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Abstract 

A numerical study has been conducted on the effects of an inner object on 
the heat transfer in a side-cooling enclosure with a heat source on the 
opposite wall. It is found that an inner object hinders heat transfer in most 
of the cases considered in the present study and enhances it by several % 
in some cases. In the cases where the flow between heat source and object 
resembles the forced convective flow in a channel with two parallel flat 
walls, modified Nusselt and modified Grashof numbers for heat transfer 
correlation are proposed. 

Nomenclature 

 g gravitational acceleration 

ĝ  gravity unit vector 

Gr Grashof number 

1G  gap between heat source and inner object 
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∗
1G  dimensionless gap between heat source and inner object 

 H height of the enclosure 

pH  height of the inner object 

 k thermal conductivity 
   n   time step 
 Nu local Nusselt number 

aNu  average Nusselt number 

gNu  modified Nusselt number 

∗p  dimensionless pressure 

 P scale pressure  
 Pr Prandtl number 

gRe  modified Grashof number 

∗T  dimensionless temperature 
T∆  scale temperature difference 

bT  bulk temperature 

∗
bT  dimensionless bulk temperature 

cT  temperature of the cooling wall 

hT  temperature of the heat source 

mu  average velocity 

∗
mu  dimensionless average velocity 

∗u  dimensionless velocity vector 
U   scale velocity 
W  width of the enclosure 

hW  width of the heat source 

∗
hW  dimensionless width of the heat source 

pW  width of the inner object 

 x, y coordinates 
∗y  dimensionless coordinate 

,1
∗y  ∗

2y  locations of the bottom and top of the heat source 
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Greek Symbols 

α thermal diffusivity 

β coefficient of thermal expansion 

ν kinematic viscosity 

0ρ  density of fluid 

τ  scale time 

1. Introduction 

Natural convection in enclosures is a major determinant of performance in areas 
such as solar collectors, heat storage, and cooling of electronic devices. A large 
number of studies, both numerical and experimental, have been conducted on them, 
and the fundamental characteristics are now found in the literature [2, 8, 9, 11]. 

In the field of cooling of electronic devices in enclosures by natural convection, 
there may be a situation where a heat source is on a vertical side wall, all or a part of 
the opposite side wall is cooled and the other surface of the wall is adiabatic. Natural 
convection of this case has already been studied. Nithyadevi et al. [6] studied 
numerically the effect of the aspect ratio and the locations of a heat source and a 
cooling part of the wall on the heat transfer. Valencia and Frederick [10] studied 
numerically the same problem and found that the heat transfer rate is enhanced when 
the heating location is at the middle of the hot wall. 

In electronic component cooling, there usually exist objects around heat sources 
in an enclosure and these objects can affect the heat transfer, since natural convection 
is extremely sensitive to the changes in the configuration of enclosures and imposed 
boundary conditions [9]. This fact means that the natural convective heat transfer in 
enclosures may be enhanced or hindered by inner objects. Effects of an object in an 
enclosure on the natural convection heat transfer have been studied by several 
authors. House et al. [4] have studied numerically the effects of a centered, square 
conducting body on the natural convection heat transfer in a square enclosure with a 
temperature difference between side walls. Oh et al. [7] have made a two-dimensional 
numerical study on the natural convection in a square enclosure with a temperature 
difference between side walls having a centered square, heat-generating conducting 
body. Ha and Jung [3] have conducted a three-dimensional numerical analysis on the 
natural convection in a cubic enclosure in which there is a temperature difference 
between vertical walls and a cubic heat-generating body is centered. 
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Although a lot of studies have been conducted on the natural convection in 
enclosures, to the best of the authors’ knowledge, the natural convection in an 
enclosure with an inner object where a heat source is on a vertical adiabatic side 
wall, the opposing side wall is fully cooled, and the rest of the wall is adiabatic has 
not been studied. This type of arrangement of a heat source and a cooling wall is 
considered one of simplified models of cooling of electronic devices, and a good 
understanding of its characteristics would be useful in thermal design of electronic 
systems. 

In the present work, two dimensional numerical simulations are conducted to 
investigate the heat transfer in a square enclosure where a heat source of a constant 
and uniform temperature is located on the middle of a vertical side wall, the other 
side wall is kept isothermal at a temperature lower than that of the heat source and 
the rest of the wall is adiabatic and an adiabatic object is located inside. 

