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ABSTRACT
Steady state heat transfer experiments are conducted under natural convection mode from discrete heat
sources protruded on a substrate board, mimicking as IC chips, arranged at various locations on a predefined 5 x 5
equi-spaced grid. The experiments are conducted in a quiescent media with air as the working medium. The goal is
to fabricate a substrate board with an improved design, for maximizing heat transfer rate from heat sources. The
optimal configuration is that, in which the highest heat generating element is relatively placed with respect to others,
such that its temperature excess (temperature over the ambient temperature) is minimum amongst all possible
configurations. The optimal geometric configuration is determined by introducing a non-dimensional geometric
parameter (A). A correlation is proposed between the non-dimensional steady state temperature (), and the
geometrical distance parameter. Black paint applied on the heat sources surfaces reduces their temperature by 10%.

KEY WORDS: Discrete heat source, Natural convection, Optimal configuration, Surface radiation, Thermal
management

1. INTRODUCTION

Heat transfer studies are highly essential for advancements in the field of modern electronics. As size of
electronic components becomes smaller, the area available for heat dissipation becomes lower. Hence there is much
need for more efficient heat transfer systems. Mostly, domestic electronic systems like consumer electronics, low
end electronic packages, uses natural convection as a dominant method of heat dissipation, due to its low cost,
reliability and quiet operation. In electronic packaging design, the prediction of component temperature is of primary
interest. For reliable operation, the electronic components operating temperature should not exceed 80°C
(manufacturer’s prescribed temperature limit). Hence, it is very essential to design a substrate board for improving
the cooling rate.

Liu and Phan-Thien (2000); Yang (2000), found that, the optimal thermal performance can be obtained when
the heat sources are placed in such a way that, they follow a golden mean ratio of 1.618, which reduces their
temperature by 10% - 17%. The cooling of heat sources under natural convection mode along with their optimal was
determined by (Da Silva, 2004). They found that, heat sources should be placed non-uniformly to maximize the heat
transfer rate. The natural convection heat transfer effects from an array of vertical parallel plates with protruding
discrete heat sources was found by both theoretically and experimentally by Fujji (1996). The effect of natural
convection heat transfer in vertical channels filled with air, with and without an internal obstruction was studied both
numerically and experimentally by Said and Krane (1990). (Sudhakar, 2010) investigated the 3D steady; conjugate
natural convection cooling of five heat sources mounted on a wall. A correlation was developed by them, between
non-dimensional temperature excess (6), and non-dimensional distance parameter (1). Joshi (1989), studied
experimentally, the heat source cooling under natural convection with water as working fluid. They suggested that,
natural convection is a cheapest way of heat removal from heat sources. (Hotta and Venkateshan, 2015; Hotta, 2015)
used neuro genetic algorithm to determine the optimal distribution of discrete heat sources under both natural and
mixed convection heat transfer mode.

Many papers are published on the general area of cooling; however much work has not been reported on the
asymmetric configuration of heat sources protruded on the substrate, by considering radiation effects. Hence the
present work focuses in determining the radiation heat transfer contribution on the heat sources, and also to determine
a better correlation, by modifying the correlation developed by (Sudhakar, 2010).

2. EXPERIMENTAL SET UP AND PROCEDURE
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Figure.1l. Dimensions of the substrate board with heat sources, in mm
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The substrate is a square board of size 200 mm x 200 mm x 2 mm. It is a standard electrical insulation board
(made of Bakelite) commonly used for household switchboards. The heat sources of size 15 mm x 15 mm x 6 mm
are made by aluminium. The dimensions of the heat sources and their placing on the substrate board are shown in
figure.l.

An attempt is made for the improved board design. Five horizontal slots of 105 mm length are made on the
substrate, where the heat sources can be mounted. There are 5 screw holes at regular intervals, to fix heat sources on
the substrate. The heat sources are placed in the slot below the screw hole. Again the horizontal slots on the substrate
are divided into individual grids. A connecting link is fastened between the heat source and substrate to secure the
position of heat sources on the substrate. The first and second attempt made for the improved design of substrate
board is shown in figure.2. The final design of the substrate board is shown in figure.3.

Figure.3. Final design of the improved substrate board

The heat sources are embedded in the groove which would prevent any rotational motion. The screw would
prevent the heat sources from sliding, after it has been fixed to the board, thus preventing the translational motion.
Thus the heat source would be tightly fixed on the substrate during experiment. The heat source and substrate gap is
covered using small filler made of substrate material.

A cavity of size 11 mm x 11 mm x 4 mm is made at the back of each heat source for inserting thermocouple
wires and the Nichrome heater. The heat sources have 4 screw holes at their corners to fasten them on the substrate.
A 80/20 coil type Nichrome wire is used as heating element, and is inserted in the cavity with Teflon tape wound
around it, to avoid metal to metal contact. The temperature of heat sources is measured by placing Chromel-Alumel
K-type (32 AWG) thermocouples at 4 different positions on the faces of the heat sources. The beads are prepared
using a capacitance discharge type bead making apparatus. All the thermocouples were calibrated with a standard
thermometer at ice point, boiling point of water, and at room temperature, and have a measurement error of £0.2°C.
The heat inputs to all heat sources are controlled by a DC power supply, which has a voltage range of 0-12 V, and
current range of 0-2 A. A digital multimeter is used to cross check the data with DC power supply units. It is
connected in series with heater for measuring the current, and parallel with heater for measurement of voltage. The
temperature data is recorded by a PC based data acquisition system. The data logger model is 34970A, manufactured
by Agilent technologies Limited. It can display and store the data recorded by thermocouple wires.

