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Air-cooling characteristics of an electronic-device heat sink have been experimentally and numerically
investigated under various operating conditions for air. Flowing air velocities of 0-7.1 m /s were circulated through
a wind tunnel with a rectangular section. The lower surface of the wind tunnel was equipped with 5 by 3 heat sources
subjected to uniform heat flux. From the experimental measurements, surface temperature distributions of the
discrete heat sources were obtained and effects of Reynolds numbers on these temperatures were investigated. A
computational fluid dynamics analysis of the cooling process was conducted to simulate the system and to calculate
the required cooling rate. A relation was identified between the thermal-wake function and capability of the software
to give better estimations of the circuit-board temperatures. Overall, the obtained results showed good agreement
between the simulation and the experimental results. In particular, it was found that surface temperatures of heated

modules decrease with increasing Reynolds number.

Nomenclature
A = area, m?
C, = specific heat, kJ/kg K
Gr, = Grashof number, [gB8(T,. — Ty;)L?]/V3,
g = gravitational acceleration, m/s?
h = specific enthalpy, kJ/kg
h = pressure head, m
h* = coefficient of heat convection, kW /m? K
k = thermal conductivity, W/m K
L = length of a single electronic module, mm
Nu; = Nusselt number, hL/ky, gL/[A(Tae — Trer)Kair)
Pr = Prandtl number, C, i [yir/ Kyir
QOcona = amount of heat loss by conduction, kJ
.onv = amount of heat convected by air, kJ
Q.q = amount of heat loss by radiation, kJ
Q. = total heat generated by the chip, kJ
q = convective heat flux, kW
Re; = Reynolds number, v;, L/ vy,
Ri = Richardson number, Gr/Re?
S = heat generation term, kJ
Ty = modules actual temperature, K

Ty ot bottom of the board temperature, K
T, = top oftheboard temperature, K
T; modules initial temperature, K

Tt reference temperature, K

t) = thickness of the board, mm
v = volume, m*

v = velocity, m/s

B = thermal expansion coefficient, 1/K
r = species concentration, kg/kg
0; = thermal-wake function

I = dynamic viscosity, kg/ms

v = kinematic viscosity, m?/s

0 = density, kg/m?

[0} = general field parameter
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I. Introduction

EMAND for electronic products requires smaller packages

with higher performance and more functions than the preceding
generation. The increased thermal performance required of these
smaller parts is mandatory for producing high-efficiency reduced-
size systems. As the reliability of the electronic components is
directly related to the temperature [1], appropriate cooling designs
are required in order to remove the heat from the components and
maintain their temperature under required safety limits [2—4]. The
cooling of electronic systems can be accomplished by continuously
removing heat from them at an adequate rate. Failure to do so may
allow the generated heat to cause burning or overheating problems
that lead to system failure and costly damage.

Many techniques are used for cooling the electronic circuits. Most
embedded systems today use either heat sinks and fans, air cooling,
or conduction cooling. However, some leading-edge applications use
flow-through liquid cooling or spray cooling. Among these various
cooling techniques for electronic parts, air-cooled forced-convection
cooling remains the most used technique, as it has the advantages of
convenience, simple design, easy maintenance, high reliability, and
low costs [5-7].

