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Abstract
Purpose – The purpose of this study is two phase modeling of Water/Cu nanoﬂuid forced convection in
different arrangements of elliptical tube banks in a two-dimensional space.
Design/methodology/approach – The arrangements of tube banks have been regarded as equal
spacing triangle (ES), equilateral triangle (ET) and the rotated square (RS). The obtained results indicate that,
among the investigated arrangements, the RS arrangement has the maximum value of heat transfer with
cooling ﬂuid. Also, the changes of Nusselt number and the local friction factor are under the inﬂuence of three
main factors including volume fraction of slid nanoparticles, the changes of ﬂuid velocity parameters on the
curved surface of tube and ﬂow separation after crossing from a speciﬁed angle of ﬂuid rotation.
Findings – In Reynolds number of 250 and in all arrangements of the tube banks, the behavior of Nusselt
number is almost the same and the separation of ﬂow happens in almost 155-165 degrees from ﬂuid rotation on
surface. In RS arrangement, due to the strength of vortexes after ﬂuid separation, better mixture is created and
because of this reason, after the separation zone, the level of local Nusselt number graph enhances signiﬁcantly.

Originality/value – In this research, the laminar and two-phase ﬂow of Water/Cu nanoﬂuid in tube banks
with elliptical cross section has been numerically investigated in a two-dimensional space with different
longitudinal arrangements. In this study, the effects of using nanoﬂuid, different arrangements of tube banks
and the elliptical cross section on heat transfer and cooling ﬂuid ﬂow among the tube banks of heat exchanger
have been numerically simulated by using ﬁnite volume method.

Keywords Nusselt number, Friction factor, Elliptical tube bank, Nanoﬂuid,
Two-phase mixture method, Laminar ﬂow
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Nomenclature
Cp
dp
df
D
Gr
k
Lus
Ltb
Lds
S

= Speciﬁc heat capacity (J/kg.K);
= Solid nanoparticle diameter (nm);
= Diameter of base ﬂuid molecules (nm);
= Elliptical tube equivalent diameter (m);
= Grashof number;
= Thermal conductivity coefﬁcient (W/m.K);
= Input Length (m);
= Middle length (m);
= Output length (m);
= Entropy (J/kg.K);
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Nu g
Nuave
p
Pr
q"
Re
y
T
h
TW
u
uin
U
v
V
x
X

= Local Nesslet number on the angular path;
= Average Nsset number;
= Pressure (Pa);
= Prandtl number;
= Uniform heat ﬂux (W/m2);
= Reynolds number;
= Vertical coordinates;
= Temperature (K);
= Convective heat transfer coefﬁcient (W/m2.K);
= Wall temperature (K);
= Horizontal velocity (m/s);
= Input velocity (m/s);
= Dimensionless horizontal velocity (U = u/ui);
= Vertical velocity (m/s);
= Dimensionless vertical velocity (U = u/ui);
= Horizontal coordinate (m); and
= Dimensionless horizontal coordinates (X = x/D).

Greek symbol
r
b
w
m
u
g

= Density (kg/m3);
= Thermal expansion coefﬁcient (1/K);
= Volumetric fraction of solid nanoparticles;
= Viscosity (pa.s);
= Dimensionless temperature; and
= Angle (deg).

Indices
ET
ES
RS
Eff or m
f
np
A, B, C
Gen

= Equilateral triangle;
= Equal spacing;
= Rotated square;
= Effective (nanoﬂuid);
= Fluid;
= Nanoparticle;
= Constants of equations; and
= Generation.

Highlights
 The laminar and mixed ﬂow and heat transfer of nanoﬂuid in tube banks of shelland-tube heat exchanger have been numerically simulated.
 The purpose of this study is investigating the heat transfer and two-phase nanoﬂuid
ﬂow in different arrangements of tube banks and comparing the ﬂow parameters
with each other.
 To predict the behavior of nanoﬂuid ﬂow and heat transfer on the elliptical tube
banks, the two-phase mixture method has been used.
 The behavior of heat transfer and laminar two-phase ﬂow of Water/Cu nanoﬂuid as
the cooling ﬂuid has been investigated in different of nanoparticles and Reynolds
numbers.

