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Abstract
This paper presents a numerical analysis for studying entropy generation and the convective turbulent flow of an alternating
elliptical axis (AEA) tube with different angles between the pitches at constant wall temperature boundary conditions. The
turbulent flow of water fluid is simulated at Reynolds numbers of 10,000 to 60,000. The numerical results indicated that the
multi-longitudinal vortices have a major influence on convective heat transfer, pressure drop and entropy generation. Two
symmetrical vortices having the same direction of rotation close to the tube wall cause local wall shear stress and the local total
entropy generation of the tube wall decrease. However, in some parts of the domain of the AEA tubes, these symmetrical vortices
are absent. Therefore, there are different results for the local wall shear stress and the local total entropy generation in all domains
of the AEA tubes. The Nusselt number and friction factor increases with an increase in Reynolds number and the angle between
pitches of the AEA tube. The entropy generation analysis showed that the main source of irreversibility is by thermal entropy
generation. The total entropy generation increases when there is an increase in the Reynolds number, as well as the angle between
pitches of the AEA tube. Also, at Reynolds numbers of 20,000, the ratio of the total entropy generation of AEA tube to that of the
circular tube is at its minimum.

Nomenclature
A Area, m2

A Major axes length of elliptical cross-section, m
B Minor axes length of elliptical cross-section, m
C Transition length, m
Cp Specific heat, J kg−1 K−1

Dh Hydraulic diameter, m
d Circular tube diameter of AEA tube, m
f Friction factor, f ¼ Δp Dhð Þ= 1

2 ρ u2avg L
� �

g Gravitational acceleration, m s−2

h Heat transfer coefficient, W m−2 K−1

K Thermal conductivity, W m−1 K−1

k Turbulent kinetic energy, m2 s−2

L Total length of tube, m

Ld Length of inlet and outlet circular tube, m
Nu Nusselt number, Nu = (q″Dh)/(K (Tw − Tb))
P Pressure, kg m−1 s−2

P Pitch length, m
P Mean pressure, kg m−1 s−2

Pk Production of turbulent kinetic energy, kg m−1 s−3

Pr Prandtl number, Pr = μ Cp/K
q″ Heat flux, W m−2

Re Reynolds number, Re = ρ u Dh/μ
S

‴

gen Entropy generation, W m−3 K−1

Sgen Entropy generation, W K−1

T Temperature, K
Tb Average bulk temperature, K
T Mean temperature, K
T′ Turbulent temperature fluctuations, K
ui Velocity, m s−1

�ui Mean velocity, m s−1

u
0
i Turbulent velocity fluctuations, m s−1

xi Cartesian coordinates, m
y+ Dimensionless wall distance, yþ ¼ ffiffiffiffiffiffiffiffiffiffi

τw=ρ
p

Y
� �

=υ
Y Distance of the closest computational node from the

wall, m
z Axial distance from inlet, m
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Greek symbols
δij Kroneckr delta
ε Turbulent dissipation rate, m2 s−3

θ Angle between major axes of elliptical cross-section
tubes

μ Laminar dynamic viscosity, kg m−1 s−1

μt Turbulent dynamic viscosity, kg m−1 s−1

μeff Effective dynamic viscosity, kg m−1 s−1

υ Kinematic viscosity, m2 s−1

ρ Density, kg m−3

σk Turbulent Prandtl number of k equation, σk=1
σε Turbulent Prandtl number of ε equation, σε=1.3
τij Stress tensor, kg m−1 s−2

Subscripts
AEAT Alternating elliptical axis tube
avg Average
CT Circular tube
eff Effective
f Frictional
T Total
th Thermal
w Wall

1 Introduction

Heat exchangers are widely used in many applications of en-
gineering fields such as the petroleum industry, power plant,
heating and cooling systems, the automotive industry, etc.
Also, it is very important to reduce energy losses in these
appliances, so as to improve their efficiency. Several heat
transfer enhancement techniques are exploited to increase
the heat transfer of heat exchanger systems and it is achieved
via two categories, named (i) active and (ii) passive methods.

Active methods utilize external energy sources to enhance
the rate of heat transfer by heat exchangers such as using
magnetic fields [1–3]. However, passive methods like adding
nanoparticles to the working fluid [4–6], increasing the sur-
face area so as to increase the contact between fluid and fins
[7, 8] and using baffles [9, 10], twisted tapes [11] or vortex
generators [12] inside channels and circular tubes without ap-
plying any external energy increases the rate of heat transfer.
To increase the heat transfer of heat exchanger devices, the
alternating elliptical axis tube (AEA) has been used, which is a
kind of passive method for enhancing the heat transfer. This
kind of tubes is used in the heat exchanger when the heat
transfer is more important than the pressure drop. Li et al.
[13] analyzed experimental and numerical convection heat
transfer in alternating elliptical axis tubes. They found that at
a Reynolds number of 1000, transition occurs from the lami-
nar to the turbulent flow in an AEA tube. The numerical re-
sults revealed that the complicated multi-longitudinal vortex
structure of the flowwhich emanated from the secondary flow,