To cope with the increased cooling requirement, several the-
oretical and experimental studies have been carried out to improve
the heat removal rate of forced-convective cooling with air by using
heat sinks with different shapes, materials, flow patterns, etc. [8].
These studies are based on the fluid flow around obstacles mounted
on a wall base, on which the phenomenon of mixed convection is
observed around the localized heat sources. Bar-Cohen [9] resolved
the cooling problem of electronic modules by means of heat transfer,
carried out some studies on the cooling of chip packages [10], and
introduced a compact model for chip packages [11]. Heat transfer
and flow characteristics of four heat-source locations were studied in
[12]. Studies by Kang et al. [13] found that heat transfer can be
improved significantly by buoyancy-driven secondary flow. How-
ever, the effect of thermal-wake generation was not fully understood
because of the use of a single heat source. Numerical study of the
unsteady and transitional characteristics of mixed convection of
airflow in a channel was conducted in [14]. The significant effect of
the thermal boundary flow pattern on the secondary flow pattern and
on the heat flow distribution over the surface was also shown [15].
Experimental investigations have been carried out to study the effects
of the varying duct dimensions and obstruction dimensions on the
convection from the surface of the heat-generating obstructions to the
airflow [16], the effects of using ribs to enhance the convective heat
transfer [17], and the optimum spacing problem in mixed convection
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[18]. A modified 5% deviation rule to define the natural-, mixed-, and
forced-convection regimes was proposed by Choi and Kim [19].

In most of the previous work, the impact of the transitional
characteristics of mixed convection on the accuracy of the numer-
ically predicted results has not been investigated. The thermal-wake
generation and the actual effect of buoyancy-driven secondary flow
have not been studied thoroughly.

This study presents a numerical analysis of the air cooling of a
simulated electronic board using computational fluid dynamics
(CFD) along with an experimental work to validate the computed
results. In particular, this paper will focus on the accuracy of the CFD
results and on how the flow regime and the local thermal conditions
affect them. It also assesses the importance of various parameters
(axial position, Reynolds number, and wake function), since the
underlying effects are still not well understood. The conjugate nature
of the problem, due to coupling between convection in the fluid and
conduction in the sources, is considered in the interpretation of the
results. Correlating equations are obtained to predict heat transfer
rates and the thermal-wake-generation function factor for different
circumstances. Furthermore, an error analysis on the numerical
results has been carried out.

II. Experimental Apparatus and Procedure

A. Experimental Setup

Figure 1 shows the schematic diagram of the experimental
apparatus used in this study for the measurement of heat transfer
characteristics for the simulated heat sink. The experimental ap-
paratus is made of a wind tunnel with a rectangular section with
electronic components mounted on a circuit board (Fig. 1a). The
setup consists of the test rig, a dc power supply for the electronic
modules, a brushless blower, and a number of digital thermocouples.
Electric heating elements (resistors) were embedded inside the
obstructions that resemble the electronic components, and sets of
thermocouples were used to read the surface temperature of the
components (Fig. 1b). The test rig is divided into eight zones of

Abrupt contraction

(Cypress wood)
P
Simulated circuit board /
(High density herd board) /
Flow straightener ugit //
(855 straws)

airflow impedance. The zones are numbered sequentially, following
the direction of airflow (Fig. lc). Each zone will be analyzed
individually for cross-sectional area changes and heat loss. The
details of zone 5, which contains the simulated electronic board, is
shown in Fig. 1d.

Thermocouples were placed on different modules to measure their
surface temperatures. A vane anemometer was placed at the exit of
the blower to measure the air velocity for every set of applied fan
speeds. The system usually takes about 1 h and 30 min to reach a
steady state. Natural-convection heat transfer measurements were
taken while the fan was kept off. Heaters were put on, and enough
time was allowed for the system to reach a steady-state condition.
When the steady-state condition was achieved (by checking that
module temperature does not change with time), the local temper-
atures of the modules were recorded. A similar procedure was then
followed for the forced-convection heat transfer measurements. In
this part of the test, the fan speed was set at different values. When a
steady-state condition was achieved at each value of fan speed, the
temperature measurements of the modules were recorded.

