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Abstract

Exergy efficiency, Nusselt number, friction factor, pressure drop, thermal and frictional entropy generation of water-based
nanodiamond + Fe;O, nanofluid flow in a tube and with various coiled wire inserts have been studied experimentally under
turbulent and constant heat flux boundary conditions. The experiments were conducted in the Reynolds number range from
2000 to 22,000, particle concentrations of 0.05%, 0.1% and 0.2% and coiled wire inserts of different p/d values of 3.67,
2.34 and 1.00, respectively. Results indicate that at 0.2% vol. and Reynolds number of 20,095, without coiled wire inserts,
the heat transfer coefficient, Nusselt number, friction factor, pressure drop and pumping power are enhanced to 44.36%,
29.55%, 11.1%, 29.58% and 39.49% over the base fluid data. Similarly, at 0.2% vol. and Reynolds number of 20,095, with
coiled wire inserts of p/d=1, the heat transfer coefficient, Nusselt number, friction factor, pressure drop and pumping power
are further enhanced to 107.19%, 66.36%, 38.84, 64.44% and 76.54% over the base fluid data without inserts. The thermal
entropy generation is decreased to 30.80% and it is further decreased to 46.34% at 0.2% vol. and Reynolds number of 20,095
with coiled wire inserts of p/d =1. The exergy efficiency of water is 18.95%, and it is increased to 24.06% for 0.2% vol. and
it is further increased to 51.85% for 0.2% vol. and Reynolds number of 20,095 with coiled wire inserts of p/d=1. The study
indicates that the hybrid nanofluids with coiled wire inserts are guaranteed choice for augmenting the exergy efficiency of
flow through tube.
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Abbreviations
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A Area, m
Be  Bejan number
D Inner diameter, m

D Outer diameter, m
dy,  Hydraulic diameter, m
f Friction factor
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Acceleration due to gravity, m s~
Manometric fluid height, m
Heat transfer coefficient, W m= k™!
Thermal conductivity, W m2 k!
Length of the tube, m

Mass flow rate, kg s

Entropy generation number

Nusselt number, 2D /k

Pitch of the coiled wire, m

Pumping power, W

Prandtl number, u X Cp /k

Rate of heat supplied to the test tube, W
Rate of heat absorbed by the fluid, W
Average rate of heat, W

Reynolds number, 471/ nD;

Thermal entropy generation, W k™!
Frictional entropy generation, W k™!
Thickness of the coiled wire, m
Temperature, °C

Velocity of the fluid, m g1
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Subscripts

i Inlet

0 Outlet

m Mean

s Surface

Symbols

p Density, kg m™

¢ Particle volume concentration, %
AP  Pressure drop, Pa

u Viscosity, mPa.s

n Thermal performance factor
Introduction

The invented nanofluid of Choi [1] gives the enhanced ther-
mal conductivity, which causes the enhanced heat transfer
coefficients, while they flow in thermal equipments. Nano-
fluids have superior thermal conductivity than the single-
phase fluids. Esfe et al. [2] have obtained the enhanced
thermal conductivity of water—titania nanofluids with an
increase in temperature and particle volume concentration
based on the artificial neural network. Riahi et al. [3] pre-
pared Al,Os;—water nanofluids using pulsed laser ablation
technique in liquid and analyzed the thermal conductivity
of nanofluids. They have observed increase in thermal con-
ductivity of nanofluids with an increase in temperature and
particle volume loadings. Li et al. [4] developed an empiri-
cal correlation for the thermal conductivity of SiO,-oleic
acid/liquid paraffin nanofluid with a deviation less than
10%. Sundar et al. [5] have obtained the thermal conduc-
tivity and viscosity enhancements of 48% and 2.96 times
of 2.0% volume concentration of Fe;O,/water nanofluid at
60 °C compared to base fluid. Liu et al. [6] noticed thermal
conductivity enhancement of 22.4% at 0.05% vol. of CuO/
water nanofluid. Guo et al. [7] found thermal conductivity
increases of 3.2% and 9.6% for 0.5 vol.% of SiO,-EG and
1.0 vol. % of SiO,-EG than the base fluid. Due to the nano-
particle migration, Brownian motion and micro-convection,
the nanofluids offer higher thermal conductivity values.

Researchers have noticed heat transfer coefficient
enhancements for nanofluids flow in a forced convection
apparatus. Sundar et al. [8] revealed Nusselt number and
friction factor increase of 39.18% and 19.12% at 0.6% vol.
of Ni/water nanofluid flow in a forced convection apparatus
under turbulent flow compared to water. Ali [9] found an
increase in heat transfer coefficient by 27% at 0.007% vol. of
Si0,/water nanofluid flow in a forced convection apparatus
under turbulent flow. Kim et al. [10] noticed heat transfer
coefficient enhancement of 160% for flow of Al,Os/water
nanofluid in a 0.8-mm-diameter tube compared to 2.0-mm-
diameter tube at a Reynolds number of 1588.

@ Springer

Azeez et al. [11] numerically evaluated that heat transfer
coefficient and pressure drop of Al,O5/water nanofluid flow
in a double-pipe heat exchanger in the Reynolds number
range from 5000 to 30,000 in the particle loadings from
1 to 4% using ANSYS software and observed higher heat
transfer coefficients. Azmi et al. [12] conducted heat trans-
fer experiments for water-based TiO, and SiO, nanofluids
flow in a tube and obtained heat transfer coefficient increase
of 26% at 1.0% vol. of TiO, nanofluid and heat transfer
coefficient increase of 33% at 3.0% vol. of SiO, nanofluid.
Duangthongsuk and Wongwises [13] observed heat transfer
coefficient enhancement of 6-11% for TiO,—water nano-
fluid flow in a double-pipe heat exchanger under turbulent
flow. Albadr et al. [14] conducted heat transfer experiments
for Al,O;—water nanofluid flow in a shell and tube heat
exchanger under turbulent flow and observed an increase in
heat transfer coefficients compared to water. Godson et al.
[15] noticed heat transfer coefficient increase of 12.4% and
effectiveness of 6.14% for 0.04% vol. of silver/water nano-
fluid flow in a shell and tube heat exchanger.

The nanofluids may be dispersion of Al,05;, CuO, Cu,
carbon nanotubes (CNT), Fe;O,, SiO,, TiO, and ZnO nano-
particles in the base fluids such as water (W), ethylene glycol
(EG), propylene glycol (PG) and engine oil (EO). Liu et al.
[16] prepared CNT/EG and CNT/synthetic engine oil nano-
fluids and observed thermal conductivity enhancements of
12.4% for 1.0% vol. of CNT/EG nanofluid and 30% for 2.0%
vol. of CNT/synthetic engine oil nanofluid. Sundar et al. [17]
prepared 50:50% mixture of ethylene glycol and water-based
Al,05 and CuO nanofluids and observed an increase in ther-
mal conductivity of nanofluids with increase in particle vol-
ume concentrations and temperatures.

