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29In this study, the natural convection heat transfer and entropy generation in horizontal eccentric cylin-
30ders with different arrangements of two constant temperature sources are investigated numerically. The
31distance between eccentric cylinders was filled with pure fluid and Cu_ water nanofluid. The sources with
32constant temperature Th and Tc were located on the inner and outer cylinders and the other walls were
33assumed to be insulated. Governing equations were formulated by using Boussinesq approximation and
34non-Boussinesq state (density inversion) and were solved on a non-uniform mesh in eccentric cylinders
35by using the finite volume method. The numerical calculation was carried out for Rayleigh number
36(104 6 Ra 6 5� 105), volume fraction of nanoparticles (0 6 U 6 0:08) and different arrangements of heat
37sources with different angles in Pr = 13.31 and constant eccentricity (ev = 0.7). The results were compared
38with concentric cylinders and presented from streamlines and isotherms flow field, local and average
39Nusselt number, local and total entropy generation. The results showed that eccentricity, different
40arrangements, discrete constant temperature sources and non-Boussinesq state affected the best state
41of heat transfer. In addition, increasing Rayleigh number and volume fractions of nanoparticles caused
42an increase in the rate of heat transfer and total entropy generation. It was concluded that Boussinesq
43approximation and eccentric cylinders had higher rate of heat transfer and entropy generation than
44non-Boussinesq state and concentric cylinders, respectively. The results indicated which arrangements
45and kinds of cylinders were optimum and applicable to use in industry and heat exchanger.
46� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
47reserved.
48

49

5051 1. Introduction

52 Natural convection is the main mechanism of heat transfer in
53 enclosures. Eccentric cylinders have a wide range of applications
54 in heat exchangers-receivers, solar collectors, insulation and flood-
55 ing protection for buried pipes used for district heating and cool-
56 ing, cooling systems in nuclear reactors, cooling of electronic
57 devices and thermal systems in comparison to other kinds of
58 enclosures. In eccentric cylinders, optimization geometry model
59 or changing some characteristics of fluid causes to enhance the rate
60 of heat transfer in comparison to other enclosures. Using an opti-
61 mal model or nanofluid is one of the important ways to enhance
62 the rate of heat transfer [1]. Many researchers have studied eccen-
63 tric cylinders, discrete sources, nanofluid and entropy generation
64 that are explained and discussed as follows:
65 Eccentric cylinders geometry is a new kind of geometry used in
66 the industry that some studies on eccentric cylinders are explained
67 as follows:

68Projahn et al. [2] studied a numerical simulation on heat trans-
69fer between concentric and eccentric horizontal cylinders in differ-
70ent Ra numbers to compare them. Density was assumed to be
71linear in their research. Effects of non-Boussinesq state on natural
72convection in eccentric cylinders were investigated experimentally
73by Seki et al. [3]. Their results showed that the effect of non-
74Boussinesq state was unpredictable, and its average Nu number
75was different from Boussinesq approximation. Raghavarao and
76Sanyasiraju [4] investigated steady state natural convection in
77eccentric cylinder filled with water and showed that the flow
78was symmetrical to the vertical axis; they also showed that the
79rate of heat transfer depends on the density at non-Boussinesq
80state. They found that the maximum rate of heat transfer occurs
81on the inner cylinder for positive vertical eccentricity and on the
82outer cylinder for negative vertical eccentricity.
83Heating all surface of geometry always is not possible or/and it
84has a high cost, so discrete sources to heat special parts are useful.
85Some studies about discrete sources are explained as follows:
86Nanofluid was first studied by Chu et al. [5] into rectangular
87enclosure with a hot source located on a vertical wall. Many
88researchers studied on natural convection in enclosures with dis-

https://doi.org/10.1016/j.apt.2017.09.034
0921-8831/� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights reserved.

⇑ Corresponding author.
E-mail address: e.lakzian@hsu.ac.ir (E. Lakzian).

Advanced Powder Technology xxx (2017) xxx–xxx

Contents lists available at ScienceDirect

Advanced Powder Technology

journal homepage: www.elsevier .com/locate /apt

APT 1741 No. of Pages 12, Model 5G

14 October 2017

Please cite this article in press as: M. Mirzaee, E. Lakzian, Entropy generation analysis of eccentric cylinders pair sources on nanofluid natural convection
with non-Boussinesq state, Advanced Powder Technology (2017), https://doi.org/10.1016/j.apt.2017.09.034

https://doi.org/10.1016/j.apt.2017.09.034
mailto:e.lakzian@hsu.ac.ir
https://doi.org/10.1016/j.apt.2017.09.034
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt
https://doi.org/10.1016/j.apt.2017.09.034


