The effects of thermal sources on natural
convection in an enclosure
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In this paper, the phenomena of natural convection in an enclosure with isolated thermal
sources located on a vertical adiabatic surface is investigated numerically. The arrangement
of the problem is pertinent to the positioning of the thermal sources in a container. Flow
patterns and temperature profiles in the enclosure and average heat transfer rates on the
boundary surfaces are evaluated by a cubic spline collocation method for various thermal
sources arrangements and Rayleigh number. It is obvious that the fluid flow and heat
transfer in the enclosure is affected strongly by the arrangement of the thermal sources.
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Introduction

Owing to the rapid development of the semiconductor,
electronic equipment is widely applied to human life and
military use. The natural convection cooling problem for
electronic equipment with thermal sources is a very common
and desirable method for removing heat from the equipment.
The application of natural convection cooling for electronic
equipment ranges from individual transistors to mainframe
computers and from power supplies to telephone switchboards.
Natural convective cooling is maintenance free, requires no
energy supply, and is safe.

The problem of natural convection induced by isolated
thermal sources on a vertical surface has been the subject of
many studies. Recently, Jaluria!~3 studied numerically the
interaction of natural convection wakes arising from thermal
sources on a vertical surface in an open region. The effects of the
thermal sources location and size have been studied by
Sparrow*, Chu, Churchill, and Patterson®, Clomburg®, and
Acharya and Goldstein”. The wall plumes due to finite-sized
thermal sources have also been investigated numerically and
experimentally®?®.

For practical applications, the present study considers the
natural convective cooling due to the thermal sources on a
vertical board, which is fitted with an enclosure. In this study,
the influence of the location of the thermal sources on the flow
field and heat transfer rate has been determined.

Mathematical formulation

The configuration and coordinate system of the problem are
given in Figure 1. The two-dimensional square cavity is fitted
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with thermal sources and an adiabatic board. Two finite-sized
thermal sources of heights E; and E,, separated by a distance B,
is located on one of the vertical surfaces of the adiabatic surface.
The thermal sources are of constant temperature T,. The bottom
wall of enclosure is insulated while the other walls are
maintained at a uniform temperature T,

The vorticity and stream function are used to eliminate
pressure as a variable and to eliminate the need for the direct
inclusion of the continuity equation in the investigation. The
resulting governing equations are
oT* oT* oT*
—4U +V

=V2T* 1
0t * X Y ()

Figure 1 Physical model
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The dimensionless variables X=x/L, Y=y/L, t=t/(L%/x),
U=u/(a/L), Q=w/(a/L?), ¥Y=y/a, and T*=(T,—To)/T,
represent the dimensionless coordinates, time, velocity,
vorticity, stream function, and temperature, respectively.

The boundary conditions are
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In the above equations, two governing parameters appear:
the Prandtl number (Pr=v/x) and the Rayleigh number
(Ra=BglI3T,,/va). In this study, the Prandtl number is assigned
a value of 1.0.

The overall heat transfer rates for the boundaries of the
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enclosure are defined as

1 _6’1"*
HTR, = dy
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1 —aT*
HTR, = dx (6)
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The numerical integration of Equation 6 was performed after
the steady-state temperature field was obtained.

Numerical procedure

The coupled equations (1)3) were discretized by using the
cubic spline collocation formulation!®. The spline alternating
direction implicit procedure (SADI) was applied to perform the
numerical computation!®!3. Details of the SADI procedure
are given in Ref. 10. The interior grid lines were spaced
nonuniformly in both the x- and y-directions. We employ a
nonuniform grid with a smaller spacing of the mesh points in the
neighborhood of the boundary. The grid fineness m x n (35 x 35)
was found adequate to provide accurate results for the present
problem. The numerical procedure is described as follows:

(0) Determine the time step.

(1) Start with solving the energy equation (1).

(2) Compute the boundary values of vorticity and solve the
vorticity equation (2).

