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a b s t r a c t

Tapered wire coil insert is proposed as a novel enhancer in the double tube heat exchanger and experi-
mental studies on Al2O3 + MgO hybrid nanofluid flowing under the turbulent condition are performed to
investigate the hydrothermal characteristics. Effects of using tapered wire coil turbulator and hybrid
nanofluid on the hydrothermal behaviors are examined for different coil configurations (Converging
(C) type, Diverging (D) type and Conversing-Diverging (C-D) type) and hybrid nanofluid inlet tempera-
tures and volume flow rates. Results show that D-type wire coil insert promotes better hydrothermal per-
formance as compared to C-type and C-D type. Nusselt number and friction factor of hybrid nanofluid
using D-type, C-D type and C-type wire coil inserts enhance up to 84%, 71% and 47%, and 68%, 57% and
46%, respectively than that of water in tube without insert. The entropy generation of hybrid nanofluid
is lower than that of base fluid in all cases. The thermal performance factor for hybrid nanofluid is found
more than one with all inserts. The thermal performance factor is observed a maximum of 1.69 for D-type
coil. The study reveals that the hybrid nanofluid and tapered wire coil combination is promising option
for improving the hydrothermal characteristics of double pipe heat exchanger.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Many active and passive heat transfer augmentation techniques
have been established for the heat exchanger. In the active method,
the heat transfer rate is enhanced by adding external power
sources such as rotating the surface, impinging jets, fluid vibration,
etc. On the other hand, the passive method does not require any
power sources, easy to handle and low-cost implementation. That’s
why, recently, the passive technique has become a promising
method. Among the passive techniques, the turbulator is exten-
sively used in the heat exchanger. However, most of the research-
ers investigated the thermal characteristics of heat exchanger
using twisted tape or wire coil inserts [1–5]. Both the tube inserts
are generally more active in the laminar flow regime as compared
to turbulent flow. Twisted tape insertion is beneficial than wire coil
insert without considering pressure drop penalty; however, the
wire coil inserts yield better overall performance by considering
the pressure drop penalty [6–7]. Wire coil insertions as turbulator
have been used to increase the hydrothermal characteristics by
diminishing the boundary layer thickness and thus increasing the
turbulent flow intensity. High turbulent flow intensity can improve
the hydrothermal characteristics by reducing the stream cross-
section area, increasing the temperature gradient and flow velocity
with a penalty of pressure drop. Within the last decade, several
experiments were carried out to find out the influence of wire coil
inserts on the heat transfer and friction factor characteristics of
water for various heat exchangers [8–11].

Recently, the mono or hybrid nanofluids (referred to the compo-
sition of one or more variants type of nanoparticles dispersed in
base fluid) have been appeared as an advanced heat transfer fluid
due to significant improvement of heat transfer characteristics
[12–15]. Hence, the combination of helical coil inserts and nano-
fluid together may lead to an increase in the hydrothermal charac-
teristics of the heat exchanger significantly and many
investigations have been conducted in the last few years [16].
Chandrasekar et al. [17–18] conducted an experiment to study
the water-based alumina nanofluid heat transfer and pressure drop
in the tube with coil inserts and found enhancement due to the
effect of dispersion or back-mixing. Saeedinia et al. [19]
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Nomenclatures

cp specific heat capacity, J/kg K
d smaller coil end diameter, m
D larger coil end diameter, m
f friction factor
p pressure, Pa
P pitch of the coil, m
k thermal conductivity, W/m K
Nu Nusselt number
m mass flow rate, kg/s
Pr Prandtl number
Q heat transfer rate, W
Re Reynolds number
S entropy, W/K
T temperature, K
H temperature difference, K

