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Three-Dimensional Numerical Simulation of Air Cooling
of Electronic Components in a Vertical Channel

Y. Amirouche! and R. Bessaih?

Abstract: This paper summarizes a series of computational results originating
from the simulation of three-dimensional turbulent natural convection occurring
in a vertical channel containing 5 cubic aluminum heated sources (mimicking a
set of electronics components equally spaced in the vertical direction). A three-
dimensional, conjugate heat transfer model with appropriate boundary conditions
is used. In particular, the governing equations are solved by a finite volume method
throughout the entire physical domain. Calculations are made for distinct values
of: the Rayleigh number, the ratio (air/solid) of thermal conductivities and other
geometrical parameters (in order to examine the influence of such variables on the
resulting heat transfer inside the channel).

Keywords: Turbulent, Natural convection, Cooling, Electronic components, Chan-
nel.

Nomenclature

B side of cubic component

D width of the channel

H distance between vertical walls

he, hy, heat transfer coefficients

hg,hy on the faces East, North, South and Frontal of the component, respectively
kair thermal conductivity of air

ke thermal conductivity of the component
K dimensionless turbulent kinetic energy
(0] heat input

q heat density (heat input per unit volume)
L length of the plate

! University of Jijel, Faculty of Science and Technology, Jijel, Algeria.
2 University of Mentouri-Constantine, Faculty of Engineering. Department of Mechanical Engineer-
ing, Constantine, Algeria.



296 Copyright © 2012 Tech Science Press FDMP, vol.8, no.3, pp.295-309, 2012

L, distance between the channel inlet and the first block

p dimensionless pressure

Pr Prandt]l number

Pr, turbulent Prandtl number

Ra Rayleigh number

s spacing between two consecutive components

T temperature

t dimensionless time

U,V,W  dimensionless horizontal, vertical, and transversal velocities, respectively
X,Y,Z dimensionless horizontal, vertical, and transversal coordinates, respectively

X* Y*, Z* horizontal, vertical, and transversal coordinates, respectively

Greek symbols

R

thermal diffusivity coefficient
o turbulent thermal diffusivity

o dimensionless turbulent thermal diffusivity
B thermal expansion coefficient

€ dimensionless dissipation of the turbulent kinetic energy
K Von Karman constant

Q) dimensionless temperature

\Y kinematic viscosity

v* dimensionless kinematic viscosity

Vi turbulent eddy viscosity

A dimensionless turbulent eddy viscosity,

P fluid density

Subscripts

c component

0 ambient

S substrate

w wall

1 Introduction

In many electronic equipments cooling situations, arrays of heat-dissipating com-
ponents are mounted on vertical parallel plate channels that are open to the ambient
at opposite ends. In such a context, difficulties in achieving an efficient cooling of
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electronic components are generally considered as the main barriers to developing
faster, smaller, and more reliable systems. Indeed, the performance reliability and
life expectancy of electronic equipments are inversely related to the components
temperature of equipments (Mousa, 2006).

In this paper, “natural” convection is used to cool five electronic components mounted
in a vertical channel.

Natural convection heat transfer in a channel was studied by many researchers.
For example, Moffat and Ortega (1986) studied natural convection air-cooling of
10 rows and 8 columns of aluminum cubes (heated sources), mounted on an in-
sulated plate. The heat transfer from an array of simulated electronic components
for free convection with and without a shrouding wall was experimentally investi-
gated by Ortega and Moffat (1985). Joshi et al. (1989) investigated an experimental
study of steady state natural convection from a single column of 8 heated rectan-
gular protrusions. Visualizations in three different vertical planes indicate a three-
dimensional, laminar developing boundary region type flow structure away from
protrusions. Natural convection in a vertical parallel-wall channel with a single
square obstruction was numerically investigated by Said and Muhanna (1990). The
components were taken as protruding from one of the two vertical walls forming a
channel. Afrid and Zebib (1991) simulated the three-dimensional laminar and tur-
bulent natural convection in a vertical channel, containing ten cubic heated blocks.
The results show that the flow rate and the diffusion coefficients are higher in the
turbulent flow, resulting in a qualitatively smaller turbulent thermal field, compared
to the laminar flow. The work of Desai et al. (1995) concerned cooling in rectan-
gular enclosures with multiple protruding heaters mounted on one side wall, with
the top wall being cooled, and the opposing vertical wall and the bottom wall being
insulated. Their predictions compared well with previous experimental and numer-
ical work. Huang and Aggarwal (1995) numerically investigated the effects of wall
conduction on the cooling of a centered heat source in a two-dimensional rectan-
gular enclosure. Meinders et al. (1998) presented some results of the experimental
investigation of the local convective heat transfer from a wall-mounted single array
of cubical protrusions along a wall of a wind tunnel. A numerical simulation of
conjugate, turbulent natural-convection air cooling of three heated ceramic com-
ponents mounted on a vertical adiabatic channel was investigated by Bessaih and
Kadja (2000). The results show that the temperature field in each component was
found to be almost uniform, and increasing the spacing between the components
let to a decrease of their temperature, i.e. better cooling.

