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A B S T R A C T

The effects of adding the aluminum oxide to water in the water to water double pipe heat exchanger with six
gear disc turbulators are numerically investigated; in which the nanoparticle with a concentration of 1%, 4%,
and 6% is added to the hot fluid and streaming inside a tube with the Reynolds range from 3000 to 13000.
Water as the cold fluid goes through the shell in Reynolds of 500, and six gear disc turbulators are located at
the shell. The results indicate that turbulators enhance thermal effects. The collision of fluid with the surface
of the turbulator and breaking of the boundary layer increase the heat transfer and local Nusselt number
about 70%. Also, adding nanoparticles in the heat exchanger with turbulators increases the average Nusselt
number, the effectiveness, and the number of transfer units. They increase by increasing the concentration of
nanofluid. So that at the maximum state, adding nanofluid in the heat exchanger with turbulators increases
these parameters by 1.21, 1.19, and 1.20 times compared to the heat exchanger with turbulators and pure
water, respectively. Furthermore, from the contour of the number of transfer units is pointed out more useful
of the nanofluid at the higher Re number.
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1. Introduction

Heat exchangers are the most common heat transfer equipment
that has been used in various industries, such as oil, gas, petrochemi-
cals, power plants, heating, air conditioning, heat recovery, and
chemical processes. Due to the broad usage of heat exchangers,
enhancing heat transfer, and boosting efficiency are so important.
Therefore, a lot of researches have been performed to increase heat
transfer.

Pak and Cho [1] experimentally examined the impact of Al2O3 and
TiO2 nanoparticles on convective turbulent flow in a smooth tube
under constant heat flux condition. The results showed that Al2O3

had a superior heat transfer than that of TiO2; they eventually
reported correlation for the Nusselt number. Bianco et al. investi-
gated the numerical analysis of the Al2O3 nanofluid in a smooth tube
with the concentration of 1%, 4% and 6% in laminar [2] and turbulent
flow at constant wall heat flux [3] and constant wall temperature [4].

Bahmani et al. [5] numerically investigated the simple double
tube heat exchanger in turbulent flow in the presence of aluminum
oxide nanofluid. The results indicated that increasing the nanofluid
and increasing the Reynolds led to an increase in the Nusselt number
and the heat transfer coefficient. In the best case, the Nusselt number
increased by 32.7%, and the efficiency increased by 30%. Milani Shir-
van et al. [6] numerically investigated a simple double tube heat
exchanger in laminar flow in the presence of aluminum oxide nano-
fluid by using the RSM method. The results indicated that increasing
of Reynolds number increased the average Nusselt number. The Nus-
selt number averagely increased by 57.7% using the nanofluid with
0.03vol% in the Reynolds range of 50 to 150. Mansoury et al. [7]
experimentally investigated the effect of Al2O3-water in simple dou-
ble pipe, shell and tube, and plate heat exchanger. They reported that
the heat transfer in the simple double pipe heat exchenger increased
by 26% with the highest increase as compared to the other two cases.
Sheikholeslami and Jafaryar [8] numerically evaluated CuO water
nanofluid in a heat recovery system, in which hot gas passed through
the inner tube and nanofluid as operating fluid passed through the
annulus. Helical tape with different revolution numbers (N) was uti-
lized to enhance the fluctuations of fluid and destruction of the
boundary layer. They concluded that increasing the revolution num-
ber from 3 to 5 caused a 47% increase in frictional entropy and a
42.47% decrease in thermal entropy in Re=5000.

Kumar et al. [9] experimentally examined the impact of circular
ring turbulator on heat transfer and friction factor in a tube with con-
stant wall heat flux condition. The results indicated that thermal per-
formance enhanced about 1.4 times. They [10] also experimentally
evaluated the impact of perforation in circular disk inserts with and
without twisted tape in a tube with constant wall heat flux condition.
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Nomenclature

A Area(m2)
Cp Heat capacity (kJ/kg.K)
ri Inner radius of the inner tube (mm)
ro Outer radius of the inner tube (mm)
rT Mean radius of the turbulator (mm)
Ri Inner radius of the shell (mm)
f friction factor coefficient
h Convection heat transfer coefficient
k Kinetic energy
K Thermal conductivity(W/m.K)
L length (mm)
LMTD Logarithmic mean temperature difference
Nu Nusselt number
NTU Number of transfer units
€q Heat flux (W/m2)
Re Reynolds number
T Temperature (k)
U Overall heat transfer coefficient(W/m2.K)
um Mean velocity
y+ Dimensionless wall distance