£ particle volume concentration, %
m dynamic viscosity, Pa s
q density, kg/m3

Subscripts
bf base fluid
c cold fluid (water)
f friction
gen generation
h,hnf hot fluid, hybrid nanofluid
ht heat transfer
i,o inner/outer
in,out inlet and outlet
np nanoparticle
it,ot inner tube and outer tube
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experimentally observed 45% heat transfer augmentation and a 63%
pressure drop increase of oil-based CuO nanofluid under laminar
flow in plain tube. Naik et al. [20] experimentally found that the
performance enhancement of CuO nanofluid with coil insert is
more than that with twisted tape. Reddy and Rao [21] found the
13.85% enhancement in the heat transfer coefficient of TiO2 nano-
fluid in the concentric tube heat exchanger. Akhavan-Behabadi
et al. [22,23] experimentally investigated the heat transfer charac-
teristics of MWCNT nanofluid in a coil inserted tube and found the
85% improvement in heat transfer and more than one thermal per-
formance factor. Mirzaei and Azimi [24] reported the 77% heat
transfer coefficient augmentation of graphene oxide nanofluids
with helical wire coil inserts. Goudarzi and Jamali [25] reported
14% performance enhancement of car radiator using Al2O3/EG
nanofluid and coil inserts. Sundar et al. [26] reported 32% Nusselt
number enhancement by means of Fe2O3 nanofluid and coil inser-
tion in the bend tube. Akyurek et al. [27] also reported both heat
transfer and pressure drop enhancements of Al2O3/water nanofluid
with wire coil insertion in a double tube type heat exchanger.

However, the studies on the hydrothermal characteristics of
wire coil insertions using hybrid nanofluids are very limited.
Hamid et al. [28,29] numerically as well as experimentally evalu-
ated the hydrothermal performance of TiO2 + SiO2 nanofluid with
wire inserted in a circular tube and reported the heat transfer aug-
mentation up to 254%. All the reported studies in literature used
helical coil inserts except the study by Karakaya and Durmus
[30]. They studied the hydrothermal performance of air by using
conical spring inserts in the tube with uniform temperature
boundary condition. However, based on the above literature sur-
vey, no study is available with non-helical coil insert for mono or
hybrid nanofluids.

Hence, three novel tapered wire coil inserts i.e. convergent type
(C-type), divergent type (D-type) and convergent-divergent type
(C-D type) are proposed as turbulator in this study. Dissimilar to
the conventional (helical) coil, it will increase the turbulent flow
intensity at different radial distances and hence significantly
improve heat transfer characteristics. The main objective is to
experimentally investigate the effects of tapered wire coil inser-
tions in the double tube heat exchanger on the parameters such
as Nusselt number and friction factor using Al2O3-MgO/water
hybrid nanofluid flowing in the inner tube under turbulent flow.
Effects of various tapered wire coil configurations, operating tem-
perature and nanofluid flow rate on the hydro-thermal perfor-
mance are analyzed. The effects on entropy generation are
discussed as well.
2. Experimentation

2.1. Nanofluid preparation and properties

The hybrid nanofluid was synthesized by dispersing Al2O3

(nanoparticle size of less than 50 nm), MgO (nanoparticle size of
less than 90 nm) nanoparticles (50/50 vol ratio) in distilled water
for 0.1% volume concentration. The thermophysical properties of
DI water, Al2O3, MgO nanoparticles and Al2O3 + MgO nanofluid
are shown in Table 1. The specific heat capacity of nanofluid is
lower than that of the base fluid due to the lower specific heat
capacity of the nanoparticles. Furthermore, the specific heat is
more for smaller size particles as compared to bigger size particles
may be due to more surface atoms. For the preparation, both
nanopowders were first dispersed in 10 Liter water and then son-
icated for 180 min using an ultrasonic bath of power 200 W with
40 kHz. Fig. 1 shows the TEM image of the mixture of Al2O3 and
MgO nanoparticles in hybrid nanofluid and exposes that the
nanoparticles are in a spherical shape and of the average particle
size of 50 nm with proper dispersion. The stability of the hybrid
nanofluid was examined by visual observation. The sedimentation
was found after 20 days as shown in Fig. 2. Moreover, all the
thermo-physical properties were measured before and after the
experiment to observe the stability of hybrid nanofluid. No sub-
stantial difference in measured properties was found. Thermal con-
ductivity and specific heat capacity of hybrid nanofluid were
measured by KD2 thermal property analyzer with an accuracy of
±1%. The dynamic viscosity was measured by LVDV-II + Pro Brook-
field digital viscometer. To study the rheological behavior of the
hybrid nanofluid, the experiments were performed at different
shear rates (different RPM) ranging from 76.8 s�1 to 384 s�1 for dif-
ferent temperatures (30–70 �C). The results indicate that the
hybrid nanofluid behaves like Newtonian fluid as the hybrid nano-
fluid has the same viscosity at different shear rates. Also, the vis-
cosity of the hybrid nanofluid decreases with an increase in
temperature. The density of hybrid nanofluid was evaluated by
measuring the mass of a certain volume by weighing balance fol-
lowed by the relation, density = mass/volume.