Under the constant tube geometry and flow rates, the heat
transfer coefficient enhancement is purely dependent on the
thermal conductivity of the fluid. Enhanced thermal con-
ductivity of the fluid provides enhanced heat transfer coef-
ficients. The hybrid thermal conductivity of nanoparticles is
higher than the single nanoparticles. Hybrid nanoparticles
are called as joining of two or more nanoparticles in the
size of less than 100 nm. So, the dispersed hybrid nano-
particles in a fluid are called as hybrid nanofluids, which
have superior thermal conductivity than the single nano-
particles-based nanofluids. Sundar et al. [18] have observed
thermal conductivity enhancement of 21% and 13% for 3.03
mass% of ND-Ni/water and ND-Ni/EG hybrid nanofluids.
They also observed viscosity enhancement of twofold and
1.5-fold for 3.03% of ND-Ni/water and ND-Ni/EG hybrid
nanofluids. Nine et al. [19] studied thermal conductivity
of Al,O;-MWCNTs hybrid nanofluids in the particle mass
concentration from 1 to 6% and observed an increase in ther-
mal conductivity of nanofluids. Sundar et al. [20] observed
that the thermal conductivity enhancement of 0.2% volume
concentration of water-based GO/Co;0, hybrid nanofluid
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is about 19.14% and 0.2% volume concentration of ethylene
glycol-based GO/Co;0, hybrid nanofluid is about 11.85%
at a temperature of 60 °C. Sundar et al. [21] revealed that
thermal conductivity enhancements are about 16%, 9%, 14%,
11% and 10% for water, EG, 20:80%, 40:60% and 60:40%
EG/W-based ND-Co;0, hybrid nanofluids at 0.15 mass%
concentration and at a temperature of 60 °C.

The use of hybrid nanofluids in various heat transfer
equipments may provide the higher heat transfer rates. Some
of the literature is presented below. Fazeli et al. [22] have
observed convective heat transfer coefficient enhancement of
85.56%, 101.25% and 139.19% of 0.1 mass% of MWCNT-
CuO/water hybrid nanofluid at a volume flow rate of 14.4,
18.9 and 24.4 L min™!, respectively. Zhang et al. [23]
observed heat transfer performance enhancement of 35% and
pressure drop increase of 12% at 3% volume concentration
of Al,0;-CuO/water hybrid nanofluid under turbulent flow
using computational fluid dynamics. Chawhan et al. [24]
noticed the overall heat transfer coefficient increase from
1211.71 to 2727.38 W m2 K ™! at 0.1% volume concentra-
tion of Ag-doped TiO, hybrid nanofluid flow in a minichan-
nel heat exchanger at constant wall temperature condition
at a Reynolds number of 3480. Li et al. [25] have observed
that maximum convective heat transfer coefficient of SiC-
MWCNTs/ethylene glycol nanofluids is 26% higher than that
of pure ethylene glycol flow in a car radiator systems.

Abbas et al. [26] have noticed heat transfer coefficient and
Nusselt number increase of 26.7% and 20.03% at 0.009%
volume concentration of 50:50% of Fe,05-TiO,/water hybrid
nanofluid flow in a car radiator. Krishna et al. [27] observed
a maximum enhancement in Nusselt number of 3% of hybrid
MWCNT-CuO/water nanofluid rather than the individual
CuO/water and MWCNT/water mono-nanofluids. Iftikhar
et al. [28] have noticed the higher heat transfer coefficient for
Cu-Si0,/water hybrid nanofluid as compared to Cu-water/
nanofluid. Sundar et al. [29] found that the Nusselt number
enhancement of 0.3% volume concentration of ND-Ni/water
hybrid nanofluid is 35.43% with a friction factor penalty of
1.12 times at a Reynolds number of 22,000 compared to dis-
tilled water. Sundar et al. [30] also observed Nusselt number
increase of 31.1% with a friction factor penalty of 1.18 times
of 0.3% volume concentration of MWCNT-Fe;0,/water
hybrid nanofluid at a Reynolds number of 22,000 over the
water data. Gupta et al. [31] found increased heat transfer
coefficient for zinc ferrite/water hybrid nanofluid flow in a
tube. The earlier research work shows that hybrid nanofluids
offer higher heat transfer coefficient rather than the single
nanoparticles-based nanofluids as well as base fluid.

Apart from the heat transfer augmentation with hybrid
nanofluids, some researchers have analyzed the second
law efficiency of hybrid nanofluids. Saleh and Sundar [32]
noticed the exergy efficiency enhancement of 42.27% at
0.6% of Ni/water nanofluid flow in a plate heat exchanger

at a Reynolds number of 707. Saleh and Sundar [33] also
observed exergy efficiency increase of 17.54% at 0.2% of
ND + Fe;0,/60% ethylene glycol and 40% water hybrid
nanofluid flow in a tube at a Reynolds number of 7218.
Kumar et al. [34] have investigated exergy analysis of water-
based Al,O;+ MWCNT, TiO, + MWCNT, ZnO + MWCNT
and CeO, + MWCNT hybrid nanofluids flow in a plate heat
exchanger and observed among all the hybrid nanofluids;
the CeO,+ MWCNT offers higher exergetic performance.
Dezfulizadeh et al. [35] have observed 7% increase of exergy
efficiency for water-based Cu—-SiO,—-MWCNT ternary
hybrid nanofluid in a heat exchanger at a Reynolds number
of 12,000. The researchers have observed that the exergy
efficiency is higher for hybrid nanofluids compared to base
fluid.

