Nahrain University, College of Engineering Journal (NUCEJ) Vol.13, No.1, 2010 pp.29-42

I Natural Convection Air cooling of Electronic Componentsin I

Partially top vented Enclosures

Dr. Ahmed F. Khudheyer
Nahrain University
Iraq Baghdad,

Abstract

The study of natural convection from a
heat source located at the bottom of
partially top vented enclosure is presented.
Air cooling for electronic components
situated at the bottom of a top vented
enclosure is studied theoretically. The flow
was assumed to be laminar, steady and of
constant physical properties. The process
was described by the continuity, momentum
and energy partial differential equations,
which were expressed in Cartesian
coor dinates system. Due to the nature of the
studied problem and with proper
transformation, at the dependent and
independent variables, these governing
equations were expressed by a st of
dimensionless partial differential equations.
This set of differential equations is
transformed to set of difference equations
by the implantation of a finite difference
technique. Accordingly, the solutions for
this problem were obtained by the
application of the well-known Gauss Siedel
iteration method. A computer program, by
using FORTRAN-90 Ilanguage, was
developed to solve the present proposed
mathematical model. According to this
solution; the values of Nusselt number, for
different values of Rayleigh number are
obtained.

Comparisons between the present
obtained results and those results obtained
in previous theoretical results were
performed for parametric variations of the
vent opening size and shape. Also a
correlation for Nusselt number asa function
of Rayleigh number and equivalent
diameter of the vent isproposed.

Keywor ds. Natural Convection, Air cooling
of Electronic Components, vented Enclosures.

Nomenclature

A :Area m?

As : Aspectratio La/L,, --

C, . Specific heat at constant pressure of fluid,
J kgt K*?

d :equivaent diameter of open, m
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h : Local convective heat transfer coefficient,
w.m? K*

H : variable Heat source, W . m?

k ) : Thermal conductivity of the fluid, w.m™,
K-

L :Length,m

Nu : Nusselt number (h.L/K),

p : Pressure Pa

P : Dimensionless pressure, --

Pr : Prandtl number, _

Q : Heat transfer rate, W

q” :Heat flux, W.m?

T : Temperature, K

uv,w :Veocity components in x, y and z
coordinates, m.s™*

U,V,W: Dimensionless velocity components, _
XY,z : Cartesian coordinates, m

X, Y,Z: Dimensionless Cartesian coordinates
(¥Ly, YLy ZILy), _

VAR: vent aspect ratio, dy/L;, -

Greek symbols

o : Thermal diffusivity (k'1C,) , ms™
4 - Dynamic viscosity, kg.m™.s*

v : Kinematic viscosity, m*.s*

o Density, kg.m

€ :Dimensionless temperature (%(T—'IB) )

Subscripts

1 :lengthin X - direction
2 :lengthinY - direction
3 :lengthin Z —direction
w23: Y- and Z-direction
w13: X- and Z-direction
max: maximum

1-Introduction

Natural convection in enclosures has
attracted considerable interest of many
investigators since it is very common in
severa  engineering and  environmental
problems. Applications of such analysis are
ranging from building design (i.e. ventilation),
solar energy systems, and electronic equipment
cooling, to solar collectors. Therefore a cooling
by natural convection represents in severa
fields, where the heat to be dissipated is low
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enough, an attractive system in thermal control
because of its low cost, reliability and
simplicity in use.

Air cooling of electronic components by
natural convection is important to thermal
control scheme especially for compact power
supplies, portable computers, and many other
small electronic systems. Most of available
relevant studies to such applications have been
focused on complete enclosures on the bottom
of a horizontal enclosure. As an example Sezai
and Mohamad [1], studied numerically natural
convection in air due to a discrete flush-
mounted rectangular heat source with
vertically oriented discrete heating. They
presented the numerical results of two-
dimensional double-diffusive natural
convection in a sguare porous cavity partially
heated from below while its upper surface is
cooled at a constant temperature. Aydin and
Yang [2], treated numerically the convection
of air in a rectangular enclosure that was
locally heated from below and symmetrically
cooled from the two vertical sides.