Although the model to be considered in the present study may seem too 
simplified, a deep knowledge of its features is still indispensable to formulate a 
direction for the best design even in the days when commercial software packages 
can provide velocity and temperature fields in more complicated cases. 

2. Mathematical Formulation and Numerical Procedure 

The physical model to be considered is shown in Figure 1. The width and height 
of the enclosure are designated by W and H, respectively. A heat source of width hW  

is set at the center of the side wall, and a rectangular object of width pW  and height 

pH  is located in the enclosure with a gap .1G  The temperature hT  of the heat 

source is constant and uniform; the temperature cT  of the opposite side wall is also 

constant and uniform, with .ch TT >  The rest of the wall is adiabatic. The working 

fluid is assumed to be air. 

The governing equations are the two-dimensional incompressible Navier-Stokes 
equation, continuity equation, and energy equation. The Boussinesq approximation 
is enforced; all the fluid properties are assumed to be constant, except density in the 
buoyancy term. 

These equations are given the following non-dimensional forms, where the non-
dimensional variables are asterisked: 
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 ,0=⋅∇ ∗u  (1) 

 ,ˆ
Gr
1 2 guuuu ∗∗∗∗∗∗

∗ +∇+−∇=∇⋅+
∂
∂ Tp
t

 (2) 

 .
GrPr

1 2 ∗∗∗
∗

∗
∇=∇⋅+

∂
∂ TT

t
T u  (3) 

The enclosure width W is used as the scale length. The scale velocity U, the  
scale temperature difference ,T∆  the scale time ,τ  and the scale pressure P are, 

respectively, defined: 

 ,TWgU ∆β=  (4) 

 ,CH TTT −=∆  (5) 

 ,U
H=τ  (6) 

 .2
0UP ρ=  (7) 

The Prandtl number Pr and the Grashof number Gr are, respectively, defined: 

 ,Pr
α
ν=   (8) 

 .Gr 2

3

ν
∆β= TWg  (9) 

By taking divergence of equation (2), the Poisson equation for the pressure is 
obtained: 

 ( ) ,
Gr
1 22 guu )∗

∗
∗∗∗ ⋅∇+∇+

∂
∂−∇⋅⋅−∇=∇ TD
t
Dp  (10) 

where 

 .∗⋅∇≡ uD  (11) 

Following the MAC method, D is retained here to prevent the accumulation of 
numerical errors. If a velocity field is given at a certain time, the Poisson equation 
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can be solved to obtain the pressure field, and with these values of pressure 
substituted, equation (2) can be integrated to give the velocity at next time. 

A transformation of co-ordinates is used to unequally distribute grid points in 
the physical space. The transformation [1] employed is expressed as 

 ( ) ( )[ ]
( ) ( )[ ] ,11ln

1212ln5.05.0
−β+β

+−β−+β+=ξ hxhx  (12) 

 .1
21−






 δ−=β h  (13) 

 Equation (12) transforms the physical space hx ≤≤0  to the computational 
one .10 ≤ξ≤  The concentration of grid points is controlled by adjusting the value 

of .δ  

After transformation of co-ordinates, equations (2), (3), (10) are discretized 
using Kawamura’s third-order scheme [5] for the convection term, the central-
difference scheme for the other spatial derivatives, and the Euler backward scheme 
for the time derivative. In order to prevent the accumulation of numerical errors, D at 
the new time level is forced to be zero. In using the Euler backward scheme, the 
convection term is linearlized as 

 ,111 +∗∗+∗+∗ ∇⋅≈∇⋅ nnnn uuuu  (14) 

where superscript stands for time level. 

A local Nusselt number Nu on the surface of the heat source is obtained as 

 ( ) .Nu
surfaceheatingat

∗

∗

∂
∂=

−
=

x
T

kTT
Wq

ch
w  (15) 

The local Nusselt number is integrated over the surface of the heat source to obtain 
the average Nusselt number :Nua  

 .Nu1Nu
2

1
∫

∗

∗
∗

∗=
y

yh
a dy

W
 (16) 

3. Results and Discussion 

Computations were made for various dimensions and positions of the inner 
object with ,0.1=WH  ,21 SS =  3.0=HWh  and .000,200Gr ≤  The Prandtl 
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number is fixed at 0.7. Computations were also made for the case without an inner 
object. 