Greek symbols
e Effectiveness
� Energy dissipation rate
r Density(kg/m3)
m Viscosity(N.s/m2)
f Particle volume concentration

Subscripts
bf Refer to the base fluid
c Cold
h Hot
i Inlet
nf Refer to nanofluid properties
o Outlet
p Refer to particle properties
r Refer to ‘nanofluid-base fluid’ ratio
T Turbulator
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They reported that thermal performance enhanced about 1.18-
1.64 times. Ruengpayungsak et al. [11] experimentally and numeri-
cally studied gear ring turbulators in a tube under constant wall heat
flux in a turbulent flow. The results indicated that the greatest heat
transfer and friction factor were equal to 2.7 and 15.5 times in com-
parison with the plain tube among the investigated inserts. Rashidi
et al. [12] numerically studied the effect of Al2O3-water nanofluid
with volume concentrations from 0% to 5% around a triangular obsta-
cle with discrete particle model and reported that the influence of
nanoparticles on enhancing heat transfer for the side facing obstacle
was more than that of the vertex facing obstacle. Patil et al. [13]
experimentally and numerically evaluated hexagonal ring turbula-
tors in a tube under constant wall heat flux with turbulent flow. The
results indicated that among the investigated inserts, the highest
heat transfer at greater Reynolds number and highest friction factor
at lower Reynolds number were equal to 3.01 and 32.7 times in com-
parison with the plain tube, respectively. Javadi et al. [14] numeri-
cally focused on the effect of different rib shapes such as rectangular,
square, equilateral triangle, etc. in a duct on heat transfer, pressure
drop, and entropy generation, and founded that rectangular rib had
the lowest frictional entropy generation. Sheikholeslami et al [15]
numerically simulated the influence of alumina through a quad-lobed
tube equipped with helical tape on heat transfer and irreversibility in
Please cite this article as: I. Bashtani et al., Effects of water-aluminum
turbulators: A numerical investigation, Journal of the Taiwan In
jtice.2021.05.001
turbulent flow. The results indicated that greater revolution (N) led
to a reduction in thermal irreversibility of about 0.48%. Bahiraei and
Gharagozloo [16] experimentally examined the effects of staggered
and non-staggered twisted conical strip inserts in a tube on heat
transfer and concluded that strip inserts increased Nu and f values by
mixing the flow and creating the vortex in the flow path. Rashidi
et al. numerically investigated the influence of an eccentric helical
screw tape insert in a tube on heat transfer and pressure drop [17]
and entropy generation [18] in turbulent flow regime. Their results
showed that the turbulator increased heat transfer by transferring
fluid flow from the central areas of the tube to the near wall of the
tube and creating swirling flow [17]. Also, the frictional and thermal
entropy increased by 24% and 237%, respectively for an eccentricity
of 0-3.5 [18]. Tripathi et al. [19] studied the effects of Cu-CuO blood
nanofluid in a microchannel. They investigated the effects of electro-
magnetic on the flow, nanoparticle shape, and electric double-layer
thickness. They reported that nanofluid's temperature decreased
with increasing thermal radiation and shape factor, and increased
with increasing heat source parameter. Muhammad et al. [20] evalu-
ated magnetized Carreau nanofluid under the effect of slip over a
wedge. Their findings indicated that increasing porosity, unsteady
parameter, and velocity slip led to the enhancement of mix convec-
tion. Also, increasing the Brownian motion number decreased the
volumetric fraction of nanoparticles. Elelamy et al. [21] investigated
MHD non-Newtonian nanofluid in blood flow with heat transfer and
slip effects, and investigated a mathematical model with numerical
simulation for bacterial growth in heart valve.

Sheikholeslami et al. examined an air to water double pipe heat
exchanger with typical and perforated circular ring [22�25] and heli-
cally [26] turbulators; in which air as cold fluid passed through the
shell and water as hot fluid passed through the inner tube. They
investigated the effects of open area ratios [22], pitch ratio, number
of the perforated hole [23], and conical angle [25]. They reported that
Thermal performance increased with increasing of open area ratio
[22], the number of perforated holes [23], and conical angle for direct
conical ring array [25].

Yadav and Sahu [27�29] experimentally investigated the effects
of helical surface disc turbulators, located at the shell side, on heat
transfer and pressure drop in water to air double pipe heat
exchanger. Air as cold fluid passed through the shell and water as hot
fluid passed through the inner tube. They investigated the effects of
three diameter ratios and helix angles and reported that reducing
diameter ratios and increasing helix angles increased the Nusselt
number and friction factor. In the other papers, they experimen-
tally investigated the effects of pitch ratio; and reported that the
smallest pitch ratio exhibits the highest thermo-hydraulic perfor-
mance. Also, Yadav, Paulraj, and Sahu [30] experimentally and
numerically investigated the effects of three diameter and pitch
ratios in a double pipe heat exchanger with plain surface disc tur-
bulators. The numerical section examined the flow just inside the
heat exchanger's shell and used the fixed temperature boundary
condition for the inner tube.