Early work on completely enclosed
configurations with horizontal heating was
reported by Myrum [3], studied the natural
convection heat transfer from a heat source
mounted flush to bottom bounding surface of
an open top cylindrical cavity. Water was the
transport medium. The experiments showed
that the average Nusselt number based on the
temperatures of the heat source and the
cylinder walls was virtually unaffected by the
height and the opening size of the cavity, for
the range of enclosure heights, opening sizes
and Rayleigh numbers considered. Severa
modes of flow were observed. M. Yang and
W. Q. Tao [4], numerically studied the natural
convection in a cubic enclosure with an
internal isolated heated vertical plate. The
internal plate was suspended under the lower
surface of the enclosure top wal and
eectricaly heated. The six enclosure walls
were at a lower constant temperature. The
range of Rayleigh number is from 8x10* to
5x10°. S. B. Satha and Y. Joshi [5], studied
numerically combined the conduction and
natural convection transport from a substrate-
mounted heat generating protrusion in aliquid-
filled square enclosure. The governing steady
two dimensional equations were solved using
finite-difference method for wide range of
Rayleigh  numbers, protrusion thermal
conductivities and widths, substrate heights,
and enclosure boundary conditions. Higher
Rayeigh  numbers, protrusion  thermal
conductivities, and widths enhanced cooling.
S. K. W. Tou and X. F. Zhang [6], have
investigated numericaly a three dimensional
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model to study the effect of top vented shape
on heat transport processes in a liquid filled
rectangular enclosure of finite size. Maximum
Nusselt number occurs at the heater leading
edge.

In general, many investigators [7 - 9]
Studied, numerically, the heat transfer inside
closed enclosure. T. Fusegi et a [7] studied
numericaly the heat transfer in three
dimension natural convection inside closed
enclosure. P.K. B. Cheo, et a [8] studied the
effect of inclination angle in an inclined
rectangular box with the lower half heated and
the upper half insulated. K. C. Karki et al [9]
studied numerically the effect of heated plate
position on average Nusselt number.

Numerical study of convective
laminar natural convection inside enclosure
was studied by J. C. Crepeau et al [10]. The
governing equations are solved anaytically to
obtain the temperature distribution and in turn
Nusselt number. Yasuo Kurosaki et a [11]
studied analytically the heat transfer for
cooling the electronic devices. The effect of
Rayleigh number in local Nusselt number and
in turn in heat transfer was found. A. F. Emery
et al [12] studied theoreticaly the effect of
Rayleigh number in natural convection inside a
square enclosure. Air was the transport
medium. The average Nusselt number based
on the temperatures of the heat source and the
enclosure walls was virtually unaffected by the
height. In general, top vented enclosure are
used to increase the rate of heat transfer
between a fluid and a solid to produce
enhanced and controlled localized cooling or
heating effects on plates.

In the present study, natural
convection in discretely heated small
rectangular enclosures with partially opening is
theoretically investigated. Both conduction in
the component and substrate are included.

2-Theoretical M odel

A mathematical model is proposed to
describe the natural convection heat transfer
from a hot horizontal heat source. The physical
description of the problem and the coordinate
system considered in this model are shown in
Fig.(1). The basic dimensions of the
considered geometry is a three-dimensional
enclosure confined by four isothermal walls at
a uniform temperature of T,. The lower and
upper walls are heated and vented wall.
Accordingly the problem can be, fairly,
anayzed as a three dimensional free
convective problem. The enclosure contains
non-uniformly distributed internal heat source.
The enclosure base length and width are L; ,L»
while Ls is the enclosure height. The heat
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source, which maintained at non-uniformly
heat flux, in x- and y- direction, is buried,
horizontally, in an enclosure. In the present
mathematical model, the flow is assumed to be
laminar, with constant physical properties.
Cartesian coordinate system (X, v, 2) is used to

