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Experimental study of optimum spacing problem in the cooling

of simulated electronic package

S. Chen, Y. Liu, S. F. Chan, C. W. Leung, T. L. Chan

Abstract An experimental investigation has been
performed to determine the effects of different arrange-
ments of obstacles on the cooling of simulated electronic
package. The considered simulated electronic package
consisted of a channel formed by two parallel plates. The
bottom plate is attached with five identical electrically
heated square obstacles, which are perpendicular to the
mean airflow and arranged with different side-to-side
distances. The experimental results show that the
conventional equi-spaced arrangement might not be the
optimum option and should be avoided. A better thermal
performance could be obtained when the side-to-side
distances between the obstacles followed a geometric
series. For example, at Re = 800, the highest temperature
of the optimum arrangement could be reduced by 12%
compare to the equi-spaced arrangement and the maxi-
mum temperature difference among the five obstacles is
lower than that of equi-spaced arrangement by 32.1%.

List of symbols

A surface area (i.e. top and two sides) of each obstacle
exposed to air, m?

B obstacle height above the base of the simulated
electronic package, m

C  clearance between the upper surfaces of the ribs and
the ceiling of the channel, C=H — B

E electric power supplied to each obstacle, W

F view factor for thermal radiation from an obstacle to
its surroundings

h convective coefficient for heat transfer from an
obstacle to the airflow, W/(m? - K)

H  vertical free height within the unencumbered duct,
m

k thermal conductivity of the fluid, W/(m - K)

Nu Nusselt number

Pr  Prandtl number, v/u

Q  steady-state rate of heat loss from the simulated
electronic package, W
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Re Reynolds number, UC/v

T temperature, K

U  mean air speed in the duct, m/s

o thermal diffusivity

€ mean surface emissivity with respect to thermal
radiation

v kinematic viscosity of the fluid, m*/s
o Stefan-Boltzmann constant, W/(m?* K*)
Subscripts

airflow
ave average value
forced convection
ambient environment
conduction
number of obstacle
via thermal radiation
the obstacle’s surface
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Introduction

The electronic devices miniaturization is characterized by
high rate of heat dissipation per unit of component area
and it demands the electronic system has enough heat
dissipation capability in order to avoid its temperature
from rising significantly, which may lead to malfunction
and breakdown of the entire device. Improvements of
cooling techniques are crucial to meet the design and
development of rather complex circuits and dense
electronic boards.

Fluid flow around obstacles mounted on a channel wall
forms a fundamental basis for studies of the cooling of
electrical devices. Mixed convection in horizontal channels
is of interest in cooling of local heat sources encountered
in electronic devices. Investigations of the cooling of
electronic components have been widely studied both
numerically and experimentally (Incropera, [1]).