1. Introduction
In recent years, the investigation of heat transfer equipment efﬁciency in industries and
optimizing the heat exchangers have been attracted by researchers. The heat exchangers are
very applicable in different devices such as the boiler, stream generator, condenser, operator,
evaporators, cooling tower of power stations, fan coil pre-heater, oil coolants and heater,
radiators, furnaces and etc. Todays, by adding low percentage of nanoparticles in the
cooling nanoﬂuids, the heat transfer increases to several times and this issue improves the
heat transfer and reduces the pumping power in high-power heat transfer systems. In recent
decades, for optimizing the heat transfer behavior, using combined heat transfer methods in
thermal systems has been considered as a novel method and by using these methods;
numerous researchers have investigated the ﬂow and heat transfer behavior in different
geometries and dimensions (Safaei et al., 2016; Aghanajaﬁ et al., 2017; Zarringhalam et al.,
2016; Gorla and Chamkha, 2011; Rajesh et al., 2017; Selimefendigil et al., 2018; Li et al., 2018;
Maddah et al., 2018; Safaei et al., 2014; Goodarzi et al., 2016; Parsaiemehr et al., 2018; AbuNada and Chamkha, 2014; Alsabery et al., 2017; Chamkha et al., 2015). One of the heat
transfer equipment is heat exchanger including various arrangements of tube banks and
there are various numerical and empirical investigations about the tube banks. Godson et al.
(2013) empirically studied the heat transfer properties in shell-and-tube heat exchanger with
Water/AgO nanoﬂuid. His results indicated that, by increasing volume fraction of
nanoparticles, the efﬁciency and convection heat transfer are enhanced and the maximum
value of convection heat transfer coefﬁcient and thermal efﬁciency are respectively 12.5 and
6.14. (Wang et al., 2016) numerically studied the heat transfer of water ﬂuid in shell-and-tube
heat exchanger. His results showed that, changing tube inclination angle does not have
signiﬁcant effect on ﬂuid ﬂow and heat transfer properties in all along the tube bank. (Chen
and Jendrzejczyk, 1987) empirically studied the ﬂuid ﬂow on seven tube rows inside the
channel and ﬁgured out that, from the third tube, the ﬂow behavior is almost constant and
generally, from the third tube, because of the ﬂow development, most of the ﬂow properties
do not change. (Iacovides et al., 2014) numerically studied the ﬂuid ﬂow in in-line tube banks
and indicated that, based on the intensity of turbulence; the direction of ﬂuid ﬂow among
tubes is different. (Weaver and Abd-Rabbo, 1985) empirically investigated the water ﬂow
around tube banks with square array. They concluded that, up to Reynolds number of 400,
the ﬂow is laminar and after the tubes, the created vortexes are symmetrical, however, by
increasing Reynolds number, the ﬂow becomes non-laminar and gradually, becomes
turbulent and the vortexes become asymmetrical. (Li et al., 2014) simulated the ﬂuid ﬂow
and heat transfer in tube bundle arrangements and analyzed the local and average
characteristics of ﬂow and heat transfer. (Chang et al., 2009) numerically investigated the
heat transfer in ﬂat tube bank ﬁn with vortex generators and stated that, the vortex ﬂux in
ﬂow indicates the intensity of secondary ﬂow. (Kim, 2013) numerically studied the effect of
longitudinal pitch on convection heat transfer coefﬁcient in tube bank and ﬁgured out that,
by using the optimized equations, predicting the heat transfer coefﬁcient improves. (Gamrat
et al., 2008) analyzed the heat transfer on rod banks with square cross section in triangular
and rectangular arrangements. He indicated that, the thermal boundary conditions on rigid
surfaces inﬂuences the heat transfer when the thermal equilibrium is established on rods.
(Haghshenas Fard et al., 2010) by using two-phase and single-phase methods and applying
thermal boundary condition studied the nanoﬂuid ﬂow of in a tube. He stated that, by
increasing volume fraction of nanoparticles, the convection heat transfer coefﬁcient
enhances and for investigating the heat transfer behavior, the two-phase model, comparing
to the single-phase model, gives similar numerical results with the empirical results.
(Akbarinia and Behzadmehr, 2007) by using two-phase method numerically studied the
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mixed convection heat transfer of laminar nanoﬂuid ﬂow inside the horizontal curved tubes
with constant heat ﬂux. By comparing his numerical results with the experimental results,
he understood that, the two-phase mixture model has higher accuracy than two other
models.
In recent decades, numerous researchers by changing the geometries of surfaces,
applying boundary conditions and using nanoﬂuid and combined methods have studied the
use of some special geometries such as the twin-twisted tapes inserts (Mashayekhi et al.,
2017; Hosseinnezhad et al., 2018), microchannels (Gholami et al., 2017;Arabpour et al., 2018;
Safaei et al., 2016; Akbari et al., 2016), micro tubes (Rahmati et al., 2017) and using nanoﬂuid
(Shamsi et al., 2017; Rezaei et al., 2017; Chamkha, 1994; Chamkha and Rashad, 2012;
Chamkha et al., 2017; Chamkha et al., 2014). These studies cause signiﬁcant changes in heat
transfer enhancement in different industries such as power stations, petrochemicals and
electronics.
In current research, the laminar and two-phase ﬂow of Water/Cu nanoﬂuid in tube banks
with elliptical cross section has been numerically investigated in a two-dimensional space
with different longitudinal arrangements. In this study, the effects of using nanoﬂuid,
different arrangements of tube banks and the elliptical cross section on heat transfer and
cooling ﬂuid ﬂow among the tube banks of heat exchanger have been numerically simulated
by using ﬁnite volume method (Karimipour et al., 2016; Sarlak et al., 2017; Seiﬁ et al., 2018;
Toghraie et al., 2018; Akbari et al., 2016b; Alrashed et al., 2018; Ahmadi et al., 2018
Pourfattah et al.,2017; Heydari et al., 2017; Khodabandeh et al., 2017; Akbari et al., 2017;
Akbari et al., 2017; Behnampour et al., 2017; Heydari et al., 2018). The results have been
presented for Reynolds numbers range of 100-700 and volume fractions of 0-6 per cent of Cu
nanoparticles with the use of two-phase mixture method.
2. Problem statement
In this research, the laminar and mixed convection heat transfers of nanoﬂuid in the
elliptical tube banks in shell-and-tube heat exchanger have been numerically simulated. In
order to predict the behavior of nanoﬂuid ﬂow and heat transfer on the elliptical tube banks,
the two-phase mixture method has been used. In current research, the studied geometries are
tube banks with the arrangements of equal spacing triangle (ES), equilateral triangle (ET)
and the rotated square (RS), as shown in Figure (1). The general schematic of studied
geometries and their arrangements in heat exchanger are as in Figure (2). Based on the
considered boundaries, from the chosen tube rows, six rows of each arrangement have been
studied. The dimensions of studied geometry are the inlet length (Lus), middle length (Ltb),
the out length (Lds) and the diameter of elliptical tube (d). In this simulation, the diameter of
elliptical cross section is d = 1.414 cm and the length of inlet section is Lus = 9 cm and Lds =
15 cm. also, ST = 6 m and the values of SL, SD and Ltb are calculated based on the
arrangements of tube banks. In this research, the behavior of heat transfer and laminar twophase nanoﬂuid ﬂow as the cooling ﬂuid have been studied in volume fractions of 0, 2, 4 and
6 per cent of Cu nanoparticles in Reynolds numbers of 100, 250, 400 and 700.
In this research, the velocity and inlet temperature boundary conditions in the inlet
section, the outlet ﬂow for the outlet section and for the top and bottom boundaries of
considered geometry in Figure (2), the symmetrical boundary condition has been used. The
boundary condition of cross section of tube banks is same as the wall and the amount of
applied heat ﬂux to each tube is similar (q" = 2000 W/m2). The temperature of inlet ﬂuid is
293° K and the diameter of slid nanoparticles is 10 nm. For all of the results obtained from
the numerical simulation, the mixed convection heat transfer and two-phase ﬂuid ﬂow of
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Figure 1.
The arrangements of
tube banks and the
studied geometries