The previous studies in this field showed that the usage of nano-
fluid in gear disc turbulators in double pipe heat exchanger is not
investigated so that the primary goal of this study is to investigate
the effects of adding the aluminum oxide to water in a water to water
double pipe heat exchanger with six gear disc turbulators at turbu-
lent flow. For this purpose, the effects of different concentrations of
nanofluid and variation of Re number on the important parameter
such as Nu number, pressure drop, effectiveness, and number of
transfer unit are explained. The novelties of this work are as follows:

� As stated in Literature, in some studies that have been done in this
field, only one side of the fluid flow has been considered and the
constant temperature boundary condition has been used, but in
this research conjugated heat transfer is studied by considering
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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both hot fluid and cold fluid and solving conduction equation in
solid, including tube thickness and turbulator.

� The effects of nanofluid in the double pipe heat exchanger with
gear turbulators are studied.

� The physics of fluid flow is fully explained, and it is stated how
turbulators in the heat exchanger have increased the heat transfer
rate by examining the local Nusselt number.

� The proposed heat exchanger is analyzed by the e-NTU method.

2. Problem definition

The central objective of this study is to investigate the effects of
adding the aluminum oxide to water in a water to water double pipe
heat exchanger with six gear disc turbulators at turbulent flow. The
water-aluminum oxide nanofluid with a concentration of 1%, 4%, and
6% is added to the inner tube hot fluid streaming with the Reynolds
range from 3000 to 13000 and inlet temperature of 350 K. Further-
more, pure water as the cold fluid passes through the shell in Rey-
nolds of 500 with an inlet temperature of 285 K. Thermo-physical
properties of hot water at 350 K and cold water at 285 K are repre-
sented at Table 1. The geometry of the assumed heat exchanger is
shown in Figure 1. Due to the symmetrical shape of geometry and
reducing the computational domain volume, a quarter of the geome-
try is considered, and the periodic boundary condition is used.

The geometrical parameters of the proposed heat exchanger,
including geometrical parameters and the positions of the turbulators
are shown in Figure 2, which includes inner radiuses (ri= 8.5mm, ro=
9.5mm), outer radius (Ri= 17.5mm), length (L = 750mm) and mean
radius of the turbolator (rT= 13.5mm).

3. Mathematical model

3.1. Governing equations

The steady state governing equations of conservation of mass,
momentum, and energy are as follows:

Conservation of mass

r : r~V
� �

¼ 0 ð1Þ

Conservation of momentum

r : r~V~V
� �

¼ �r P þ r : mþmtð Þ r~V þ r~V
T� �h i

ð2Þ

Conservation of energy

r : rcp~VT
� �

¼ r : kþ ktð Þ r Tð Þ½ � þ re ð3Þ

Where ~V and � are the mean velocity vector and the energy dissipa-
tion rate, respectively.

The Wilcox k-v model has a potential ability to predict the flow
near-wall layers (inner boundary layer) in comparison with the k-e
model so that it can predict the flow with a reverse pressure gradient
well. Still, the v equation shows a large dependence on the value of
v in the outflow layer (outer boundary layer region). However, in the
k-e model, the equation e does not show much dependence on the
Table 1
Thermophysical properties [31]

Thermophysical properties Hot Stream - 350k Cold Stream� 285k

r(kg/m3) 973.46 999.58
Cp(kJ/kg.K) 4.195 4.189
K(W/m.K) 0.666 0.59
m(N.s/m2) 0.000365 0.001225

Please cite this article as: I. Bashtani et al., Effects of water-aluminum
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external flow conditions. Menter [32] presented the shear stress
transfer model (SST k-v), which uses the benefits of the k-v model
and k-emodel by defining weight functions. The function designed in
which near wall region the k- vmodel was activated and outside the
boundary layer the k-e model was activated. The SST k-v model is a
two-equilibrium model that contains two equations, turbulence
kinetic energy, and specific dissipation rate.

Due to the flow physics and the accuracy of SST K-v turbulence
model, validations have been done with this model. This model is
selected in our previous study, where this model has been recom-
mended [33].

