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h i g h l i g h t s

� Considered the bearing of non-uniform distribution of heat flux on the hot spots.
� Determined the optimal distribution of heat flux that minimizes the hot spots.
� Results are compared with those obtained by EGM method.
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a b s t r a c t

This paper explores the bearing that a non-uniform distribution of heat flux used as a wall boundary
condition exerts on the heat transfer improvement in a round pipe. Because the overall heat load is
considered fixed, the heat transfer improvement is viewed through a reduction in the maximum tem-
perature (‘hot spot’) by imposing optimal distribution of heat flux. Two cases are studied in detail 1) fully
developed and 2) developing flow. Peak temperatures in the heated pipe wall are calculated via an
analytical approach for the fully developed case, while a numerical simulation based on CFD is employed
for the developing case. By relaxing the heat flux distribution on the pipe wall, the numerical results
imply that the optimum distribution of heat flux, which minimizes the peak temperatures corresponds
with the ‘descending’ distribution. Given that the foregoing approach is quite different from the
‘ascending’ heat flux distribution recommended in the literature by means of the entropy generation
minimization (EGM) method, it is inferred that the optimization of heat transfer and fluid flow, in
comparison with the thermodynamic optimization, may bring forth quite different guidelines for the
designs of thermal systems under the same constraints and circumstances.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The dual optimization of heat transfer and fluid flow constitutes
subjects of paramount interest in heat exchange equipment. In the
last decades, the analysis of heat transfer and fluid flow in multi-
scale flows and the choice of configurations for maximum heat
transfer density have been widely studied by many researchers.
Some of these studies are carried out based on the Constructal law
proposed by Bejan [1]. They are normally carried out to endow the
flow configuration with some degree of freedom to improve the
access to the currents that flow through it [1e3]. During the past
decades, Constructal theory has been applied by many researchers

so as to improve the performance of heat transfer systems [4e13].
More recently, ‘Entransy’ [14] which is a new physical quantity
reflecting heat transfer ability of an object has been introduced and
‘Constructal Entransy dissipation rate minimization’ has been
applied for optimizing heat transfer systems [14e17].

In heating devices, such asheat exchangers, themagnitude of heat
flux and the total heat transfer area in a pipe, Ah ¼ pDL (D is the pipe
diameter and L is the pipe length) are specified for the analysis of heat
transfer and fluid flow inside the pipes. In such cases, the amount of
total heat transfer, Q ¼ Ahq00, to the moving fluid is known. It is also
natural to consider the total heat transfer area, Ah, as a constraint.
Thus, the thermal objective is to control the heatedwall temperature,
such that the temperature peaks (the so called “hot spots”) do not
exceed a pre-set allowable value. To accomplish this goal, the flow
configuration may be manipulated utilizing several techniques of
heat transfer augmentation. For example, Bejan and Sciubba [18]
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proposed that by optimizing the space between heat sources in an
array cooled by forced convection, minimum peak temperatures can
be achieved. Another techniquepresented by Bejan and Fautrelle [19]
included the insertion of additional heat sources in the entrance re-
gion of the flow between the current heat sources. Hajmohammadi
et al. [20] proposed to place a thick conducting plate above the heat
sources cooled by forced convection boundary layer flow, to conduct
the heat current in optimal manner. Another related scheme was
reported in Refs. [21e26] delineating optimal distributions and ar-
rangements of the heat sources to reach the minimum “hot spot”
temperature. For instance, Balaji [21] exploited micro genetic algo-
rithm (MGA) to optimize the location of three discrete heat sources
which could beplaced anywhere inside aventilated cavity and cooled
by forced convection. Using artificial neural networks (ANN), Sud-
hakar et al. [22] sought the optimum configuration for five discrete
heat sources mounted on a wall of a three-dimensional vertical duct
under mixed convection heat transfer. Muftuoglu and Bilgen [23]
performed a numerical simulation to determine the optimum loca-
tion of discrete heaters placed in an open square cavity. Further,
analytical calculations were carried out independently by da Silva
et al. [24] and Hajmohammadi et al. [25] to determine the optimal
distribution of heat sources over a plate cooled by forced convection.
Recently, Hajmohammadi et al. [26] suggested the optimally place-
ment of insulated segments between the heated segments along the
heated pipe wall. Applying this technique, these authors indicated
that the effective length of the thermal entrance region is enlarged
and as a result, the maximum temperature of the heated pipe wall is
eventually reduced.