2.2. Experimental setup and procedure

The schematically outline of the test facility, mainly consisting
of the double tube heat exchanger, heating tank and chiller with
temperature controller, two rotameters, two circulating pumps
and U-tube manometer, is shown in Fig. 3. Hot fluid (hybrid nano-



Table 1
Thermo-physical properties of base fluid, nanoparticles and hybrid nanofluid.

Materials Thermal conductivity (W/m�K) Density (kg/m3) Specific heat capacity (J/kg�K) Viscosity (Pa�s)
Water 0.6014 995 4183 0.0007623
Al2O3 40 3900 880 –
MgO 48.4 3580 877 –
Al2O3 + MgO (Hybrid nanofluid) 0.6047 1000.1 4171 0.0008187

Fig. 1. TEM image of Al2O3 + MgO hybrid nanofluid.

Fig. 2. Sedimentation observation of Al2O3 + MgO (0.1 vol%.) hybrid nanofluid.
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fluid) is fed through the inner tube and cold fluid (water) is passed
through annulus in the opposite direction. The inner tube has
internal and external diameters of 18 and 26 mm, respectively,
whereas the annulus has an internal diameter of 42 mm. To
decrease the heat losses to the surrounding, the outer tube was
wrapped with asbestos rope. The temperatures of both fluids were
determined by using PT-100 thermocouples. Calibration of all the
thermocouples was done with a portable calibrator before fixing
them. Two rotameters (one is float type and other is turbine type)
were installed with control valves in each circular loop to deter-
mine the flow rates of the fluids. Float type rotameter was imple-
mented in the hot fluid loop whereas turbine type rotameter was
in the cold fluid loop. The control valves were implemented to
regulate the flow rate of both fluids. Pressure drop through the
inner tube and outer tube were measured by U-tube manometers.
In the experiment, the temperature of the water was kept at 30 �C
and maintained a uniform flow rate of 25 lpm. The hot fluid flowed
through the inner pipe at a constant temperature of 50 �C, 60 �C
and 70 �C with a volumetric flow rate ranging from 4.2 lpm to 15
lpm. In each test run, all the temperatures and pressure drops were
recorded at a period of 15–20 min to ensure the steady-state. The
specifications of the concentric tube heat exchanger and geome-
tries of tapered wire coils and operating conditions are summa-
rized in Table 2.

The pictorial view of tapered wire coil with different configura-
tions namely convergence type wire coil (C-type), divergence type
wire coil (D-type) and convergence-divergence type wire coil (C-D
type) as shown in Fig. 4. The tapered wire coil is made of alu-
miniumwith 13 mm diameter (D) from one end and 6.5 mm diam-
eter (d = D/2) from another end with a constant pitch of 10 mm. All
the dimensions of the wire coil were measured by using Vernier
caliper with the least count of 0.02 mm.
2.3. Data reduction

The heat transfer rate from hot hybrid nanofluid and cold fluid
have been calculated by,