Turbulence kinetic energy

Uj
@rk
@xj

¼ tij
@ui

@xj
� b�krvþ @

@xj
mþ skmtð Þ @k

@xj

� �
ð4Þ

Specific dissipation rate

Uj
@rv
@xj

¼ g
Vt
tij

@ui

@xj
� brv2 þ @

@xj
mþ svmtð Þ @v

@xj

� �

þ 2 1� F1ð Þrsv2
1
v

@k
@xj

@v
@xj

ð5Þ

The constants of the inner boundary layer are as bellow:

sk1 ¼ 0:85;sv1 ¼ 0:5;b1 ¼ 0:0750;b� ¼ 0:09;k ¼ 0:41

g1 ¼ b1

b� �
sv1:k2ffiffiffiffiffiffi

b�p ; a1 ¼ 0:31 ð6Þ

And constants of the outer boundary layer are as bellow:

sk2 ¼ 1; sv2 ¼ 0:856;b2 ¼ 0:0828;b� ¼ 0:09;k ¼ 0:41;

g2 ¼ b2

b� �
sv2:k2ffiffiffiffiffiffi

b�p ; a1 ¼ 0:31 ð7Þ

The constants are combined for the internal model ;1and the
outer model ;2, and a new constant ; is obtained:
; ¼ F1;1 þ 1� F1ð Þ;2 ð8Þ
Where F1 is equal to

F1 ¼ tanh arg41
� � ð9Þ

arg1 ¼ min max

ffiffiffi
k

p

0:09vy
;
500v
y2v

 !
;
4rsv2k
CDkvy2

" #
ð10Þ

CDkv ¼ max 2rsv2
1
v

@k
@xj

@v
@xj

;10�20
	 


ð11Þ

The eddy viscosity is defined as:

Vt ¼ a1k
max a1v; ;F2ð Þ ð12Þ

F2 ¼ tanh atg22
� � ð13Þ

arg2 ¼ max
2
ffiffiffi
k

p

0:09vy
;
500v
y2v

" #
ð14Þ

3.2. Boundary condition

Due to the symmetrical shape of the geometry and reducing the
computational domain volume, a quarter of the geometry is consid-
ered, and the periodic boundary condition is used. The inlet boundary
conditions are velocity inlets, and the outlet boundary conditions are
pressure outlets type. The hot fluid goes through the tube at the tem-
perature of 350 K, with the Reynolds number 5000 to 13000. The
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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Fig. 1. Geometry of the heat exchanger

Fig. 2. Geometrical Parameters of the Heat exchanger
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cold fluid passes the shell at the temperature of 285 K, with the Rey-
nolds number of 5000. The adiabatic wall's boundary condition is
used for the shell wall, and the condition of the coupled wall is used
for coupling the wall of the tube and shell.
Please cite this article as: I. Bashtani et al., Effects of water-aluminum
turbulators: A numerical investigation, Journal of the Taiwan In
jtice.2021.05.001
3.3. Computational model

The problem is considered steady, and the pressure-based solver
is used to apply the SIMPLE algorithm for pressure-velocity coupling.
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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Table 2
Under relaxation factors

Pressure 0.3
Density 1
Body Force 1
Momentum 0.7
Turbulent kinetic energy 0.8
Turbulent dissipation rate 0.8
Turbulent viscosity 1
Energy 1
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According to the turbulence flow, the SST k-v model is used, and the
equations are discrete as finite volume. The second-order upwind
accuracy is used to discretize the momentum, turbulent kinetic
energy, specific dissipation rate, and energy equations. The conver-
gence criterion is taken as 1e-6. Also, the under-relaxation factors are
shown in Table 2.
3.4. Dimensionless wall distance

One of the crucial issues in the simulation of turbulent flow and
implementing turbulence models is the value of y+, especially in cases
where near-wall phenomena are important. To tackle this issue, a
sufficient number of cells in the boundary layer region should be con-
sidered. In the k-v SST model, at least 15 cells in the boundary layer
should be considered, and the value of y+must be less than 5. As
much as y+ is closer to one and less than one; the results are more
accurate. In this study, the average value of y+ is between 0.4-0.9 in
all cases.
3.5. Required equation

The thermophysical properties of water-aluminum oxide nano-
fluid are calculated according to the volume fraction, equal to 1%, 4%,
and 6%. The equations (15)-(18) are extracted from [3], in which
equations (15) and (16) are based on the conventional concept of
mixture. Equation (17) [34�36] is extracted from the fitting of exper-
imental data [34], and equation (18) [34�36] is established on a clas-
sical model [34]. The volumetric fraction values which are examined
in this study are inspired by articles presented in the literature
review (for example, reference [3]). Due to the good agreement of
nanofluid's numerical results in this study with the experimental
relationship of Pak and Cho [1], see the validation section, these
equations are selected.