The heat transfer coefficient of hybrid nanofluids may fur-
ther be enhanced by creating the flow turbulence. The flow
turbulence may be created by using some kind of inserts.
The inserts may be twisted tape [36], longitudinal strip
[37], helical coil [38], coiled wire [39], etc. Among all the
inserts, the coil wire inserts are simple in construction and
easy to operate with a negligible friction factor and pressure
drop [40]. The literature related to hybrid nanofluids with
coiled wire inserts is presented below. Hamid et al. [41]
have observed thermal performance factor improvement up
to 2.06 at ¢ =2.5% of TiO,—Si0, hybrid nanofluid and with
coiled wire insert of p/d of 1.50. Azmi et al. [42] noticed
thermal performance factor improvement of 1.72 at p=1.0%
of 0.2 composition ratio of TiO,—SiO, hybrid nanofluid and
with coiled wire insert of p/d of 0.83. Kumar and Sarkar
[43] have studied the thermal performance analysis using
Al,0O5+MgO hybrid nanofluid and with coiled wire con-
figurations of converging, diverging and converging—diverg-
ing type and noticed higher thermal performance of 1.69
for coiled wire configuration of diverging type compared
to other type configurations. Shahsavar et al. [44] observed
that the overall hydrothermal performance of twisted tape
inserted double-pipe heat exchanger contains a higher value
of 2.671 at a Reynolds number of 2000 and volume con-
centration of 3% and twisted tape pitch of 4 mm. Shahsavar
et al. [45] have observed that the Nusselt number increase
of 30% at ¢ is equal to 1% of Ag—water nanofluid and also
they observed thermal and frictional entropy generation rates
that reached up to 30.25% and 77.60% with same particle
loadings in the finless annulus. Yildiz et al. [46] have stud-
ied numerically about the natural convective heat transfer
of flow of fluid over an enclosure and observed Nusselt
number increase of 25% using the dome shape enclosure
instead of rectangular or square enclosure. Hussain et al.
[47] numerically studied the heat transfer of mixed convec-
tion of Al,0;—Cu—water hybrid nanofluid in a wavy channel
with a circular cylinder based on the Galerkin finite element
method and observed heat transfer enhancement by 200%.
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Ghachem et al. [48] numerically studied the heat transfer
coefficient of CNT—Al,O;—water hybrid nanofluid flow in a
cross flow micro heat exchanger and observed higher heat
transfer coefficients.

The present research work aims to analyze experimentally
about the second (exergy) law efficiency, thermal entropy
generation, frictional entropy generation, heat transfer
coefficient and friction factor of hybrid nanofluids flow in
a tube and with a coiled wire inserts, which is not available
in the open literature. For this purpose, the present study is
undertaken to analyze those thermodynamics concepts of
hybrid nanofluids flow in a tube with coiled wire inserts. The
water-based nanodiamond + Fe;O, nanofluids are prepared
and used for the analysis. Additionally, the Nusselt number
and pressure drop are also studied experimentally at different
particle loadings of 0.05%, 0.1% and 0.2% and coiled wire
inserts of pitch/diameter (p/d) ratio of 3.67, 2.34 and 1.00.
The experiments were undertaken in the Reynolds number
range from 2000 to 20,000.

Formulation

The problem is formulated to analyze the second law of
thermodynamics exergy efficiency and entropy generation
of ND +Fe;0, nanofluid flow in a tube and with coiled wire
inserts. The below-mentioned mathematical expressions are
considered. Initially, the fluid inlet, outlet and wall temper-
atures are measured experimentally and substituted in the
expressions to estimate the Nusselt number followed by heat
transfer coefficient and those are considered for the second
law efficiency analysis.

Second law (exergy) efficiency and thermal entropy
generation

The heat supplied (Q},) to the test tube [49] and heat absorbed
by the fluid (Q, ) [49] are analyzed from Egs. (1) and (2).
Equations (7) and (8) are considered for thermal entropy
generation [50] and exergy efficiency [51] analysis.

(a) Rate of heat supplied to the test tube, O, =V -1 (1)

(b) Rate of heat absorbed by the fluid, Q, = sn - C, - (T, — T;)
(2)

(0w +0Q,)

3
5 3

(c) Average heat transfer rate, Q,,, =

@ Springer

Qavg
A(T, - Tp,)

T +ToATsA T+ Ts e To+T,
B Tm -

o7

(d) Heat transfer coefficient, h =

“

where A=z -D-L;T, =
Heat transfer coefficient from Eq. (4) is substituted in
Eq. (5) for the Nusselt number evaluation.

(e) Nusselt number,

h-D
Nu= 12
u=— 5)

(f) Prandtl number,

#-Cp
Pr =
r=— (©)
(g) Thermal entropy generation,
, o;
§ avg (7)

N Nu-z kT, Top L

out

(h) Exergy efficiency,

[1-(7)]ex .

Entropy generation number

In order to evaluate the irreversibility loss in the tube, Bejan
[52] redefined the entropy generation number as,

SnH
Ns = =87
g, ©

and Bejan indicated that the smaller the entropy generation
number, the better the performance of the tube.

In order to clear up the physical interpretation of Bejan’s
entropy generation number multiplying both the numerator
and denominator by AT, (the temperature rise or drop of
the fluid with the smaller heat capacity rate) yields,

N = SeennATe S

© MCAT, O,

gen,H

(10)

Frictional entropy generation

Equation (11) estimates the frictional entropy generation
[50].

(i) Frictional entropy generation,

o
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¢ __ 8 fL ln<T0>
oF pn? D5 (T,—T)) T, (11)

o

Equations (12) and (13) estimate the pressure drop [53]
and friction factor [49].

(G)  Pressure drop,

AP=py-g-H 12)
(k) Friction factor,
(P
f= (13)

whererm=p-A-v=>v= :;A'
The pressure drop [53] from Eq. (12) is substituted in

Eq. (14) for the evaluation of pumping power [53].

(xii) Pumping power,
Pnf

Total entropy generation and Bejan number

(14)

Equations (15) and (16) estimate the total entropy generation
[50] and Bejan number [52].

(xiii) Total entropy generation,
Sg = Sg,H + Sg,F (15)
(xiv) Bejan number,
Sen
Be = g— (16)
Sen+Sgr
Experimental

Preparation of hybrid nanofluid

The hybrid nanoparticles were selected based on the high
thermal conductivity and high magnetic properties. Among
all the materials, the nanodiamond (ND) particles offer high
thermal conductivity property; in the same way, among
all the materials, magnetite (Fe;O,) offers high magnetic
properties. By combining these two materials, the hybrid
nanoparticle of ND + Fe;0, offers synergistic property of
both high thermal conductivity and high magnetic property.

Table 1 The physical property of water, ND, Fe;0, and ND +Fe;0,
nanoparticles

Substance  pkgm™  kK/WmT' K™ C/lkg”' K™ p/mPas
Water 998.5 0.602 4178 0.89
ND 3100 1000 516 -
Fe,0, 5810 80.1 670 -

ND +Fe;0, 5051.2 337.74 628.88 -

Such type of magnetic nanoparticles is used in micro-flu-
idics, drug delivery, etc. The detailed explanation for the
synthesis of dry hybrid nanoparticles given by Sundar et al.
[54] is used. The physical property of water, ND, Fe;O, and
ND + Fe;0, nanoparticles is indicated in Table 1. For the
exergy efficiency, heat transfer, entropy generation analysis
water-based ND + Fe;0, hybrid nanofluids were prepared
at 0.05%, 0.1% and 0.2% particle volume concentrations.
The hybrid nanoparticles used in this work have been syn-
thesized based on the Sundar et al. [54] method. Since the
nanoparticles are synthesized in the laboratory, the upper
limit of the nanoparticle loadings was fixed to 0.2% volume
concentration.