The effect of the relative obstacle position on the convective heat transfer from a
configuration of two wall-mounted cubes located in channel was studied by Mein-
ders and Hanjali¢ (2002). Bouterra et al. (2002) studied the turbulent flow around
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an obstacle by using the Large Eddy Simulation (L.E.S.) approach of Navier—
Stokes equations. Bessaih and Soudani (2007) simulated the three-dimensional tur-
bulent natural convection air-cooling of 10 cubic aluminum heated sources mounted
on a vertical insulating plate. The results show that the better cooling is obtained
when the spacing between the heated blocks is increased, and also when the substrate-
to-fluid thermal conductivity ratio is very high. Two-dimensional laminar natural
convection in a system of parallel vertical channels with a single protruding heat
module mounted mid-height on a substrate of finite-thickness was numerically in-
vestigated by Desrayaud et al. (2007). Turbulent natural convection of air that
happens into inner square cavity with localized heating from horizontal bottom
surface was numerically investigated by Brito et al. (2009). Localized heating is
simulated by a centrally located heat source on the bottom wall. The average Nus-
selt number increases with an increase in the Rayleigh number Ra, as well as in
the dimensionless heat source length. Amirouche and Bessaih (2010) simulated
the three-dimensional laminar mixed convection air-cooling of 10 cubic aluminum
heated sources, which are mounted on a vertical channel wall. The results show
that a good better cooling is obtained when the Reynolds number is increased and
when the spacing between the vertical walls is decreased.

The objective of this study is to determine the effects of the Rayleigh number, the
thermal conductivity and the distance between the vertical walls, in order to give
qualitative suggestions which may improve the thermal design of printed board
assemblies.

2 Geometry and mathematical model

The five aluminum cubes under study are mounted on a vertical channel wall, as
illustrated in figure 1. The wall is composed of a layer of 0.44 cm thick Plexiglas
upon, which 0.95 cm thick balsa wood planks was epoxied. This geometry is the
same as reported in the work of Ortega and Moffat (1985), and Moffat and Ortega
(1986). Each cube has a 1.27 cm side (B). The distance between two consecutives
heated components is (S =2B). The distance between the channel inlet and the first
block (block N°1), and between the last block (block N°5) and the channel exit is L,
(=10cm), which is chosen as length scale. The distance between the vertical walls
is (H =4B) and the width of the channel is (D=3B). The length of the channel is
L(=36.51cm).

For an incompressible fluid, with constant thermo-physical properties, except for
variation of density with temperature in the buoyancy force term (i.e. the Boussi-
nesq approximation is valid), the dimensionless governing equations for the three-
dimensional turbulent flow are:
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Figure 1: Five cubic heated sources, simulating electronic components, mounted
on a vertical channel wall

. . . . g . . . .
V is the three-dimensional Laplacian operator, V is the dimensionless Velo_c>1ty
vector, and U,V, W are the dimensionless components of the velocity vector V in
the X —, Y —, and Z-directions, respectively, and p is the pressure.

The scales used for the dimensionless of length, time, velocity, pressure, tem-
perature, kinetic energy and dissipation are: Ly,L§ Ja, /Ly, p(a/Ly)? , qL% ke,
(a/Ly)?, a® /LY, respectively. Ra and Pr are the Rayleigh and Prandtl numbers, de-
fined respectively as: Ra=gf( ng Jke(Vair-Ogiy) and Pr=v,/Qq;y, where q is the
heat density, k. the thermal conductivity of heated components, g the magnitude
of gravitational acceleration, 3 the thermal expansion coefficient of the fluid, p its
density, v,; the kinematic viscosity, and o, the thermal diffusivity.

In equations 6 and 7, the quantity P represents the production of turbulent kinetic
energy due to shear, while G, the production of turbulent kinetic energy due to
buoyancy.

