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28Nanofluids and helical tubes are among the best methods for heat transfer enhancement. In the present
29study, laminar, developing nanofluid flow in helical tube at constant wall temperature is investigated.
30The numerical simulation of Al2O3-water nanofluid with temperature dependent properties is performed
31using the two-phase mixture model by control volume method in order to study convective heat transfer
32and entropy generation. The numerical results is compared with three test cases including nanofluid
33forced convection in straight tube, velocity profile in curved tube and Nusselt number in helical tubes
34that good agreement for all cases is observed. Heat transfer coefficient in developing region inside a
35straight tube using mixture model shows a better prediction compared to the homogenous model. The
36effect of Reynolds number and nanoparticle volume fraction on flow and temperature fields, local and
37overall heat transfer coefficient, local entropy generation due to viscous dissipation and heat transfer,
38and the Bejan number is discussed in detail and compared with the base fluid. The results show that
39the nanofluid and the base fluid have almost the same axial velocity profile, but their temperature profile
40has significant difference in developing and fully developed region. Entropy generation ratio by nanofluid
41to the base fluid in each axial location along the coil length showed that the entropy generation is
42reduced by using nanofluid in at most length of the helical tube. Also, better heat transfer enhancement
43and entropy generation reduction can be achieved at low Reynolds number.
44� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
45reserved.
46

47

48

49 1. Introduction

50 The heat transfer enhancement is one of the most important
51 technical purposes for industries and research. In general, there
52 are two techniques to enhance the heat transfer rate that are pas-
53 sive and active methods. Active methods are based on external
54 power input such as magnetic stirring, ultrasonic effects, surface
55 vibration, electrostatic and magnetic fields. These techniques are
56 not easy to incorporate with other components and also increase
57 the cost of systems [1,2]. The other method, passive techniques,
58 used fluid, surface or geometrical modifications to the fluid flow
59 such as swirl flow devices, extended surfaces, coiled tubes, surface
60 tension devices and additives for fluids [3]. In these techniques,
61 heat transfer rate is improved due to the boundary layer distur-
62 bance, but pressure drop is also increased. Therefore, their effec-
63 tiveness depends on the balance between the heat transfer
64 enhancement and pressure drop penalty [1].

65Helical coil tubes are widely used in various industrial devices
66due to the complex motion induced by the curvature and torsion
67effects. A secondary flow induced by centrifugal force has signifi-
68cant ability to improve the heat transfer rate. Major advantage of
69helical coils is that, it provides more surface area for a fixed vol-
70ume. Also, thermal expansion in a straight tube creates some
71mechanical problems which can be minimized by using helical
72tubes [4].
73Heat transfer characteristic in helical coil tubes have been
74widely investigated by researchers both experimentally and
75numerically. Circumferential variation in the wall temperature
76and heat flux creates complexity in measurement of heat transfer
77coefficient [4].
78Since pioneer study performed by Dean [5,6], a vast number of
79researches had been conducted on fluid flow and heat transfer in
80curved and helical tubes. Mori and Nakayama [7] analyzed the flow
81field and temperature field in a curved pipe with constant heat flux
82by theory and experiment in a range of very large Dean number.
83They observed as Dean number and Prandtl number increases,
84the effect of curvature on flow resistance and heat transfer
85increases. Patankar et al. [8] investigated the effect of Dean number
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86 on friction factor and heat transfer in developing and fully devel-
87 oped regions of helical tubes. Their results show satisfactory agree-
88 ment with available experimental data and theoretical solutions.
89 Hardik et al. [4] studied the effect of curvature and Reynolds
90 number on local heat transfer coefficient of water in helical tube
91 experimentally. New correlations were suggested for overall aver-
92 aged and local circumferentially averaged Nusselt number. Jayaku-
93 mar et al. [9] conducted numerical study on characteristics of heat
94 transfer under turbulent flow of water in helical coils. They inves-
95 tigated the variations of local Nusselt number along the length and
96 circumference at the wall of a helical tube. They found that the
97 Nusselt number on the outer side of the coil has the highest value
98 among all other points at a specified cross-section. Correlation for
99 prediction of local Nusselt number as a function of angular location

