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ABSTRACT
The manuscript compares the heat transfer enactment from five identical and symmetric
protruding discrete IC chips positioned on a three-dimensional vertical substrate board under
natural convection. 3D, steady-state humerical analysis are carried out using COMSOL v 4.2 for
different heat source configurations subjected to variable volumetric heat generation rate. The
various designs of heat sources are identified by proposing the distance, A. It is observed that
temperature excess decreases with increase of A. The study is carried out for uniform and non-
uniform spacing (following Golden Mean Ratio, GMR) of IC chips on the substrate board. The
configuration of heat sources following GMR leads to a temperature drop of 10% as compared
to their uniform spacing. An empirical correlation is put forward for the (Bexcess) in terms of
dimensionless distance parameter (A), non-dimensional position parameter (z), and non-
dimensional volumetric heat generation (g*v).
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NOMENCLATURE

heat sources area (IC chip), m2

gravitational acceleration, 9.81 m/s2

thermal conductivity, W/m K

A
g
h heat transfer coefficient, W/m2K
k
L IC chip length, m

q

heat flux, W/m2
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T temperature, K

Tmax maximum temperature of IC

ATref reference temperature (ATref=qL/k)

INTRODUCTION

Technological advancements in semiconductor industries have led to miniaturization in the
overall dimensions of the electronic components, and hence the area available for heat
dissipation continues to become smaller. This has resulted in excess of high heat flux at the
chip level. Furthermore, for reliable operation of electronic components, their operating
temperature should not exceed around 80°C. Thus, it is necessary to determine the optimal
arrangement of heat sources mounted on a substrate board to dissipate heat efficiently and
improve their reliability.

Da Silva et al. [1] carried out numerical simulations to maximize the global conductance
between the heat source wall and the fluid using the constructal method. They found that the
optimal arrangement is not uniform. Furthermore, they reported that the IC chips are
mandatorily placed near the boundary to consider the increase in Rayleigh number (Ra). Hotta
and Venkateshan [2-3] investigated experimentally steady, 3D, conjugate natural convection
cooling of five non-identical heat sources mounted on a substrate board. They have proposed
an empirical correlation for the dimensionless maximum (B) in terms of A and found that ©
decreases with increasing A. They also determined the global optimum configuration of heat
sources using hybrid optimization (ANN+GA) technigque. Diaz and Milanez [4] studied the
numerical optimization of non-uniform heat sources using a genetic algorithm (GA). They found
that only 2% of the numerical simulation data are enough for optimization using the GA
technique. [Sudhakar et al. 5, Patil and Hotta 13] performed the numerical and experimental
studies for optimal arrangement of three identical heat sources mounted on a wall under
conjugate laminar mixed convection. They have developed a correlation between the (Bexcess),
and the dimensionless geometric distance parameter (A). Liu and [Phan-thein 6, Patil and Hotta
14] studied numerically to seeking the optimal arrangement of the discrete IC chips using the
different algorithms. They concluded that the optimal thermal performance is achieved when the
distance between the heat sources follows a GMR of 1.618. They also suggested that 10%
significant drop in a temperature. Kadilaya and Chattopadhyay [7] performed the optimization of
heat source placed in square enclosure under free convection by combining hybridization of

(ANN+GA) .They found that, at high Rayleigh number the spacing between the heat sources
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should be the minimum for optimum heat transfer. Chen and Liu [8] determined the optimum
spacing ratio experimentally among the heated elements and found the highest temperature
drop of 8.24% and reduction in a relative temperature difference of 27.62% when heat sources
are arranged in geometric series. Chadwick et al. [9] have investigated the effect of natural
convection experimentally in a discrete heated enclosure using Mach-Zehnder interferometry
and reported that for a single heat source near to bottom wall shoots higher HTC with Grashof
number range. [Yang et al.10, Patil and Hotta 12] experimental study rectifying the optimal
arrangement of five IC chips placed on a conductive substrate. They found a maximum
temperature drop of 20% when center to center distance between the heat sources follows a
geometric series with a common ratio equal to 1.618. Tou et al. [11] carried out a 3D numerical
investigation of natural convection cooling from a 3 x 3 array of discrete heat sources in a liquid-
filled enclosure and found that Nusselt number increases with Rayleigh number.

Several studies have been carried out for the identical discrete heat sources mounted on a
substrate board with uniform spacing. However, the heat transfer characteristics from non-
identical heat sources and non-uniform spacing are rarely studied in the literature. Again, the
analysis using COMSOL Multiphysics is an area to explore. Hence, the present study compares
identical and non-identical heat sources when they are arranged uniformly and non-uniformly on
a substrate board using COMSOL Multiphysics.