A total of 18 L hybrid nanofluid was prepared by dispers-
ing 45.59, 91.18 and 182.36 g of dry ND + Fe;0, hybrid
nanoparticles in the distilled water in the particle volume
concentrations of 0.05%, 0.1% and 0.2% and then stirred
with mechanical stirrer at low rpm. The thermophysical
properties of Sundar et al. [54] have been used and its values
are given in Table 2.

Forced convection apparatus

The forced convection apparatus is fabricated and its line
diagram is indicated in Fig. la. The copper tube with an
inner diameter (D) of 0.019 m, outer diameter (Do) of
0.021 m and length (L) of 1.7 m was used, in which at
0.1875, 0.375, 0.750, 1.125 and 1.312 m distance from left-
side of the tube, five J-type thermocouples are placed to
measure the tube surface temperatures. Another two J-type
thermocouples are also used to measure the fluid inlet and
outlet temperatures with an accuracy of +0.1 °C. Constant
heat flux boundary condition is maintained with nichrome
heating element coil of 0.812 mm diameter with a resist-
ance of 0.193487 Qm and 2000 W. The asbestos rope is
used to insulate the test section. The fluid flow in the test
tube was maintained by means of pump with an accuracy
of +0.1 kg/s. Based on the defined Reynolds number, the
mass flow rate of base fluid and nanofluid is adjusted and
allowed into the test tube. The excess fluid is sent back to
the receiving tank by using bypass valve arrangement. The

@ Springer
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Table 2 Thermophysical properties of hybrid nanofluids

Thermophysical properties of ND + Fe;O, hybrid nanofluids

k/Wm™ k™! $=0.0% ¢=0.05% ¢$=0.1% ¢=0.2%
20 0.602 0.615 0.634 0.657
30 0.616 0.636 0.659 0.687
40 0.631 0.648 0.670 0.703
50 0.642 0.676 0.693 0.736
60 0.653 0.684 0.717 0.769
plkg m™3

20 997 999.03 1001.05 1005.11
30 997.5 999.53 1001.55 1005.61
40 995 997.03 999.06 1003.11
50 990 992.03 994.06 998.12
60 985 987.03 989.07 993.13
C/Tkg™ K™

20 4178 4176.22 417445 4170.9
30 4178 4176.22 417445 4170.9
40 4179 4177.22 417545 4171.9
50 4180.5 4178.72 4176.95 4173.39
60 4183 4181.22 4179.44 4175.89
p/mPa s

20 1.006 1.5281 1.5663 1.6045
30 0.831 1.0752 1.1498 1.2257
40 0.657 0.7939 0.8377 0.8828
50 0.567 0.7945 0.8607 0.9269
60 0.478 0.7369 0.7807 0.8265

outlet temperature of the test fluid is reduced to atmospheric
temperature using water chiller.

For water, 0.05%, 0.1% and 0.2% volume concentration of
nanofluids flow in a tube, the used Reynolds number range
for this study is as follows: 2756 to 21,820 (water); 2649 to
21,678 (¢ =0.05%); 2574 to 20,886 (¢p=0.1%); and 2516
to 20,095 (¢ =0.2%), respectively. Based on the Reynolds
number, the mass flow rate is adjusted. Based on the pump
capacity, the mass flow rates are fixed; accordingly, the
Reynolds number is calculated.

The heat supplied to the test tube is 1100 W (220V x 5A).
The temperature readings were noted down when the system
reached to steady state. The system takes 2 h for reaching
the steady state.

Coiled wire inserts

The fluid turbulence is provided by using coiled wire inserts
inside the tube. The analysis of exergy and entropy generation
was studied further at different pitch (p) to diameter (d) ratio of
coiled wire inserts. The line diagram of Fig. 1b indicates the
coiled wire insert inside a tube. The thickness of 2 mm wire
of spring steel is turned like a coiled wire of pitches (p), i.e.,
19, 44.46 and 69.73 mm. Hydraulic diameter (Eq. 17) is used

@ Springer

to calculated the Reynolds number for coiled wire inserts. The
calculated hydraulic diameter is noted in Table 3.
Hydraulic diameter [55],

(%)
4A 4lT_T
dh=—=}dh—— (17)

p B [eri+m‘<%)]

Results and discussion
Bench mark analysis
Nusselt number

The obtained heat transfer coefficient (%) from Eq. (4) is con-

verted into non-dimensional Nusselt number from Eq. (5).

First, the water heat transfer coefficient is converted into Nus-

selt number and compared with the Gnielinski [56] data. Fig-

ure 2a is the comparison between experimental and theoretical

Nusselt number, and it is found a maximum of + 3% deviation.
Gnielinski [56],

<§>(Re — 1000) Pr

Nu =
NS o
107+127(L) " (PP -1) (18)

f =(1.581n (Re) — 3.82)72
0.5 < Pr < 2000;2300 < Re < 10°

Friction factor

The estimated pressure drop from Eq. (12) is converted into
non-dimensional parameter of friction factor based on Eq. (13)
for water and the data is noted in Fig. 2b with Eq. (19) data.
From the figure, it is found to be a maximum of +2.5%
between experimental and theoretical friction factor.

(i) Blasius [57],

f =0.3164Re™ %%

(19)
3000 < Re < 10°

Temperature difference (T, — Tm) of hybrid
nanofluids and coiled wire inserts

The difference between surface and mean temperatures of
the fluid for water, 0.05%, 0.1% and 0.2% vol. nanofluids
at various Reynolds number (Re) and p/d were analyzed
first. The raw temperature data are used for heat transfer
coefficient, Nusselt number and thermal entropy generation
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Fig. 1 a The schematic repre-

sentation of an experimental (a)
test facility, and b coiled wire

inserts in a test tube
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U-tube manometer
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A o °
)
| 4 1 4 2
(b)
Electric heater ——
\
\ Insulator

\

View at section X-X

Table 3 Dimensions of the coiled wire inserts (dimensions are in
mm)

Diameter/D/mm Pitch/p/mm Pitch/ Hydraulic
diameter/p/D diameter,
dy/mm
19 19.00 1.00 17.00
19 44.46 2.34 18.09
19 69.73 3.67 18.41
19 (Plain tube without insert)

calculations. Figure 3a indicates the (7, — Ty, ) data of water
flow in a tube and with various p/d values under differ-
ent Reynolds numbers. From the figure, it is understandable
that, at the lower Re values, the temperature difference is

more, but when the Re value is increased, the temperature
difference is lesser. For water in a plain tube, the tempera-
ture difference values are 16.98 °C and 2.07 °C at Reynolds
number of 2756 and 21,820. Under the same Reynolds num-
bers, for water in a tube with p/d of 3.67, the temperature
difference values are 15.93 °C and 1.81 °C. Moreover, at
same Reynolds numbers, for water in a tube with p/d of
2.34, the temperature difference values are 15.45 °C and
1.71 °C. Similarly, under same Reynolds numbers, for water
in a tube with p/d of 1.00, the temperature difference values
are 14.26 °C and 1.56 °C, respectively.