express the flow governing eguations. The
governing equations consist of the continuity
equation, momentum equations, and energy
equation, which can be written for steady state
condition as
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oX oy oz
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Equation (1) is the continuity equation
of the three dimensional flow. The velocity
components in x-, y- and z-directions are u, v
and w. Equations (2-4) are the momentum
equations in both the x-, y- and zdirections.
The density and pressure are denoted by p and
p ; respectively. While g is the coefficient of
thermal expansion. Equation (5) is the energy
equation. The temperature of the fluid is
denoted by T, while H is the heat source per
unit time and unit volume. The thermal
conductivity, density and specific heat of the

fluid are denoted by k, p and Cp
respectively. The heat source is denoted by H

which is defined according to the following
equation T. A. Myrum [3]:

H =102*x+41xy+4

Where x and y in meter for the square
baseL;=L,

Coefficient of thermal expansion of the
flud g can be defined according to the
relation;

1(72
p-2 (%)
P P = const.

Equations (1-5) must satisfy the following
boundary conditions; for top vented enclosure
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When d equals to zero is the case of
closed enclosure. Solving the governing
equations (1-5) with the aid of boundary
conditions (6), one can obtain the temperature
and velocity distribution throughout the flow
field. Moreover the local Nusselt number can
be estimated according to the following
equation:

Where h is the heat transfer coefficient, which
is defined according to the relation;

q n
(Tmax - TO )

Where Q" is the heat flux. The maximum

temperature of the fluid is T, , While T, isthe
temperature of the enclosure walls.

h=

Enclosure under study

External enclosure

(I_i\{l__l L]
<

Insulation

Opening

N
Enclosure L3

Component -
/.

z
y 1 L1
I T

X

Fig.(1) Schematic diagram of the examined enclosure and the shape of vent

2.1 Dimensionless form of the
Governing equations

In order to put the governing equations
and their boundary conditions in a
dimensionless form, one introduces the
following dimensionless independent and
dependent variables as;
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Where L; is the characteristic length. It is
equa to the sguare side length in case of a
square enclosure and equals to the base length
in case of a rectangular enclosure. The
dimensionless x-,y- and z- co-ordinate are, X,
Y and Z; respectively; while U, V and W are
the dimensionless velocity component in X-,

Y-and Z- direction. The kinematics viscosity is
vand @ isthe dimensionless temperature.
Substitution with the foregoing defined
dimensionless variables in equations (1-5),
yields to the dimensionless form of the
governing equations as

U N N N 8
oX oY oz
9
Uﬂ+vﬂ+wﬁ —-VdU= _®
oX oY oz oX
10
Uﬂ.wﬁ.,.wﬁ —-Va&A/= - P
oX oY N N
11
VN WV W vy - P g Ry
oxX oY oz oz
12
Uﬁ+vﬁ+wﬁ - i 2 _ﬁ
oxX oY oz Pr Pr

Where V? is the Laplacian operator,
(az AL

OX2 oY 572
Prandtl and Rayleigh numbers respectively,

which are defined according to the following
equations,

J,while Pr and Ra are
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The dimensionless form of governing
equations (8-12) must satisfy the following
boundary conditions;
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The governing equations (8-12) with their
boundary conditions (13-14) are valid for both
a uniformly distributed and concentrated heat
source in the case of equal wall-temperature. In
the case of different wall-temperature, using
the same governing equations under their
boundary conditions except for the left-wall
dimensionless temperature is not equal to zero.

In the energy equation, the right-hand side

of the equation (ij represents the heat

Pr

source-term. This heat-source term appears at
al the mesh-nodes in the case of uniformly
distributed heat source. For the concentrated
heat source, this heat-source parameter appears
only at the nodes where the heat source is
exists on it and it equals to zero at all the other
nodes.

In order to solve the dimensionless form of
governing equations (8-12), the derivatives of
the variables are replaced by the corresponding
approximate finite divided differences. The
first and second derivatives with respect to X
Y and Z are

approximated by centered finite-divided-
difference.