Qhnf ¼ _mhnf cphnf Th;in � Th;out
� � ð1Þ

Qw ¼ _mwcpw Tw;out � Tw;in
� � ð2Þ

The average heat transfer rate can be expressed as,

Qv ¼ Qhnf þ Qw

� �
=2 ð3Þ

The overall heat transfer coefficient (inner tube side) is
expressed by,

Ui ¼ Qv

Ai � DTLMTD
;DTLMTD ¼ Th;in � Tw;out

� �� Th;out � Tw;in
� �

ln Th;in�Tw;out

Th;out�Tw;in

� � ð4Þ

The inner tube side (hybrid nanofluid) heat transfer coefficient
can be evaluated by the equation without considering fouling,

1
UiAi

¼ 1
hiAi

þ
ln do

di

� �
2pkL

þ 1
hoAo

ð5Þ

Where, the cold fluid side heat transfer coefficient is measured
by Gnielinski’s equation,

Nuo ¼
f
8

� �
Re� 1000ð ÞPr

1þ 12:7 f
8

� � 1=2ð Þ
Pr 2=3ð Þ � 1
� � ð6Þ

where, the friction factor is determined by Petukhov correlation,

f ¼ 0:79ln Reð Þ � 1:64ð Þ�2
; 2300 < Re < 106; 0:5 < Pr

< 2000 ð7Þ
The value of Nuo from the Eq. (6) is substituted in Eq. (8) to eval-

uate the cold fluid side heat transfer coefficient.



Fig. 3. Schematic diagram of the experimental setup.

Table 2
Details of experimental setup and operating conditions.

Parameter Value

Inner tube internal diameter 18 mm
Inner tube external diameter 26 mm
Length of the tube 570 mm
Outer tube internal diameter 42 mm
Wire thickness 2 mm
Pitch of the tapered wire coil, P 10 mm
Larger end diameter of tapered wire coil, D 13 mm
Smaller end diameter of tapered wire coil, d 6.5 mm
Nanofluid Reynolds number 9000 to 40000
Nanofluid inlet temperature 50 �C, 60 �C and 70 �C
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ho ¼ Nuo � ko
de

ð8Þ

where de is the equivalent diameter of the annulus fluid and given
by,

de ¼ dot;i
2 � dit;o

2
� �

=dit;o ð9Þ

Then the hot fluid side (hybrid nanofluid) heat transfer coeffi-
cient has been evaluated by using Eqs. (5)–(8). The Nusselt number
of hybrid nanofluid has been estimated by,

Nuhnf ¼ hhnf dit;i=khnf ð10Þ
The friction factor is given by,

f ¼ p2

8
Dp

qhnf dit;i
2

_mhnf
2L

 !
ð11Þ

The thermal performance factor (TPF) is the ratio of effective
change in Nusselt number to change in friction factor. It is a vital
parameter that indicates the potential of tapered wire coil for prac-
tical applications.

TPF ¼ Nuhnf

Nubf

� �
= f hnf =f bf
� � 1=3ð Þ ð12Þ
For each side of the double tube heat exchanger, the total
entropy generation is expressed as,

Sgen;tot ¼ Sgen;ht þ Sgen;f ð13Þ
The entropy generation due to heat transfer (Sgen,ht) can be

expressed as follow;

Sgen;ht ¼ _mhnf cphnf ln
Th;out

Th;in

� �
þ _mccpcln

Tc;out

Tc;in

� �
ð14Þ

The entropy generation due to pressure drop (Sgen, f) can be
expressed as follow;

Sgen;f ¼
_mhnf � Dph

qh � Tavg;h
þ _mc � Dpc

qc � Tavg;c
ð15Þ
2.4. Uncertainty analysis

Table 3 presents the uncertainty of measuring apparatuses used
in the experiment. Based on these uncertainties, the maximum
uncertainties of the predicted parameters such as Reynolds num-
ber, Nusselt number, friction factor, TPF and entropy generation
have been calculated and are also depicted in Table 3.
2.5. Validation of plain tube with water

The experiments were performed with water in a plain tube to
validate the experimental data. The hot water at 60 �C and cold
water at 30 �C were supplied. At steady-state, all the parameters
such as temperatures and pressure drop of hot and cold fluid were
noted at the Reynolds number from 9000 to 40,000 and used for
determining the Nusselt number. The experimentally obtained
Nusselt number was validated with Gnielinski’s correlation as seen
in Fig. 5. The results indicate that the experimentally results data
reasonably agreed with the correlation and showed a maximum
deviation of 7.5%.