rnf ¼ 1� ’ð Þrbf þ ’rp ð15Þ

Cpnf ¼ 1� ’ð ÞCpbf þ ’Cpp ð16Þ

mr ¼
mnf

mbf
¼ 123’2 þ 7:3’þ 1 ð17Þ

kr ¼
knf
kbf

¼ 4:97’2 þ 2:72’þ 1 ð18Þ

The following equations are used for data reduction [26].
Reynolds number

ReTube ¼
rumdinner

m
ð19Þ

ReShell ¼
rumðdouter � dinnerÞ

m
ð20Þ
Please cite this article as: I. Bashtani et al., Effects of water-aluminum
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Darcy friction coefficient

f ¼ 2DP
l
Drum

2
ð21Þ

Nusselt number

Nu ¼ hD
K

ð22Þ

h ¼ €q
Tw � Tb

ð23Þ

Logarithmic mean temperature difference

LMTD ¼ ðTh;o � Tc;oÞ � ðTh;i � Tc;iÞ
Ln ðTh;o�Tc;oÞ

ðTh;i�Tc;iÞ
h i ð24Þ

U ¼ q

A � LMTD
ð25Þ

Effectiveness [37] is described as the proportion of actual heat
transfer in the heat exchanger to the highest possible heat transfer
and calculates as follows

e ¼ q
qmax

ð26Þ

In this relation, qmax is the maximum heat transfer and is defined
as follows [37]

qmax ¼ Cmin Th;i � Tc;i
� � ð27Þ

Ch ¼ _mhcp;h ð28Þ

Cc ¼ _mccp;c ð29Þ

Cmin ¼ min Ch;Ccð Þ ð30Þ
Number of transfer units (NTU) [37]

NTU ¼ UA
Cmin

ð31Þ
3.6. Mesh view and grid independence test

The three-dimensional grid of the mentioned geometry is shown
in Figure 3. Also, the 2D view of the mesh at plane A (which is in the
middle of the turbulator) is shown. As shown in the 2D view, the
appropriate boundary layer mesh is utilized according to the turbu-
lence model and the desired value of Y+. The grid independence test
is performed for the heat exchanger with six turbulators with a con-
centration of 6%, in which the Reynolds number of tube and shell are
equal to 13000 and 500, respectively. And the outcomes reveal that
the number of suitable grids for the heat exchanger is equal to 2*106

(Table 3).
4. Validation

To validate the results, the two parameters, friction coefficient,
and Nusselt number are numerically calculated and compared with
the experimental equations [31] of Blasius, Petukhov, and Gnielinski
in the developed state.

The Nusselt number and friction coefficient are investigated for
the internal tube of the heat exchanger. As the hot fluid passes
through the tube at 350 K with the Reynolds number from 5000 to
17000, and the cold fluid passes from the shell at the temperature of
285 k with a Reynolds number of 5000. If the entry length for turbu-
lent flow is X

D >10, so it can be assumed that the flow is fully
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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Fig. 3. The mesh of the heat exchanger
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developed [31]; Therefore, the entrance region's 0.4 extra lengths are
considered to be sure to the fully developed.

As shown in Figure 4, the maximum error for the friction coeffi-
cient, in comparison of the numerical solution with the experimental
relations of Blasius and Petukhov is 3.46% and 2.85%, and the maxi-
mum error for the Nusselt number in comparison of the numerical
solution with the experimental relation of Gnielinski is 4.88%
(Figure 5).

fBlasius ¼ 0:316 Re�
1
4 Red�20000 ð32Þ
Table 3
Grid Independence Test

Grid DPh (kPa) DPc (kPa) Nu E-DPh (%) E-DPc (%) E-Nu (%)

1*106 0.16856 0.01829 78.2912 1.57 3.18 1.49
2*106 0.17125 0.01889 79.4754 0.88 1.25 0.68
4*106 0.17277 0.01913 80.0195

Please cite this article as: I. Bashtani et al., Effects of water-aluminum
turbulators: A numerical investigation, Journal of the Taiwan In
jtice.2021.05.001
fPetukhov ¼ 0:79Ln Re � 1:64½ ��2 3000� Red�5 � 106 ð33Þ