improved synergy between velocity and temperature gradient
to a large extent. In addition, AEA tubes unlike circular tubes
can be used to enhance the heat transfer rate under the identi-
cal pumping power. Sajadi et al. [14] studied the experimental
and numerical heat transfer and flow resistance of oil flow in
AEA tubes with flattened and circular tubes. Their numerical
results presented that decreasing the aspect ratio and pitch
length, resulted in an increase in heat transfer and pressure
drop. Also, it was found that AEA tubes perform better than
the flattened or circular ones. Forced convection heat transfer
of turbulent flow and entropy generation analysis of the AEA
tube have been also investigated using Al2O3-water nanofluid
by Najafi Khaboshan and Nazif [15]. Their results illustrated
that the heat transfer of the AEA tube improves when
nanofluid has been used. Furthermore, the heat transfer coef-
ficient of the AEA tube is more than the circular tube under the
same nanofluid flow. The entropy generation study showed
that the most amount of irreversibility creates by thermal en-
tropy generation.

Entropy generation analysis is a tool for determining the
irreversibility of an engineering process and is a famous meth-
od for investigating the performance of thermal systems [16].
The determination of entropy generation is also important in
enhancing the heat transfer performance of the heat exchang-
er, because entropy generation is a measure of the destruction
of available work of the system [17]. The generation of entro-
py in various applications have been investigated by several
studies such as natural andMHDmixed convection in cavities
[18, 19], micro channels [20], pulsating heat pipes [21], shell-
and-tube heat exchanger [22], heat sinks [23] and combustion
processes [24].

You et al. [25] investigated the effects of alignment method
and geometrical parameters on entropy generations for lami-
nar heat transfer augmentation with conical strip inserts in
horizontal circular tubes. Their result showed that the tube
with non-staggered strips is better at heat transfer and PECs
compared with the staggered ones. Also, they found that the
rate of entropy generation by the non-staggered strips is small-
er than that of the staggered alignment. In addition, the total
entropy generation number, is sensitive to the geometry angle
and is minimal at the Reynolds number of 600 for the en-
hanced tube.

Entropy generation has also been investigated in turbulent
flows. By using numerical methods, Ko andWu [26] analyzed
the entropy generation induced by turbulent forced convection
in a curved rectangular duct with external heating. Their result
showed that in aspect ratio one, the entropy generation in-
duced by the frictional entropy generation is concentrated
within the regions adjacent to the duct walls. Furthermore, it
was found that the entropy generated in the flow fields for all
the aspect ratios are dominated by the frictional entropy gen-
eration, and the total entropy generation is minimal in the
aspect ratio of one.
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Siadaty and Kazazi [27] studied on convective heat trans-
fer, entropy generation and pressure drop of two type
nanofluids (Cu-water and Al2O3-water) in horizontal annular
tubes. Their CFD results indicated that the highest and lowest
heat transfer rate is obtained with the Cu-water and Al2O3-
water nanofluids, respectively. In addition, Bejan number
analysis showed that the dominant irreversibility is concluded
for the frictional and thermal entropy generations in Al2O3-
water and Cu-water flows, respectively.

Recently, many studies have been conducted on the effect
of producing the multi-longitudinal vortex structure of turbu-
lent flows on entropy generation [28, 29]. To the best of the
authors’ knowledge, studies are yet to be published regarding
the entropy generation analysis of forced turbulent convection
in AEA tubes. This study investigated a 3D numerical analysis
to study the convective heat transfer and entropy generation of
AEA tubes with various alternative angles of pitches under the
turbulent flow. To compare the overall thermo-hydraulic per-
formance of the AEA tubes, the Nusselt number and friction
factor for all tubes are calculated with increasing the Reynolds
number. The performance evaluation criterion (PEC) has been
also calculated. Finally, this study provides an entropy gener-
ation analysis for evaluating the performance of convective
turbulent flow in the AEA tubes with different rotation angles
between pitches. In addition, the variation of total entropy
generation along the periphery of the cross-section has been
studied for each AEA tube.

2 Mathematical model

2.1 Model description

The AEA tube is constructed with a series of periodic pitches
with 40°, 60°, 80° and 90° rotation angles between main axes
of elliptical cross-section tubes which are connected by tran-
sition zones. Figure 1 illustrations the geometrical construc-
tion of the AEA tubes for the various angles of pitches used in
the current study. Tomake the input flow condition identical at

the same Reynolds number, the input and output of all AEA
tubes are circular with d in diameter and Ld in length, being
equal to 16.5 and 34 mm respectively. In this figure the value
of A, B, C and P are 20, 13, 6 and 34mm, respectively and θ is
the angle between the main axes of the tubes with elliptical
cross-section.