In order to evaluate the effect of grid point number on computational results, 
computations for ,000,200Gr =  ,2.01 =WG  1.0=WWp  and 7.0=WH p  were 

made with four different grid point numbers, the result being shown in Table 1. We 
can see that the average Nusselt number on the surface of the heat source changes by 
about 1% as the number of grid point is increased by about 3 times, that is, from 
10,830 to 30,348. To save computational time, the following computations were 
performed with the grid point number of 10,830, though when the size of an inner 
object is changed the number is changed accordingly. 

The results obtained in the present study are steady for all the values of the 
parameters. In the following subsections, the flow pattern and heat transfer 
characteristics for the case without an object is first described, and then the effect of 
an inner object is considered. 

3.1. Flow pattern, isotherms and Nusselt number for the case without an object 

The flow pattern and isotherms for the case without an object is shown in   
Figure 2. The flow structure for 000,100Gr =  and 200,000 comprises a primary 

clockwise circulating cell occupying the whole cavity and two smaller secondary 
cells. The similar flow structure is reported by Nithyadevi et al. [6] in the flow in a 
square cavity with partially active sides obtained numerically. As the Grashof 
number is increased, the center of the secondary cell moves toward the side wall. For 

000,50Gr =  and 20,000, there is no secondary cells and the entire space of the 

enclosure is filled with one cell. 

It is seen from Figure 2 that in the core region the isotherms are nearly 
horizontal for any value of Grashof number. This means that heat is conducted from 
top to bottom region there. This heat transport will be a disadvantage to the overall 
heat transfer. 

The average Nusselt number on the surface of the heat source is plotted against 
the Grashof number in Figure 3. By curve fitting it is found that the relation between 
Nusselt and Grashof numbers is expressed in the form 

 .Gr454.0Nu 259.0=a  (17) 
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3.2. Effects of the gap between object and heat source 

The flow patterns for different gaps between object and heat source with 
,7.0=WH p  1.0=WWp  and 000,200Gr =  are shown in Figure 4. The flow 

pattern comprises a primary clockwise circulating cell with secondary cells as in the 
case without an object, but the configurations are different and the region occupied 
by the secondary cells is larger. When the gap is small, the flow between object and 
heat source is like the forced convective flow in a channel with two parallel flat 
walls, and a large secondary cell forms in the space on the right of the object, as 
shown in Figure 4(a). As the gap increases, first a stagnant region and then a 
circulating flow appears in the space between object and heat source. When the 
object is at the middle of the enclosure, a cell almost the same size forms at each side 
of the object. When the object is near the right wall of the enclosure, the left 
secondary cell becomes larger and the flow in the right space is like the forced 
convective flow in a channel with two parallel flat walls. These features of flow 
pattern are common to the flows for the other values of Grashof number. 

In the core region of the enclosure the isotherms are almost horizontal, which 
means that heat is transferred from top to bottom by thermal conduction. Compared 
with the case without an object, isotherms are concentrated in the space on the left of 
the object and coarse in the space on the right of the object. 

Figure 5 demonstrates the effect of the gap between object and heat source on 
the heat transfer. The result of the case of no object is also plotted for comparison. It 
is observed in this figure that at ,000,200Gr =  average Nusselt numbers for 

3.0,2.01 =WG  and 0.45 are almost the same as that for the case of no object, 

while it is lower for 1.01 =WG  and 0.8 than for the case of no object. This is partly 

attributed to the reduction of the flow rate between obstacle and heat source, or 
between obstacle and cooling wall. At 000,50Gr =  and 100,000, however, for any 

value of WG1  considered in this study, the Nusselt number is lower in the case with 

an object than in the case without an object. It is also found that the object hinders 
the heat transfer more with lower Grashof numbers than with higher Grashof 
numbers. 

 3.3. Effects of the width of an object 

The flow patterns and isotherms for different values of the width of the object 
with ,7.0=WH p  21 GG =  and 000,200Gr =  are shown in Figure 6. The flow 
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structure comprises a primary clockwise circulating cell flowing along the inner wall 
of the enclosure and a smaller secondary cell at each side of the object. The 
secondary cell decreases in size as the width increases, and for 7.0=WWp  and 0.8 

secondary cells do not appear, in which case the geometry of the space might be 
called square loop. These features of flow pattern are essentially the same when the 
value of the Grashof number is changed to 50,000 and 100,000. 