The non-dimensional viscosity v* is v/v,;, and is equal to 1 in the fluid region
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and oo within the solid regions .The non-dimensional turbulent eddy viscosity v/
is (Cy/Pr) (K?/¢) in the fluid domain and zero within the solid regions. The non-
dimensional thermal conductivity k* is k/k,; and is equal to 1 in the fluid region,
k* =7.25 (for Plexiglas), k* =2.1 (for Balsa Wood), and k* = 7846 (for each heated
block). The non-dimensional turbulent thermal diffusivity ¢ is (Pr/Pr;) V| in the
fluid region and O within the solid regions. The energy source S equals O for air
(no heat generation), and equals 7846 in the heated components. The constants of
the standard (k-€) model are: C =1.44;C; =1.92;Cy, =0.09; o =1.30; o, =1.00;
Pr=0.71 ;Pr,=1; C3= 0.70 (Bessaih and Kadja, 2000).

Initially,att =0, U=V =W =0 =0.

The boundary conditions used for the components of velocity and temperature are:

X=0 U:V:W:O,a—@:0
X )
H 00
X—L—y.U—V—W—O,a—X—O
Y =0 U:W:O,a—v 0,8—9—0
Y Y 10)
y_L du_av_aw_ e <
L, 9y 9y 9y 9y
U JdV 00
£=0007=z= =057 )
D W _v_ 98 (
L, 9z 0z 9z

The equations of the turbulent kinetic energy and its dissipation, Egs. (6) and (7),
were solved only in the fluid region. The turbulent kinetic energy is set to zero at
solid walls, and its normal gradients are prescribed as zero at the other boundaries.
The equation of dissipation is not solved at nodes which are adjacent to the wall;
in this region, the production and dissipation of turbulent kinetic energy are equal,
which leads to an approximation of the dissipation, € = c3'75%, where dl is the
distance from the wall to the first node, and k is the von Karman constant and is
equal to 0.41(Bessaih and Kadja, 2000; Ozoe et al., 1986).

3 Numerical method

The governing equations (1)—(7), with the associated boundary conditions are solved
using a finite volume technique. The components of the velocity (U,V, and W) are
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stored at the staggered locations, and the scalars quantities (p, ®, K, and &) are
stored in the center of these volumes. A fully implicit time marching scheme is
employed. The power law scheme (Patankar, 1980) and the second-order accurate
central difference scheme are used to discretize the convection and diffusion fluxes,
respectively. The SIMPLER algorithm described by Patankar (1980) are used to
determine the pressure from the continuity equation, and the discretized equations
were solved iteratively in each direction along the axes using the line-by-line Tri-
Diagonal Matrix Algorithm (TDMA). Solutions were considered to be converged,
when the maximum of the relative variation in the velocity and scalar quantities
between two consecutive dimensionless time steps (A= 10%) is less than 1x 107,
after a sufficiently long marching time, and also when the sum of residuals for all
computational cells became negligible (less than 10~®). The total CPU time for the
results presented here was about 20 hours.

4 Results and discussion

The independent parameters used in the present work are the Rayleigh number
Ra, Prandtl number Pr, thermal conductivity ratio (k. /ks, and ks/kg;), and geo-
metric parameters H /B. The range of independent parameters was chosen and are
presented form as follow: Ra =1.82 x 10° and 2.27x 106, corresponding to 0.8W
and 1W heat input, respectively, Pr = 0.71 (for air), kg = 0.026 W/m°C (for air),
ke /kqir= 1846 (for the heated sources), kg /kq;r = 7.25 (for Plexiglas), 2.10 (for balsa
wood) and 0.10, 10 (for others thermal conductivities considered in this study), and
H/B=2 and 4. The results obtained presented in dimensionless form are shown in
figures 2 to 7.

4.1 Grid independence study

The temperature distribution of each heated electronic component for three differ-
ent grids (32x52x24, 42x88x24 and 52x88x34) is shown in Figure 2. We find
that, the 42 x 88 x24 and 52 x 88 x 34 grids lead to a small change of the components
temperatures in comparison to the coarse grid 32x52x24. All the results that are
presented were obtained with the finer mesh, in order to show as accurate values
as possible, since this mesh captures best the dynamic and thermal boundary layers
near the solid regions.

4.2 Effect of Rayleigh number (Ra)

In order to reveal important details of the flow structure, the velocity vectors are pre-
sented in Figures 3a and 3b for two values of the Rayleigh number, Ra = 1.82x10°
and 2.27x10°. In both figures, at the channel inlet the flow field starts with a
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Figure 2: Effect of various grid on the temperature of each heated cubic block for
Ra =1.82 x 10°( Q = 0.8W)

parabolic-like velocity profile, the flow velocities along the wall are seen to in-
crease in the vertical direction, especially after the block N°5. In this region, the
hot fluid is accelerated resulting in an enhanced heat transfer by convection. At
the channel exit, a small diverted flow is observed. This is due to buoyancy: the
hot air rises along the relatively channel, whereas the cold air falls along the cold
shrouding wall until it is reversed by the stronger incoming main flow.