On the other hand, aside from maximum temperature minimi-
zation, ‘minimizing the irreversibility’ or ‘entropy generation
minimization’ method [27e29], as the alternative strategy for
achievement of an optimized heat and fluid flow configuration, has
experienced tremendous growth during the 1980s and 1990s. This
method has been successively used by Bejan [27] to thermody-
namically optimize real devices such as power plants and refrig-
eration systems [27], single-phase liquid cooling devices [30], fan-
supplied tube-fin condensers [31] and heat exchangers [32].
Recently, Esfahani and Shahabi [33] investigated seven heat flux
distributions for a thermal boundary condition on the pipe wall in
connection to laminar developing pipe flow of a high Prandtl
number fluid. When the heat load is considered fixed in all cases,
they indicated that the ‘ascending-shaped’ distribution of heat flux
minimizes the entropy generation.

The problem to be addressed in this study dealswith investigating
the effect that various distribution of heat flux as a thermal boundary
condition on the heated pipe wall, exerts on the maximum temper-
ature of the heated wall, when the total heat load, mass flow rate,
geometry (length anddiameter) of the pipe andas a consequence, the
pressure drop are fixed. The primary objective is to find an optimal
heatfluxdistributionwhichminimizes themaximumtemperature in
the heated pipe wall, the so-called ‘hot spots’. Upon considering the
velocity as fully developed, two cases are scrutinized: 1) thermally
developed flow and 2) thermally developing flow. From a historical
perspective, the problem with arbitrary variations in axial wall heat
flux can be handled by the superposition method using Duhamel’s
theorem [34,35]. Fortunately, manipulating these relations paves the
way to the determination of an exact analytical solution for fully-
developed flow regime without suffering from the complexities
associated with numerical computations or experimental measure-
ments. However, regarding to the complexities related to thermally
developing flow, a numerical solution is employed to compute the
peak temperatures in the heated pipe wall. After performing a
detailed optimization procedure, it is indicated that contrary to the
‘ascending-shaped’ of heat flux distribution recommended by Esfa-
hani and Shahabi [33] using the entropy generation minimization

method, the ‘descending-shaped’ distribution delivers the optimized
heat transfer. Owing that the mass flow rate and pressure drop are
taken as fixed parameters in all cases, the optimum ‘descending-
shaped’ distribution obtained in this work by way ofminimization of
thepeak temperature, ultimately supplies theoptimizedheat transfer
and fluid flow. In synthesis, this discovery signifies that the entropy
generation minimization method does not always guarantee opti-
mized heat transfer and fluid flow conditions.

2. Physical system

The configuration sketched in Fig. 1 consists of a pipe with n
heating segments of length li (i ¼ 1, 2, ., n) attached at the outer
surface. Each heater generates heat with uniform heat flux, q00i : The
heating takes place with non-uniform heat flux, q00(x). The magni-
tude of q00(x) can be expressed as follows

q00ðxÞ ¼ q001bqi (1)

where

bqi ¼
8>>>><>>>>:

1 0 � x < x1; ði ¼ 1Þ
q00i
q001

xi�1 � x < xi; ði ¼ 2;3;.;n� 1Þ
q00n
q001

xi�1 � x � L; ði ¼ nÞ
(2)

Here, bqi represents the ratio of the heat generation rate of the i-
th heater to that of the first heater, L is the length of the pipe and xi
can be expressed by the following relation

xi ¼
Xi
k¼1

lk; i ¼ 1;2;3.;n (3)

Additionally, it is assumed that under the prevalent circum-
stances of variable heat flux distributions, the total heat removal
rate from the pipe is fixed, and can be adequately expressed as

Xn
i¼1

liq
00
i ¼ q00aveL ¼ Const: (4)

where q00ave is the mean value of heat generation rates, q00i . The
constraint of fixed pipe length

Xn
i¼1

li ¼ L ¼ Const: (5)

Fig. 1. A schematic view of the physical system.
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