mean Nusselt 
number averaged over just the top (upper) surface of the plate (Nutop) and in the mean Nusselt number averaged 
over just the bottom (lower) surface of the plate (Nubot). Since the interest here is in the effect of the center hole 
on the Nusselt number values, variations of the ratios of these three Nusselt numbers to the corresponding values 
that would exist under the same conditions for a plate with no center hole with Rayleigh number are shown in 
Figs. 10 to 15, each of these figures considering a different dimensionless hole diameter. It will be seen from the 
results given in these figures that, particularly at the higher Rayleigh numbers considered, the Nusselt number 
ratio for the bottom surface is higher than that for the top. 
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Fig. 10 Variation of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 
and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 

under the same conditions when there is no hole in the plate with Rayleigh number for the case 
of a dimensionless hole diameter of 0.00625. 

 
 
 
 

 
 
Fig. 11 Variations of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 

and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 
under the same conditions without a hole in the plate with Rayleigh number for the case 

of a dimensionless hole diameter of 0.0125. 
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Fig. 12 Variations of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 

and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 
under the same conditions without a hole in the plate with Rayleigh number for the case 

of a dimensionless hole diameter of 0.025. 
 
 
 
 

 
 
Fig. 13 Variations of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 

and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 
under the same conditions without a hole in the plate with Rayleigh number for the case 

of a dimensionless hole diameter of 0.05. 
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Fig. 14 Variations of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 
and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 

under the same conditions without a hole in the plate with Rayleigh number for the case 
of a dimensionless hole diameter of 0.10. 

 
 

 
 

Fig. 15 Variations of the ratios of the total mean Nusselt number, the bottom surface mean Nusselt number, 
and the top surface mean Nusselt number to the values of the corresponding Nusselt numbers that exist 

under the same conditions without a hole in the plate with Rayleigh number for the case 
of a dimensionless hole diameter of 0.15. 

 
 
The significant changes in the values of the Nusselt numbers with changes in the Rayleigh number and in the 
dimensionless hole-diameter values result from the variations in the flow patterns that arise with changes in the 
values of these parameters. These flow pattern variations are illustrated by the results given in Figs. 16 and 17.  
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Fig. 16 Typical dimensionless temperature contours for various values of Rayleigh number 
for the case of a dimensionless hole diameter of 0.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17 Typical dimensionless temperature contours for various values of Rayleigh number for the case of a 

dimensionless hole diameter of 0.05. 

    Ra =104          Ra = 106         Ra = 107          Ra = 109        Ra = 1011   

Di = 0.05 
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These two figures show typical dimensionless temperature contour values, the dimensionless temperature being 
defined by:  
 

             (4) 
 
 

The contour values thus vary from 1 at the plate surfaces to zero far from the plate. Figure 16 shows typical 
contours for various Rayleigh number values for a dimensionless hole diameter of 0.2 while Fig. 17 shows 
typical contours for various Rayleigh number values for a dimensionless hole diameter of 0.05. It will be noted 
from these figures that there is a strong upward flow over the outer edge of the plate and through the center hole 
at the lower Rayleigh number values considered whereas the upward flow is dominantly though the center hole 
at the higher Rayleigh number values considered.  
 
The use of a reference length scale to allow the correlation of the mean total Nusselt number-Rayleigh number 
variations for different dimensionless hole diameters will next be considered. It has often been assumed (e.g., see 
[14], [20] and [35]) that, for natural convective heat transfer from horizontal heated elements of various shapes, 
if a reference heated surface size, l , defined by: 
 

             (5) 
 
is introduced (A is the area of the top and bottom surfaces of the plate and P is the total perimeter of the bottom 
plus the top surfaces) and if Nusselt and Rayleigh numbers based on this mean reference size are used, then the 
variations of Nusselt number with Rayleigh number for various element shapes will be the same. This has been 
investigated for the flow situation here being considered, i.e., for the case of a circular plate that in general has a 
circular center hole. Taking into account the upper and lower surface areas and the upper and lower perimeters: 
 
 

             (6) 
 
 
where L = l/dn , Nusselt and Rayleigh numbers based on l are then introduced, these being defined by: 
 
 
                     

 (7) 
 
 
The variations of the mean total Nusselt number based on l with Rayleigh number based on l for different 
dimensionless hole diameters are shown in Fig. 18 and it will be seen that the results for the different hole 
diameters do effectively fall on a single curve. 
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Fig. 18 Variation total mean Nusselt number base on L with Rayleigh number based on L 
for various values of the dimensionless hole diameter. 

 
 

4. CONCLUSIONS 
 
The results obtained in the present study show that: 
 

1. The presence of a center hole in a plate can, under some conditions, increase the heat transfer relative to 
that which would exist under the same conditions for a plate without a center hole. However, the 
presence of a center hole can, under other conditions, decrease the heat transfer relative to that which 
would exist under the same conditions for a plate without a center hole.   

2. Under essentially all conditions, the heat transfer rate from the bottom surface of the plate is greater than 
that from the top surface of the plate. In essentially all cases, the presence of the center hole increases 
the heat transfer rate from the bottom surface of the plate and decreases the heat transfer rate from the 
top surface of the plate. 

3. The presence of the center hole produces significant changes in the flow pattern over the plate, the 
changes also being strongly influenced by the Rayleigh number. 

4. If Rayleigh and mean Nusselt numbers for the entire surface, Ral  and Nul , based on a reference size, l , 
are used then the variations of Nul with Ral are essentially the same for all values of Di considered.  
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NOMENCLATURE 
 
A total area of heated surfaces of plate    (m2) 
Do dimensionless outside diameter of plate 

(=do/dn)          ( - ) 
Di dimensionless diameter of center hole 

in plate (=di/dn)        ( - ) 

dn diameter of plate without a center hole    (m) 
di diameter of center hole in plate     (m) 
do diameter of plate with center hole     (m) 
g gravitational acceleration          (m/s2) 
L dimensionless reference length (= l/dn)    ( - ) 
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l  reference length        (m) 
Nu mean Nusselt number based on dn for 

heat transfer from all heated surfaces 
of plate          ( - ) 

Nubot mean Nusselt number based on dn for 
heat transfer from bottom surface 
of plate           ( - ) 

Nutop Mean Nusselt number based on dn for 
 heat transfer from top surface 
 of plate          ( - ) 

Nu0 Mean Nusselt number based on dn for 
 heat transfer from all heated surfaces of 
plate with no center hole      ( - ) 

Nubot0 Mean Nusselt number based on dn for 
heat transfer from bottom surface 
of plate with no center hole      ( - ) 

Nutop0 Mean Nusselt number based on dn for 
heat transfer from top surface of plate 
with no center hole       ( - ) 

Nul Mean Nusselt number based on reference 
length l for heat transfer from all heated 
surfaces of plate        ( - ) 

P Total perimeter length of plate (m) 
Pr Prandtl number        ( - ) 

botq  mean heat transfer rate from 

bottom surface         (W/m2) 

meanq mean heat transfer rate for 

both surfaces          (W/m2) 

topq  mean heat transfer rate from 

top surface          (W/m2) 
Ra Rayleigh number based on dn      ( - ) 
Ral Rayleigh number based on  

reference length l        ( - ) 
T  temperature         (K) 
Tf  fluid temperature far from heated plate    (K) 
Tw  temperature of surface of heated plate    (K) 
 

  thermal diffusivity           (m2/s) 
  bulk coefficient of thermal expansion (1/K) 
  kinematic viscosity          (m2/s) 
  dimensionless temperature (T-Tf / Tw-Tf)   ( - ) 
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