The similar nature of decreased temperature difference
was noticed for nanofluids as well as with an increase of Re
and decrease of p/d values. Figure 3b indicates the 7, — T,
values of 0.05% vol. and with different p/d and Re values.
At Reynolds numbers of 2649 and 21,678, the temperature

@ Springer
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Fig.2 a Validation of experimental Nusselt number of water with
Eq. (18) data. b Validation of experimental friction factor of water
with Eq. (19) data

difference of ¢p=0.05% hybrid nanofluid is 15.74 °C and
1.68 °C; the temperature difference of ¢p=0.05% hybrid
nanofluid in a tube with p/d of 3.67 is 14.35 °C and 1.42 °C;
the temperature difference of ¢p=0.05% hybrid nanofluid in a
tube with p/d of 2.34 is 13.94 °C and 1.35 °C; the tempera-
ture difference of ¢p=0.05% hybrid nanofluid in a tube with
p/d of 1.00is 12.72 °C and 1.24 °C, respectively.

Figure 3c depicts the T, — T,,, of ¢ =0.1% hybrid nano-
fluid with different p/d and Re values. At ¢=0.1% hybrid
nanofluid in a tube without inserts, the temperature differ-
ences are 14.98 °C and 1.56 °C at Reynolds numbers of 2574
and 20,886. Under the same Reynolds number, for ¢=0.1%
hybrid nanofluid in a tube with p/d of 3.67 the temperature

@ Springer

differences are 13.43 °C and 1.28 °C. Moreover for ¢=0.1%
hybrid nanofluid in a tube with p/d of 2.34, the tempera-
ture differences are 12.94 °C and 1.22 °C at same Reynolds
numbers. Meanwhile for ¢ =0.1% hybrid nanofluid in a tube
with p/d of 1.00, the temperature differences are 11.82 °C
and 1.12 °C at same Re values, respectively.

Figure 3d shows the T, — T, of ¢ =0.2% hybrid nano-
fluid with various p/d and Re values. At constant Reynolds
numbers of 2516 and 20,095, the temperature difference of
¢=0.2% hybrid nanofluid in a plain tube is 14.02 °C and
1.43 °C; temperature difference of ¢ =0.2% hybrid nanofluid
in a plain tube with p/d of 3.67 is 12.29 °C and 1.15 °C;
temperature difference of ¢ =0.2% hybrid nanofluid in a
plain tube with p/d of 2.34 is 11.69 °C and 1.1 °C; tem-
perature difference of ¢ =0.2% hybrid nanofluid in a plain
tube with p/d of 1.00 is 10.87 °C and 1.00 °C, respectively.

Equation (4) evaluates the heat transfer coefficient, and
those values depend on Q,,,, area (A) and the temperature
difference (TS - Tm). The temperature difference (TS - Tm)
in Eq. (3) is inversely proportional to heat transfer coeffi-
cient. The constant amount (Q,) of 1100 W was applied to
the test tube for all the experiments. The area, A = zDL;
here for the plain tube without inserts, the D is considered as
0.019 m, and for plain tube with coiled wire inserts p/d of
3.67,2.34 and 1.00, the D is considered as 0.0184, 0.01809
and 0.017 m, which is the hydraulic diameter (D,). Hence,
the calculated area for plain tube is 0.1014 m?; the calcu-
lated area for plain tube with p/d of 3.67, 2.34 and 1.00
is 0.09821, 0.0965, 0.0907 m?, respectively. Hence for the
fixed average rate of heat flow (Q,) and area (A), the heat
transfer coefficient depends on 7, — 7,,. The decrease in
T, — T,, value indicates the increase in heat transfer coeffi-
cient. From the experimental temperature difference values,
it is observed that the coiled wire insert of p/d =1.00 has the
less T, — T, value compared other coiled wire inserts inside
the tube. Hence, it is expected that the higher heat transfer
coefficients for the coiled wire insert p/d=1.00 compared
to other type of inserts.

Heat transfer coefficient of hybrid nanofluids
and with coiled wire inserts

The experimentally obtained 7, — 7T,,, values were used in
Eq. (4) to evaluate the experimental heat transfer coefficient
(h) for water and nanofluids and with coiled wire inserts.
Figure 4a indicates the heat transfer coefficient of water flow
in a tube with and without coiled wire inserts at various
Reynolds numbers. Figure shows that the / is increased with
an increase in Re and decrease in coiled wire p/d values.
When water in a tube with p/d=3.67, the A is increased to
6.61% and 14.63% at Re equal to 2756 and 21,820, compared
to water without inserts. However, for water in a tube with
p/d=2.34, the his increased to 9.92% and 21.33% at same

o
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Fig. 3 Temperature difference with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢$=0.05%, ¢

¢$=0.1% and d ¢=0.2% nanofluids

Reynolds numbers compared to water without insert. Moreo-
ver, for water in a tube with p/d=1.00, the / is increased to
19.13% and 32.03% at same Reynolds numbers compared
to water without inserts.

The heat transfer coefficient of ¢ =0.05% of nanofluid
with various coiled wire inserts and Reynolds number is
indicated in Fig. 4b. Noticed from the figure, the 4 is raised
with rise in Re and lower of coiled wire p/d values. For
¢=0.05% nanofluid in a plain tube with coiled wire insert of
p/d=3.67, the his increased to 9.66% and 18.43% at Re of
2649 and 21,678 against the same nanofluid without insert.
However, at ¢ =0.05% nanofluid with coiled wire insert of
p/d=2.34, the h is increased to 12.92% and 24.43% at same

Reynolds number and same nanofluid without insert. Moreo-
ver, at ¢=0.05% nanofluid in a plain tube with coiled wire
insert of p/d=1.00, the & is increased to 23.68% and 36.04%
at same Reynolds number and same nanofluid without insert,
respectively.