Figure 2.
The schematic of
studied tube banks

Water/Cu nanoﬂuid has been considered in Gr = 100. The properties of Cu nanoparticles and
base ﬂuid have been considered as given in Table I (Akbari et al., 2016).
The purpose of this study is investigating the heat transfer and two-phase nanoﬂuid ﬂow
in different arrangements of tube banks and comparing the ﬂow parameters with each other.
In this investigation, the nanoﬂuid ﬂow has been considered as laminar, mixed and
Newtonian and the radiation effects have been neglected. The properties of nanoﬂuid are
independent from temperature and the thermophorsis effects have been not considered.
Also, on the solid walls, the no-slip boundary condition has been applied.
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3. Governing equations on two-phase ﬂow and nanoﬂuid properties
For estimating the effect of solid-ﬂuid phases on ﬂow and heat transfer domains, the twophase mixture method has been used. In current study, the ﬂuid ﬂow and heat transfer have
been simulated as steady and two-dimensional. The governing equations on two-phase and
laminar nanoﬂuid ﬂow are the consistency, momentum and energy equations which are
deﬁned as follows (Shariat et al., 2011; Tavakoli and Akbari, 2019):
Consistency equation:
r  ð r m Vm Þ ¼ 0
(1)
Momentum equation:
r  ð r m Vm Vm Þ ¼ rP þ r½ m m rVm  þ r

n
X

!

w k r k Vdr;k Vdr;k

 r m;i b m g ðT  Ti Þ

k¼1

(2)
Energy equation:

"
r

n
X

#

w k Vk ð r k Hk þ PÞ ¼ r:ðkm rTÞ

(3)

k¼1

Volume fraction equation:



rð w P r P Vm Þ ¼ r w P r P Vdr;P

(4)

In equation (4), the average mass velocity, Vm, can be calculated by following equation:
n
P

Vm 5

w k r k Vk

k¼1

(5)

rm

In equation (4), Vdr,k is the drive velocity for the secondary phase of k nanoparticles which is
deﬁned as:
Vdr;k ¼ Vk  Vm

(6)

The slip velocity parameter (the proportional velocity) which is the proportional velocity
between solid nanoparticles and base ﬂuid is deﬁned as:
Vpf ¼ Vp  Vf

(7)

The proportional velocity and drag function presented by (Manninen et al., 1996) and
(Schiller and Naumann, 1935) can be deﬁned as:

Table I.
The thermophysical
properties of base
ﬂuid and solid
nanoparticles

r (Kg m3)
k(W m1 K–1)
Cp(J Kg–1 K–1)
b (K–1)
m (Pa s)

Copper (Cu)

Water

8933
400
385
0.0000167
–

997.1
0.613
4179
0.00021
0.000891

Vpf ¼
(
fdrag 5

r P d2P ð r P  r m Þ
a
18 m f fdrag

(8)

1 þ 0:15Re0:687
p

for Rep # 1000

0:0183Rep

for Rep > 1000

In the above equation, the acceleration (a) is deﬁned as:
a ¼ g  ðVm rÞVm

(9)
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(10)

where, Vm is the average velocity of solid-liquid phases, Vdr,k is the drive velocity of
secondary phase of z and the indexes of T P, w , m and r are respectively the temperature,
pressure, volume fraction, dynamic viscosity and density. In equations (1)-(10), k, dr and m
are respectively the secondary phase of k, drive and the mixture (solid-liquid phases). For
determining the nanoﬂuid properties in different volume fractions of nanoparticles
following equations are used:
The dynamic viscosity can be calculated by following equation (Alipour et al., 2017):


m eff ¼ 123 w 2 þ 7:3 w þ 1 m f
(11)
For determining the speciﬁc heat capacity of nanoﬂuid in different volume fractions,
following equation can be used (Bergman, 2009):
(12)
ð r cp Þm ¼ ð1  w Þð r cp Þf þ w ð r cp Þnp
For calculating the density of nanoﬂuid, following equation is used (Singh et al., 2010; Ting
et al., 2014; Ibáñez et al., 2016; Mah et al., 2012):

r m ¼ w r np þ ð1  w Þ r f

(13)

The thermal expansion coefﬁcient of nanoﬂuid can be computed as (Khanafer et al., 2003):
"
#
b np
b eff
1
1
(14)
¼

þ
bf
b f 1 þ ð1wrwnpÞ r
1 þ ð1wrw Þ r f
np

f

Chon equation is used for calculating the thermal conductivity of nanoﬂuid (Chon et al.,
2005):
 0:369  0:7476
km
df
knp
0:746
¼ 1 þ 64:7 f
Pr0:9955 Re1:2321
kf
dnp
kf
Re ¼

r f kb T
;
3 p m 2 lf

Pr ¼

B
mf
; m ¼ A  10T  C ; C ¼ 140ðKÞ;
r f af
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B ¼ 247ðKÞ; A ¼ 2:414  105 ðPa:sÞ; T ¼ Tin
Where, the diameter of water molecules is df = 2 Å and the diameter of Cu nanoparticles is
dnp = 10 nm. For non-dimensioning the outcome parameters of software, following
deﬁnitions are used (Nojoomizadeh et al., 2018):
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DT ¼

q 0H
kf

Pr ¼

V¼
P¼

yf
af

v
uc
P

(16)

r nf u2c

The friction factor is another parameter for investigating the performance of microchannel,
which is calculated as (Manay and Sahin, 2016):
Cf ¼

2  tw
r uin 2

(17)

The average Nusselt number is computed by following equation (Nikkhah et al., 2015;
Ambreen and Kim, 2018):
Nux ¼

hd
kf

!

Nuave ¼

1
L

ðL

Nux ð X Þ dX

(18)

0

The pressure drop at the inlet and outlet sections can be calculated as (Arani et al., 2017):
DP ¼ Pin  Pout

(19)

The value of pressure drop coefﬁcient can be obtained by following equation:
P  Pout
2
2r u

Cp ¼ 1

(20)

Grashof and Reynolds numbers based on the diameter of tube banks are calculated as follow
(Alikhani et al., 2011),
g b eff d4  q00
 eff 2 keff

(21)

r eff  d  Vm
m eff

(22)

Grd ¼

Re ¼

The elliptical hydraulic diameter can be determined as follow:
Dh ¼

p

4p D1  D2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2ðD1 þ D2
2

2Þ



(23)

ðD1  D2 Þ2
2

In the above equation, D1 and D2 are respectively 3 cm and 1 cm. The entropy generation
caused by thermal irreversibility (heat transfer) equals with (Bejan, 1982):

Sgen

2
 2
keff 4 @T
¼ 2
þ
@x
T

@T
@y

!2 3
5

(24)