(3) Solve the stream function equation (3) by using the false
transient technique!®, until convergence is achieved; i.e.,

w5 -y
\PS

max

<107* )

where s denotes the number of the false time step.
(4) Repeat steps (1)<(3) until the maximum relative change in
temperature and flow fields satisfies the criterion
2 —pE !
12} 12}
rznax

<1074 (8)

where ¢ refers to W, 0, Q, and z denotes the number of time
steps. When the process has converged, the steady-state
condition is reached.

Results and discussions

The plots of the flow pattern, streamlines, and isotherms as well
as the average heat transfer rate along the isothermal walls of the
enclosure are presented.

Nomenclature

u, U Dimensional and dimensionless horizontal velocity
v, ¥V Dimensional and dimensionless vertical velocity
x,X Dimensional and dimensionless horizontal

coordinate
y, Y Dimensional and dimensionless vertical coordinate
o Fluid thermal diffusivity

Coefficient of thermal expansion

Viscosity

Kinematic viscosity, y/p

Density

Dimensional and dimensionless stream function
Orientation of the enclosure

Dimensionless time

Dimensional and dimensionless vorticity
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Isotherms

Isotherms

Figure 2 Streamlines and isotherms for a square enclosure with
thermal sources at Pr=1, D/L=0.5, W/L=0.025, £,/L=£,/L=0.2,
B/L=0.2, H/L=00, H,/L=0.2 and (a) Ra=10°%, (b) Ra=10°
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Figure 3 Effects of Rayleigh number on average heat transfer rate

Effect of the Rayleigh number on enclosure

The streamlines and isotherms for a square enclosure with an
adiabatic board and thermal sources, with Ra= 10° and 10°,are
shown in Figure 2.

From Figure 2, it can be seen that there is no streamline or
isotherm in the zone between the left wall and the adiabatic
board. Accordingly, there exists no natural convection in this
zone, and the heat transfer rate of the left wall can be neglected.
The effect of the Rayleigh number on the average heat transfer
rate is given in Figure 3. In Figure 3, both the average heat
transfer rate on the right and top walls increase as the Rayleigh
number increases. Accordingly, the total transfer rate increases
significantly.
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Effect of the orientation of the enclosure
with thermal sources

The flow patterns and temperature distributions for various
orientations of the square enclosure with an adiabatic board
and thermal sources with Ra=10% are shown in Figure 4.

30°  !sotherms

Velocity vectors

Figure 4 \Velocity vectors, streamlines, and isotherms for various
orientation of the square enclosure with thermal sources for Ra=10°,
Pr=1, D/L=05 W/L=0025  E/L=E,/L=02, B/L=02,
H{/L=0.0, Hy/L=0.2 at (a) 0=30°, (b) 0=60°, (c) 0=90", (d)
0#=150°
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Figure 5 Effects of orientation of the square enclosure on average
heat transfer rate

Comparisons of the variation of heat transfer rate due to
different orientations of the square enclosure with thermal
sources are given in Figure 5. It is shown that the heat transfer
rate on the top wall of the enclosure is decreasing when the angle
of the orientation is increasing. However, the effect of heat
transfer rate on the right wall (HTR;) increases until the
enclosure is inclined to 30°; it then decreases and reaches the
worst condition at 90°. The top curve represents the total heat
transfer rate. The best heat transfer condition is when the
enclosure is not inclined, and the worst heat transfer condition is
when the inclination of the enclosure reaches 90°.

Effect of the location of adiabatic board with
thermal sources

The streamlines and isotherms for a square enclosure with an
adiabatic board and thermal sources at different locations
(D/L=0.2and 0.8) in a given condition are shown in Figure 6(a),
(b). The farther the distance between the adiabatic board and
left wall is, the denser the isotherms for the zone near the right
wall will be.