100 of the point was presented.
101 Conventional heat transfer liquids such as water, oil and ethy-
102 lene glycol have low thermal conductivity. An innovative tech-
103 nique to improve the thermal conductivity of such fluid was
104 introduced by Choi (1995) by dispersing nano-scale particles in
105 the base fluid. The addition of small amount of solid nanoparticles
106 with high thermal conductivity increase their thermal conductivity
107 remarkably. Nanofluids have attracted attention in many industrial
108 applications such as heat exchangers, automotive cooling applica-
109 tions, cooling of electronic devices, etc [10].
110 Rahimi-Gorji et al. [11] performed a thermal and flow analysis
111 of an unsteady squeezing nanofluid flow in presence of variable
112 magnetic field. They found that the value of Nusselt number and
113 skin friction coefficient for CuO is better than Al2O3’s. Also, increase
114 in Hartman number results in an enhancement in velocity and
115 temperature profiles.
116 Turkyilmazoglu [12] investigated the nanofluid flow of conden-
117 sation film on a vertical wall theoretically using two different
118 model with five types of nanoparticles. The condensate film thick-
119 ness is found to reduce with heat transfer enhancement as more
120 volume fraction of nanoparticle is added.

121Huminic and Huminic [13] studied the heat transfer and entropy
122generation inside a helical coiled tube-in-tube heat exchanger in
123laminar flow regime. Heat transfer coefficient, effectiveness, Nus-
124selt number, and entropy generation were investigated considering
125the nanoparticle concentration between 0 and 2 vol%. They
126reported that the maximum effectiveness was 91% for 2% CuO
127and 80% for 2% of TiO2 nanoparticles. Also, the increase of nanopar-
128ticles leads to the Nusselt number increase and the reduction of
129entropy generation due heat transfer. They showed that the fluid
130friction have a negligible effect on entropy generation.
131Akbaridoust et al. [14] studied pressure drop and heat transfer
132of laminar nanofluid flow in helical tubes at a constant wall tem-
133perature numerically and experimentally. They used homogenous
134model and dispersion model for their simulations and observed
135dispersion model have a better agreement with experimental mea-
136surements. Utilization of base fluid in a helical tube enhanced the
137heat transfer more efficiently compared to the use of a nanofluid in
138a straight tube.
139Rakhsha et al. [15] studied turbulent forced convection of CuO-
140water nanofluid in helical tubes with constant wall temperature,
141both numerically and experimentally. Their results show that the
142maximum circumferential Nusselt number tend to reach the outer
143wall due to geometry of helical tubes and existence of centrifugal
144force. The inconsistency between the numerical and experimental
145results was attributed to single phase modeling of nanofluid.
146Mirfendereski et al. [16] performed a numerical and experimen-
147tal investigation of laminar Ag-water nanofluid in helical tubes
148with constant wall heat flux. Homogenous model with constant
149effective properties was used for nanofluid in their numerical sim-
150ulations. The helical tubes with larger curvature ratio lead to
151higher heat transfer enhancement and higher pressure drop.
152Bahremand et al. [17] studied turbulent Ag-water nanofluid
153flow in helical tubes with constant wall heat flux, both numerically
154and experimentally. They observed that the nanofluid modeling by
155the two phase approach predicted more accurate results than the

Nomenclature

Ac cross section area (m2)
Be Bejan number
cp specific heat (J/kg K)
dp diameter of nanoparticle (m)
d tube diameter (m)
D coil diameter (m)
De Dean number (= Re d0.5)
fd drag function
g gravitational acceleration (m/s2)
h local heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
Nu Nusselt number (= hD/k)
p pressure (Pa)
P coil pitch (m)
Pr Prandtl number (=cpk/µ)
Q total heat transfer rate (W)
q00 heat flux (W/m2)
Re Reynolds number (=VD/mm)
S000 volumetric entropy generation rate (W/m3 K)
t time (s)
T temperature (K)
U mean velocity (m/s)
V velocity (m/s)

Greek symbol
a thermal diffusivity (=k/qcp)
d curvature ratio
h axial angle
j Boltzmann constant (=1.3807 � 10�23 J/K)
k non-dimensional pitch
µ dynamic viscosity (N s/m2)
m kinematic viscosity (m2/s)
q density (kg/m3)
/ nanoparticles volume fraction

Subscripts
bf base fluid
dr drift
f fluid
i inlet condition
i indices
j indices
l local
m mixture
nf nanofluid
o outlet condition
p nanoparticle phase
s axial direction
w wall
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