Similarly, the heat transfer coefficient of ¢p=0.1% nano-
fluid with different coiled wire inserts and Reynolds num-
bers is presented in Fig. 4c. The nature of / increases with
increase in Re and decrease in coiled wire p/d is observed
from the figure. For ¢p=0.1% nanofluid with p/d of 3.67, the
h which is increased to 11.56% and 21.46% at Re is equal to
2574 and 20,886 against the same nanofluid without insert.
However, at ¢ =0.1% nanofluid with p/d of 2.34, the & is
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Fig.4 Heat transfer coefficient with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢

¢$=0.1% and d ¢=0.2% nanofluids

increased to 15.77% and 27.71% at same Reynolds number
and same nanofluid without insert. Moreover, at ¢=0.1%
nanofluid with p/d of 1.00, the A is increased to 26.72%
and 39.21% at same Reynolds number and same nanofluid
without insert, respectively.

Figure 4d reveals the 4 values of ¢ =0.2% nanofluid flow
with various p/d values under different Reynolds numbers.
Figure shows that the / value is increased with an increase in
Re and decrease in p/d values. For ¢p=0.2% nanofluid with
p/d of 3.67, the h which is increased to 14.13% and 24.73%
at Re is equal to 2516 and 20,095 against the same nanofluid
without insert. However, at ¢p=0.2% nanofluid with p/d of
2.34, the h s increased to 19.99% and 30.88% at same Reyn-
olds number and same nanofluid without insert. Moreover,

@ Springer

at ¢=0.2% nanofluid with p/d of 1.00, the & is increased
to 28.98% and 43.52% at same Reynolds number and same
nanofluid without inserts, respectively.

Nusselt number of hybrid nanofluids and with coiled
wire inserts

Initially, water with different p/d values experiments was
conducted. Later, the experiments were extended to nano-
fluids with different p/d values. For water and nanofluids
with coiled wire inserts also, the same equations of (4) and
(5) are used to estimate the heat transfer coefficient and Nus-
selt number. The Nusselt number of water with various p/d
values is presented in Fig. 5a at different Reynolds numbers.
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Fig. 5 Nusselt number with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b $=0.05%, ¢ ¢p=0.1% and

d ¢=0.2% nanofluids

The Nusselt number is increased with an increase in Reyn-
olds number and decrease in p/d values. Water in a tube
with p/d of 3.67, the Nusselt number is increased to 3.29%
and 11.07% at Reynolds number of 2756 and 21,820 against
water without inserts. However, for water with p/d of 2.34,
the Nu is increased to 4.65% and 15.52% at same Reynolds
number and water without insert. Moreover, for water with
p/d of 1.00, the Nu is increased to 6.59% and 18.14% at
same Reynolds number and water without insert.

Figure 5b indicates the Nu of ¢ =0.05% nanofluid with
various p/d and Re values. It is noticed that the Nu is
increased with an increase in Re and decrease in p/d val-
ues. For ¢ =0.05% nanofluid with p/d of 3.67, the Nu is
increased to 6.26% and 14.76% at Reynolds number of 2649

and 21,678 over the same nanofluid without insert. However,
at ¢=0.05% nanofluid with p/d of 2.34, the Nu is increased
to 7.51% and 18.47% at same Reynolds number and same
nanofluid without insert. Moreover, at ¢=0.05% nanofluid
with p/d of 1.00, the Nu is increased to 10.66% and 21.72%
at same Reynolds number and same nanofluid without insert.

Figure 5c depicts the Nu of ¢=0.1% nanofluid with
different p/d and Re values. The Nu is increased with an
increase in Re and decrease in p/d values. For ¢=0.1%
nanofluid with p/d of 3.67, the Nu is increased to 8.10%
and 17.69% at Reynolds number of 2574 and 20,886, over
the same nanofluid without insert. However, for ¢=0.1%
nanofluid with p/d of 2.34, the Nu is increased to 10.22%
and 21.59% at same Reynolds number and same nanofluid
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Table 4 The obtained Nusselt Re Nusselt number for ¢ =0% Re Nusselt number for ¢ =0.05%

number values for water and

¢=0.05% nanofluid dﬂi:O dﬂi=3.67 5_;:2'34 5—;1 d%:o 5;:3'67 dﬂi=2.34 5—i:1
2756 19.12 19.75 20.01 20.38 2649 19.98 21.23 21.48 22.11
3339.14 22.34 23.12 23.45 2398 3214 23.34 24.85 25.12 25.85
4282.88 32.71 34.21 34.56 35.65 4212 34.87 37.56 38.12 39.45
5763.86 42.18 43.23 44.98 4598 5626 45.34 48.96 49.98 51.49
7778.17 59.06 61.45 63.45 65.45 7550 64.67 69.85 71.98 73.98
9665.82 68.7 72.45 74.53 76.76 9311 75.67 82.65 84.95 87.98
10,496.7 77.18 80.81 84.44 86.98 10,162 86.34 95.32 97.89 101.75
11,789.3 86.05 91.23 94.54 96.45 10,810 96.45  106.98 110.54 114.26
12,228.4 93.11 98.34 103.21 105.76 11,856 105.56 117.56 121.65 125.42
14,3539 1074 114.23 120.23 123.34 13,711 12434 139.74 144.75 147.98
16,233.2  119.96  130.21 134.45 138.87 15,635 139.56 157.45 163.47 168.47
18,1844 13297 14534 150.32 15543 17,469 155.67 176.48 182.64 188.75
19,9184 14455 159.54 165.98 170.21 19,949 17034 193.64 201.68 207.54
21,8204 156.87 174.23 181.21 185.32 21,678 186.76 214.32 221.25 227.32

without insert. Moreover, for ¢p=0.1% nanofluid with p/d
of 1.00, the Nu is increased to 13.38% and 24.56% at same
Reynolds number and same Nanofluid without inserts.
Figure 5d understands the Nu of ¢=0.2% nanofluid
with various p/d and Re values. It is found that the Nu is
increased with an increase in Re and decrease in p/d val-
ues. For ¢ = 0.2% nanofluid with p/d of 3.67, the Nu is
increased to 10.59% and 20.86% at Reynolds number of
2516 and 20,095, over the same nanofluid without insert.
However, at p=0.2% nanofluid with p/d of 2.34, the Nu is
increased to 14.24% and 24.61% at same Reynolds number
and same nanofluid without insert. Moreover, at ¢=0.2%
nanofluid with p/d of 1.00, the Nu is increased to 15.40%
and 28.42% at same Reynolds number and same nanofluid
without insert. The particle migration and Brownian motion

cause the increased Nusselt number of hybrid nanofluids
[29]. The obtained Nusselt number values for water, 0.05%,
0.1% and 0.2% vol. of nanofluid are indicated in Tables 4
and 5.