The entropy generation caused by the irreversibility of ﬂow (the existence of friction factor)
equals with (Bejan, 1982):
( " 
 2 # 
2 )
2
m eff
@u
@v
@u @v
þ
(25)
þ
2
Sgen ¼
þ
@x
@y
@x @y
T
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The amount of total entropy including entropy enhancement caused by heat transfer and the
friction of ﬂow can be computed by following equation (Mahian et al., 2013):
2
( " 
!2 3
 2
 2 # 
2 )
2
keff 4 @T
@T 5 m eff
@u
@v
@u @v
þ
þ
þ
Sgen ¼ 2
þ
þ
2
@x
@y
@x
@y
@x @y
T
T
(26)
4. Solving procedure and assumptions
In present study, the nanoﬂuid ﬂow has been modeled as forced and steady. The nanoﬂuid
properties have been considered as homogeneous, Newtonian and independent from
temperature. The nanoﬂuid behavior has been modeled as two-phase and the numerical solving
domain has been solved by using two-phase mixture method. On each tube, the constant and
uniform heat ﬂux is applied and the symmetrical boundary condition is used for other walls.
Also, the radiation effects have been neglected and the velocity boundary condition on tubes is
the no-slip boundary condition. In this research, the nanoﬂuid ﬂow has been considered as
laminar, Newtonian, incompressible and two-phase. The second-order discretizing (Maganti and
Dhar, 2017; Pourdel et al., 2018; Toghraie et al., 2018) and SIMPLEC algorithm have been used for
solving the governing equations on ﬂow (Bahmani et al., 2018) and the maximum residual of the
numerical solving procedure is 106 (Khodabandeh et al., 2018).
5. Grid study
In this research, the ﬁnite volume method has been used for simulating the numerical
solving domain and for gridding the considered geometries, the organized rectangular grid
has been used. The number of organized grids in Table II has been changed from 4500 to
34800. For results independency from the selected grid number, in the ﬁrst tube row of RS
arrangement, the changes of average Nusselt number and friction factor in Reynolds
number of 700 and volume fraction of 6 per cent of solid nanoparticles have been
investigated. According to the changes of Nusselt number and friction factor, by increasing
the grid number, the accuracy of results enhances. Based on the convergence of obtained
results, the most appropriate and exact grid number is 870  40. All of the simulations of
this research have been done for the elliptical tube bank arrangement with grid number of
34800.

Grid no.

(300  15)

(400  20)

(500  25)

(600  30)

(870  40)

Nuave
Cfave

50.452
0.05634

53.191
0.05887

58.897
0.06011

60.1245
0.06011

61.404
0.06153

Table II.
The results
independency from
grid number (x  y)
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Figure 3.
The validation of
present study

Figure 4.
The streamline
contours for pure
water ﬂuid

5. Validation, results and discussions
Figure 3 indicates the validation of present numerical research with the empirical
investigation of (Nishimura et al., 1991) and the numerical study of (Wang et al., 2000). The
mentioned researchers have investigated the laminar ﬂow and heat transfer of air ﬂuid in
tube banks with various arrangements in Reynolds number of 54 and dimensional ratio of
S*T = 2. The investigation has been done for estimating the behavior of local friction factor
in tube banks. According to the proper agreement of present numerical results with other

studies in this ﬁeld, it is observed that, the boundary conditions and the considered
approximations for solving the present problem have high accuracy. The contours of
Figure 4 present the streamlines for pure water ﬂuid in Reynolds numbers of 250 and 700 in
different arrangements.
In Reynolds number of 250, comparing to Reynolds number of 700, due to lower velocity
of ﬂuid, there seems no special changes in ﬂow contours. The reason of this behavior is the
slow motion of ﬂuid on tube banks which is not related to the arrangement of tubes. In
Reynolds number of 700, due to higher velocity of ﬂuid, the arrangement of tubes (mostly
the pitch dimensions of tube banks) inﬂuences the behavior of streamlines. Among the
investigated arrangements, the arrangement with lower pitches highly inﬂuences the
amount of ﬂow separation. The maximum ﬂow separation happens in ES arrangement at
the central areas of tube banks, especially in ﬁnal rows of tubes. Figure 5 indicates the
changes of local Nusselt number on the ﬁrst row of tube bank in Reynolds number of 250
and different volume fractions and tube bank arrangements. By entering the cooling ﬂuid to

Elliptical tube
banks

1947

Figure 5.
The local Nusselt
number on the ﬁrst
row
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Figure 6.
The changes of local
Nusselt number on
the ﬁrst row in
Reynolds number
of 700

the area with heated tube banks, the heat exchange between the heated surface and ﬂuid
starts. At the beginning of ﬂuid collusion with the surface of tube bank, due to the highest
differences between surface temperature and ﬂuid, in all of the studied arrangements and
tube rows of these areas, Nusselt number graphs start from the highest value. By processing
the ﬂuid on the curved direction of tube cross section, because of the reduction of
temperature difference between surface and ﬂuid, the cooling of working ﬂuid reduces and
ﬂuid becomes heated. Therefore, Nusselt number graphs have a reducing trend. The other
factor inﬂuencing Nusselt number behavior is the ﬂow separation phenomenon. According
to Figure 5, in Reynolds number of 250 and in all tube bank arrangements, the behavior of
Nusselt number is almost the same and the ﬂow separation happens approximately in
155-165 degrees of ﬂuid rotation on surface. After the separation of ﬂow from surface, in
lateral areas, due to the creation of vortexes and ﬂow mixture caused by wake areas, Nusselt