The effects of location of the adiabatic board and orientation
of the enclosure on average heat transfer rate are given in Figure
7. HTR; obviously increases, but HTR, on the top wall 2
decreases, as the distance increases between the adiabatic board
and left wall. However, the total heat transfer rate varies slightly
when the enclosure is inclined from the right position to 30° for
the different locations (D/L=0.2, 0.5, and 0.8) of the adiabatic
board. As the enclosure is inclined from 30° to 60°, the total heat
transfer rate for D/L=0.2 decreases significantly due to the
reversal flow between the adiabatic board and the right wall of
the enclosure. It can be seen that the total heat transfer rate is in
its best condition at D/L=0.5. As D/L=0.2, the total heat
transfer rate becomes the worst one. It is clear that increasing
the value of the distance between the adiabatic board and left
wall results in a significant increase of HTR; and a significant
decrease of HTR,. Increasing D/L does not significantly
increase the total average heat transfer rate (HTR, =
HTR,+HTR,;).
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Figure 6 Velocity vectors and isotherms for various orientations of
the square enclosure with adiabatic board and thermal sources for
Ra=10% Pr=1, W/L£=0.025, E1/L=E;/L=0.2,B/L=0.2, H;/L=00,
H,/L=0.2 at (a) D=0.2, (b) D=0.8
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Figure 7 Effects of the location of the adiabatic board and
arientation of the enclosure on average heat transfer rate
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Figure 8 Streamlines and isotherms for a square enclosure with a
thermal source on an adiabatic board at different location for
Ra=10% Pr=1, D/L=05, W/L=0.025, £,/L=0.2, E,/L=0.0 for
H,/L equal to (a) 0.6, (b) 0.4, (c) 0.2, (d) 0.0
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Figure 9 Effects of the thermal source location on average heat
transfer rate

Effect of the location of thermal sources on an
adiabatic board

For a given thermal source size on a vertical adiabatic board,
the effect of the location of the thermal source can be studied by
moving the thermal source up and down while keeping the
board in the same location. The computed velocity vectors,
streamlines, and isotherms in the enclosure with Ra= 10° and
E,/L=0.2,E,/L=0.0are plotted in Figure 8. Fourlocations are
chosen: H,/L=00,0.2,0.4,and 0.6, where H,/L is the distance
between the bottom of the thermal source and the surface of the
bottom wall. The effects of H,/L on the average heat transfer
rate are given in Figure 9. It is obvious from Figure 8 that
increasing H,/L causes upward movement of the streamlines
and isotherms until they are restrained by the top wall. Figure 9
shows how the different locations of the thermal sources will
affect the average heat transfer rate. The average heat transfer
rates on the right wall (HTR ;) and top wall (HTR,) increase first
(H;/L=0. to 0.2). As H,/L increases from 0.2 to 0.4, HTR,
decreases significantly, but HTR, is increasing continuously
until H,/L=0.6. Finally, HTR, and HTR; decrease as H,/L
increases (H,/L=0.6).

Effects of the slit width between the adiabatic board
and the top wall of the enclosure

The flow patterns and temperature distributions for various slit
widths between the adiabatic board and the top wall of the
enclosure for h/L=0.05,0.15, and 0.35 are shown in Figure 10,
where h/L is the slit width. It can be observed that the buoyancy
flow in the largest slit-width enclosure (Figure 10(a)) exists with
a strong secondary flow in the left-hand part of the enclosure.
With decreasing slit width (Figure 10(b), (c)), the strength of the
secondary flow in the enclosure is reduced. The effect of the slit
width between the adiabatic board and the top wall of the
enclosure on the average heat transfer rate is shown in Figure
11. It can be seen that the total heat transfer rate will change
slightly due to the increase of the slit width; however, the heat
transfer rate on the top wall of the enclosure (HTR,) increases
significantly. On the other hand, the heat transfer rate on the
right wall of the enclosure first increases and then decreases.
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Figure 10 Streamlines and isotherms for a square enclosure with
thermal sources on various adiabatic boards for Ra=10%, Pr=1,
D/L=05, W/L=0.025, E,/L=E;/L=0.2, H,/L=0.0, B/L=0.2 for
h/L equal to (a) 0.35, (b) 0.25, (c) 0.05

Conclusion

The characteristics of natural convection of a square enclosure
with thermal sources have been studied numerically. It is found
that the Rayleigh number, location of the thermal source, and
orientation of the enclosure significantly influence the overall
flow and temperature variations in the enclosure. The present
numerical study can be used readily to analyze the influence of
the important parameters on the fluid flow and temperature
variation, such as the Rayleigh number and different
arrangement of thermal sources in enclosures.
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