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ABSTRACT

This paper presents thermal management of heat
transfer density rate from heated blocks mounted on a
horizontal wall of a rectangular enclosure and subject to forced
convection. The governing equations for mass, momentum and
energy for laminar flow and convective heat transfer are solved
in three-dimensions using a commercial Computational Fluids
Dynamics (CFD) code. First numerical results validated with
available experimental data showed that the rate of heat transfer
increase with the Reynolds number. Thereafter a numerical
optimization procedure is carried out in order to obtain the
optimal blocks configuration that maximizes the heat transfer
density rate and minimizes the peak temperature in the
enclosure by selecting the sides of the blocks as design
variables whilst the total volume is maintained constant. In
term of the thermal performance of the heat transfer mechanism
described by the dimensionless global conductance as well as
by the overall Nusselt number, the results showed that optimal
configurations were such that none of the blocks aspect ratio
was equal to one. However thermal performance was much
better when either the height-to-length ratio (B/G) or the height-
to-width (B/C) ratio tends to its maximum. These optimal
results obtained numerically are found to be fairly reliable.

INTRODUCTION

Forced convection mechanism heat transfer has been
widely used in both investigation and simulation of the cooling
of electronic equipments or entities flush mounted or
protruding on a wall as well as in a channel. In order to study
the phenomenon of heat transfer from electronics, several
works on cooling of heated elements by mixed convection in
the laminar regime have been carried out by many authors
using experimental procedure [1-7] or numerical analysis [8-
14]. From these studies results general characteristics of the
cooling mechanism of heated elements were found in to be
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similar regarding the global thermal performance in accordance
with the geometrical configuration of the heated elements.
Numerical investigations were carried out in [15, 16] for forced
convection in channel. The numerical results which agreed with
experimental data proved that the slender-tall blocks enhanced
the heat transfer compare with the flatter-short ones for low
Reynolds numbers, less than 2000.

Gradually as the years pass electronic entities are
being condensed, miniaturized and concentrated on integrated
circuits in electronics equipments to improve their functional
performance (speed, memories etc)[17]. The miniaturization of
heating element causes a considerable increase the heat flux
rate within the element as the surface decrease while the
generated heat increases causing the temperature of the heated
element to raise drastically[18], therefore presents a high risk of
overheating which definitely leads to the operational failure of
the equipment as the main electronics components are designed
to operate under a peak temperature value.

On a thermal management point of view which aims
for the maximization of heat removal in order to keep the
element under an allowable temperature for functional reasons,
forced convection was unable to reach proper cooling
performance because of the excess heat generated. However,
for reasons of power consumption, reliability, reasonable cost,
air forced convection was found to be more advantageous from
cooling methods for electronics equipment[18]. In order to
prevent or to avoid limitations shown by air convection
method, the need of optimization of some pertinent geometric
parameters was inevitable to reach better cooling performance.
That is how some researchers have begun to focus more on
optimization studies of geometric parameters to improve the
cooling mechanism in electronics equipments using different
method.
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Optimization study of spacing between simulated
electronics entities in channels was focused in many works
carried out by different authors [19-24] to improve thermal
performances. Results proved that for equi-distant aligned
heated elements arrangement, the cooling performance did not
show any improvement. However when distances between
consecutive elements followed the geometric series with a
spacing ratio greater than 1.2, better global cooling
performance was obtained.

Nowadays, numerical optimization tools are added-on
to numerical methods process in order to performed automated
design (in minimizing or maximizing objectives functions).
This presents important advantages such as multidisciplinary
design optimization, varieties of constraints, simple and easy to
use, fast procedure compare to experimental and analytical
methods as illustrated in [25, 26] where the computational
results showed very good agreement with experimental data
with reliable optimal results.

Bello-Ochende et al in [28] used constructal theory to
conduct numerical procedure to determine the optimal
configuration of a two rows of pin-fins that maximizes the total
heat transfer rate by laminar forced convection. The optimal
configuration obtained numerically was found to be in good
agreement with scales analysis predictions since conduction
along the fins and convection transversal to the fins were well
balanced.

This paper focuses on a numerical optimization that
maximizes the removal of heat from heated blocks mounted on
the horizontal wall of a rectangular enclosure cooled by laminar
forced convection. This will also reduce the peak temperature
in the enclosure.