NuGnielinski ¼
f
8 � ReD � 1000½ � � pr

1þ 12:7 f
8

� �1
2 � Pr

2
3 � 1

� � 3000< Red < 5 � 106

0:5< Pr<2000
ð34Þ

Moreover, to validate numerical simulation of water-aluminum
oxide, the single-phase model is used in two dimensional axial symmet-
ric smooth tubewith L=1m and R=0.005m at turbulent flow, and numeri-
cal results are comparedwith an experimental correlation of Pak and Cho
[1]. The SST Kvmodel is used for simulation of turbulent flow; in which
the inlet boundary condition is velocity inlet with Ti= 293k, turbulent
intensity (I)= 1% and dh= 0.01, and the outlet boundary condition is a
pressure outlet. Moreover, constant wall flux €q ¼ 5 � 105 w

m2

h i
is used for

the wall. Al2O3 nanoparticles with an average diameter of 38 nm and
concentrations of 0.01, 0.04 and 0.06 in the Reynolds range from 10,000
to 40,000 were studied in single phase approach. Properties of the nano-
particles and base fluid are reported in Table 4.
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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Fig. 4. Validation of friction factor coefficient

Fig. 5. Validation of Nusselt number
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The numerical results are compared with the experimental corre-
lation of Pak and Cho [1]. The results indicate that the maximum
error for the Nusselt number compared with experimental results is
equal to 5.69% (Figure 6).

To show the accuracy of the solution in passing the fluid flow
through the ring turbulators, additional validation is investigated for
comparison with experimental results. So that the experimental
results of Ruengpayungsak et al. [11] in passing the fluid flow
Table 4
Nanoparticles properties [4]

r(kg/m3) Cp(J/kg.K) K(W/m.K) m(N.s/m2)

Water 998.2 4182 0.597 0.000993
Al2O3 3880 773 36
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through the circular ring turbulators in a tube under uniform heat
flux condition for space length ratio of three (SR=3, seven turbulators)
and tooth number of zero (N=0) at Reynolds between 10,000 and
18,000 are numerically evaluated and plotted in Figure 7. And the
maximum experimental uncertainty for friction factor coefficient
reported by Ruengpayungsak et al. [11] is § 5%. The SST Kv model is
used for simulation of turbulent fluid flow through the circular ring
turbulators in a tube, and the results indicate that the maximum error
for the friction factor compared with the experimental results of [11]
is equal to 6.14%.

Finally, considering the comparison of numerical results with
experimental results, it can be concluded that there is a good agree-
ment between numerical results and the experimental data.

5. Results and discussion

Figure 8 shows the temperature contour of the proposed heat
exchanger with six turbulators, in which the nanofluid as hot fluid
with a concentration of 6% passes through the inner tube at Re
=13000, and the cold fluid passes from the shell at Re = 500. Figure 8a
illustrates temperature profiles in sections of Z=0.1m to Z=0.7m, and
the temperature profile in section 0.6 is magnified in Figure 8b. More-
over, the temperature contour on plane B, defined at an angle of 45
degree, is shown in Figure 8c. As shown in Figure 8, passing the fluid
flow alongside the heat exchanger, the cold fluid is affected by the
hot fluid and becomes warmer. It is obvious the heat transfer to the
farther from the surface by turbulators.

Figure 9 shows the velocity contour of the proposed heat
exchanger with six turbulators, in which the nanofluid as hot fluid
with a concentration of 6% passes through inside the tube at
Re=13000, and the cold fluid passes from the shell at Re=500.
Figure 9a illustrates velocity profiles in sections of Z=0.1m to Z=0.7m,
and the velocity profile in section 0.6m is magnified in Figure 9b. The
velocity contour on plane B, at an angle of 45 degree, is shown in
Figure 9c. In addition, a part of Figure 9c is selected and magnified,
and velocity contour and streamlines are also shown in this selected
area. With a cursory glance at streamlines, it can figure out that as
the fluid flow approaches the turbulator, colliding of the fluid flow
with the turbulator surface breaks the boundary layer; after that,
passing the fluid flows through the tabulator creates vortex flow at
the back of the turbulator. The impinging flow on the turbulator can
recover heat from it and transfer to the mainstream by turning its
direction with the turbolators.

Figure 10 demonstrates the local Nusselt number values of the
inner side along the length of the heat exchanger with six turbulators
at Re=13000 and f = 6%. As shown in the figure, while the fluid flow
reaches the turbulator, the Nusselt number increases about 70%.
While in the back of the turbulator, the local Nusselt has decreased.
The reason is that the collision of fluid with the surface of the turbula-
tor and breaking of the boundary layer increases the heat transfer.
Therefore, the local Nusselt number is increased in this area; after
that, passing fluid flows through the tabulator creates vortex flow in
the back of the turbulator, reducing heat transfer and, consequently,
reducing the local Nusselt number.