Table 3
Measuring apparatus accuracy and uncertainty of parameters.

Parameter Accuracy

Temperature (0–750 �C) ±0.2 �C
Mass flow rate (0–2 kg/s) ±0.003 kg/s
Density (kg/m3) ±1%
Viscosity (Pa�s) ±1%
Thermal conductivity (W/m�K) ±1%
Pressure drop (0–30 mm Hg) ±3.02%
Reynolds number ±1.56%
Heat transfer coefficient ±3.73%
Nusselt number ±3.86%
Friction factor ±4.45%
TPF ±5.84%
Entropy generation ±3.57%

Fig. 5. Validation of Nusselt number with Reynolds number for water in a plain tube.

Fig. 4. Tapered wire coil with different configurations and dimensions.
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3. Results and discussion

3.1. Nusselt number and friction factor

Figs. 6 and 7 show the influence of using tapered wire coil on
the Nusselt number and friction factor of hybrid nanofluid with dif-
ferent coil configurations (C-type, D-type and C-D type) at an inlet
temperature of 60 �C. The results indicate that while increasing
Reynolds number, Nusselt number increases and friction factor
drops due to a decrease of both hydrodynamic and thermal bound-
ary layer thickness. Tapered wire coil insertions provide better
hydrothermal characteristics by diminishing the boundary layer
thickness and thus increasing the turbulent flow intensity at differ-
ent radial distances in the tube. The Nusselt number of hybrid
nanofluid is greater than that of the base fluid (water). It is due
to the increase of thermal conductivity of nanoparticles and
increase of fluid viscosity which causes to be lost the fluid move-
ment which promotes better heat transfer. Also, the results reveal
that D-type wire coil promotes enhanced heat transfer than that of
the C-type and C-D type because it provides higher contact surface
area between fluid and wall surface when the fluid decelerates
from D-type wire coil. In Fig. 7, it is found that using tapered wire
coil results in an increase of friction factor above that of plain wire
coil as the fluid contact with the surface area of wire coil is greater
due to longer path flow which leads to higher friction loss. D-type
wire coil shows a higher friction factor than that of the C-type and
C-D type because the flow is disturbed at the entry of D- type wire
coil turbulator and yields a higher pressure drop across the length
of the tube. The average Nusselt number and friction factor of 0.1%
hybrid nanofluid flowing in the inner tube with D-type, C-D type
and C-type wire coil inserts respectively, enhance 1.64 to 1.84,
1.57 to 1.71, 1.34 to 1.47 times and 1.28 to 1.68, 1.21 to 1.57 and
1.18 to 1.46 times, respectively, than that for the smooth tube with
water (base fluid).



Fig. 6. Variation of Nusselt number with Reynolds number for different coil
configurations.

Fig. 7. Variation of friction factor with Reynolds number for different coil
configurations.

Fig. 8. Comparison of Nusselt number for different coil configurations and inlet
temperatures.