NOMENCLATURE

A [mz] Surface area

B [m] Heated block

Cc [m] Heated block span-wise length
G [-] Pressure coefficient

Dy, [m] Enclosure hydraulic diameter

G [m] Heated block stream-wise length
H [m] Enclosure height

Ly [m] Enclosure length

Nu [-] Nusselt number

P [atm] Pressure

P [-] Dimensionless Pressure difference
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Pr

Re

u, v, w

XYz

[m]
[1/Kg.K]
[m/s’]
[W/m K]

[W/m.K]

Special characters

e

4

[m2/s’]
[Kg/m.s]

[m?/s]

Subscripts

ch

ext

dev

max

min

Prandtl number

Reynolds number

Side-to-side distance consecutive blocks

Temperature

Volume

Enclosure width

Specific heat

Standard acceleration gravity
Heat transfer coefficient
Thermal conductivity

Normal direction

Heat flux

Velocity components in x. y. z directions

System coordinate directions

Dimensionless distance along the wall

Thermal diffusivity
Dynamic viscosity
Kinematic viscosity
Dimensionless temperature
Fluid density

Standard convergence criterion

Characteristic

Channel

External: Towards external heat sink
Fully developed

Fluid

Inlet

Maximum

Minimum
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PHYSICAL AND MATHEMATICAL MODEL
Physical Model

Cooling of aligned rectangular blocks mounted on the
bottom wall of an enclosure by forced convection is being
analyzed in three-dimensions. The physical model and
computational domain of the studied problem is showed on
Figure 1 (a) and (b). The enclosure has the streamwise length
L,, the height H and the width W that are set in accordance with
the theoretical considerations  regarding laminar forced
convection within a rectangular enclosure provided in the
literature [8-10, 13, 29-33] to avoid thermal influence of the
boundaries conditions on the model.

Enclosure
— L, G Sin Lout —> Oytlet
— - « s Alir
TOUt
|_Heated Vou
a 9 9" 9" q blocks
(a)
y f .
H
l i A 4
-—>
z C
W
(b)

Figure 1 Geometric representation and physical model of the
domain: in the x-y plane (a) and in the y-z plane (b)

The identical heated blocks have the width C, the
lengths G and the height B. The volumes of each block as well
as their total volume are maintained constant while the three
dimensions are set as variables in range as considered in
previous works [1, 14, 16, 34]. The blocks are being heating
from their bottom face with a constant heat flux. The inlet air
temperature is 20°C, and the velocity is maintained in order to
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ensure a laminar flow regime with the Reynolds varying from
100 to 1000. The enclosure faces are adiabatic.

The constraints are described from Eq.(1) to (10) and
set such as the upstream face of the first flow is located a L,
more than 3 G, while the downstream distance behind the last
block Loy, have to be greater than 10 G, and long enough to
ensure the recirculation flow remains within the computational
domain, and each lateral distance is set to be equal to 5 G. We
set G = 0.05 m for the initial geometry.

C
Z =1 1
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B
—=05 2
G )
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—=11 3
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—x =30 (5)
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L t
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ZVi =Vt0t 9)
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n n-1
L, +>.G+>.S +L,, =L, (10)
1 1

Where V;, Vi, and L, are constants.

n is the total number of the heated blocks which is 5.
Governing Equations

We assumed that the air as Newtonian fluid. The flow
is three-dimensional and is assumed to be steady,
incompressible and laminar. All the thermo-physical properties
are also assumed constant. The buoyancy induced effects as
well as the viscous heat dissipation with the radiative effect
when compared to convection is negligible.

The governing differential equations of mass,
momentum and energy conservation using for fluid flow and
heat transfer in the computational domain in their non-
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dimensional form using the hydraulic diameter D, as the
characteristic length are expressed as follow:

Vv =0 (12)
p(V.VV) = —VP + 1V?v (12)
£C,(VVT) =k, V°T (13)
Where:
V= iz + iz + iz (14)
ox® oy o¢
The energy equation for the solid is:
k.VT =0 (15)
The continuity of the flux at the heated block-air interface is:
oT oT
k.— =k;— 16
onl, " on W (o)

The continuity of the temperature at the heated block-air
interface is:

T, =T, 17)

The boundaries conditions for the thermal configuration of the
fluid are described as follow:

No-slip and adiabatic conditionsat Y =Z =0

v=0 (18)
3_T =0 (19)
X
And at the
inlet (x = 0)
v=w=0 (20)
T=T, (21)
P=P, (22)
Fully developed inlet flow
U=V (23)