It is observed in this figure that the temperature field is quite different from that 
in the case of no object, especially when the width is larger. The core region, where 
isotherms are nearly horizontal and parallel in the case of no object, is occupied by 
the object, and in the spaces over and under the object, the portion where the 
temperature is almost uniform increases in area with increasing width of the object. 
It means that the effective parts of the heat source and cooling wall decrease in area 
with increasing width of the object. 

Figure 7 demonstrates the effect of the width of the object on heat transfer. It is 
found in this figure that the Nusselt number decreases with increasing width of the 
object. The degree of the decrease becomes larger as the Grashof number becomes 
lower or as the width becomes larger. 

3.4. Effects of the height of an object 

The flow patterns for different values of the height of the object with 
,2.01 =WG  1.0=WWp  and 000,200Gr =  are shown in Figure 8. The flow 

structure comprises a primary clockwise circulating cell flowing along the inner wall 
of the cavity and a secondary cell in the space on the right of the object. The flow in 
the space between object and heat source can be regarded the forced convective flow 
in a channel with two parallel flat walls with a portion of low velocity, which 
increases in size with increasing height of the object. The size of the secondary cell 
on the right of the object also increases with increasing height of the object. 

It is observed that even a small object can disturb the temperature field 
significantly. 

In Figure 9 is shown the effect of the height on heat transfer. In contrast to the 
effects of the position and the width of the obstacle, it is observed in this figure that 
at certain values of the height of the object heat transfer can be enhanced. Nusselt 
numbers for 6.0,4.0,2.0,1.0=WH p  are higher than in the case of no obstacle. 



Y. FUNAWATASHI, T. KITA and M. ISHIZUKA 26 

For ,8.0=WH p  the heat transfer is hindered by the object, and the degree of the 

decrease of the Nusselt number increases as the Grashof number decreases. 

4. Heat Transfer Correlation 

The relation between Nusselt and Grashof numbers is considerably affected by 
the presence of an inner object, as described in the previous sections. In this section, 
new variables for a correlation of the heat transfer covering a wide range of 
parameters are proposed. 

In the forced convective flow in a channel with two parallel flat walls, the 
Nusselt number is dependent on the Reynolds number, Prandtl number, and 
boundary conditions, where the reference velocity and length are, for example, the 
average velocity and the gap between the plates, respectively. 

In some cases of the present study, the flow patterns in the space between object 
and heat source resemble the forced convective flow in a channel with two parallel 
flat walls. In such cases if we take the average velocity mu  in the space between heat 

source and object and the bulk temperature bT  in the cross section at the entrance 

into this space as reference velocity and reference temperature, respectively, and 
define Nusselt number gNu  and Reynolds number gRe  as 

 ( )kTT
Gq

bh
w

g −
= 1Nu  (18) 

and 

 ,Re 1
ν

=
Gum

g  (19) 

respectively, then gNu  can be expressed as a function of gRe  and Pr: 

 ( ).Pr,ReNu gg f=  (20) 

By using the dimensionless variables, gNu  and gRe  can be expressed as 

 ∗

∗

−
=

b

a
g

T
G

1
NuNu 1  (21) 
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and 

 ,GrRe 1
21 ∗∗= Gumg  (22) 

respectively, where 

 ,1
1 W

GG =∗  (23) 

 ,
ch
cb

b TT
TTT

−
−

=∗  (24) 

 .U
uu m

m =∗  (25) 

Substituting equations (21) and (22) into equation (20), we can find a relation 
between aNu  and Gr. Hereafter we will refer to gNu  as modified Nusselt number 

and gRe  as modified Grashof number. 

The relation between gNu  and gRe  for the present result is shown in Figure 10, 

∗
bT  being evaluated in the vertical section through the bottom left corner of the 

object. The plotted data are categorized into three groups A, B, and C according to 
flow patterns in the space between object and heat source. Typical examples of these 
flow patterns are shown in Figure 11. Group A contains the data for the flow pattern 
resembling the forced convective flow in a channel with two parallel flat walls 
(Figure 11(a)), group B contains the data for the flow pattern resembling the forced 
convective flow in a channel with two parallel flat walls but having a small 
circulating cell within itself (Figure 11(b)), and group C contains the data for the 
other types of flow pattern (Figure 11(c)). Figure 11 reveals that the data in group A 
are well correlated by using modified Nusselt and modified Grashof numbers. 