2.2 Governing equations

In the present study, the numerical model of the convective
turbulent flow was performed by the finite volume method
(FVM). The Continuity, momentum and energy equations of
the turbulent flow can be formulated as [30]:

Continuity equation:

∂�ui
∂xi

¼ 0 ð1Þ

Momentum equation:

ρ�uj
∂�ui
∂x j

¼ −
∂�P
∂xi

þ ∂
∂x j

μ
∂�ui
∂x j

−ρ �u
0
iu

0
j

� �
ð2Þ

where

−ρ �u
0
iu

0
j ¼ μt

∂�ui
∂x j

þ ∂�u j

∂xi

� �
−
2

3
ρkδi j ð3Þ

Energy equation:

ρCp�ui
∂�T
∂xi

¼ ∂
∂x j

K þ Cpμt

Prt

� �
∂�T
∂x j

þ �ui τ i j
� �

e f f

	 

ð4Þ

The third term on the right-hand side of the energy equation
represents the viscous dissipation shown in Eq. (5). In addi-
tion, the turbulent Prandtl number (Prt) is equal to 0.85.

τ i j
� �

e f f ¼ μe f f
∂�u j

∂xi
þ ∂�ui

∂x j

� �
ð5Þ

Fig. 1 The geometrical construction of the alternating elliptical axis tube with various alternative angles of pitches

Heat Mass Transfer (2019) 55:2857–2872 2859



For modeling turbulent flow, it is crucial to select a suitable
turbulence model, so as to obtain accurate numerical results.
Four common turbulence models are used to investigate the
AEA tube simulation are: 1) standard k-ε, 2) realizable k-ε, 3)
SST k-ω and 4) the V2F models. By using these models, the
numerical results of the average Nusselt number and friction
factor of AEA tube 90°, were compared with the experimental
data of Guo [31] as presented in Fig. 2. It is evident that the
average Nusselt number and friction factor calculated by the
k-ε turbulence models are much closer to the experimental
data than the other models. Finally, according to these results
and previous studies [13, 14, 32–36], the standard k-ε turbu-
lence model is used for numerical simulation of the convective
heat transfer of turbulent flow within AEA tubes. Also, the
average Nusselt number and friction factor can be written as
follows [37]:

Nuavg ¼ 1

L
∫L0

q
″
Dh

K Tw zð Þ−Tb zð Þð Þ dz ð6Þ

f ¼ ΔP Dh

1

2
ρu2avg L

ð7Þ

Where Tb(z) and ΔP are the average bulk temperature (Eq.
(8)) and pressure drop respectively.

Tb zð Þ ¼ 1

Auavg
∫A uT dA ð8Þ

The turbulence kinetic energy (k) and its dissipation rate (ε)
equations can be written as [38]:

∂
∂xi

ρk�uið Þ ¼ ∂
∂x j

μþ μt

σk

� �
∂k
∂x j

	 

þ Pk−ρε ð9Þ

∂
∂xi

ρε�uið Þ ¼ ∂
∂x j

μþ μt

σk

� �
∂ε
∂x j

	 

þ C1ε

ε
k
Pk−ρC2ε

ε2

k
ð10Þ

Where μt is the turbulent dynamic viscosity, and Pk repre-
sents the production of turbulent kinetic.

energy due to the mean velocity gradients.

μt ¼ ρCμ
k2

ε
ð11Þ

Pk ¼ −ρ �u
0
iu

0
j
∂�uj

∂xi
ð12Þ

The model constants have the following values [38]:

C1ε ¼ 1:44;C2ε ¼ 1:92;Cμ ¼ 0:09;σk ¼ 1 and σε ¼ 1:3

The enhanced wall treatment scheme has been applied to
simulation the near wall manner of turbulent flow which used
a modified formulation for near wall viscosity. The equations
of this scheme had been presented in Ref. [32].

2.3 The Boundary conditions

The boundary conditions of velocity inlet and outflow
have been selected for the inlet and outlet of tubes, re-
spectively. In the outflow boundary condition, zero-
gradient of the flow factors have been considered which
are located normal to the outlet boundary of tubes. In
addition, at the inlet of the tubes, the velocity parameter
has been considered uniform and normal to the inlet sec-
tion of tubes. The value of the velocity for the inlet
boundary condition is calculated from the equation of
the flow’s Reynolds number. In the equation of
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Fig. 2 Validation of turbulence models by comparing the numerical results of a average Nusselt number and b friction factor with experimental results of
Guo [31] in AEA tube 90°

2860 Heat Mass Transfer (2019) 55:2857–2872



Reynolds number, the diameter of the circular tube (d =
16.5 mm) has been considered for the hydraulic diameter.
In Guo’s research [31], the difference between the mini-
mum and maximum temperature was fewer than 30 de-
grees. Therefore, according to this, the inlet temperature is
about 295 K. Also, the wall temperature boundary condi-
tion has been considered constant and it is equal to 325 K.
In addition, the no-slip boundary condition situation has
been applied along the wall of the tubes.