The procedure for conducting the experiment is as follows. The DC power supply is switched ON, and the
voltage is adjusted in order to obtain the desired heat input for all the five heat sources. The data logger and the
computer are switched ON, and the scan is initiated. When the variation in thermocouple reading is within £0.1°C in
five minutes, it is assumed that steady state is reached, and the scanned data is stored in the computer. The voltage,
current in the DC power supply, and the temperature from the computer is recorded. The experiments are conducted
for the configurations shown in figure 4. In each experiment, the temperature of all the five heat sources and the
ambient temperature are recorded, and the temperature excessS (Texcess = Theat source — Tambient) 1S Calculated. The
experiments are repeated by painting the heat sources with black paint, to take into account radiation heat transfer
contribution.
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Figure.4. Different configurations tested for experimental study
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3. RESULTS AND DISCUSSION
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Figure.5. Temperature excess of 5 heat sources for configuration 31-32-33-34-35 (4 = 0.5)

The minimum of maximum temperature excess is attained for the heat source 35, as it is surrounded by large
cool ambience, and it does not experience the thermal environment of other heat sources due to its low vertical
positioning. The same trend is found on heat sources painted with black, having an emissivity of 0.85. It is seen that,
there is a 2-3°C temperature drop, using black paint on the heat sources. So radiation contribution is significant in
cooling of electronic modules. Another set of experiments are conducted for configurations of A = 0.625, 0.673, 1.54
to test the robustness of heuristic procedure, and similar results are obtained. The non-dimensional parameter as
defined by Hotta (2013). A = Ydi?/(1+Y?), where, di? is the square of the distance between heat source and centroid,
m?, X is the x-centroid of the heat sources, m, and Y is the y-centroid of the heat sources, m. Figure 6 shows, one of
the results among the various tested / values.
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Figure.6. Temperature excess of 5 heat sources for configuration 51-52-53-54-55 (4 = 0.625)

The same trend has been obtained for black painted heat sources, as in both cases; the corner heat element
shows the minimum temperature. So this proves the heuristic procedure. Again it is seen that, minimum temperature
reduces, as A value increases. So the global minima, amongst the minimum of maximum temperature excess are for
the configuration with highest value of 4.

The correlation proposed by (Sudhakar, 2010) predicts a linear trend (straight line) between 0 and 12,
however all the reported data points doesn’t lie on a straight line passing through the origin. Hence, an improved
correlation is needed to overcome the anomalies described above, and that must satisfy for all the positioning of heat
sources on the substrate. The new proposed correlation is 6 = 0.61 %2 + 2 log (1+X) + 0.138 Y8, where X is the
minimum possible perpendicular distance between the centroids of different heat sources of configuration, and the
imaginary vertical line passing through middle of the grid. Minimum possible perpendicular distance means, the
configuration can be shifted to the centre to calculate X. 1 is added to X, so that, the log does not become undefined,
when X becomes 0. This X parameter symbolizes the deviation from symmetric configurations and compensates for
asymmetric distributions. The final parameter Y is calculated as follows. Let the heat sources A, B, C, D, E have the
coordinates (Xa; Ya), (Xo; Yb) and so on respectively. For the first heat source A, the parameters (Ya - Yb), (Ya - Yc)(Ya -
Vd), (Ya - Ye) are computed, and the minimum positive value among these is defined as Ay. Similarly other values By,
Cy, Dy and Eyare calculated. From this Y is calculated as Y = Ay + B, +Cy +Dy, + E,.
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Figure.7. Comparison of experimental and correlated @ values for both the correlations
The error between the experimental @ and correlated 6 are given in table.1. The maximum error in the values
is reported is just around 1%. Hence, it is clear from the figure.7 that, the new equation is quite compatible with
asymmetry configurations.
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Table.1. % Error between experimental and correlated values for the new correlation

Correlated (0) | Experimental (8) | Error | % Error
0.659 0.658 0.0004 | 0.07
0.585 0.578 0.0063 | 1.1039
0.585 0.583 0.0012 | 0.2137
0.624 0.620 0.0045 | 0.7332
0.624 0.624 0 0

0.689 0.682 0.0063 | 0.9294

Experimental uncertainty: The calibration of instruments (Venkateshan, 2008) gives the uncertainty of measured
physical quantities, and is reported in table.2 below.
Table.2. Uncertainty in physical quantities

Measured Quantities | % Uncertainty
Temperature +0.2°C
Voltage +0.01V
Current +0.01 amp
Power Input 0.1 W

4. CONCLUSION

Heat transfer from an array of 5 aluminium heat sources placed on a vertical substrate under natural
convection mode has been studied. A board with an improved design is fabricated. It is seen that, the highest heat
generating element should be placed at the outer wall of the substrate, and the low heat generating elements must be
place in between other heat sources, under natural convection heat transfer regime. The role of radiation heat transfer
cannot be ignored, as there is a temperature drop of about 10% in black painted heat sources. A better correlation is
proposed which is suited for both symmetric and asymmetric configuration of heat sources on the substrate. The
equation also shows better concurrence with experimental results.
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