At the outlet (x = Ly), the flow assumed to be fully developed

6u_6v_é‘wz_0

—=—= = (24)
ox oy oz
oT
—=0 25
ox (25)
Pout = Patm (26)

For different Reynolds number Re and based on the the
hydraulic diameter Dy, of the enclosure as the characteristic

887

length some dimensionless will be used number to measure the
thermal performance of the cooling process which are:

» the dimensionless temperature 8 given by:
_ T-T, 27
("D, 7ky)
» the overall or global dimensionless conductance is
defined as:
_ "D
C= 3D (28)
kf (Tave _Tin)
» the Nusselt number that are evaluated using.
hD, -106,
Nu, =—="=-—= 29
g K, 0, 00, (@9)
[ Nudx
Nu, = =———and (30)
Ai
_ Nu, A
Nu,, 272 A (31)
2A
»  the dimensionless pressure difference
= APD}
P = - (32)
(uay)
1 2
AP =P — Pref = Cp Elorefvref (33)
» The Reynolds number is defined as:
U.nD
Rep, =—"—" (34)
14
4A
D, = T“‘ (35)

Where A, is the channel cross section.

The enclosure walls are maintained adiabatic and the blocks are
heated from the bottom face with a constant heat flux of 500
W/m%K.

We assume constant thermal properties of air as the convective
medium, that are taken at the inlet temperature, T;,= 20°C as
given in Table 2. The heated blocks are identical, homogenous
materials with isotropic properties and consist of silicon wafer,
metal frame and packaging materials having a mean thermal
conductivity of ks = 2.63 as assumed in [19, 21, 38].

Nu; is the mean Nusselt number over a single surface, Nugy is
the overall Nusselt number and C, is the Pressure coefficient
[35]. Py is the reference pressure which is the atmospheric
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pressure, prs and V¢ are the air reference density and velocity
taken at the inlet condition.

NUMERICAL ANALYSIS AND CODE VALIDATION

Code Validation

A computational fluid dynamics (CFD) code, Star-
CCM 8.02 [35] is used to conduct all the simulations in three
dimensions for the laminar forced convection process within
the enclosure. In Egs. (11) to (13), the pressure-velocity
coupling is solved using the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) well explained by
Patankar and Spalding [36]. The domain is discretised using a
polyhedral meshing of the core volume obtained using a finite-
volume method for segregated flow where the second order
upwind scheme is used for the diffusive terms and the
convective terms in the momentum and energy equations. This
coincided when the normalized simulation residuals fall below
107 for momentum and the energy equations and 10° the
continuity equation. The convergence criterion at each step for
the overall temperature as the quantity monitored was:

T T,

ave;
Tave i

Where i is the mesh index according to refinement obtain form
varying the base size. We refined the mesh by decrease the base
size to satisfy the convergence criteria (27) and to validate the
results accuracy.

;V _ avei—1| < 10_2 (36)

Figure 2 The discretised three-dimensional computational
domain

Table 1 Grid independent study for the air forced convection
mechanism for Re = 500
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Eéie Cells Tmax Tave _ "ave e ‘—_ive ,i-—l|
‘-avex e
0.08 40370 132.66 11245
0.07 49172 130.63 111.07 0.0124246
0.06 91731 13453 113.40 0.02054674
0.05 13815 133.79 113.13 0.00229804
004 18624 13362 113.14 0.00008838
Table 1 illustrates how grid independence was

achieved. The mesh refinement was made by reducing the base
side with a value 0.01 after each simulation which increased the
grid density. Figure 3 shows how the Reynolds number based
on the hydraulic diameter as the characteristic length varies
with the inlet air velocity. Using Rep, = 500 as mean value, the
convergence criterion was reached for a base size of 0.05 m,
this model generated 138150 cells. It was found that a further
increase in the grid density led to insignificant change in both
the maximum and the average temperature. We validated our
numerical procedure by comparing the resulting average
Nusselt number in the channel obtained in this work with those
calculated by the Wirtz and Dykshoorn correlation given by Eq.
(35) based on their experimentally data for in-line arrays of
heated blocks in a rectangular cross section channel [37].

Nu, = 0.6 Re{® Pr®® @37)

Within the laminar regime, this equation gives the
average Nusselt number of the heated blocks in the channel as a
function of the Reynolds number based on the same
characteristic length expressed by the subscript L. Pr is the
Prandtl number taken at the inlet temperature of the air. Figure
4 depicts the similarity between the Nusselt humbers obtained
for various Reynolds numbers with both methods.