The main purpose of Figure 11 is to investigate the effects of nano-
fluids on the assumed heat exchanger. For this purpose, the inner
side's local Nusselt value is plotted along the heat exchanger length
for volume concentrations of 0, 1, 4, and 6 percent that the Reynolds
number of the tube and the shell are equal to 13000 and 500, respec-
tively. With a cursory glance, it can figure out that adding nanopar-
ticles increases the local Nusselt number of the heat exchanger, and
increasing the concentration of nanofluid increases the local Nusselt
number up to 15% because of the improvement of effective thermal
conductivity. While the fluid flow reaches the turbulator, the Nusselt
number increases (because of the collision of fluid with the surface of
the turbulator and breaking of the boundary layer). While in the back
oxide nanofluid on double pipe heat exchanger with gear disc
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of the turbulator, the local Nusselt has decreased (because of creating
vortex flow in the back of the turbulator). Along the heat exchanger's
length, the local Nusselt number's maximum values in each turbula-
tor decrease slightly by decreasing volume concentration.

The inner side's local Nusselt number value is plotted along the
length at different Re numbers from 3000 to 13000 for a volume con-
centration of 1 percent (Figure 12). It can be figured out that increas-
ing the Reynolds number increases the local Nusselt number because
of the increasing turbulent kinetic energy of the fluid flow. The
results show that as the fluid flow reaches the turbulator, the Nusselt
number increases. Also, in the back of the turbulator, the local Nusselt
number has decreased. This increment is more significant at the
higher Re, i.e., 20% at Re=3000 and 50% at Re 13000.

Figure 13 shows the average Nusselt number against Reynolds
number of the inner tube for heat exchanger with six turbulators in
concentrations of 0%, 1%, 4%, and 6%. As seen in the figure, adding
nanoparticles increases the average Nusselt number in the heat
exchanger. Increasing the concentration of nanofluid leads to increas-
ing the Nusselt at the same Reynolds number. Also, increasing the
Reynolds number of the inner tube increases the average Nusselt
number in all cases. The results show that the values of Nu’¼x%

Nu’¼0%
for x=1

are equal to 1.019-1.022 and for x=4 are equal to 1.11-1.13 and for
x=6 are equal to 1.18-1.21.
Fig. 7. Validation of numerical results of passing fluid flow through the ring turbula-
tors with the experimental results of Ruengpayungsak et al. [11]
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Figure 14 shows a pressure drop of the inner side versus Reynolds
number of the inner tube for heat exchanger with six turbulators in
concentrations of 0%, 1%, 4%, and 6%. Considering the Reynolds of the
shell side is constant and equal to 500; therefore, the pressure drop
of the shell side is constant and equal to 0.01889kPa. As observed in
the figure, increasing the nanofluid concentration increases the pres-
sure drop at the same Reynolds number. So that the values of DP’¼x%

DP’¼0%

for x=1 are equal to 1.13-1.16 and for x=4 are equal to 1.9-2 and for
x=6 are equal to 2.98-3.

Figure 15 shows the overall heat transfer coefficient versus the
Reynolds of the hot fluid flow varying between 3000 and 13000 and
nanofluid concentration in hot flow varying between 0 and 6%. It can
be figured out that the overall heat transfer coefficient increases with
rising concentration of the nanofluid and increasing the Reynolds
number. The curvature of the contours is more at a higher Re number,
which means the system can be operated with the lower Re number
when using nanofluid, i.e., the overall heat transfer coefficient at the
Re number 8000 using nanofluid have the same value as the Re num-
ber 11000 without nanoparticle. Also, this can conclude the more
useful of the nanofluid at the higher Re number.

Figure 16 shows the effectiveness versus Reynolds number of the
inner tube for heat exchanger with six turbulators in concentrations
of 0%, 1%, 4%, and 6%. As seen in the figure, adding nanoparticles
increases the heat exchanger's effectiveness, and increasing the con-
centration of nanofluid leads to increasing the effectiveness at the
same Reynolds number. Also increasing the Reynolds number of the
inner tube increases effectiveness in all cases. The results show that
the values of e’¼x%

e’¼0%
for x=1 are equal to 1.01-1.03 and for x=4 are equal

to 1.05-1.12 and for x=6 are equal to 1.08-1.19.
Effectiveness is described as the proportion of actual heat transfer

in the heat exchanger to the highest possible heat transfer and calcu-
lates as follows