Figure (2) shows pat of the mesh
covering the flow field. Every node of the
mesh isidentified by three identifiersi ,j and k.
According to the mentioned technique,
momentum and energy equations are converted
to four sets of algebraic equations and their
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boundary conditions are the final form of flow
describing equations. These equations are
solved, numerically, using Gauss-Seidel with
relaxation iterative method. Accordingly, both
hydrodynamic flow field and thermal flow
field can be predicted.

3-Results and Discussion

The proposed theoretical models are
used to study the effect of Rayeigh number,
dimension of open vent, wall temperature and
aspect ratio. Three types of heat source are
studied, concentrated point heat source, line
heat source and variable heat source. For every
case, the flow pattern, isothermal lines are
presented.

Accordingly, local and average Nusselt
numbers are depicted.




ALK

ij,k+2
i-1,jlk+1 _ 6/
11 4Lk
7 y i)k
X

Fig. (2) Part of the used mesh

1 Validity of the present model

To check the validity of the present
model, a comparison is made between the
present results and the corresponding results
after Reference [6] at the same conditions.
Table (1) shows a comparison between the
calculated maximum temperature after Tou
and X. F. Zhang [6] and those found in the

present work at. Rayleigh number of Ra =

1x10° , Prandtl number of Pr =0.7 and the
aspect ratio of As= 1. In this case uniformly
distributed heat source is assumed. Fairly good
agreement between both is found.

Also, another check of the model is made by
comparing the numerical results from present
work with the corresponding experimental
results reported by T. A. Myrum [3] under the
same working conditions as shown in figure
(3). Figure (3) illustrates the comparison
between present results and result after T. A.
Myrum [3]. In general the average Nusselt
number takes the higher value for higher value
of Rayleigh number In the present results the
average Nusselt number takes

maximum values for top vented
enclosure higher than for closed enclosure.
The comparisons between the present and
previous study exhibit afairly good agreement.

4.2 Effect of Rayleigh number

In the following sections, the effect of
Rayleigh number on the hydrodynamic flow
field and the temperature distribution is
studied. One can determine the axial position

where the maximum dimensionless temperature
ocCurs.

Table (1) Comparison between the results of Tou and X. F. Zang [6] and the present
work for a uniformly distributed heat source at Ra= 1x 10° for closed enclosure
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Tou and X. F. Zhang [6], 2003 Present results
mesh sizenx mx m Max. Dimensionless Max. Difference
temperature (Gmax, ) Dimensionless %
temperature (Grex. )
21x21x 21 0.259 0.238 8.108
41x41x 41 0.264 0.247 6.44
61x 61x 61 0.265 0.249 6.04
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Fig.(3) comparison between aver age Nusselt number for different value of
Rayleigh number

Table (2) Maximum dimensionless temperature and its position for different values of
Rayleigh number at Pr = 0.70

Ra value Max. Dimensionless Location of G

temperature (Grax. )
1.0x 10* 0.289 (0.367, 0.267,0.312) & (0.634, 0.267,0.312)
5.0x 10 0.2564 (0.3,0.267,0.451) & (0.704, 0.267,0.451)
1.0x10° 0.249 (0.267, 0.267,0.531) & (0.734,0.267,0.531)
5.0x 10° 0.226 (0.2367, 0.267,0.582) & (0.7624, 0.267,0.582)
1.0x 10° 0.2038 (0.1767, 0.267,0.652) & (0.8234, 0.267,0.652)

Table (2) gives the value of maximum
temperature and its position at different values
of Rayleigh number at aspect ratio equal 1 and
d/L, =0.05. It is clear that, two positions inside
the enclosure for the maximum temperature
corresponding to every value of Rayleigh
number exist. It is noted that, with increasing
Rayleigh number the value of maximum
temperature (G« ) is decreased while at low
Rayleigh number the value of maximum
temperature is increased. The position of
maximum temperature moves continuously
toward the top wall as the Rayleigh number
increases
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The fluctuation of the temperature is
associated with the occurrence of secondary
flow as shown in Figures (4 ). In generdl, the
temperature increases rapidly near the walls (x
=0, 1.0) and more rapid decreases for higher
values of Rayleigh number. In the core of the
enclosure (somehow far from the walls) the
temperature remains almost constant, specialy,
for smaller values of Rayleigh number. Also,
the temperature is higher as the vaue of
Rayleigh number is smaller. The peak-value of
stream function increases as Rayleigh number
increases