NUMERICAL MODELLING

3-D conjugate laminar free convection in a vertical column has been considered in the present
study. The numerical models have been made for both five identical and non-identical size finite
heat sources, each generating heat at a uniform rate. Figure 1 shows the similar size heat
sources arranged in a central configuration. In contrast, figure 2 shows the arrangement of non-
identical size heat sources placed in geometric series having a common ratio equal to golden
mean (1.618). There are 120 possible configurations for the arrangement of non-identical heat
sources in a geometric series configuration. The configuration shown in figure 2 is denoted as
B-A-C-E-D, where the heat sources are given alphabetical notations according to the
decreasing order of their hydraulic diameter (A>B>C>D>E). Five different values of volumetric
heat generation (8.5 x 105< qv< 12.5 x 105 W/m3) are considered for the present numerical

simulation.
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Figure 1. Computational domain of identical heat sources
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Figure 2. A typical non- identical heat source configuration
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The thermos-physical properties and dimensions of different components of the computational

domain are given in Table 1 and 2, respectively.

Table 1 Thermo-physical properties of the heat source and substrate board

Material Heat Substrate
Density (kg/m?3) 2330 1900
Specific heat (J/kg K) 703 1369
Thermal  conductivity | 163 0.3

Table 2 Dimensions of different components of the computational domain

Components Dimensions (mm)
Substrate board | 200 x 30 x 6
Vertical air cavity | 200 x 30 x 15
Heat source A 16 x 16 x5
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Heat source B 20x20x 2
Heat source C 12x12x5
Heat source D 20x15x 2

Heat source E 10x5x2

GOVERNING EQUATIONS

Air is taken as the fluid medium and is considered to be steady, incompressible, and laminar
flow having constant fluid properties excluding density. Domain are expressed as follows.

Fluid domain:

Continuity equation
u, ov 0w
ox dy 0z
(1)
Momentum equation (Fluid Domain)
ou  du ou ou 10p <62u 0%u 62u>
— v

§+”ax+”@+wa_z= p6x+ 6x2+6y2+622

6V+ 6V+ 6V+ v 18p+ 62V+62V+62V T oB(T Tamb
ot Yox Vay Wz~ p dy Vioxz y? 622) pR(Tmax ~Tamb)
ov  ov ov ov 10dp 0*v 9%v 9%v

a+u&+ Va—y+W£= —Ea—y-i- V(a7+ﬁ+ﬁ)

)
Energy equation (Solid heat sources and board)

oT oT oT oT k (0%T = 9T = 9°T
a+ua+”@+‘”£—p—c(ﬁ+a—yz+ﬁ)+%
)

For steady (state condition)

op _u_ov_ow

ot ot ot ot
4)
BOUNDARY CONDITIONS
For the complete formulation of the problem, the following boundary conditions are considered.
Thermal insulation condition
n.(—kVT) =0 (5)
No slip condition (6)

u=20
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Symmetry condition (on side walls of vertical air cavity)

un=0 @)
k—(knn=0 (8)
k= [u(Vu+ (Vu)"].n (9)

Open boundary condition (on inlet and outlet walls)

[—pl +u(vu + (Vw)7) - (3) u(w. u)l] .n=—fn (10)

,if T=TO,if nu<0
L,fVI.n =0, if nu=>0

Periodic heat flow condition (on the substrate board left the wall and vertical air column right

wall)
Tsrc=Tdst (1)
Jsrc=Jdst (12)

NUMERICAL SCHEME AND SOLUTIONS

Numerical scheme

Three-dimensional governing equations (1) - (4) for natural convection along with the boundary
conditions (5) - (12) form a set of coupled non-linear partial differential equations, which are
solved using COMSOL Multiphysics v 4.2. The stationary fully coupled solver is used for the
numerical scheme, and linearized equations are solved using the right preconditioned GMRES
(generalized minimum residual) iterative solver. The value of relative tolerance 0.001 is adopted
as the convergence criteria. The relative error on the estimate of 10-5 and close residual of 10-6
is observed upon convergence.

Solution

The temperature and velocity profile for identical size heat sources in equidistance configuration
is shown in figure 3 and figure 5, respectively. It is observed that the highest temperature is
attained by the fifth heat source positioned at the bottom of the board, and the temperature
increases with distance from the bottom of the board. Figure 3 shows that the air velocity is the
maximum above the most heated element and is almost zero close to the walls. Figure 4 shows
a similar trend in the velocity profile of non-identical size heat sources. But it is seen from figure
6 that the highest temperature among the non-identical size heat sources is attained by the third
chip positioned at the substrate bottom. About 52 simulations are carried out for different
positions of heat sources on the substrate board, and 22 simulations are carried out with five

different volumetric heat generation values (qv).
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Figure.3.Velocity profile for identical heat sources (Equi-distance arrangement)
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Figure 4. Velocity profile for non-identical heat sources (Geometric series arrangement)
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Figure 5. Temperature profile for an identical heat source
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RESULTS AND DISCUSSION