Fig. 9. Comparison of friction factor for different coil configurations and inlet
temperatures.
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The variations of Nusselt number and friction factor of hybrid
nanofluid for different configurations with different inlet tempera-
tures of 50 �C, 60 �C and 70 �C at a volume flow rate of 10 lpm are
illustrated in Figs. 8 and 9. The results show that the Nusselt num-
ber increases and friction factor decreases with increasing the inlet
temperature of hybrid nanofluid. The Nusselt number rises with an
increase in temperature because of the augmentation in thermo-
physical properties of the hybrid nanofluid such as viscosity, den-
sity and thermal diffusivity. At the same instant, the pressure drop
in the pipe also falls with the rise in inlet temperature as the fluid
viscosity decreases with an increase in inlet temperature. Using a
D-type wire coil, the maximum value of the Nusselt number for
water shows 304.7 at 70 �C followed by 288.7 at 60 �C and 273.4
at 50 �C, respectively. At 70 �C, using D-type wire coil, the average
Nusselt number of the hybrid nanofluid enhances around 11.43%
greater than that of the water and 8.05% more than that of hybrid
nanofluid at 50 �C, respectively. Using a D-type wire coil, the max-
imum value of friction factor for water shows 0.2426 at 50 �C fol-
lowed by 0.2402 at 60 �C and 0.2377at 70 �C respectively. In
contrast, at 50 �C, the average friction factor of the hybrid nano-
fluid enhances around 13.96% more than that of water and 8.1%
more than that of hybrid nanofluid at 70 �C, respectively.
3.2. Ratio h/4p and thermal performance factor (TPF)

The results obtained so far indicate that using tapered wire coil
insertions leads to the augmentation of Nusselt number and reduc-
tion of friction factor with the rise in Reynolds number, both of
which are favorable. To estimate the net effect of tapered wire coil
insets on the hydrodynamic performance of concentric tube heat
exchanger, the ratio h/4p and TPF have been investigated. Figs. 10
and 11 show the influence of using tapered wire coil insertions on
the h/4p ratio and TPF of hybrid nanofluid with different configu-
rations (C-type, D-type and C-D type) at the inlet temperature of
60 �C. It has been found that with an increase in Reynolds number,
it causes the ratio h/4p and TPF to diminish up to Reynolds num-
ber of 30,000 and then increases. In fact, while increasing the Rey-
nolds number, the pressure drop increases much greater than the
heat transfer and this leads to reduce both h/4p ratio and TPF.
The h/4p ratio varies from 2.92 to 5.05 for the D-type wire coil,
2.72 to 4.85 for the C-D type and 2.71 to 3.88 for the C-type wire
coil while using Al2O3 + MgO hybrid nanofluid. In comparison to
the h/4p ratio using nanofluid, D-type wire coil has reported a
5.16% higher than that of water and about 24.9% greater than plane
wire coil. The value of TPF is greater than one for hybrid nanofluid.
This indicates that using hybrid nanofluid and tapered wire coil
inserts are considered a better choice in practical application. In



Fig. 10. Variation of h/4p ratio with Reynolds number for different coil
configurations.

Fig. 11. Variation of TPF with Reynolds number for different coil configurations.

Fig. 12. Comparison of h/4p ratio for different coil configurations and inlet
temperatures.

Fig. 13. Comparison of TPF for different coil configurations and inlet temperatures.
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this experimental study, the TPF of nanofluid with D-type wire coil
is greater than with C-D type and C-type wire coil inserts. Mean-
while, the maximum TPF of 1.69 was found for the D-type wire coil
at Reynolds number of 10000.

Figs. 12 and 13 show the effect of the inlet temperature of
hybrid nanofluid on the h/4p ratio and TPF with different coil con-
figurations at the volume flow rate of 10 lpm. The results reveal
that with the rise in hybrid nanofluid inlet temperature, the h/4
p ratio increases but TPF decreases. This is due to the fact that
the increase in hybrid nanofluid inlet temperature leads to a reduc-
tion of fluid velocity as well as viscosity and thus reduction of the
pressure drop. For example, at inlet temperature of 70 �C, using a
D-type wire coil, the h/4p ratio of the hybrid nanofluid enhances
by around 20.25% more than that of hybrid nanofluid at 50 �C for
the same volume flow rate of 10 lpm. On the other hand, at an inlet
temperature of 50 �C, the TPF of the hybrid nanofluid enhances by
around 5.35% greater than that of hybrid nanofluid at an inlet tem-
perature of 70 �C.