Figure 6 indicates the comparison of experimental Nus-
selt number of ND + Fe;O, nanofluid with coiled wire
inserts with Hamid et al. [41] of TiO,-Si0,/60:40% EG/W
nanofluid and Sundar et al. [58] of Fe;O,/water nanofluid.
Decreasing p/d value from 3.67 to 1.00, the Nusselt number
is increased, and the similar behavior has been observed by
[41] and [58]. Sundar et al. [58] used Fe;O,/water nanofluids
in a double-pipe heat exchanger with coiled wire inserts of
1.00, 1.34 and 1.79. The present data of ND + Fe;0,/water
nanofluids with coiled wire inserts predict higher Nusselt
number values compared to the Sundar et al. [58] of Fe;0,/

Table 5 The obtained Nusselt

Re Nusselt number for ¢=0.1% Re Nusselt number for ¢=0.2%

number values for ¢=0.1% and

¢ =0.2% nanofluid §.=0 §.=3'67 §.=2'34 §.=1 dg‘=0 dﬂi=3'67 5_‘=2.34 §‘=1
2574 20.25 21.89 22.32 2296 2516 20.78 22.98 23.74 23.98
3169 23.67 25.63 26.12 26.89 3125 24.43 27.21 27.98 28.42
4193 35.65 38.74 39.87 40.65 4174 36.12 40.56 41.65 42.65
5457 46.54 51.65 52.48 5398 5289 47.34 53.65 55.21 57.12
7325 66.45 74.12 76.12 77.48 7100 66.56 76.43 78.94 80.69
9048 78.87 88.47 90.64 9247 8786 79.12 91.36 94.78 97.98
9840 89.78 101.95 103.45 10594 9518 90.45 105.48 108.64 112.47
10,689 101.34 116.12 118.47 121.68 10,568 10243  120.65 124.56 128.95
11,563 110.12  127.48 129.65 13298 11,271 112.34  133.46 137.21 141.67
13,398  126.55 147.59 150.74 15436 13,085 131.34 156.47 161.47 166.45
15,272 142.67 166.98 171.95 174.54 14909 14934 178.64 183.42 189.96
17,079 160.34  188.47 193.48 19742 16,690 167.56 199.98 207.21 214.74
19,113 178.34  209.65 215.64 220.74 18,278  185.67 224.12 229.46 237.65
20,886  194.54  228.95 236.54 24232 20,095 20323 245.62 253.24 260.98
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Fig.6 Comparison of experimental Nusselt number of ND +Fe;0,
nanofluid with coiled wire inserts with Hamid et al. [41] of
Ti0,-Si0,/60:40% EG/W nanofluid and Sundar et al. [58] of Fe;0,/
water nanofluid

water nanofluids with coiled wire inserts. This is caused
because of the use of hybrid nanofluids in the present study.
Hamid et al. [41] used TiO,-Si0,/60:40% EG/W nanofluids
in a tube with coiled wire inserts. The present data predict
lower values than the Hamid et al. [41] data, because of the
different type of hybrid nanoparticles and the base fluids.
The type of nanoparticles and base fluid also influence the
Nusselt number of nanofluid.

The least value of the coiled wire pitch ratio represents
the larger number of coils at a constant length. Therefore,
more turbulence was generated by a large number of coils.
Furthermore, the wire coil inserts will cause the redevelop-
ment of thermal and hydrodynamic boundary layers. The
similar ascending pattern of Nusselt number with decrease
in coiled pitch to diameter ratio was observed in previous
studies [59, 60].

Thermal entropy generation of hybrid nanofluids
and with coiled wire inserts

Equation (7) evaluates the thermal entropy generation (Sg,H)
of the system. The O, supplied to the test tube is 1100 W. By
substituting the temperatures, Nusselt number and thermal
conductivity in Eq. (7), thermal entropy generation is esti-
mated. The Sg,H for water and nanofluids in a tube and with
coiled wire inserts was analyzed.

The obtained values of thermal entropy generation are
shown in Fig. 7a at different p/d and Re values. As it is
observed, the thermal entropy generation is decreased with
an increase in Reynolds number and decrease in p/d values.
Water with p/d of 3.67, the Sg’H which is decreased to 3.46%

and 10.15% at Re is equal to 2756 and 21,820 against water
without insert. However, for the water with p/d of 2.34 and
p/d of 1.00, the Sg’H is decreased to 4.82% and 13.67%, and
6.98% and 15.77% at the same Reynolds number against to
water without insert.

Figure 7b shows the Sg,H values of ¢=0.05% nanofluid
with various p/d and Re values. For ¢ =0.05% nanofluid
with p/d of 3.67, the Sg’H is decreased to 6.27% and 13.05%,
for p/d of 2.34, the Sg,H is decreased to 7.47% and 15.84%,
and for p/d of 1.00, the S,y is decreased to 10.53% and
18.27% at Reynolds number of 2649 and 21,678 against the
same nanofluid without insert.

Similarly, the thermal entropy generation of 0.1% nano-
fluid is shown in Fig. 7c along with various p/d and Re
values. For ¢=0.1% nanofluid with p/d of 3.67, the Sg,H is
decreased to 8.03% and 15.24%, for p/d of 2.34, the Sg,!-l is
decreased to 9.90% and 18.02%, and for p/d of 1.00, the Sg,H
is decreased to 12.83% and 20.15% at Reynolds number of
2574 and 20,886 against the same nanofluid without insert.

Moreover, the thermal entropy generation of 0.1% nano-
fluid is shown in Fig. 7d along with various p/d and Re
values. For ¢p=0.2% nanofluid with p/d of 3.67, the Sg’H is
decreased to 10.20% and 17.47%, for p/d of 2.34, the S,
is decreased to 13.18% and 20.02%, and for p/d of 1.00, the
Sg’H is decreased to 14.46% and 22.56% at Reynolds number
of 2516 and 20,095 over the same nanofluid without insert.

With the decrease in p/d value of coiled wire insert, the
effective fluid turbulence takes place in the test tube result-
ing that decreased thermal entropy generation; this behavior
was noticed for all the fluids.

Frictional entropy generation of hybrid nanofluids
and with coiled wire inserts

Equation (11) evaluates the frictional entropy generation
(Sg’F) of the system. Based on the friction factor, mass flow
rate and temperatures, the frictional entropy generation is
estimated. It is also further estimated for water and nanoflu-
ids in a tube and with coiled wire inserts.