The effect of Ra on the temperature distribution is shown in Figures 4a-b. It is clear
that the temperature increases along the vertical direction (Fig. 4a). We can see
that the temperature of each component (Fig. 4b, in °C) becomes constant after
the fourth block. This result is confirmed by the experimental work of Ortega and
Moffat (1985).

Also, the results presented in Fig. 4a are for the dimensionless temperature 8=(T* —
Ty )/qL? /k., which is adimensionlized using the heat density g. This is why the re-
sults for ¢ = 4.87 x10° W/m> appear to be lower than those for g = 3.90x10°
W/m3. Through a simple calculation, using Figure 4a, we show that the opposite is
true for the dimensional temperature. For example:

For Q =1W, g =4.87x10° W/m®, ©pqr = 2.2; Tpax — To = Opar-q.L; [ke, Ly =10
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5- electronic components 5-electronic components
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(@) 0=0.8W (Ra=1.82 x 10%) (b) O=1W (Ra=2.27 x10°)

Figure 3: Vectors plots (U —V — W) in the channel for two values of Q

cm and k. =204 W/m."C,

Tax — To =2.2x 4.87x10°x1072/204 = 52.5 °C

For Q =0.8 W, ¢ =3.90x10° W/m?, 0,4, =2.35;

Tnax — To = Opar.q.L; [ke, Ly =10 cm and k. =204 W/m.’C,

Tnax — To =2.35%3.90x 105 x 10%/204= 44.92 °C

It is clear from Figures 4a and 4b that for both power inputs considered here
(Q =0.8 W and 1 W), the temperature rise between the fifth and fourth block is
smaller than that between the fourth and the third block; and between the third and
second block is smaller than that between the second and the first block. This is
due to the progressive increase of the vertical velocity, which enhances the convec-

tive heat transfer coefficient, resulting in more heat removal, and hence results in a
good cooling of the blocks.
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Figure 4: Temperature distribution for  Figure 5: Temperature distribution for
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4.3 Effect of the substrate-to-fluid thermal conductivity ratio (k/k,;,)

The effect of the substrate-to-fluid thermal conductivity ratio (k/k;») on the tem-
perature distribution isshown in Figures 5a and 5b, for two values of thermal con-
ductivity ratio k/kg;, (0.1 and 10) and Ra = 1.82x 109, respectively. From Figures
5a and 5b, we note that the dimensional and dimensionless temperatures increase
with respect to the thermal conductivity. So, the best cooling is obtained when
the thermal conductivity decreases. This result is very important in the cooling of
heated electronic component.
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4.4 Effects of the width (H/B) of the channel

Figures 6a-b illustrate the temperatures distribution ® (dimensionless values) and7” —
Ty (dimensional values),and figure 7 shows the heat transfer coefficients for each
face of the electronic components (h; = Q;/B*(T — Tp), with i = e, n, s, f) for
H /B=2 and 4. For each block, we note that the values of the temperatures increase
with the increase of H/B channel, except for blocks 4 and 5. This is due that the
blocks 4 and 5 are located near the channel exit, which favors more heat transfer
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from the two blocks. The analysis of figures given above and the interpretation of
the results show that the buoyant force generally increases with decreasing of the
channel width H /B, which causes the increase of heat transfer outside the channel,
and therefore the improvement of electronic components cooling.
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o .
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i —=4A—— Present work
i — —@— - Experimental data of Ortega & Moffat (1985)
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Figure 8: Temperature of each heated component, in °C: Comparison between our
present numerical simulations and the experimental results of Ortega and Moffat
(1985)

4.5 Comparison between our simulations and experimental data

The turbulent natural convection model used in this work has been validated with
the experimental data of Ortega and Moffat (1985):the experimental data set and the
values of the temperature heated blocks by this model are reported and compared
in Figure 8. It is clear that the model of the turbulent natural convection is in
good agreement with experimental results from components 7 to 10. However, a
difference between electronic components 1 and 6 is shown. This is due probably to
the coarse grid used for three-dimensional turbulent natural convection air-cooling
of 10 cubic electronic components.
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5 Conclusion

Cooling (induced by three-dimensional turbulent natural convection) of five heated
electronic components mounted in a vertical channel has been investigated numer-
ically in the framework of a finite-volume method (used to solve the governing
mathematical equations).

The temperature field in each component has been found to be almost uniform. The
results have been compared with experimental data obtained for similar parameter
ranges.

A better cooling is obtained when the Rayleigh number is increased, and when the
thermal conductivity and the spacing between the vertical walls of the channel are
decreased.
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