B. Handling of Experimental Data

During all of the experiments, it was noted that the heat dissipation
from each of the discrete heat sources was very similar within one
row. Consequently, experimental data were reduced in terms of row-
average values for each heater row. The local heat transfer coefficient
for a row was calculated by dividing the heat flux supplied to each
chip by the temperature difference between the surface temperature
of the chip and the fluid temperature just below the chip, as shown in
the following equation:

q
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The reference temperature represents the local air temperature
above the modules. It is calculated by using an approximated air-
temperature formulation:
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Fig. 1 Schematic diagram of the experimental setup: a) rectangular section of wind tunnel, b) experimental apparatus assembly, c) zones of airflow

impedance, and d) heat-source layout.
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The temperature of the rows closer to the air exit is affected by the
thermal-wake phenomenon. The thermal wake happens when heat-
generating components are placed along the flow stream direction.
This function is defined as
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The volumetric maximum flow rate was found to be 11.8x
1073 m?/s. This is the maximum flow rate of the fan that is used in
the test rig.

The maximum Reynolds number based on the module length is
1418, which should mean laminar flow. Buoyancy forces are very
important in mixed-convection flow. The heat induced buoyancy
effects are expressed by the Grashof number, and the relative
importance of the forced and buoyant effects is indicated by the
Richardson number. With the increasing Richardson number, the
heat transfer process around the heated source changes from forced-
convection to a mixed-convection regime.

C. Heat Loss Analysis

At steady-state conditions, heat convection is found by con-
sidering the balance of the heat generated by the chips, the heat
conducted through the board, and the heat radiated to the
surroundings. Equation (4) shows the heat balance for a steady-state
condition:

Qconv = Qtot - Qcond - Qrad (4)

The radiation loss for each module was estimated to 2% of the input
power of 1.96 W. However, the local heat conducted through the
board, calculated using Eq. (5), was found to vary from 0.134 to
0.781 W, depending on fan velocity and the heat-source location:

ky

Ac
Qcond = Y i (T[Lt()p - Tb,bol) (5)

t

Therefore, the largest amount of heat is lost from the circuit board by
convection (from 1.167 to 1.826 W, depending on fan velocity and
the heat-source location).

D. Uncertainty Analysis

An uncertainty analysis was performed to evaluate the accuracy of
the data in this study. This analysis was conducted on all measured
quantities as well as the quantities calculated using the measurement
results. The uncertainty u, of the dependent variable F as a function
of the uncertainties u ;. associated with the independent variables x;,
is estimated according to the procedure reported in the literature [20—
22], and this is given by the relation
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Following this procedure, the uncertainty in the Reynolds number
was evaluated to be around £4.1%. Uncertainty in the Nusselt
number is around £5.4% and in the Grashof number it is around
+5%, which is primarily due to uncertainties in the convective heat
flux values.

III. Numerical Approach

A. Numerical Solution Procedure

The CFD numerical process can solve the heat- and fluid-related
governing equations. Furthermore, the fluid flow, heat transfer, and
mass transfer could be determined through this simulation. One of
the CFD schemes, finite volume method (FVM), is widely used in the
computational fluid dynamics field. In the FVM, the domain is
discretized into a finite set of control volumes or cells. The general

conservation (transport) equation for mass, momentum, energy, etc.,
are discretized into algebraic equations and are treated in balance
form for finite-sized control volumes. The CFD simulation is done by
FLUENT, which is FVM-based CFD software. The general
conservation equation is expressed by

%/pq’)dv ¢p¢v~dA 9§rv¢.dA /S¢dV
& Ah s

unsteady convection diffusion generation
Using this strategy, 2-D and 3-D models were first created in
GAMBIT software. The appropriate boundary conditions were
applied for each model before being exported to FLUENT solver.
The segregated solver was selected for both cases. The option to
solve the energy equation was enabled. The property of the air was set
to the default values specified by the software. Properties of
aluminum modules and the hard board were set according to the
values used for heat transfer analysis. Because of the low velocities
involved, this problem has been considered as an incompressible
flow.