36




Ra= 1.0x 10°

Ra= 1.5x10°

Fig.(4) Effect of Rayleigh number on both isotherms and streamlinesat: Pr=0.7, Y=0.2

With the values of Rayleigh number of
1.0x 10° and 1.5x 10°, variation is occurred in
values of both temperature and stream function
due to the existing of secondary flow adjacent
to the top of the enclosure.

The convection flow patterns are as two
counter rotating rolls and the corresponding
isotherms show a large region in which there
are small regions around every point of the
heat source.

Figure (5) illustrates isotherms and flow
patterns in case of heat source concentrated
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along a horizonta line at the middle of the
enclosure, at Y=0.5, Z=0.1. The convection
flow pattern in the enclosure is as two
symmetrical counter rotating-rolls. There are
two high temperature regions in both left and
right sides; and adjacent to the heat source
position. The major of the heat is accumulated
at the upper face of the heat source and decay
rapidly near the walls.  There is one high
temperature region near the right end of the
heat source. The distance between the high
temperature

K hudheyer 37




0.4

0.2

1 T T T T 3 1
o\ — 0.8
2|/
S
0.6 - 0.6
Q
- % — 0.4
- - 0.2
- 1 1 1 1 Wi 0 0 1 1 I 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.6 0.8 1 0 0.2 0.4 0.6 0.8

(a)lsotherms and stream lines for a concentrated heat source
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(b) Isotherms and stream distributed heat source along a plane parallel to the base

0.4 0.6 0.8 1

Fig.(5) Isotherms and stream distributed heat source at Z=0.1 and at: Ra = 1.0x 10°, Pr =0. 7.

rotating-rolls. There ae two high
temperature regions in both left and right sides;
and adjacent to the heat source position. The
major of the heat is accumulated at the upper
face of the heat source and decay rapidly near
the walls.  There is one high temperature
region near the right end of the heat source.
The distance between the high temperature
region and the right side of the enclosure,
decreases as the heat source for point or line
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increases. Near the heat source, the stream
function is decayed while the temperature
gradient increases rapidly. So, the conduction
is predominant adjacent to location of the heat
source.

Figure (6) illustrates the local Nusselt number
distribution adjacent to each wall of the
enclosure at Ra=1 X 10° for concentrated heat
source aong the base and lies a y= 0.5 and
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Z=0.0 . The temperature increases rapidly near
the walls and more rapid at the top, while no
changing in temperature at the base is
observed. So, the greatest value of loca
Nusselt number is at the top. Enclosure causes
that the value of local Nusselt number at the
right wall isequal it at the left wall

.3.3 Different wall-temperatures

The  wall-temperature  affects  the
temperature distribution and the corresponding
flow patterns in the enclosure. To discuss this
effect, base, right and top walls are maintained
at a uniform temperature at zero dimensionless
wall temperature (6 =0 ) while the left wall
temperature (O) assigns a different value. The

enclosure  contains  internal
distributed heat source.

3.3.1 Dimensionlesstemperature of

the L eft wall of (-0.2).

Figure (7) illustrates the temperature
distribution and the corresponding flow
patterns at Ra = 1.0x 10°, Pr = 0.7 and with
temperature of the left wall(Y-Z)wall equals
(6= -0.2). The flow patterns are as two
counter-rotating  rolls. The temperature
gradient increases rapidly adjacent to the left
and top walls. The right roll provides with a
relatively higher dynamic momentum, hence it
enlarges toward the left side while the l€eft roll
relatively attenuates. The high temperature
region exists at vicinity of the top wall.