2.4 Entropy generation analysis

The second law of thermodynamics is mentioned whenever
the basic principles of convective heat transfer are considered.
This is simply because it is the basis for much of the engineer-
ing motives for formulating and solving convection problems
[39]. The second law of thermodynamics is related to entropy
generation, and in terms of calculations, it is more reliable than
the first law [17]. According to the study by Bejan [40], the
local entropy generation can be calculated at every point of the
system based on the second law of thermodynamics by the
following equation:

S
‴

gen;T ¼ K
T2

∂T
∂x

� �2

þ ∂T
∂y

� �2

þ ∂T
∂z

� �2
" #

þ μ
T

� 2
∂u
∂x

� �2

þ ∂v
∂y

� �2

þ ∂w
∂z

� �2
" #

þ ∂u
∂y

þ ∂v
∂x

� �2

þ ∂v
∂z

þ ∂w
∂y

� �2

þ ∂w
∂x

þ ∂u
∂z

� �2

ð13Þ

The above equations show that the gradients of velocity
and temperature must be known at the relevant point in the
domain. Since the velocity and temperature fields are known
in the domain, the velocity and temperature gradients can be
calculated. The gradients of velocity and temperature have
been discretized with the green gauss node based [41, 42]
scheme. Therefore, the amount of the total entropy generation
is available in cells’ center of the domain. In Eq. (13), the first

term which is the thermal entropy generation (S
‴

gen;th ) is con-

nected with heat transfer due to gradients of temperature and
the second term represents the frictional entropy generation

(S
‴

gen; f ) linked to fluid friction irreversibility as a result of the

gradients of velocity.
In this research, the value of the entropy generation has

been calculated in some cross-sections of tubes and in the
domain. The Eqs. (14–16) are considered for computing the
entropy generation in each cross-section.

S
‴

gen;th ¼
1

A
∫S

‴

gen;th dA ¼ 1

A
∑
n

i¼1
S

‴

gen;th xi; yi; zið Þ δAi ð14Þ

S
‴

gen; f ¼
1

A
∫S

‴

gen; f dA ¼ 1

A
∑
n

i¼1
S

‴

gen; f xi; yi; zið Þ δAi ð15Þ

S
‴

gen;T ¼ 1

A
∫S

‴

gen;T dA ¼ 1

A
∑
n

i¼1
S

‴

gen;T xi; yi; zið Þ δAi ð16Þ

In addition, the entropy generation in the unit of (W/K) to
present the results in the domain, can be calculated easily by

integrating S
‴

gen;th, S
‴

gen; f and S
‴

gen;T over the computational

domain as follows, respectively:

Sgen;th ¼ ∫S
‴

gen;th dV ¼ ∑
n

i¼1
S

‴

gen;th xi; yi; zið Þ δVi ð17Þ

Sgen; f ¼ ∫S
‴

gen; f dV ¼ ∑
n

i¼1
S

‴

gen; f xi; yi; zið Þ δVi ð18Þ

Sgen;T ¼ ∫S
‴

gen;T dV ¼ ∑
n

i¼1
S

‴

gen;T xi; yi; zið Þ δVi ð19Þ

To study the weight of each contribution (Sgen,th and Sgen,f)
to the total entropy generation, a dimensionless parameter
named Bejan number (Be) is defined as [40]:

Be ¼ Sgen;th
Sgen;T

ð20Þ

Obviously, the value of Be is in the range from 0 to 1. The
value of Be = 0 and Be = 1 indicates that irreversibility is
dominated by fluid friction and heat transfer, respectively.

3 Numerical method

For handling the pressure-velocity coupling of the continuity
and momentum equations, the SIMPLEC algorithm is
employed [43]. The governing equations are calculated with
considering the pressure-based coupled algorithm [44]. The
gradients of the solution variables of grids for the turbulence
and energy equations are considered by least squares cell
based (LSCB) [45] and green gauss node based (GGNB)
[41, 42] schemes, respectively. Therefore, the energy equation
is computed, while the results of the solved turbulent flow are
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considered to be frozen. The standard method [45] for solving
the pressure of the cell-face has been considered. Also, to
discretize all equations, the second-order upwind [46] scheme
has been applied. The enhanced wall treatment method [47]
has been used to consider the near wall phenomena of the
turbulent flow. In this study, the dimensionless parameter of
the first near wall cell center which is called y+ have a value of
about one or less than one. Also, variables are stored with
double precision, and all the convergence criteria for all equa-
tions are considered lower than 10−6.