Figure 7 shows the variation of (t)excess
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of identical heat sources in equidistance and

geometric series configuration concerning qgv. It is observed from the figure that, (t)excess for

geometric series configuration is lower than that of the equidistance configuration by around

10% for all the five different gv values. Also, the maximum (t)excess increase as the qv value is

increased for both equidistance and geometric series configuration. Figure 8 shows the variation

of leading (hconv) of identical size heat sources in equidistance and geometric series

configuration with qv. Figure 8 depicts the variation of maximum (hconv) increases with an

increase in gv value. Similar trends have been observed for non-identical heat sources.
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Figure 7. Variation of (Bexcess) of identical heat sources with qv
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Figure 8. Variation of (hconv) coefficient of identical heat sources with qv

Line Graph: Temparatura (1K)

o 1a
Distance of the heat source from bottom of the board (min)

Figure 9. Temperature variation of identical size heat sources in geometric series with their

distance from substrate bottom



88

THE JOURNAL OF ORIENTAL RESEARCH MADRAS [Vol. MMXXI-XCII-LIX

Figure 10. Temperature variation of non-identical heat sources in geometric series with their
distance from substrate bottom

The changes in temperature for of identical heat sources in a geometric series configuration
with their distance from the bottom of the substrate board is shown in figure 9. It is seen that
each heat source temperature is increases with an increase in gqv value. It is clear from figure 9
that, the maximum temperature is achieved by the heat source which is farthest from the
substrate bottom, while in case of non-identical size heat sources in B-A-C-E-D configuration,
as shown in figure 10, the maximum temperature is attained by heat source C, which is
positioned at third from the substrate bottom. Also, the temperature of each heat source also
increases with an increase in qv in the case of non-identical heat sources. Hence, it has been
observed that the geometric series configuration is better than the equidistant configuration both
in the case of the identical and non-identical size heat source. Also, the maximum temperature
excess and temperature profile in the case of non-identical size heat sources depend radically
upon the configuration in which heat sources are positioned.

Correlation

The IC chip temperature depends on a particular configuration, distance from the substrate
bottom, and volumetric heat generation, so an empirical correlation is proposed between the
dimensionless temperature (8) and dimensionless distance parameter (A), dimensionless
position parameter (z) and non-dimensional volumetric heat generation (g*v) using regression
analysis, and is given in Eq 13. Eq. 13 is valid for 625 data points. The R2 value is 0.81, with a
standard error on the estimate is 0.024.

0 =0.82 * A-0.028 * (1+2)2 * (g*v)1.06 (13)

This equation is valid for the following range of parameters:

0.595=<A<1.103

0.075=<z<0.875

0.012=<qg*v<0.123
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Figure 11. Parity plot between 8sim vs 6fit
A parity plot, shown in figure 11 is plotted between the dimensionless (8sim) and dimensionless
fit (fit), which shows the goodness of the curve fitting between simulation data and data
obtained using Eqg. 13.
Another correlation for the Nusselt number (Nu) is given in terms of Rayleigh number (Ra), non-
dimensional distance parameter (A), and non-dimensional position parameter (z). This relation is
shown in Eq. 14.
Nu = 7267 * Ra-0.65 * A-2.26 * (1+2)-1.35 (14)
Eq. 14 is valid for the following range of parameters.
2000 < Ra = 40000
0.595<A<1.103
0.075<z<0.875
The parity plot is shown in Fig. 12 shows good agreement between Nusselt number simulation

(Nusim) and Nusselt number fit (Nufit).
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Conclusions
3D, steady-state numerical analysis has been carried out from five symmetric, and asymmetric
protruding IC chips mounted on a three-dimensional vertical substrate board under natural

convection using COMSOL v 4.2. The different configurations of heat sources are subjected to
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variable volumetric heat generation rates, and these are identified using a non-dimensional
geometric distance parameter, A. The changes in the (t)excess of IC chips with respect to A is
carried out and it is observed that the (t)excess decreases with the increase of A. A comparison
is made between the identical and non-identical heat sources mounted at a uniform
(equidistant) and non-uniform (geometric series) distance on the substrate board. There is a
reduction of the maximum temperature by 10% geometric series configuration as compared to
the equidistance one. The maximum temperature is achieved by the heat source, which is
farthest from the substrate bottom board for the equidistance arrangement. In contrast, in the
case of non-identical size heat sources, the maximum temperature is attained by heat source C,
which is positioned at a third from the substrate bottom. The maximum temperature excess and
temperature profile in non-identical size heat sources depend radically upon the configuration in
which heat sources are positioned. An empirical correlation is also put forward for the
dimensionless temperature (Bexcess) in terms of non-dimensional distance parameter (A), non-
dimensional position parameter (z), and non-dimensional volumetric heat generation (g*v).
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