uniformly

10
- Top
— = = Leftwall
8 b— — - — Rightwall
————— Base
/5\ -
=
o} 6 b— f _ — T =
E I\| -7 AN
g | ! N
Z 7 .
/ BE
z 4 =1 1 2\ \
g ‘7 !
3 - ‘\ '
!
/ \ '
2 | \ \
1 \
\
-_—- o— - — - — - = \}
[/ v \
o | [ vy | | | |
0 0.2 0.4 0.6 0.8 1
Dimensionless distance
Fig. (6) Local Nusselt number for concentrated heat source along line normal to the base
at (x=0.125).
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Fig.(7)lsotherms and stream lines

for auniformly distributed heat
sour ce with the left-wall

temperature of (6)=-0.2 and at:
Ra=1.0x10° Pr=0.7

with temperature of the left wall(Y-
Z)wall equals (6= -0.2). The flow patterns are
as two counter-rotating rolls. The temperature
gradient increases rapidly adjacent to the left
and top walls. The right roll provides with a
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relatively higher dynamic momentum, hence it
enlarges toward the left side while the Ieft roll
relatively attenuates. The high temperature
region exists at vicinity of the top wall.

3.3.2 Dimensionless temperature of
the L eft wall of 0.2

Figure (8) illustrates the temperature
distribution and the corresponding flow
patterns for the same previously mentioned
conditions at Ra = 1.0x 10°, Pr = 0.7 except
for the temperature of the left wall (0) is equal
to 0.2. The convective flow is four-roll
structure, two rolls are closed to each other and
the other two rolls are separated.

The temperature gradient increases rapidly
adjacent to both the right and top walls. The
two-joined rolls are providing

N N N N N N
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Stream lines

Fig.(8)I sotherms and stream lines for
a uniformly distributed heat
source  with the  left-wall
temperature of ()= 0.2 and at: Ra
=1.0x10°, Pr=0.7
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with a relatively higher dynamic
momentum, hence they enlarge towards the
left side while the two separated rolls attenuate
and displace toward the top. Two high
temperature regions exist at the vicinity of the
top wal and near the two sidewalls. The
following relation correlate the results, where
the local Nusselt number is expressed as
functions of Rayleigh number, Prandtl number
and the equivalent diameter of the top vented

Nu =0.3211 Ra®* Pr®® (1+(d/L,)*®),

3.4 Effect of aspect ratio on Average

Nusselt number

Fig.(9) illustrates the average Nusselt number
for different aspect ratio of top vented
enclosure at Ra = 1.0x 10°, Pr = 0.7. One can
show that the average Nusselt number increase
for increasing aspect ratio.
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Conclusions

The three-dimensional natural convection in
a top-vented enclosure contaning a
concentrated heat sources is investigated
theoreticaly. This application is very
important in the region of ar conditioning
applications therefore, it can be concluded
from this search the following:

1. The Prandtl number ranging 0.7 to
1.0 and Rayleigh number varies from
1%X10°to 1.5%X10°. The numerical
results presented in this work
confirm the importance of the vent
geometry in particular when the
condition of compact enclosure.

2. This relation correlate the results,
where the local Nusselt number is
expressed as functions of Rayleigh
number, Prandtl number and the
equivalent diameter of the top vented

Nu =0.3211 Ra®* Pro3* (1+(d/L)*%)

3. Comparison between the theoretical
models determined in present model
with previous one is good agreement.

Fig.(9) Relation between average Nusselt
number and Aspect ratio for different value of
Rayleigh number

3.5 Effect of vented dimension on

aver age Nusselt number

Figure (10) show the relation between average
Nusselt number for different vent aspect ratio
(VAR) of top vented enclosure at Ra = 1.0x
10°, Pr = 0.7. The average Nusselt number
have a minimum value at the lowest value of
vent aspect ratio and increase with increasing
vent aspect ratio up to VAR=0.05, there they
have a peak. Then they decrease with
increasing vent aspect ratio, due to the random
motion of air inside the vent and in turn, rate of
heat transfer is decreased
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Fig.(10) Relation between average Nusselt
number and vent Aspect ratio at Ra=10°,
As=1.0.
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