Numerical Procedure

Investigations were first carried out to perform
numerical simulations for air forced cooling of five aligned
heated blocks in the enclosure. Keeping geometric dimensions
unchanged in all simulations (as given in equation (1) — (3)),
the results showed how the global thermal performance is
strongly influence by the Reynolds number that varied from
100 to 1000 to keep the regime laminar in the enclosure.
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Figure 3 Variation of Reynolds number with the inlet cooling
air velocity.

Table 2 Thermo-physical properties of air at T;, = 20 °C, 1 atm

Thermal

Density Thermal < Dynamic Kinematic ~ Specific
diffusivity ~ conductivity yjseagity  viscosity Heat
P af K p v Cp
(kam®) (M) (WmK)  (kg/m.s) (m¥s)  (Ikg.K)
2.074 1.825 1.516
1.204 <10 0.02514 0% 0% 1007
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Figure 4 Validation of code for computed average Nusselt
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Figures 6 and 7 show how the increase in the Reynolds number
increases the mixing within the fluid flow which improves the
heat transfer density rate. Therefore the overall temperature as
well as the maximum temperature decreases in the channel.
These results are in good agreement with those obtained
experimentally and numerically in [14, 15, 34, 39].

NUMERICAL OPTIMIZATION

The optimization procedure is conducted to obtain the
optimal geometric configuration of the heated blocks that
maximizes the heat transfer density rate to the cooling fluid
with various inlet velocities. As seen in the literature, the global
thermal performance for forced convection heat transfer from
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Figure 6 Influence of Reynolds number variation on different
heated blocks temperature for the initial configuration

= -

0.035 - - B

—’—
e =
> 0.03 - ey I
= -, e
P =
b - -
8 ooz, - - — =T
5] ] P -
_ -

E 002 | e - H——-— L
v r'd - - -
2 g el e——a-——"
= 0015 7 _ - _=7
S} Lo _ s _ - -8— Re,, =100
7] - -
S 001 = -&— Re,, =500
£ == Re, = 750
=) 0.005 - -@— Re, =1000

-#1— Re, =250

1 2 3 4 5
Heated blocks position in the channel

Figure 7 Reynolds numbers effect on the on the aligned heated
blocks temperature in the enclosure in the streamwise direction

heated sources depends not only on the thermal properties but
also on the geometric characteristics of the model such as
enclosure dimensions, heated elements dimensions as well as
the distance between elements [14, 19, 21, 34]. Each
optimization process is also conducted using the CFD code
Star-CCM+. However, it is important to point out the
optimization problem within Star-CCM+ environment is solve
using HEEDS-Optimate+ code.

HEEDS (Hierarchical Evolutionary Engineering
Design System) is an add-on optimization tool to the Star-
CCM+ code that uses the SHERPA (Simultaneous Hybrid
Exploration that is Robust, Progressive and Adaptive)
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algorithm to perform design exploration, optimization, and
design of experiment and robustness studies. The optimization
process is carried out without leaving the Star-CCM+
environment and the method used in Optimate+ or HEEDS-
Multidisciplinary Design Optimization (MDO) is very easy to
use and it doesn’t require any expertise in optimization
algorithms and applications, this has many advantages as its
scheme works with the principle of simultaneous multiple
search method instead of proceeding by sequential steps.
Furthermore the SHERPA is and does not require tunable
parameters but adjust them automatically because of its hybrid
adaptation. This makes it a robust and an efficient method in
term of time saving during the process. During the optimization
process, the computational domain is automatically remeshed at
each run according to the geometry.

The objective of this optimization problem being to
minimize the peak temperature and to maximize the heat flux
rate to the cooling fluid, the optimization algorithms will
therefore use the results from numerical analyses and
simulations, to guide the search for an optimal configuration
[40, 41] by specifying the objective functions and setting the
design variables as well as the constraints in the process.

We conducted the Pareto Multi Objective as the design
optimization option in order to perform the minimization of Ty,
together with the maximization of Nu,,e Which are chosen as
objective functions. For each value of the Reynolds number, we
conducted the numerical optimization by selecting the sides of
the blocks as the design variables in the range of 0.025 to 0.05.
The total volume of each block is maintained constant as
expressed in Egs. (8) and (9). Therefore the spacing between
blocks might also vary according to optimal blocks shape but
the total streamwise length of the channel is constraint by Eq.
(10).