A careful examination of the relation between modified Nusselt and modified 
Grashof numbers in group A reveals that the increasing rate of the modified Nusselt 
number with the modified Grashof number is affected by the size of the gap. Taking 
this into account, we can obtain a more accurate correlation 

 ( ) ,Gr
1
Nu

1
211 b

m
b

a Gua
T
G ∗∗
∗

∗
=

−
 (26) 
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where 

 ,221.0712.03.14 1
2

1 +−= ∗∗ GGa  (27) 

 .654.081.36.19 1
2

1 ++−= ∗∗ GGb  (28) 

In Figure 12, the proposed correlation in equation (26) and the employed numerical 
data are shown. A good agreement between the equation and the numerical data is 
observed. 

The fact that the heat transfer is well correlated by the modified Nusselt and 
modified Grashof numbers means that the heat transfer is dominated by both the 
bulk temperature of the fluid at the entrance to the space between object and heat 
source and the average flow rate there if the flow resembles the forced convective 
flow in a channel with two parallel flat walls without regard to the position and size 
of the object. Therefore, the last task for the complete prediction of the heat transfer 
is to relate the bulk temperature and flow rate to the position and size of the object. 
This task is left to a future study. 

5. Conclusion 

Numerical study was conducted on natural convective heat transfer in a square 
enclosure where a heat source of a constant and uniform temperature is located on 
the middle of a vertical side wall, the other side wall is kept isothermal at a 
temperature lower than that of the heat source and the rest of the wall is adiabatic 
and an adiabatic object is located inside. The key findings of the study are as follows: 

1. In the case without an inner object, flow patterns are classified into two types: 
flow pattern comprising a circulating cell occupying the whole space for lower 
Grashof numbers, and flow pattern comprising a primary circulating cell occupying 
the whole space and two smaller secondary cells for higher Grashof numbers. 

2. In most of the cases considered in the present study, heat transfer is hindered 
by the existence of an inner object, and only in the several cases heat transfer is 
enhanced by several percent. 

3. In the cases with an inner object, flow patterns in the space between the heat 
source and the inner object are classified into three types: (1) flow pattern resembling 
the forced convective flow in a channel with two parallel flat walls, (2) flow pattern 
resembling the forced convective flow in a channel with two parallel flat walls but 
having a small circulating cell, and (3) the other types. 



EFFECTS OF AN INNER OBJECT ON THE HEAT TRANSFER 29 

4. When a flow pattern in the space between heat source and inner object 
resembles the forced convective flow in a channel with two parallel flat walls, heat 
transfer characteristics are well correlated by the modified Nusselt and modified 
Grashof numbers proposed in the present study.  
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Table 1. Grid point number dependency of Nusselt number 

Grid point number
Average Nusselt number

on the heat source 
3420 10.94 

10830 10.73 
21105 10.65 
30348 10.62 

 

Figure 1. Physical model. 
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Figure 2. Flow pattern (left) and isotherms for the case without an object: (a) 
;000,20Gr =  (b) ;000,50Gr =  (c) ;000,100Gr =  (d) .000,200Gr =  
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Figure 3. Nusselt number for the case without an object. 
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Figure 4. Effect of the gap on the flow (left) and temperature fields for 
,7.0=WH p  1.0=WWp  and :000,200Gr =  (a) ;1.01 =WG  (b) ;3.01 =WG  

(c) ;45.01 =WG  (d) .8.01 =WG  
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Figure 5. Effect of the gap between object and heat source on the heat transfer for 
,7.0=WH p  .1.0=WWp  
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Figure 6. Effect of the width of an object on the flow (left) and temperature fields 
for ,7.0=WH p  21 GG =  and :000,200Gr =  (a) ;2.0=WWp  (b) ;4.0=WWp  

(c) ;6.0=WWp  (d) .8.0=WWp  
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Figure 7. Effect of the width of an object on the heat transfer for .7.0=WH p  
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Figure 8. Effect of the height of an object on the flow (left) and temperature fields 
for ,2.01 =WG  1.0=WWp  and :000,200Gr =  (a) ;2.0=WH p  (b) ;4.0=WH p  

(c) ;6.0=WH p  (d) .8.0=WH p  
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Figure 9. Effect of the height of an object on the heat transfer ,2.01 =WG  

.1.0=WWp  

 

Figure 10. Relation between modified Nusselt and modified Grashof numbers. 
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Figure 11. Three types of flow pattern. 

 
Figure 12. Heat transfer correlation. 