B. Grid Sensitivity and Convergence

A grid size study was conducted to determine the effects of grid
resolution on the computational results and to finalize the grid
structure to be used for the analysis. In this work, a grid of 36,467
elements is used on the finest level with denser, uniform grid spacing
on the heating module and nonuniform grids elsewhere. The
nonuniform grids have denser clustering near the module and the
wall boundaries. A finer grid of 185,215 elements was also tested to
check if variance in the grid spacing could increase the accuracy of
the calculations. It was found that the refinement of the grid slightly
improved the solution accuracy of the modules temperature, leading
to a maximum relative difference of 4.4%. This comparison indicates
that the coarse grid provides sufficient resolution and accuracy with
less computational time, and hence this grid size was used for rest
of the computations. Convergence was achieved when normalized
residual values of continuity, velocities, and energy attained
4x1073,1x 1073, and 1 x 107, respectively (Fig. 2).

IV. Results and Discussion
A. Measured Heat Transfer Coefficient

Figure 3 shows local heat transfer coefficients with respect to the
row number for different Reynolds numbers. The local heat transfer
coefficients seem to reach a uniform value approximately after the
fourth row. This means that the fully developed thermal condition
was reached after the fourth row. This pattern is in a very good
agreement with Choi and Cho [23], who experimentally found that
the local heat transfer coefficients reached a uniform value
approximately after the fourth row (located at a distance of seven
times the chip length), regardless of coolants and aspect ratios.
Through his computational and experimental results, Anderson [24]
also observed the attainment of fully developed conditions after the
fourth row.
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Fig. 2 Convergence histories for the governing equations.



168 HRAIRI, AHMED, AND ISMAIL

120
—— Natural convection
100 — Re = 495
—A— Re =762
—¥— Re = 1006
80 8- Re = 1211

—+— Re=1418

0 1 2 3 4 5 6
Row number

Fig. 3 Local heat transfer coefficients with respect to row number for

different values of Reynolds number.

B. Measured Temperature Profiles

In Fig. 4, a typical row-averaged temperature distribution in the
flow direction for the five rows used is shown for Re = 495. It can be
noted that heater temperatures continuously increase in the main flow
direction with the row number. This behavior is also true for the other
Reynolds numbers, as illustrated in Fig. 5. This trend of the
temperature rise, which can be attributed to the thermal-wake effect
of each block on the other blocks, agrees well with the previous
studies [25,26].

For the free-convection condition, the surface temperature is
maximal at the middle of the board. Indeed, from the measured data
plotted in Fig. 5, it is shown that the modules in the middle column
were found to have higher temperature values relative to the other two
columns. The hottest module was the module in the middle of the
board. This is mainly due to the heat accumulated at the center of the
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Fig. 4 Row-averaged temperature distributions of heat sources
(Re = 495).
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Fig. 5 Effect of Reynolds number on the row-averaged heat-source
temperature.
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Fig. 6 Row-averaged Nusselt number distribution of heat sources
(Re = 495).

circuit board. The position of the maximum surface temperature
tends to change toward the direction of the exit as the air velocity
increases. Overall, increasing the Reynolds number results in a
decrease of the electronic module temperature.

C. Nusselt Numbers

Figures 6 and 7 have been prepared similarly to Figs. 4 and 5 in
order to show the variation of Nusselt number with row number for
different Reynolds numbers. Variations in these figures show typical
forced-convective flow characteristics for all Reynolds numbers.
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Fig. 7 Variation of Nusselt number with row number for different
Reynolds numbers.
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Fig. 8 Variation of Nusselt number with Reynolds numbers for all five
rows.
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In addition, the Nusselt number increases as the Reynolds number
increases and it decreases as the distance of the heat source from the
jet increases (Fig. 7). This can be attributed to the increase of the
spent flow velocity with the increase of Reynolds number, which
leads to high heat removal rate and, in consequence, high Nusselt
number. This trend of the Nusselt number agrees well with previous
studies [27-29] for cooling of inline array blocks by parallel flows,
which showed the increase of the heat transfer coefficient of a block
with both the decrease of its distance from the entrance and the
increase of the air Reynolds number. Also, the first two rows show
the largest differences between the different Reynolds numbers,
where large Reynolds numbers produce larger Nusselt numbers at
the beginning of the heated section. These differences start to
diminish from the third row onward. The latter can be explained by
the fact that the reduction in the Nusselt number due to forced-
convection effects is balanced by an increase due to the buoyancy-
driven secondary flow.