number enhances. In Figure 6, the changes of local Nusselt number on the ﬁrst row of tube
bank in Reynolds number of 700 and volume fractions of 0-6 per cent in ET, ES and RS
arrangements have been investigated. By increasing Reynolds number, the level of Nusselt
number graphs enhances and due to the improvement of convection heat transfer
coefﬁcient, heat transfer enhances.
The notable point of Figure 6 is that, the ﬂow separation and its effect on the behavior of
local Nusselt number happens approximately in the angles of 140-160°. By decreasing the
pitch of tube banks, the ﬂow separation postpones and the sudden changes of Nusselt
number graph approximates to the angle of 160°. The reason of this behavior is the balance
disruption of parallel forces of ﬂow (momentum) and contrary forces of ﬂow (the forces
caused by pressure gradient). By increasing ﬂuid velocity, the balance disruption of these
two forces happens in smaller angle of ﬂuid rotation on surface. In RS arrangement, due to
the strength of vortexes after ﬂuid separation, better mixture is created and due to this
reason, after the separation zone, the level of local Nusselt number graph enhances
signiﬁcantly.
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Figure 7.
The local friction
factor on the ﬁrst row
in Reynolds number
of 100
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Figure 8.
The local Nusselt
number on the ﬁrst
row in Reynolds
number of 400

Also, in Nusselt number graphs, the increase of volume fraction of nanoparticles entails the
improvement of heat transfer and due to the weight of ﬂuid with higher volume fraction
(Ruan and Jacobi, 2012; Akbari et al., 2016; Sakanova et al., 2015; Gravndyan et al., 2017; Lee
and Mudawar, 2007; Ting et al., 2015; Khodabandeh et al., 2018 Arshad and Muhammad
Ali,2017; Li et al., 2014), the ﬂow separation postpones slightly. Figures 7 and 8 indicate the
changes of local friction factor on the ﬁrst row of tube banks in Reynolds number of 100 and
400 and volume fractions of 0-6 per cent of nanoparticles in ET, ES and RS arrangements,
respectively.
By moving the ﬂuid on the curved surfaces, the velocity parameters of ﬂuid are changed
signiﬁcantly and this behavior directly inﬂuences the friction factor enhancement. By
moving the ﬂuid on tubes, due to the deviation of ﬂuid direction from the straight direction,
the ﬂuid velocity parameters are considerably changed. In the studied arrangements and in
Reynolds numbers of 100 and 400, the maximum value of local friction factor accomplishes
in the angle of 20° of ﬂuid rotation on the curved surface. From the angle of 20° to the angle

of 165°, the graphs have a reducing trend. After the angle of 165°, due to the ﬂow separation,
the friction factor enhances again. In Figures 7 and 8, by decreasing the pitch of tube banks,
the friction factor enhances. Therefore, the local friction factor graphs in RS, ET and ES
arrangements have the maximum and minimum values of friction factor, respectively. The
augmentation of volume fraction of nanoparticles cause the enhancement of density and
viscosity of cooling ﬂuid and the changes of thermophysical properties of ﬂuid increases the
friction factor. The maximum value of friction factor obtains in nanoﬂuid with volume
fraction of 6 per cent and the minimum value of friction factor accomplishes in the pure
water ﬂuid. Figures 9 and 10 illustrate the changes of average Nusselt number on different
tube rows and tube bank arrangements for pure water ﬂuid and volume fraction of
6 per cent in Reynolds numbers of 100-700, respectively. Among the studied arrangements,
RS arrangement has the maximum value of Nusselt number and ET and ES arrangements
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have lower values of Nusselt number, respectively. In the investigation of the effect of tube
bank positions on average Nusselt number enhancement, it can be said that, in each
arrangement, the second rows have the maximum values of average Nusselt number and
the rows of 1, 4, 3, 5 and 6 have lower values of average Nusselt number, respectively.
It is observed that, from the third rows to later on, in RS arrangement and in Reynolds
numbers of 400 and 700, the average Nusselt number enhances signiﬁcantly and this is the
advantage of using this arrangement in heat transfer enhancement with higher Reynolds
numbers. The augmentation of volume fraction of solid nanoparticles improves the heat
transfer because of more collusion of particles with heated surfaces and better heat
exchange between ﬂuid and surfaces.
Also, the augmentation of thermal conductivity of ﬂuid caused by the existence of solid
nanoparticles on ﬂuid surface is another factor for heat transfer enhancement. Hence, the