e ¼ q
qmax

¼ _mhcp;h Th;i � Th;o
� �

Min _mhcp;h; _mccp;c
� � � Th;i � Tc;i

� �
¼ _mccp;c Tc;i � Tc;o

� �
Min _mhcp;h; _mccp;c

� � � Th;i � Tc;i
� �

Considering the shell side of the heat exchanger is adiabatic; con-
sequently, according to the principles of heat transfer and energy
conservation, equality of heat transfer from the hot fluid with that of
the cold fluid (qh=qc), so q is equal to qh and qc (q =qh=qc). The
numerator of e equation, which is _mhcp;hðTh;i � Th;oÞ, is continuously
increased by increasing hot water Re number (increasing Re number
increases heat transfer and Nusselt number). The value of _mccp;c is
oxide nanofluid on double pipe heat exchanger with gear disc
stitute of Chemical Engineers (2021), https://doi.org/10.1016/j.

https://doi.org/10.1016/j.jtice.2021.05.001
https://doi.org/10.1016/j.jtice.2021.05.001
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Fig. 9. Velocity contour of the heat exchanger with six turbulators
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constant at Re=500, and is lower than the value of _mhcp;h from
Re=3000 to 13000. So the denominator of e equation remains con-
stant ½ð _mccp;c ¼ cteÞ< _mhcp;h�, and increment of the numerator of e
equation leads to increasing the effectiveness e" ¼ q"

qmax

h
ðconstantÞ�;

therefore, e increases with increasing Reynolds Number.
Figure 17 shows the number of transfer unit, NTU, versus Rey-

nolds number of the inner tube for heat exchanger with six turbula-
tors in concentrations of 0%, 1%, 4%, and 6%. As seen in the figure,
adding nanoparticles increases the NTU in the heat exchanger.
Increasing the concentration of nanofluid leads to an increasing the
Please cite this article as: I. Bashtani et al., Effects of water-aluminum
turbulators: A numerical investigation, Journal of the Taiwan In
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NTU at the same Reynolds number. Also, increasing the Reynolds
number of the inner tube increases the NTU in all cases. The results
show that the values of NTU’¼x%

NTU’¼0%
for x=1 are equal to 1.01-1.03 and for

x=4 are equal to 1.05-1.12 and for x=6 are equal to 1.08-1.20.

Conclusions

In this study, the effects of adding Al2O3-water in the water to
water double pipe heat exchanger with six gear disc turbulators at
turbulent flow are numerically investigated. In the first step, the
oxide nanofluid on double pipe heat exchanger with gear disc
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Fig. 10. Local Nusselt number values along the length for the heat exchanger with six
turbulators at Re=13000 and ’=6%

Fig. 11. Local Nusselt number values along the length for the heat exchanger at
Re=13000 and different volume concentrations.

Fig. 12. Local Nusselt number values along the heat exchanger's length at different
Reynolds numbers and volume concentration of 1%.

Fig. 13. Average Nusselt number vs. Reynolds number of the inner tube
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effect of turbulators on the shell side’s fluid flow is studied. By inves-
tigating the Local Nusselt number values along the length of the heat
exchanger, it explains how the turbulators increased the heat transfer
in the heat exchanger. Then, the effects of adding water-aluminum
oxide nanofluid, concentrations of the nanofluid, and variation of
Reynolds number of the inner tube on heat transfer and pressure
drop are studied. Finally, the problem is analyzed by e-NTU. The
results indicated that:

� The turbulators enhance thermal effects, so that collision of the
fluid with the surface of the turbulator and breaking of the
Please cite this article as: I. Bashtani et al., Effects of water-aluminum
turbulators: A numerical investigation, Journal of the Taiwan In
jtice.2021.05.001
boundary layer increases the heat transfer and local Nusselt num-
ber about 70%.

� Increasing concentration of nanoparticles increases the Nu, DP, e,
and NTU in the same Reynolds number.

� The heat exchanger can be operated with the lower Re number
when using nanofluid with the same overall heat transfer coeffi-
cient.

� Increasing the Reynolds number of inner tube increases Nu, DP, e,
and NTU.

� The value of e’¼x%
e’¼0%

h i
x¼1;4;6

are equal to 1.03, 1.12, and 1.19 at
Re=3000.
oxide nanofluid on double pipe heat exchanger with gear disc
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Fig. 15. Overall heat transfer coefficient values at different values of Re and ’ of the
inner tube

Fig. 16. Effectiveness versus Reynolds number of the inner tube

Fig. 17. Number of Transfer Unit versus Reynolds number of the inner tube

Fig. 14. Pressure Drop versus Reynolds number of the inner tube.
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� The value of ½Nu; e; and NTU� ’¼6% ’ ¼ 0% are equal to 1.21, 1.19,
and 1.20, respectively, in the same Re number.
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