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a b s t r a c t

An objective-oriented optimization procedure consisting of a simplified conjugated gradient methodol-
ogy and a two-dimensional fluid and thermal energy transfer model is implemented to discover optimal
morphologies of local heating elements. Direct heat transfer problem and inverse optimization problem
are subsequently investigated. Full simulation shows that thermal Rayleigh number, enclosure inclina-
tion, heating strength ratio and size ratio of local heating sources have significant effects on the natural
convection heat transfer in the inclined enclosure, asymptotically modeling like solar energy collectors or
electronic boxes. The fluid flow and energy transfer inside the enclosure are analyzed in some represen-
tative situations, by the simultaneous use of streamlines, isotherms and heatlines. Inverse natural con-
vection solutions on the maximization of global conductance are addressed, concerning on the effects
of thermal Rayleigh number, inclination angle, heater strength ratio and heater length ratio.
Mathematical correlations have been proposed by the multiple linear regressions to identify the role
of governing parameters on maximizing global conductance and optimal morphologies of the discrete
heat sources, concerning on the unique global heating flux. Present numerical methodology and inverse
procedures could benefit free cooling of electronic components and effective solar collection elements.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Natural convection through a rectangular enclosure with sev-
eral discrete heating sources is common in many applications, such
as environmental control (e.g., indoor buildings, storage), materials
processing (e.g., drying), food processing (e.g., baking) and elec-
tronics (e.g., cabinets). Particularly, the continuing miniaturization
of integrated circuits on a single computer chip and reduced spac-
ing of chips in an array have contributed to significant improve-
ments in the performance of computer systems. However,
increased circuit densities corresponding to larger power dissipa-
tion rates and complicate thermal control are needed when a prin-
cipal objective is to maintain components at or below specified
maximum temperatures [1–4].

Many researches have been conducted over the last decades, to
investigate the enclosed convection of heat transfer with flush-
type heating sources. Chu et al. [5] conducted the numerical stud-
ies involving laminar natural convection with a single heat source
mounted on one vertical wall of an air-filled cavity. As the Rayleigh
number increases, the heater location associated with the maxi-
mum Nusselt number shifted downward toward the bottom of
the cavity. Refai and Yovanovich [6] investigated the influence of
discrete heat sources on natural convection heat transfer in a
square enclosure filled with air. A relationship between Nu and
Ra was correlated, depending on the scale length obtained from
analytical solutions. Chadwick et al. [7] studied the natural convec-
tion in a discretely heated enclosure experimentally and theoreti-
cally for the single and dual heater configurations. Recently, Liu
and Phan-Thien [8] investigated optimum configurations of the
three heated elements mounted on a vertical substrate using finite
element method. Observing from their results, an optimum ther-
mal performance could be obtained when the center-to-center dis-
tances between the chips follow a geometric series, especially
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when the geometric ratio is maintained at the golden mean
(1.618).

Although discrete heat sources on a wall have been addressed in
the past decades, few were aimed to identify their optimal posi-
tions and sizes for maximizing their heat dissipation potentials.
Analytical calculations were carried out by Da Silva et al. [9,13]
and Hajmohammadi et al. [10–12,14–16] for heat transfer perfor-

mance enhancement. Representatively, Da Silva et al. [9] deter-
mined the optimal distribution of discrete heat sources in a
laminar natural convection enclosure, by the use of constructal
theory. They have reported that the optimal distribution is not uni-
form and the heat sources placed near the tip of a boundary layer
should have zero spacing as thermal Rayleigh number promotes to
critical values. Later, Da Silva et al. [13] carried out the similar

Nomenclature

cp heat generation rate
g gravitational acceleration
H height of the enclosure
i refer to the heat source
J objective function
k number of iterations
KL heater length ratio
Kq heater strength ratio
Li length of local heat source
Cmax maximum global conductance
P dimensionless pressure
q heat flux
Pr Prandtl number
T dimensionless temperature
Ra thermal Rayleigh number
Si location of heat source
T dimensionless temperature
U dimensionless horizontal velocity
V dimensionless vertical velocity
X horizontal Cartesian coordinate
Y vertical Cartesian coordinate

Greek symbols
a thermal diffusivity

m momentum diffusivity of fluid
q density of the fluid
s dimensionless time
C boundary of enclosure
p step size
n conjugate direction
c conjugate gradient coefficient
j thermal conductivity
v the constant
W streamfunction
H heatfunction
D difference value
X domain of the partitions

Subscripts
low of low level
N heat source index
r ratio

Superscript
⁄ dimensional variable
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Fig. 1. Schematic of the inclined enclosure with flush-type discrete heat sources.
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