4 Numerical computation

4.1 Grid independence study

In this study, all grids were generated by using the multi-block
scheme with hexahedral elements, as shown in Fig. 3. For all
tubes, in order to study the effects of grid size on the numerical
results, five three-dimensional grids were generated. Table 1
lists the average Nusselt number (Nuavg) in five computational
grids of AEA tube 90° under the turbulent flow of water fluid
at Re = 40,000. From Table 1, it can be seen that the relative
error of the average Nusselt number between mesh-4 and
mesh-5 is only 0.98320. Therefore, the grid size of mesh-4
(3,951,360 cells) was adopted as the optimal grid size for the
numerical simulation of AEA tube 90°.

4.2 Computational validation of numerical results

To validate the computational model, the numerical results of the
AEA tube 90° and circular tube had been compared with the ex-
perimental result and standard correlations, respectively. Guo [31]
analyzed the improvement of heat transfer in the AEA tube 90° by
using water as the working fluid under the turbulent flow. In this
study, the geometrical parameters of his tubes were used. Figure 4

shows the comparisons between the numerical average Nusselt
number and the friction factor of an AEA tube 90° with the avail-
able experimental data from Guo [31] and numerical research of
Chen et al. [36]. Figure 4 demonstrations that the numerical results
of the present study correspondwith the experimental data of Guo
[31].Themaximumerrorsobservedbetween the experimental and
numerical results for the average Nusselt number and friction fac-
tor of AEA tube 90° are about 6.5% and 14%, respectively. These
maximum absolute deviations for the AEA tube 90° are less than
the results reported by Sajadi et al. [14] (i.e., 24% and 21% for the
Nusselt number and friction factor, respectively).

By comparing with the experimental results shown in Fig. 4,
the average Nusselt number and friction factor obtained by the
GGNB and LSCB approaches appear to be suitable for calculat-
ing the gradients of the solution variables of energy and turbulent
flow equations, respectively. Therefore, these methods are used
for the numerical simulation of the AEA tubes. To comparison of
the existing numerical results with the previous study [36] which
has been examined numerically, the summary of Nusselt number
and friction factor of both numerical results are presented in
Table 2. In this Table, the values of the experimental results
[31] have been obtained as approximately. According to
Table 2, it can be found that there is no significant difference
between both numerical results and experimental data at the low
Reynolds number. In addition, it shows that the numerical meth-
od of the present study offers suitable numerical results in com-
parison with the previous study.

(a)

(a)

(a) X

Y

Z (b)

(b)

X

Y

Z

Fig. 3 Grids generated of a AEA tube 90° and b circular tube in the present numerical computation

Table 1 Grid independence study in terms of average Nusselt number

Mesh (number of cells) Nuavg δ Nuavg

Mesh-1 (1,444,608) 280.9442 –

Mesh-2 (1,932,800) 339.2751 −58.3309
Mesh-3 (3,379,376) 343.5931 −4.31800
Mesh-4 (3,951,360) 345.0233 −1.43020
Mesh-5 (4,646,340) 346.0065 −0.98320

2862 Heat Mass Transfer (2019) 55:2857–2872



To validate the numerical simulation of the circular tube,
the numerical results were compared with the standard corre-
lation proposed by Gnielinski [48, 49] and Petukhov et al.
[50], for the Nusselt number and the friction factor, respec-
tively. Figure 5 shows the comparisons between the numerical
results (after fully developed flow) and correlations. It is evi-
dent that the numerical results obtained from the circular tube
agree well with those correlations.

5 Results and discussion

This section presents turbulent heat transfer and entropy gen-
eration of flow in the AEA tube with various angles of pitches.
In all numerical simulations of the present study, water was
used as the working fluid. Prior to the examination of entropy
generation, pressure drop and heat transfer of turbulent flow
were discussed in detail.

In our simulation, because of the repeating manner of the
solution, the results are illustrated in the parts of the tube that
are located in the range of 0.357 to 0.437 m (Fig. 6). In our area
of focus for demonstrating the results, three regions were named
BDistance A^, BTransition^ and BDistance B^ which are shown
in figures of this paper to make it easier to address the readers.
Also, in the area shown in Fig. 6, three sections were selected as
perpendicular to the flow named as Location A, B and C.

5.1 Local heat transfer coefficient and wall shear
stress distribution

Prior to discussing about the local heat transfer coefficient and
wall shear stress results, it is necessary to discuss the flow
structure of AEA tubes with various rotation angles of θ. To
capture the flow structures inside AEA tubes, the streamlines
at Location C of all the AEA tubes were investigated in Fig. 7.
Also, it is necessary tomention that the numbers shown in Fig.
7, represent the node numbers around the peripheral cross-
section of Location C which is illustrated by red points in this
figure. As can be observed, fluids flow inside AEA tubes 40°

and 60° have four multi-longitudinal vortices at some part of
the constant cross-section of the AEA tubes. Furthermore, by
increasing the angle of θ from 60° to 80°, secondary flows
divide from four to eight and their size becomes smaller com-
pared to the multi-longitudinal vortices of AEA tubes 40° and
60°.