level of graphs in higher volume fractions of nanoparticles (Figure 10), comparing to the
pure water (Figure 9) is higher. The value of Nusselt number on the ﬁnal rows of tube banks
is less than the ﬁrst rows. This behavior is because of the growth of thermal boundary layer
of ﬂuid and the reduction of temperature differences between surface and ﬂuid which causes
the reduction of heat absorption of cooling ﬂuid and heat transfer. Therefore, by more
processing the ﬂuid, Nusselt number reduces. The minimum value of Nusselt number is
observed in the sixth row of tube bank. This behavior is because of the place of this row at
the end of ﬂuid motion and considerable reduction of ﬂuid momentum in collusion with the
ﬁrst rows of tube bank. Hence, by decreasing ﬂuid momentum, Nusselt number and heat
transfer are reduced. Figures 11 and 12 demonstrate the changes of average friction factor
on different rows and arrangements of tube banks for pure ﬂuid and nanoﬂuid with
6 per cent of volume fraction of nanoparticles in different Reynolds numbers, respectively.
Similar to the average Nusselt number changes, the changes of average friction factor
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depend on the location of tube banks. On each tube bank with the highest velocity gradient,
the ﬂuid ﬂow has the maximum value of friction factor. It means that, the ﬂuid has more
contact with the surface of tube banks which has a considerable effect on Nusselt number
enhancement. In Reynolds number of 100, the ﬂuid velocity on tube banks is slower than
Reynolds number of 700. During the movement of ﬂuid, the ﬂuid contacts the curved
direction, therefore, close to the solid surfaces, the velocity gradients become more and in
Re = 100, the level of average friction factor graphs is higher than other Reynolds numbers.
By increasing Reynolds number, due to the enhancement of cooling ﬂuid velocity, the ﬂuid
does not have signiﬁcant time for contacting with surface and in higher layers, the effect of
solid surfaces decreases, thus, the ﬂuid velocity gradients are reduced and consequently, the
friction factor decreases. The augmentation of solid nanoparticles causes the enhancement
of density and viscosity of ﬂuid. Fluid with higher viscosity creates higher surface stress on

slid surfaces (tube banks) and because of this behavior, the friction factor enhances. Also, in
ﬂuid with higher density, because of higher volume fraction of nanoparticles, the weight of
cooling ﬂuid enhances and this ﬂuid needs higher momentum for convection.
In the convection among the tube banks, ﬂuid with such properties causes higher
momentum depreciation. According to the mentioned behaviors, the level of average friction
factor graphs on each tube bank in volume fraction of 6 per cent (Figure 12) is higher than
the pure water ﬂuid (Figure 11).
Figure 13 presents the changes of average friction factor on tube rows of 1-4 based on
different Reynolds numbers and arrangements in volume fraction of 4 per cent of solid
nanoparticles. According to Figure 13, based on the explanations of local friction factor
graphs, by increasing ﬂuid velocity, the average friction factor reduces.
Among the investigated rows, the maximum and minimum values of average friction
factor are observed in rows of 2, 1, 3 and 4. The reason of enhancement and the existence of
differences in tube rows are because of some factors such as the position of tube bank rows,
the separation of ﬂuid ﬂow during the movement on tube banks and the changes of local
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velocity caused by the change of ﬂuid velocity direction. Among the investigated
arrangements, the maximum value of Nusselt number has been obtained in RS arrangement
and the mentioned enhancing factors of friction factor are more considerable than the
ET and ES arrangements. Figure 14 illustrates the changes of local dimensionless
temperature among tubes and along ﬂuid motion in ET, ES and RS arrangements in
Reynolds number of 100. By processing the cooling ﬂuid toward the location of tube banks,
the heat exchanges between ﬂuid and heated surfaces. Hence, the temperature gradients are
grown and their inﬂuence dominates all areas close to solid hot surfaces. By moving the
ﬂuid, these effects dominate the areas with no tubes. According to Figure 14, by decreasing
the dimensionless temperature, the temperature of cooling ﬂuid, which is similar to the inlet
temperature, becomes dominated in different areas of tube banks and consequently, heat
transfer enhances. The changes of local dimensionless temperature depend on the location
and the changes of ﬂuid motion among tube banks. Among the dimensionless temperature
graphs, the minimum changes of this parameter are observed in RS arrangement. Also, the