Kennedy and Zebib [2] reported mixed convection
between horizontal parallel plates with a local heat source
flash-mounted on the horizontal plate. They showed the
heat transfer characteristics and flow pattern resulting
from four cases of heat source locations. Incropera et al.
[3-5] has performed a series of numerical and experi-
mental studies in a rectangular horizontal channel. Mixed
convection in the entrance region was extensively
discussed, and they visualized four flow regimes along the
bottom plate-laminar, mixed, transitional, and turbulent
regimes. Consequently, significant improvement in heat
transfer was found to be due to the buoyancy-driven
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secondary flow. Kang et al. [6] investigated experimentally
mixed convective transport from an isolated source lo-
cated on a horizontal adiabatic plate. The dependence of
the heat transfer rate on the mixed convection parameter
and on the thickness of the heated element was investi-
gated. However, the effect of thermal wake interaction
could not be clarified because single heat source configu-
rations were considered. Bratten and Patankar [7] studied
numerically the laminar mixed convection in shrouded
arrays of heated rectangular blocks mounted on the
horizontal shrouds, spaced periodically in the spanwise
direction. Kim et al. [8] presented numerical results on
the mixed convection from multiple-layered boards with
cross-streamwise periodic boundary conditions in a hori-
zontally-oriented channel and a vertically-oriented chan-
nel. Papanicolaou and Jaluria [9] investigated conjugate
mixed convection from a discrete thermal source or
multiple sources in a rectangular cavity. They observed
that the location of the source on the right vertical wall is
the most favorable in terms of cooling, and that oscillatory
flow and thermal fields could develop in the enclosure
depending on the relative location of the components at
high inputs by the components. Elpidorou et al. [10] in-
vestigated mixed convection in a vertical channel with a
finite wall heat source, and their results revealed the fun-
damental nature of mixed convection in a vertical channel.
The effects of inclination angle on the flow and heat
transfer characteristics under buoyancy-assisting flow
conditions have been studied by Naito and Nagano [11] in
the entrance region between parallel plates and Lin et al.
[12] in a duct with a backward facing step. Both studies
indicated that the inclination angle could play an impor-
tant role in the velocity and temperature fields. Shaw et al.
[13] studied mixed convection phenomena with an iso-
thermal heating block in a three-dimensional channel.
Papanicolaou and Jaluria [14, 15] extensively studied two-
dimensional conjugate mixed convection from a localized
heat source in a cavity with two openings. Oscillatory re-
sults were observed beyond the critical value of Gr/Re?,
and the results were initially characterized by a single
frequency. As Gr/Re? increased further, the oscillations
showed irregular patterns that indicated the flow was
approaching the turbulent regime. Choi and Ortega [16]
numerically studied the effects of laminar forced flow on
buoyancy-induced natural convection cells throughout the
regions of natural, mixed and forced convection for a
parallel plane channel with a discrete heat source. They
found that there was no significant penalty in heat transfer
due to the inclination of the channel up to 45°. Huang and
Lin [17] numerically investigated the unsteady and tran-
sitional characteristics of mixed convection flows of air in
a three-dimensional channel. The evolution of these
complicated flows was discussed in detail. Mixed convec-
tion in a semicircular duct with an axially non-uniform
boundary condition on a flat wall has been numerically
studied by Karki et al. [18]. The study showed the signif-
icant effect of the thermal boundary condition along the
curved wall on the secondary flow pattern and, therefore,
on the heat flux distribution on the heat transfer surface.
Leung et al. [19] studied the convective heat transfer in a
rectangular duct flow with streamwise-periodic rectangu-

lar heated ribs mounted one of the principal walls, which
simulated a printed-circuit board assembly. Effects of
varying the duct’s height, and the rib’s height and width on
convection from the rib’s surface to the airflow were
presented. Choi and Kim [20] numerically investigated
the three-dimensional conjugate mixed convection in a
channel. They proposed a ‘modified 5% deviation rule’ to
define the natural, mixed and forced convection regimes
and found an important role of conductive board in
determining the heat transfer mode.

In most of the problems considered, it has been com-
mon practice that an equi-spaced arrangement of heated
components was assumed. Nevertheless, due to the ther-
mal interaction among heated components, the equi-
spaced arrangement might not be the optimum option,
and there must be an optimum spacing arrangement
among the electronic components. Here, the optimum
arrangement is defined as that which yields the lowest
maximum temperature and minimizes the temperature
differences among the components.

Liu et al. [21] [22] numerically studied the optimum
spacing problem for five chips on a horizontal substrate
in natural convection, it was found when the chips were
arranged in geometric series, the maximum temperature
could be reduced more than 10%. The best arrangement
was found when the geometric ratio was Golden Mean.

In this paper, we focus on the experimental aspects of
the optimum spacing problem in mixed convection and
forced convection. Five heated obstacles are rested on a
horizontal substrate with different spacing ratios in a
channel, and the air passes through it. The main objective
is to investigate the influence of spacing ratio on the
cooling of electronic packages and to provide the optimum
thermal design.