The heat transfer coefficient and wall shear stress (which is
related to pressure drop) are two important parameters that
should be investigated when studying heat exchangers. The
variation of the local heat transfer coefficient and wall shear
stress on the circumference of the AEA tubes at Location C, is
shown in Fig. 8. The horizontal axes of these figures represent
the node numbers of the mesh that was taken in the clockwise
direction (from left to right) on the periphery of the elliptical
cross-section in the X–Yplane. It should be noted that due to
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Fig. 4 Comparisons between the numerical results of a average Nusselt number and b friction factor with the experimental data by Guo [31] and
numerical data by Chen et al. [36] for the AEA tube 90°

Table 2 Comparison of the numerical results of the present study and previous research [36]

Reynolds number Nuavg
Pr1=3 experimental Nuavg

Pr1=3 present study
Nuavg
Pr1=3 previous study f experimental f present study f previous study

method – GGNB GGNB – LSCB LSCB

20,000 109.66 103.87 111.54 0.06037 0.05938 0.06365

50,000 216.59 218.44 234.79 0.04635 0.04959 0.05172
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the symmetry in the flow structure of this part of the tube, the
values of parameters in only half of the periphery of the tube
cross-section are shown. It is obvious from Fig. 8a that the
local heat transfer coefficient increases around the node num-
bers 12 and 44 for AEA tube 60°, 80° and 90°. The results are
different for AEA tube 40°, and the highest values of heat
transfer are located at node numbers 28 and 51. Meanwhile,
the local heat transfer coefficient is calculated from Eq. (21).

h ¼ q
″

Tw−Tbð Þ ð21Þ

Where, q″ is the heat flux on the tube wall, Tw and Tb are
the wall temperature and bulk temperature of the fluid, respec-
tively. The bulk temperature is calculated as follows:

Tb ¼ 1

Auavg
∫AuT dA ð22Þ

Similarly, from Fig. 8b the local wall shear stress is mini-
mum for AEA tubes 80° and 90° around the node numbers 0,
28 and 56. By comparing Figs. 8b and 7, it can be seen that
near the wall of AEA tubes 80° and 90° between two symmet-
rical vortices with the same direction of rotation, the local wall
shear stress is nearly minimum. These two symmetrical

vortices are marked with red dash lines in Fig. 7 for AEA
tubes 80° and 90°. The local wall shear stress increased
around node numbers 14 and 43 for AEA tube 80° and 90°.
On the other hand, for AEA tube 40° minimum is seen at node
numbers 6 and 37, but for AEA tube 60° the minimum is seen
at node numbers 7 and 28.

To investigate the average heat transfer coefficient and wall
shear stress, these two parameters are shown along the specific
range of axial direction for all AEA tubes in Figs. 9a and b,
respectively. It is obvious that both parameters have a high value
in the transition zone, especially at its outlet section. Also, it is
clear from Fig. 9a that the difference in the value of average heat
transfer coefficient in the inlet and outlet sections of the transition
zone for AEA tube 90° is very high compared to other AEA
tubes. Similarly, such a difference is observed for the average
wall shear stress. It was also observed that the increase in angle
θ has a great effect on increasing the heat transfer in some dis-
tance of the tube, but the wall shear stress does not changemuch,
except for the AEA tube 90°.

According to these results, it can be determined that the
multi-longitudinal vortices have a substantial impact on in-
creasing the heat transfer of turbulent flow. Furthermore, an
increase in the number of multi-longitudinal vortices results to
improve heat transfer.

5.2 Flow field and wall heat flux distribution

To reveal the flow structure in the AEA tube for different
angle of θ, it is useful to investigate the velocity field and
streamlines inside the AEA tubes. Figure 10 presents the ve-
locity distributions and streamlines of the AEA tubes along
the specific range of the axial direction (0.357 to 0.437 m) in
different angle of θ. The streamlines in the transition zone
have shifted gradually with increasing the angle of θ. It can
be observed from Fig. 10 that the streamlines are almost
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straight in the AEA tube 40°. Furthermore, the distribution of
velocity in the different cross-sections is approximately homo-
geneous inside the AEA tube 40°. With raising the angle of θ,
the velocity contour of cross-sections is changed due to the
generated secondary flows, especially at the transition zone.