3.3. Entropy generation

Fig. 14 illustrates the variation of total entropy generation with
hybrid nanofluid flow rate for different coil configurations at the
inlet temperature of 60 �C. As expected, the total entropy genera-
tion increases with an increase in the hybrid nanofluid mass flow
rate. The entropy generation due to friction (Sgen,f) is found minor
relating to entropy generation due to heat transfer (Sgen,ht). With
the occurrence of nanoparticles in the base fluid, effective temper-
ature difference decreases and pressure drop increases, and as a
result, Sgen,ht decreases and Sgen,f increases. As the first part is more
significant, the entropy generation of hybrid nanofluid is lower
than that of the water. Due to the same reason, the total entropy
generation decreases by using tapered wire coil insertions in the
tube. In comparison to base fluid, using tapered wire coil inserts
in the heat exchanger, the maximum drop in total entropy gener-
ation of hybrid nanofluid was found 10.27% for D-type, 6.56% for
C-D type and 9.37% for C-type wire coil, respectively, at the Rey-
nolds number of 36000.

Fig. 15 shows the influence of the inlet temperature of the hot
fluid (hybrid nanofluid) on the total entropy generation with dif-
ferent wire coil configurations at the volume flow rate of 10 lpm.
The result indicates that with the increase in hybrid nanofluid inlet
temperature, the total entropy generation increases for all types of
wire coil configurations because of the increase in the overall tem-
perature difference of the heat exchanger. It may be known that
with an increase in temperature, the fluid properties improve
(thermal conductivity increases and viscosity decreases) and hence
both heat transfer and friction factor-related entropy generations



Fig. 14. Variation of entropy generation with hybrid nanofluid mass flow rate for
different coil configurations.

Fig. 15. Comparison of entropy generation for different coil configurations and inlet
temperatures.
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will decrease for some difference between hot and cold inlet tem-
peratures. At70�C, the reduction of 17.43% in total entropy genera-
tion has been found for D-type wire coil as compared to the
smooth tube using hybrid nanofluid.

4. Conclusions

The effects of various types of novel tapered wire coil inserts in
the double tube heat exchanger on the heat transfer and friction
factor characteristics using Al2O3 + MgO hybrid nanofluid has been
studied experimentally under turbulent flow condition. The fol-
lowing conclusions can be obtained from results and discussion:

� D-type wire coil promotes more heat transfer enhancement
than others. Nusselt number and friction factor of 0.1% hybrid
nanofluid with D-type, C-D type and C-type wire coil inserts
enhance 1.64–1.84, 1.57–1.71, 1.34–1.47 times and 1.28–1.68,
1.21–1.57 and 1.18–1.46 times, respectively, as compared to
plain tube.
� With the increase in inlet temperature from 50 �C to 70 �C, the
Nusselt number of hybrid nanofluid enhances around 8.0% and
the friction factor of hybrid nanofluid decreases by 8.1% using
D-type wire coil inserts in a double tube heat exchanger.

� The h/4p ratio using hybrid nanofluid and D-type wire coil
insert is about 24.9% more than that of a plane tube using water.
The value of TPF is greater than unity for hybrid nanofluid,
which indicates that using hybrid nanofluid and tapered wire
coil inserts are considered a better choice in practical
application

� In comparison to base fluid, using tapered wire coil, the maxi-
mum reduction in total entropy generation of hybrid nanofluid
is found 10.27% for D-type, 6.56% for C-D type and 9.37% for C-
type wire coil, respectively, at Reynolds number of 36000. The
total entropy generation of hybrid nanofluid reduces by using
wire coil inserts.

� Hybrid nanofluid and tapered wire coil inserts can be consid-
ered as a potential combination for improving the hydrothermal
characteristics of a double pipe heat exchanger for various heat
transfer applications due to an increase in h/4p ratio.
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