existence of nanoﬂuid with higher value fraction entails more uniform temperature
distribution among ﬂuid layers, especially at the central areas of ﬂow.
Figure 15 indicates the changes of static pressure drop among tubes and along the ﬂuid
motion in ET, ES and RS arrangements and volume fractions of 0-6 per cent in Reynolds
number of 700. It is observed that, by moving the ﬂuid on tube banks, due to the collusion of
ﬂuid with tubes, the ﬂuid momentum becomes depreciated and ﬂuid energy reduces. Based
on the energy conservation law, the kinetic energy of ﬂuid changes into the pressure
enhancement and consequently, pressure changes are increased.
The maximum changes of pressure is related to volume fraction of 6 per cent of
nanoparticles and the minimum value of pressure changes is for the pure water ﬂuid and
this behavior is because of the existence of solid nanoparticles in cooling ﬂuid surface which
causes the augmentation of viscosity and density of ﬂuid. Also, the ﬂuid with higher density
and viscosity creates higher pressure drop on its direction. Based on the graphs of pressure
drop changes which are oscillating, this behavior is because of colliding ﬂuid with the
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non-reciprocal tube rows which have different pitches in each arrangement, therefore, the
changes of pressure drop become different. The maximum pitch changes of oscillating
pressure drop is related to ES arrangement and the minimum pitch changes is related to RS
arrangement and this behavior is because of the existence of maximum and minimum
pitches in these tube arrangements, respectively. After crossing ﬂuid from areas with tube,
due to the motion of ﬂuid on ﬂat path and the latitude cross section between the tube banks
enhances, the ﬂuid velocity reduces and pressure drop increases. Hence, in areas after the
tube banks, the amount of pressure drop is less. Figure 16 demonstrates the average
pressure drop coefﬁcient on the rows of 1-6 in Reynolds numbers of 250 and 700 and volume
fraction of 4 per cent in different arrangements of tube banks. In fact, the pressure drop
coefﬁcient is the confrontation of pressure and inertia forces.
The ﬂuid motion among the elliptical tube banks inﬂuences the ﬂuid inertia and creates
considerable pressure changes in both sides of tube banks. For this reason, the pressure
drop coefﬁcient is different on other rows. Among the investigated arrangements, due to the
maximum changes of velocity and pressure parameters in the minimum longitudinal
pitches happening in this arrangement, the RS arrangement has the maximum value of
pressure drop coefﬁcient. The behavior of pressure drop changes in ET and ES
arrangements is almost the same. In Figure 17, the contours of entropy generation in volume
fraction of 2 per cent of solid nanoparticles for ET arrangement in Reynolds numbers of 100700 have been compared for exploring the effect of velocity domain of cooling ﬂuid on
entropy generation caused by heat transfer and heat penetration to upper layers of tube
bank surfaces.
In Reynolds number of 100, comparing to Reynolds numbers of 250, 400 and 700, due to
slower motion, the ﬂuid has sufﬁcient time for heat exchanging with surface and heat
penetrates to upper layers of ﬂuid from tube bank surfaces and areas with higher
temperature affect most sections between the tube banks. Also, the irreversibility caused by
heat transfer enhances and in this case, the ﬂuid entropy becomes more considerable. By
increasing ﬂuid velocity, the temperature of cooling ﬂuid inﬂuences most areas between
tubes and by dominating the temperature of cooling ﬂuid, proper cooling accomplishes on
the heated surfaces. Furthermore, by increasing the ﬂuid velocity, due to the improvement of
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convection heat transfer coefﬁcient, heat cannot affect the higher layers of heated surface,
hence, by increasing Reynolds number, the amount of entropy reduces. According to all
contours, in areas after each row of tube bank and the separation zone of ﬂuid ﬂow,
especially in areas between the tubes, the entropy enhancement is inevitable. This issue is
because of entropy enhancement caused by heat penetration and the enhancement of friction
in these areas (wake areas after the tube banks).
6. Conclusion
In current research, the laminar and mixed ﬂow and heat transfer of nanoﬂuid in tube banks
of shell-and-tube heat exchanger with elliptical cross section in the ES triangle, ET and RS
arrangements have been numerically simulated. The behavior of heat transfer and laminar
two-phase ﬂow of Water/Cu nanoﬂuid as the cooling ﬂuid has been investigated in volume
fractions of 0, 2, 4 and 6 per cent of nanoparticles and Reynolds numbers of 100, 250, 400 and
700. The results indicate that, the maximum value of ﬂow separation happens in ES
arrangement in middle rows of exchanger and the ﬁnal row of tubes. At the initial collusion
of ﬂuid with the surface of tube bank, due to the highest temperature differences between
the ﬂuid and surface, in all of the investigated arrangements and tube rows of this zone, the
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Nusselt number graphs are started from the highest value. By moving the ﬂuid on tubes,
due to the change of direction from the straight direction, the ﬂuid velocity parameters are
changed. In the studied arrangements, the in Reynolds numbers of 100 and 400, the
maximum value of local friction factor accomplishes in the angle of 20° of ﬂuid motion on
the curved surface. Among the studied arrangements, RS arrangement has the maximum
value of Nusselt number and ET and ES arrangements have the minimum values of Nusselt
number, respectively. Also, the minimum value of Nusselt number has been obtained in the
sixth row of tube bank. This behavior is because of placing this row at the ending of ﬂuid
motion and considerable reduction of ﬂuid momentum in collusion with the ﬁrst rows of
tube bank. By decreasing ﬂuid momentum, the exchange of Nusselt number and heat
transfer reduces. Among the studied rows, the maximum and minimum values of average
friction factor are observed in the rows of 2, 1, 3 and 4, and the reason of enhancement and
the difference in tube rows is because of some factors such as the position of tube banks, the
separation of ﬂuid ﬂow during ﬂuid motion on tube banks and the changes of local velocity
caused by the change of ﬂuid velocity direction.
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