The wall heat flux distributions of the AEA tubes for the
various angle of θ are presented in Fig. 11 to study on heat
transfer of turbulent flow within the AEA tubes. It can be seen
from this figure that the wall heat flux increases with an in-
crease in the angle of θ. In addition, Fig. 11 shows that the heat
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transfer of transition zones are greater than the other areas.
This is because of forming the multi-longitudinal vortices in
the transition zones.

5.3 Average Nusselt number and friction factor
distribution

Figures 12a and b show the effect of changing the rotation
angle of θ and Reynolds number on the average Nusselt num-
ber and friction factor respectively, for all AEA tubes and
circular tube. The numerical results are calculated at
Reynolds numbers of 10,000 to 60,000. As can be seen from

Fig. 12a, the average Nusselt number increases with an in-
crease in Reynolds number for the circular tube as well as
all the AEA tubes. It can be found that the convection heat
transfer coefficient is increased with increasing the Reynolds
number. This is due to the fact that the normal gradient of
temperature at the tube wall has been increased with increas-
ing the Reynolds number. Furthermore, compared to the cir-
cular tube, the Nusselt number enhancement of the AEA tubes
with the angle of 40°, 60°, 80°, and 90° are around 7.77%,
14.6%, 16.93%, and 24.42%, respectively. Also, at a fixed
Reynolds number, the average Nusselt number increases with
an increase in angle of θ because of increasing the multi-

Fig. 10 Velocity distributions and streamlines of the AEA tubes with the various angle of θ at Re = 40,000

(a) (b)

Fig. 9 a Average heat transfer coefficient and b average wall shear stress along the axial direction of AEA tubes with various angles of θ
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longitudinal vortices (secondary flows) within the turbulent
flow. Similarly, it is obvious from Fig. 12b that the friction
factor decreases with increasing the Reynolds number in the
circular tube as well as in all the AEA tubes. Also, increasing
the angle of θ causes an increase in the friction factor value
which is resulted from effects of the secondary flows.

The performance evaluation criterion (PEC) has been de-
veloped by Webb and Kim [51] to assess the overall thermal-
hydraulic performance of the improved tubes at the same pow-
er of pumping. The PEC has been calculated as below:

PEC ¼ Nu=Nus
f = f sð Þ1=3

ð23Þ

where Nus and fs are defined as the Nusselt number and fric-
tion factor of the base tube, respectively.

The variation of the PEC as a function of Re is presented in
Fig. 13 for the AEA tubes. From this figure, it can be found
that the PEC values of AEA tubes are fewer than one for Re ≥
20,000. In addition, the maximum value of the PEC for each
AEA tube has been acquired at a small Reynolds number. At

Fig. 11 Wall heat flux distributions of the AEA tubes with the various angle of θ at Re = 40,000

(a) (b)

Fig. 12 Effect of changing rotation angle of θ and Reynolds number on a average Nusselt number and b friction factor
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Reynolds number of 10,000, the PEC raised with raising the
angle of θ (except for the AEA tube 80°). The maximum value
of the PEC (1.09) is obtained in the AEA tube 90° for the
smallest Reynolds number, which shows that the AEA tube
90° is more efficient than the circular tube. Finally, it could be
reached to the fact that raising the number of multi-
longitudinal vortices of the flow with raising the angle of θ
cause to improves the heat transfer in comparison with smaller
values of angle θ.

5.4 Entropy generation distribution

Figure 14 presents the local total entropy generation of all
AEA tubes along the periphery of the cross-section at
Location C. From Fig. 14, it can be seen that the local total
entropy generation varies as the local heat transfer coefficient.
Around node numbers 0, 28 and 56 for AEA tube 80° and 90°,
the local total entropy generation has the smallest value com-
pared to other areas. From Figs. 14 and 7, the minimum of the
local total entropy generation is seen near the wall of AEA
tube 80° and 90° in which two symmetrical vortices are
formed with the same direction of rotation. So, in this case,
by increasing the number of multi-longitudinal vortices that
have two symmetrical vortices with the same direction of ro-
tation, more points are created where the total entropy gener-
ation is minimal. Unfortunately, just some portion of the AEA
tube have these symmetrical vortices. Therefore, this rule can-
not be considered as a general rule for every domain of the
AEA tube. Conversely, for the two AEA tubes 40° and 60°,
this principle cannot be provided because of the non-
symmetry of vortices. For AEA tube 40°, node numbers with
the least total entropy generation are very difficult to detect on
the tube wall, but at node numbers 7 and 27 for AEA tube 60°

minimum is seen.
For further analysis, the effect of different angles of θ on

average thermal, frictional and total entropy generation along
the specific range of axial direction are shown in Figs. 15a, b
and c, respectively. Figure 15a shows that by increasing the
angle of θ, there was a significant increase in the average
thermal entropy generation in the transition zone. This is be-
cause of the biggest temperature gradients on this zone which
are according to the presence of the highest heat transfer co-
efficient (see Fig. 9a). Similarly, as shown in Fig. 15b, by
increasing the angle of θ, the average frictional entropy gen-
eration is increased as a result of the high values of velocity
gradient at the transition zone. In addition, both parameters
increased with an increase in the angle of θ at constant cross-
sections of the AEA tubes. It is also clear that the variations of
the total entropy generation are almost near the variations of
thermal entropy generation, and it can be concluded that the
effect of thermal entropy generation is several times greater
than frictional entropy generation.