2

Experimental apparatus

The schematic view of the experimental system is shown
in Fig. 1. The experimental apparatus is operated in
suction mode and oriented horizontally. The system
consists of 5 upward-facing rectangular copper obstacles,
which are mounted on a smooth board (as shown in
Fig. 2). The whole system is placed horizontally. The
heated obstacles, which are used to simulate the thermal
behavior of the electronic components, are highly pol-
ished in order to achieve a low surface emissivity of less
than 0.3 (as indicated by a Minolta 505 infrared spot
thermometer). Each obstacle has a length of 200 mm and
a height of 6.35 mm. Two 0.8 Q nichrome heater strips
are embedded in the base of each copper obstacle to
provide a uniform heat flux. Electric power supplied to
the obstacles is adjusted via a variable-voltage trans-
former and recorded by a digital wattmeter. Since the
nichrome strips could achieve 99% efficiency, nearly all
the electric power supplied to the heater strips is there-
fore converted to heating power. K-type thermocouple is
embedded in a narrow central slot in the upper surface of
every obstacle, and the thermocouple signals are con-
verted to temperature readings via a Digi-sense digital
thermometer. Each thermal junction is formed by spot
welding. Good thermal contact between the thermal



junction and the obstacle is ensured by filling the re-
sidual cavity with heat transfer compound. This method
enabled the point of measurement to be placed closer to
the inner surface of the slot of the obstacle where the
temperature reading is more preferable, such that leading
to a more accurate temperature measurement. The
simulated electronic package is 200 mm wide and formed
by fixing a 2 mm thick mica sheet to a 6.35 mm thick
bakelite substrate, and the undersurface of which is
covered with a layer of glass fiber. The board is machined
to have sharp leading and trailing edges. The simulated
electronic package is placed symmetrically in the wind
tunnel’s rectangular test section (length 600 mm, cross-
section dimension 202 X 120 mm) made of 6.35 mm
thick bakelite sheet. The whole test section except the
upper plate is thermally insulated from its surroundings
by a 50 mm thick glass fiber layer, the upper plate is
exposed to the air. The internal height of the wind tunnel
is fixed at 0.03 m for the present investigation.

Ambient air (Pr = 0.7) passes through the wind tunnel
via an electric blower. The blower is physically isolated
from the wind tunnel in order to avoid the transmission of
vibration from the blower to the duct. Since the experi-

ments are performed with different flow conditions, the
electric power supplied to drive the blower is adjusted
through a variable-voltage transformer so as to obtain
different mean airflow velocity. The airflow velocity is
measured with a Kurz 441 M hot-wire anemometer. The
steady-state temperatures of the airflow at the entrance
and exit of the test section are measured by a K-type long-
probe thermocouple connected with the digital ther-
mometer. The diameter of the long probe thermocouple is
only 1.5 mm so that it would not affect the flow pattern
significantly during each measurement. In addition, all
connecting parts are added with gaskets and seals to
prevent air leakage and soap bubble is used to test any air
leakage at each point.

A total of 5 different arrangements are considered and
the geometric parameters are listed in Table 1. §; is the
side-to-side distance between obstacle #1 and obstacle #2,
S, the side-to-side distance between obstacle #2 and ob-
stacle #3, S5 the side-to-side distance between obstacle #3
and obstacle #4, S, the side-to-side distance between ob-
stacle #4 and obstacle #5, and S5 the side-to-side distance
between obstacle #1 and obstacle #5. In the present study,
S5 is fixed at 133.35 mm.
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Table 1. Geometry arrange-

ment Type S, (mm) S, (mm) S; (mm) S; (mm) Geometric relation
1 19.05 19.05 19.05 19.05 S4/S; = S5/S, = $,/8; = 1.0
2 8.23 13.17 21.08 33.72 S4/Ss = S5/S, = S,/S; = 1.6
3 5.08 10.16 20.32 40.64 S4/S5 = S5/, = SIS, = 2.0
4 11.08 17.72 28.35 19.05 S5/, = S,/S, = 1.6, S, = 19.05 mm
5 8.16 16.33 32.66 19.05 S5/S, = S,/S, = 2.0, S, = 19.05 mm
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3

Handling of the experimental data

The steady-state convection heat loss from each obstacle to
the airflow is obtained by:

Qc:E_Qr_Ql (1)

The conduction loss (Q;) from the obstacle to the attached
rectangular plate is estimated by using Fourier’s law with
knowledge of the thermal conductivity of the board ma-
terial and the measured associated temperature distribu-
tion. The rate of radiation loss (Q,) from an obstacle to its
environment is assessed by the following equation:

Q. = gAF¢(T: — T?) (2)

where the view factor (F) between the obstacle and its
surroundings, is taken to be unity and the surface emis-
sivity is measured to be 0.3. After Q; and Q, (which are
estimated to be approximately 4 and 6% of E, respectively)
are deduced from E, the value of (Q.) could be determined.
Then the convective heat transfer coefficient from the nth
obstacle to the airflow is obtained from the definition:

o Q
A(Ts —Ta)

The steady-state temperature of airflow (T,) is assumed to
vary linearly from inlet to exit of the test section, and its
mean value is used as the reference temperature to de-
termine the values of the air’s properties applicable for the
investigation. The average heat transfer coefficient over the
entire simulated electronic package could be obtained
from:

hy n=1~5 (3)

have =

é&hn (4)

The vertical clearance of the simulated electronic package
(C = H — B) is chosen as the characteristic dimension to
define the Reynolds and Nusselt numbers, i.e.

U-C

uil—

Re. = —~ (5)
have -C

Nu, = X (6)

4

Heat transfer results
Figure 3 shows the surface temperature of each obstacle of
TYPE 1 arrangement at different Reynolds numbers. TYPE
1 is an equi-spaced arrangement, which is commonly
employed in the cooling of electronic packages at present.
When the air flowed from the inlet to the outlet of the
channel, it is heated by the obstacles step by step. In this
case the minimum temperature occurred at obstacle #1
while the maximum temperature occurred at obstacle #3.
The temperature of obstacle #3 is much higher than that of
obstacle #1 (nearly 32% when the Reynolds number is
265). As obstacle #4 and obstacle #5 are near from the
outlet of the channel, due to the “exit” effect, their
temperatures are lower than that of obstacle #3.

Figure 4 shows the temperature of each obstacle of
TYPE 2 arrangement at different Reynolds numbers. For
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TYPE 2, the side-to-side distance between obstacles fol-
lowed the geometric ratio, and the geometric ratio is 1.6,
i.e. S4/83=3S5/S,=S,/S; =1.6. As the side-to-side distance
between obstacle #1 and obstacle #5 is unchanged

(S5 = constant), S; is reduced while S, is increased
compared to that of TYPE 1 arrangement. This results in
the decrease of temperature difference between obstacle #1
and obstacle #2 and the increase of temperature difference
between obstacle #4 and obstacle #5. The maximum
temperature occurs at obstacle #3. The temperature
difference between obstacle #1 and obstacle #5 is smaller
than that of TYPE 1 arrangement.

Figure 5 shows the temperature of each obstacle of
TYPE 3 arrangement at different Reynolds numbers. For
TYPE 3 arrangement, the side-to-side distance between
obstacles followed the geometric ratio of 2.0, i.e. $4/S3 = S5/
S, =3S,/§; =2.0. Due to the thermal interaction, the lowest
temperature occurs at obstacle #5 instead of obstacle #1,
compared to TYPE 1 and TYPE 2 arrangements. The
temperature of obstacle #5 decreases due to the increase of
the side-to-side distance between obstacle #4 and obstacle
#5. Furthermore, the temperature distribution among the



obstacles of TYPE 3 is different from those of TYPE 1 and
TYPE 2 arrangements.

Figures 4 and 5 show if the side-to-side distances fol-
lowed the geometric ratio, it would enlarge the distance
between the last two obstacles and increase the tempera-
ture difference between these two obstacles. As a result, the
minimum temperature occurred at obstacle #5 instead of
obstacle #1. Hence a new arrangement is considered.
Figure 6 shows the temperature of each obstacle of TYPE 4
arrangement at different Reynolds numbers. For TYPE 4
arrangement, the distance S, is fixed and is the same as
that of TYPE 1 arrangement, but S;/S, =S,/S; =1.6. The
temperature difference between different obstacles is de-
creased and the lowest temperature occurred at obstacle
#1. Figure 7 shows the temperature of each obstacle of
TYPE 5 arrangement at different Reynolds numbers.