RESULTS

The optimization process is applied in the
computational domain to constant computational volume of
0.0003125 mm® for each block for different pressure drop
varying with the Reynolds numbers range from 100 to 1000.
Optimal blocks dimensions that maximize the rate of heat
transfer and minimize peak temperature in the channel are
listed in tables 3 and 4. The temperature contours of optimized
geometries for Repy, = 100, 500 and 1000 are shown in figures
8, 9 and 10 respectively.

Results show that optimal blocks’ geometric are taller
and slender compared to the initial configuration. These
optimum blocks’ geometric ratios show that taller-slender
blocks are better than shorter-flatter ones in term of heat
transfer rate. The optimal blocks’ geometry also showed
that the total block’s area in contact with the coolant is
larger compare to the initial geometry which had a larger
bottom surface. This has the consequences that the overall
Nusselt number increases with the surfaces area. With

Table 3 Optimal blocks dimensions and optimal spacing for
different Reynolds number

ReDh Bopt Gopt Copt Si,opt
100 0.05 0.05 0.025 0.5
250 0.0482 0.04523 0.02864 0.05477
500 0.041332 0.0421 0.0359 0.0579
750 0.05 0.025 0.05 0.075
1000 0.05 0.025 0.05 0.075

Table 4 Resulting ratio for optimal blocks geometry

Reon Bop!/Gopt ConlGont St opt/Gopt
100 1 05 1
250 1.06566 0.633 1.211
500 0.98 0.853 1.375
750 2 2 3
1000 2 2 3
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this specific configuration the blocks arrangement is such that
the spacing between consecutive blocks is greater compare to
initial configuration, therefore improves the heat transfer rate.
This decreases both the average and the peak temperature in the
enclosure

This effect is more significant for the first block that
benefits from the inlet flow impact which improves the rate of
heat transfer of the first element as its upstream face is larger as
is illustrated in figure 11. Heat transfer rate from subsequent
blocks downstream is enhanced by the fact that in the laminar
regime, when the blocks height increases, the clearance height
above to block is reduced, this rises the flow velocity over each
block and recirculation zone is being moved from the top of the
blocks into the downstream spaces which are larger so that
more flow can penetrate the cavities in between blocks.

Therefore the flow increases the recirculation above
the block as a result it decreases the thermal boundary thickness
of vertical faces while mixing with the vortex and then reduces
the isolating level of the recirculation flow. This has an effect
of removing further the heat form blocks and reducing the
surface temperature. Heat flux rate at the last block is further
enhanced by the flow rate as the thermal transport due the
downstream recirculation increases. Similar results were also
observed in two-dimensional experimental and numerical
investigations in [15, 16].

Results listed in tables 3 and 4 illustrate that optimal
blocks’ ratio are very similar for low inlet air velocity (100 <
ReDh <250 ) and we increase inlet flow velocity r, which also
increases the Reynolds number (750 < ReDh < 1000), we also
observed very closed similarities in optimal geometry of the
blocks.
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Figure 11 Variation of the Nusselt number of individual heated
(b) block in the enclosure with the Reynolds number

Figure 8 Temperature contour for Re = 100 for the optimal
blocks’ geometry: (a), in the x-y plane and (b), in the x-z plane
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When we increase inlet flow velocity number, which also
increases the Reynolds number (750 < Repy < 1000), we also
observed very closed similarities in optimal configuration of
the blocks.

CONCLUSION

In this study a three-dimensional geometric
optimization has been numerical carried out to maximize the
heat transfer density rate from rectangular heated blocks
mounted on the enclosure bottom wall. A constant heat flux is
applied on the bottom of the heated blocks under forced
convection. During the optimization procedure the objective
functions are the overall temperature as well as the overall
Nusselt number in the enclosure, the geometric blocks
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dimensions are set as design variables and the total volume of
the blocks is fixed as a constraint.

Constant thermo-physical properties of the cooling air
at the inlet temperature were considered. For specific Reynolds
numbers range from 100 to 1000, the validation numerical
result was done by comparing the similarity in the trends of the
blocks’ Nusselt number curves with experimental data.
Optimized results were presented in terms of overall Nusselt
number, the dimensionless temperature and the global
dimensionless conductance in the channel.

Besides the Reynolds number influence on the heat
transfer density rate, the blocks shape strongly affects thermal
performance of the convection mechanism. The heat transfer is
improved when the blocks’ geometric ratios are not equal to 1.

Optimal results compared to the initial geometry gave a average
improvement in term of the Nusselt number of 5% and an
average decrease of about 50 % for peak temperature.
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