To study the effect of Reynolds number on the entropy
generation of AEA tubes and the circular tube, the variations
of thermal, frictional and total entropy generation with
Reynolds number are represented in Fig. 16. According to
the results shown in Figs. 16a, b and c, it can be seen that
thermal, frictional and total entropy generation are enhanced
when the Reynolds number is enhanced in all the tubes. It was
also observed that all three parameters of entropy generation
of the AEA tubes are greater as compared to the circular tube.
Finally, Fig. 16d shows the variations of Bejan number when
the Reynolds number is increased for AEA tubes and circular
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tubes. It is clear that the irreversibility is dominated by heat
transfer. Furthermore, for all tubes, an increase in the
Reynolds number resulted in a significant decrease in the
Bejan number. Also, the Bejan number of AEA tube 40° is
less than that of a circular tube and by increasing the angle of
θ, the Bejan number decreased. It implies that frictional irre-
versibility is augmented by increasing the angle of θ compared
to its smaller angles.

Figure 17 shows the ratio of total entropy generation of
AEA tubes to that of circular tube (Sgen,T,AEAT/Sgen,T,CT) as a
function of Reynolds number with different angles of θ. From
Fig. 17, it can be seen that AEA tubes have higher total entro-
py generation than the circular tube at any Reynolds number.
Besides, with the increase in Reynolds number after Re =
20,000, the total entropy generation percentages of AEA tube
over the circular tube increases for all angles of θ. On the other
hand, with the increase in Reynolds number from 10,000 to
20,000, ratio of Sgen,T,AEAT/Sgen,T,CT decrease for all angles of
θ. Therefore, according to this, the ratio of Sgen,T,AEAT/Sgen,T,CT
is minimum at around Re = 20,000. In the present study, at a
Reynolds number of 20,000, Sgen,T,AEAT/Sgen,T,CT were about
1.1086, 1.1484, 1.1765 and 1.2348 for angles of 40°, 60°, 80°

and 90°. However, when the Reynolds number increases to
60,000, Sgen,T,AEAT/Sgen,T,CTwere only 1.1409, 1.1989, 1.2353
and 1.2762, respectively.

6 Conclusions

In this paper, a numerical study is performed to analyze the
entropy generation and heat transfer enhancement of the AEA
tubes in turbulent flow. The standard k-ε turbulence model is
used, based on validation of the numerical results of different
turbulence models with experimental results. The effect of
different angles between pitches (θ) on the entropy generation
of the AEA tubes have been investigated numerically.

Investigation of the streamlines indicated that the differ-
ence in angle of θ causes the change in number of multi-
longitudinal vortices within the turbulent flow. The number
of multi-longitudinal vortices are increased from four to eight
with increasing the angle of θ from 60° to 80° at some part of
constant cross-section of the AEA tube. Also, the multi-
longitudinal vortices have a significant effect on heat transfer,
pressure drop and entropy generation. For instance, on the
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positions of the tube wall that are close to the two symmetrical
vortices with the same direction of rotation, the local wall
shear stress and local total entropy generation are reduced.

But, the reduction of these parameters is not seen in many
parts of the domain of the AEA tubes, due to the fact that such
symmetrical vortices do not exist in some areas of the
domains.

In addition, it has been observed that the average Nusselt
number and friction factor of AEA tubes increases with an
increment in Reynolds number and angle of θ. Also, the max-
imum amount of the PEC has been obtained at the lowest
Reynolds number which its value is equal to 1.09 for the
AEA tube 90°. The entropy generation analysis showed that
the main source of irreversibility is thermal entropy genera-
tion. The increase of Reynolds number and angle of θ can
increase the total entropy generation in AEA tubes as well as
circular tubes. Moreover, the ratio of Sgen,T,AEAT/Sgen,T,CT has
beenminimum at around the Reynolds number of 20,000. The
entropy generation, which is caused by heat exchange and
fluid friction losses, are changed with changing the angle of
θ. A part of the novelty of this research is to study on the
dissipated useful energy, and determining the losses of both
terms (thermal and frictional) of the entropy. In a way that the
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mechanical energy which comes from increasing the pressure
drop is not wasted. This means that by alternating the cross-
section of the elliptical tubes, how much is added to the irre-
versibility of the circular tube by increasing the pressure drop.
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