89 crete heat sources following their work. An investigation on natu-
90 ral convection in high rectangular enclosure with eleven heat
91 sources was done by Keyhani et al. [6]. They found that discrete
92 non-uniform heat sources raised the rate of heat transfer. Numer-
93 ical and experimental work was presented by Ho and Chang [7] for
94 four constant temperature sources with different aspect ratios.
95 Temperature field obtained from numerical study matched very
96 well with the measurements of the experimental model. Muf-
97 tuoglu and Bilgen [8] investigated numerical simulation about
98 the optimal location of constant temperature in square enclosure
99 and determined the rate of heat transfer and volumetric flow. Heat

100 transfer in a rectangular channel with a single heat source and an
101 in-line, four-row array of 12 heat sources which are flush mounted
102 to one wall of a horizontal one was investigated by Incopera et al.
103 [9] experimentally so as to determine the average convection coef-
104 ficient. Sankar et al. [10] studied the effects of radius ratio, Ra num-
105 ber and Darcy number on natural convection flows in a vertical
106 concentric cylinders with discrete heating on the inner. Gersey
107 and Mudawar [11] studied the orientation effects on critical heat
108 flux from discrete, in-line heat sources in a flow channel due to
109 gravity.
110 Nanofluid is the fluid with different amounts of nanoparticles in
111 base pure fluid. Some studies on Nanofluid are explained as
112 follows:
113 Sheikholeslami et al. [12] found out that natural convection
114 heat transfer in a semi-annulus enclosure filled with Cu–water
115 nanofluid with different angles of turn affected the streamlines,
116 isotherms and maximum or minimum values of local Nusselt num-
117 ber. Effects of thermal conductivity and viscosity of Alumina-
118 Water Nanofluid on the rate of heat transfer were investigated
119 by Ho et al. [13]. They showed that nanofluid different equations
120 affected the rate of heat transfer. Nanoparticles materials compar-
121 ison was investigated by Abu-Nada et al. [14] for various volume

122fractions in concentric cylinders with entire sources in inner and
123outer. Qi-Hong [15] studied the effects of the number of heat
124sources and divided them on the side by using Copper–water
125nanofluid in square enclosure, then showed that the number of dis-
126crete sources increased due to the increase in the rate of heat
127transfer.
128Some of the useful energy was destroyed during each energy
129process because the irreversibility of the results in a significant
130decrease in the maximum achievable efficiency of the thermal pro-
131cess was expressed as entropy generation. Some studies on
132entropy generation are explained as follows:
133Bejan [16,17] attempted to determine the gap between thermo-
134dynamics, heat transfer and fluid mechanics. He employed the sec-
135ond law of thermodynamics to examine and reduce the entropy
136generation due to heat and flow transport. Following the Bejan
137work, numerous studies were done to investigate the entropy gen-
138eration in free and force convection [18–22]. This method is also
139known as the second law analysis and thermodynamic optimiza-
140tion which was employed by many researchers to calculate or ana-
141lyze energy or entropy generation in many kinds of flows, such as
142single/two-phase and wet steam flows [23–30]. Shit et al. [31]
143were studied about variation of entropy generation on the
144unsteady boundary layer flow by using nanofluid and its effects
145in magneto hydrodynamic flow and convective heat transfer of
146an exponentially stretching surface in the presence of thermal radi-
147ation. The effect of relative rotational motion between the inner
148and outer cylinders of a cylindrical annulus on entropy generation
149was studied by Mahmud and Fraser [32]. They found that the
150entropy generation rate showed asymptotic behavior near the
151outer cylinder and provided that the rotation of the inner cylinder
152was higher than the outer. Allouache and Chikh [33] reported that
153the performance of an annular heat exchanger with a porous med-
154ium attached over the inner pipe is based on second-law analysis.

Nomenclature

Be Bejan number
Cp specific heat at constant pressure (J/kg K)
C constant
D diameter of inner cylinder (m)
ev vertical distance from the center eV = d/(ro � ri)
dp nanoparticles diameter (m)
g gravitational acceleration components (m/s2)
k fluid thermal conductivity (W/m K)
l cavity length (m)
L gap between inner and outer cylinder, i.e., L = ro � ri (m)
Nu local Nusselt number
Nu average Nusselt number
P pressure (kg/m s2)
Pr Prandtl number
r Radial coordinate (m)
Ra Rayleigh number
_Sl entropy generation (W/m3 K)
_Sl;N non-dimensional local entropy generation
_ST;N non-dimensional total entropy generation
T temperature (K)
u, v velocity components (m/s)
U, V non-dimensional velocities
x, y Cartesian coordinates (m)
X, Y non-dimensional Cartesian coordinates

Greek symbols
a thermal diffusivity (m2/s)
b thermal expansion coefficient (K�1)

h angle of the rotation about vertical axis (different
arrangement)

H angular coordinate in the cylindrical system
w non-dimensional temperature
l dynamic viscosity (m2/s)
m kinematic viscosity (m2/s)
q density (kg/m3)
/ particle volume fraction
u irreversibility distribution ratio
f dimensionless time f = at=l2

Subscripts
c cold
d destroyed
f fluid
eff effective
h hot
i inner
nf nanofluid
o outer
s solid
0 reference value at cold condition

Superscript
⁄ non-dimensional
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