To more clearly understand the physical mechanisms involved in
the heat transfer from the electronic modules under various operating
conditions, the effects of the Reynolds number on the Nusselt
number are drawn in Fig. 8 for all five rows individually. It is
interesting to see how the effect of an increase of Reynolds number
changes according to the row number. Nusselt number values for
rows 1-3 exhibit a significant increase with increasing Reynolds
number. This is due to the forced-convection nature of the heat
transfer in that region. In contrast, the values for rows 4-5 show a
slight increase. Furthermore, the first two rows show the largest
differences between the Nusselt numbers. These differences
diminish dramatically from the third row onward, confirming the
information provided in Fig. 7.

D. Thermal-Wake Effect

The overall thermal-wake-generation correlation for different
Reynolds numbers is shown in Fig. 9. The thermal-wake generation
was found to be increasing at a high constant rate up to the middle of
the board, then the rate decreases and remains almost constant up to
the end of the board, regardless of the value of the Reynolds number.
This shows that the dimensionless temperature is independent of
heater location at different Reynolds numbers. However, when the
heater is located adjacent to the inlet, lower component temperatures
are seen at all Reynolds numbers, as a consequence of the entrance
effect. It can also be seen in Fig. 9 that an increase in the Reynolds
number results in a decrease in the dimensionless component
temperature. This trend agrees with the results of Molki et al. [30],
who showed that 0 very slightly decreases with increasing Reynolds
number in the case of cooling of inline array by parallel flow. The
present trend of 6 is also consistent with the results obtained by
Turkoglu and Yucel [31] for cooling of a discrete heat source located
on the left wall of an open-ended vertical channel.

It can generally be stated that the thermal-wake-generation
function increases at the downstream region. Comparing the thermal-
wake-generation correlation for each case, we can notice that the
thermal system has its highest thermal-wake effect when the
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Fig. 9 Thermal-wake-generation function.
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Fig. 10 Effect of buoyancy force as Reynolds number increases.

Reynolds number equals 1006 and has the lowest value when the
Reynolds number equals 495.

The effect of buoyancy forces in mixed-convection flow can be
shown by the plot of Richardson numbers shown in Fig. 10. The
influence of buoyancy forces can be expected to decrease at the
same position as the Reynolds number increase. It is considered
to be of strong effect at values of Richardson numbers greater
than unity and of small effect at values of Richardson numbers
less than unity.

E. CFD Results

This section first reviews the results of the modeling and then
compares them to the experimental data. Figure 11 shows the
temperature distribution on the surface of the electronic board and
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Fig. 11 Temperature distribution contour lines for the electronic
board.
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Fig. 12 Temperature distribution contour lines for modules in the
third row.
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Fig. 14 Three-dimensional temperature distribution contours over
modules’ surfaces.

the local ambient environment. The temperature values were found
to be higher at the bottom of the module and to decrease gradually
to the top, where the modules are exposed to fresh, cooler, air. This
may suggest the application of a thermal heat sink on the bottom
side to improve heat dissipation from the electronic board.
Figure 12 shows the temperature distribution on the surface and
within the vicinity of one module.

To improve the temperature distribution inside this region, one
may need to enhance the flow turbulence. This will result on a heavy
mixing process, leading to a tremendous improvement of the air
convective heat transfer. One way of achieving this suggested
solution is by introducing additional obstructions to the board. This
will deflect the flow direction, which will result in higher mixing
and thus better surface temperature distribution, as shown in
Fig. 13.

The three-dimensional temperature distributions are shown on
Fig. 14. It can be seen that the modules located away from the flow
inlet are hotter relative to those located near the inlet.