For TYPE 5 arrangement the distance S, is the same as that
of TYPE 1 arrangement while S3/S, = S,/S; =2.0. The
lowest temperature occurs at obstacle #1 whereas for TYPE
3 the lower temperature occurred at obstacles #5. When
Reynolds number is low (Re =252) the maximum tem-
perature occurred at obstacle #2. The temperature differ-
ence between obstacle #2 and obstacle #3 is very small.
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Figure 8 shows the maximum temperature of different
types of arrangements among the five obstacles with the
Reynolds numbers. All the maximum temperatures de-
crease with increasing Reynolds numbers. When Reynolds
number is 800, the maximum temperature is 83 °C for
TYPE 1, 79 °C for TYPE 2 and 87 °C for TYPE 3. It can be
found that when the arrangement of the obstacles followed
the geometric ratio of 1.6, the maximum temperature de-
creased and it is reduced by about 4.8% compared to TYPE
1 arrangement. When the geometric ratio is further
increased, i.e. for Type 3 arrangement the ratio is 2.0, its
maximum temperature is about 4.8% higher than that of
TYPE 1 arrangement. Furthermore, for TYPE 4 arrange-
ment, the ratio is 1.6 and S, is fixed at 19.05 mm, the
maximum temperature is 73 °C, which decreases signifi-
cantly and is reduced by 12% (10 °C) compared to TYPE 1
arrangement. From the thermal design point of view, it is a
better option. For TYPE 5 arrangement, its maximum
temperature increased slightly compared to TYPE 4
arrangement.

Figure 9 shows the maximum temperature difference
among these 5 obstacles for TYPE 1 to TYPE 5 arrange-
ments. When Reynolds number is 800, for TYPE 1 the
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maximum temperature difference is 23 °C. For TYPE 2
arrangement, it is 16.4 °C, which is lower than that of
TYPE 1 arrangement by 28%. For TYPE 3 arrangement, its
maximum temperature difference is 25 °C, which is larger
than that of TYPE 1 arrangement. For TYPE 4 and TYPE 5
arrangements, the maximum temperature difference is
15.6 and 14.4 °C respectively when Re is 800, which is
significantly lower than that of TYPE 1 arrangement by
32.1 and 37.4%, respectively.

Figure 10 shows the variation of the heat transfer
coefficient of the individual copper obstacle of TYPE 1
arrangement. It can be found that the steady-state
convective heat transfer is relatively greater at the first
obstacle and thereafter decreased for obstacle #2 and
obstacle #3. However, an increase in heat transfer
coefficient occurs at the last two obstacles, this is due
to the ‘exit’ effect (i.e. sudden enlargement of the flow
aperture soon after obstacle #5), which leads to an en-
hanced local flow around obstacle #4 and obstacle #5.
Figure 11 shows the variation of the heat transfer
coefficient of the individual copper obstacle of TYPE 4
arrangement and it has the same variation as that of
TYPE 3 arrangement.
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Figure 12 shows the averaged Nusselt number versus
Reynolds number of the airflow. It is not surprising that
the Nusselt number increases with the increasing Reynolds
number. For TYPE 4 the averaged Nusselt number is
greater than that of TYPE 1 arrangement for all Reynolds
number. For example, when Re is 800, for TYPE 1 the
averaged number is 17 while for Type 4 arrangement
it is 20, which is 17.6% higher than that of TYPE 1
arrangement.

5

Conclusions

An experimental study of optimum spacing problem
under steady-state condition in the cooling of electronic
packages has been performed. The conclusions are
described as follows:

1. The conventional equi-spaced arrangement is not an
optimum option for the cooling of electronic packages.
The temperature distribution strongly depended on the
spacing arrangements.

2. When the side-to-side distances of obstacles followed
the geometric series arrangements, different thermal per-
formances could be obtained. If the ratio is 1.6, the max-



imum temperature and the maximum temperature differ-
ence among the five obstacles could be decreased signifi-
cantly. But when the ratio is further increased to 2.0,

an opposite trend is observed that both the maximum
temperature and the maximum temperature difference
among the five obstacles are increased.

3. When the side-to-side distance between the last two
obstacles are fixed while others followed the geometric
series arrangement, a much better thermal performance
could be obtained. For example, when Reynolds number is
800 the maximum temperature in the optimum arrange-
ment (TYPE 4) could be as much as 88% of the equi-spaced
arrangement and the maximum temperature difference is
lower than that of equi-spaced arrangement by 32.1%.
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