In general, heaters in the same row will have the same temperature,
due to weak velocity in the horizontal direction. Even though the
temperature distribution given in Fig. 14 is not exactly symmetrical
spanwise, the maximum temperature variation between the three
modules in each row, as shown in Table 1, is very small (less than

Table 1 Maximum temperature variation in each row

Temperature
Row my wall m, center my wall Maximum
variation, %

1 352.6 351.8 352.3 0.22

2 360.4 361.5 361.5 0.3

3 366.6 367.1 365.1 0.14

4 370.5 371.5 369.5 0.54

5 370.7 372.9 370.6 0.62
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O

Fig. 15 Three-dimensional unstructured mesh.

0.6%). This is mainly caused by the unstructured mesh that had
been used due to the geometry complexity of the model. It can be
seen in Fig. 15 that the central modules have better grid refinement
than the modules closer to the wall, hence the slight difference in
temperatures between the modules of the same row.

The simulation results were compared with the measured
experimental results for validation. Figure 16 shows the average
experimental module temperature compared with the simulated CFD
temperature. It reveals that the thermal-wake generation of the
simulated model is less significant when compared with the experi-
mental results. Lower values of Reynolds number were found to
coincide with better estimates at locations nearer the inlet. Larger
values of Reynolds number were accompanied with better estimates
of surface temperature at downstream regions.

The estimated values of the surface temperature were found to be
of good agreement with the actual measured values. The maximum
percentage error was found to be 4.9%, with a maximum standard
deviation of 2.5 when considering different Reynolds number for the
entire plate and of 1.7 when considering the local error variations at
same locations. The error in the estimated values was found to be
related to the values of the Reynolds numbers and the axial position
on the board. Figure 17 shows the variation of the percentage-error
values as Reynolds number increases.

One of the interesting observations is the mode of change of the
position at which the software exactly estimated the measured value
of surface temperature. This position was noted to change axially
toward the downstream direction as Reynolds number increases.
This phenomenon is illustrated on Fig. 18. In addition, the module
surface temperatures were estimated exactly by the software, as the
measured experimental values were found to be approximately equal
to the average board temperature.

Studying Fig. 10 together with Fig. 18 reveals that the positions at
which the software estimated accurate temperature values were the
positions at which the buoyancy effect is of the same order as the
momentum forces of the flow.
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Fig. 16 Comparison between the experimental and numerical surface temperature for different Reynolds numbers.
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Fig. 18 Axial positions at which the software estimated exactly the
measured surface temperatures at various Reynolds numbers.

V. Conclusions

Heat transfer from discrete heat sources in a simulated electronic
circuit board under mixed-convection conditions has been in-
vestigated experimentally inside a horizontal rectangular channel
and has been investigated numerically using FLUENT CFD soft-
ware.

The values of the Reynolds number, at which the software exactly
estimated the measured values, were found to be increasing fol-
lowing the trend of thermal-wake generation. This phenomenon may
be related partially to the instability of the thermal boundary layer
when the thermal wake exceeds a certain value with respect to
different Reynolds numbers.

The agreement of the CFD software predictions was found to be
very good when the buoyancy forces and the momentum forces are of
the same order. A correction factor is needed to improve the CFD
estimates at other conditions. The maximum percentage error was
found to be 4.9%. The local surface temperatures, at which the
software was able to predict the measured values, were always found
to be very close to the mean temperature of the board.

The obtained results from this work provide valuable information
for the thermal design of electronic packages. Components with the
greatest power dissipation should be placed on the first and last rows,
and those having low power dissipation should be placed in the
middle rows. Moreover, the heat transfer enhancement was found to
be largest for low Reynolds numbers, suggesting that heat transfer
may be enhanced due to buoyancy induced flow by reducing the flow
rate and, consequently, the ventilation power requirements for elec-
tronic packages.
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