Figure 8a indicates the Sg,F values of water flow in a
tube and with various p/d and Re values. As it is noticed,
the Sg’F is increased with an increase in Re and decrease in
p/d values. For water with p/d of 3.67, the S, which is
decreased to 13.66% and 17.04% at Re is equal to 2756 and
21,820 against water without insert. However, for the water
with p/d of 2.34, the S'g‘F which is increased to 20.18% and
25.43% at Re is equal to 2756 and 21,820 against water with-
out insert. Moreover, for the water with p/d of 1.00, the Sg!F
which is increased to 37.77% and 44.27% at Re is equal to
2756 and 21,820 against to water without insert.

Figure 8b notes down the Sg’F values of 0.05% nano-
fluid flow in a tube and with various coiled wire inserts

@ Springer
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Fig. 7 Thermal entropy generation with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢

¢$=0.1% and d ¢=0.2% nanofluids

under different Reynolds numbers. For ¢ =0.05% nano-
fluid with p/d of 3.67, the S&F which is decreased to
6.27% and 13.05% at Re is equal to 2649 and 21,678
against to ¢p =0.05% nanofluid without insert. However,
for ¢ =0.05% nanofluid with p/d of 2.34, the Sg,F which
is decreased to 7.47% and 15.84% at Re is equal to 2649
and 21,820 against to ¢p =0.05% nanofluid without insert.
Moreover, for ¢p =0.05% nanofluid with p/d of 1.00, the
Sg’p which is decreased to 10.53% and 18.27% at Re is
equal to 2649 and 21,678 against to ¢=0.05% nanofluid
without insert.

Figure 8c represents the Sg’F values of ¢=0.1% nano-
fluid flow in a tube and with various coiled wire inserts
under different Reynolds numbers. For ¢p=0.1% nanofluid

@ Springer

with p/d of 3.67, the Sg,F which is decreased to 8.03%
and 15.24% at Re is equal to 2574 and 20,886 against to
¢ =0.1% nanofluid without insert. However, for ¢y =0.1
with p/d of 2.34, the 8, which is decreased to 9.90%
and 18.02% at Re is equal to 2574 and 20,886 against
to p=0.1% ng nanofluid without insert. Moreover, for
¢ =0.1% nanofluid with p/d of 1.00, the S, which is
decreased to 12.83% and 20.15% at Re is equal to 2574
and 20,886 against to ¢ =0.1% nanofluid without insert.
Figure 8d shows the Sg,F values of ¢ =0.2% nanofluid
flow in a tube and with various coiled wire inserts under
different Reynolds numbers. For ¢ =0.2% with p/d of
3.67, the Sg,F which is decreased to 10.20% and 17.47%
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Fig. 8 Frictional entropy generation with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢

¢$=0.1% and d ¢=0.2% nanofluids

at Re is equal to 2516 and 20,095 against to ¢ =0.2%
nanofluid without insert. However, for ¢p=0.2% nanofluid
with p/d of 2.34, the Sg’F which is decreased to 13.18%
and 20.02% at Re is equal to 2516 and 20,095 against to
¢ =0.2% nanofluid without insert. Moreover, for ¢ =0.2%
nanofluid with p/d of 1.00, the Sg’F which is decreased
to 14.46% and 22.56% at Re is equal to 2516 and 20,095
against to ¢ =0.2% nanofluid without insert.

With the decrease in p/d value of coiled wire insert,
the effective fluid turbulence takes place in the test tube
resulting that decreased thermal entropy generation; this
behavior was noticed for all the fluids.

Entropy generation number of hybrid nanofluids
and with coiled wire inserts

Equation (10) evaluates the entropy generation number ()
of the system. The (N,) for water and nanofluids in a tube
and with various p/d values was analyzed. Figure 9a indi-
cates the (N,) of water flow with various p/d and at dif-
ferent Reynolds numbers. From the figure, the N, value is
decreased with an increase in Re and decrease in coiled wire
p/d values. At the lower Re values, the N, is high, whereas
at higher Re values, the N, is low. Hence, the higher values
of Ny is presented here. The N, for water in a plain tube and
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Fig.9 Entropy generation number with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢

$=0.1% and d ¢»=0.2% nanofluids

with coiled wire insert of p/d=3.67, 2.34 and 1.00 which
is 0.0546, 0.0527, 0.0519 and 0.05, respectively, at Re is
equal to 2756.

Figure 9b finds the N, values of 0.05% vol. in a tube and
with various coiled wire inserts under different Reynolds
numbers. The similar fashion of decreased N, value with
an increased Re and decreased p/d of coiled wire inserts
is observed. The N, for 0.05% vol. in a plain tube and with
coiled wire insert of p/d of 3.67, 2.34 and 1.00 which is
0.0506, 0.0474, 0.0468 and 0.045, respectively, at Re is
equal to 2649.

Figure 9c identifies the N, values of 0.1% vol. in a tube
and with different p/d under different Reynolds numbers.

@ Springer

The nature of decreased N, value with an increased Re
and decreased p/d of coiled wire inserts is observed. The
N, for ¢ =0.1% nanofluid flow in a plain tube and with
coiled wire insert of p/d of 3.67, 2.34 and 1.00 which is
0.0482, 0.0443, 0.0434 and 0.042, respectively, at Re is
equal to 2574.

Figure 9d indicates the N; values of 0.2% vol. in a tube
and with various with p/d values under different Reynolds
numbers. The decreased N, value with an increased Re and
decreased p/d of coiled wire inserts was noticed. The N for
0.2% vol. in a plain tube and with coiled wire insert of p/d
of 3.67, 2.34 and 1.00 which is 0.0451, 0.04057, 0.03922
and 0.0386, respectively, at Re is equal to 2516.
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Fig. 10 Pressure drop with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢ $=0.1% and d

¢ =0.2% nanofluids

Pressure drop, friction factor and pumping power
of hybrid nanofluids and with coiled wire inserts

Equation (12) evaluates the pressure drop (Ap) of the fluid.
The Ap of various fluids and with coiled wire inserts is ana-
lyzed. Figure 10a indicates the Ap values of water flow in a
tube and with various coiled wire inserts at different Reyn-
olds numbers. Figure shows that the Ap is increased with an
increase in Re and decrease in coiled wire p/d values. For
water in a plain tube and with coiled wire insert of p/d of
3.67, the Ap which is increased to 6.90% and 10.04% at Re
is equal to 2756 and 21,820 against water without insert.
However, for the water in a plain tube and with coiled wire
insert of p/d of 2.34, the Ap which is increased to 9.20% and

13.90% at Re is equal to 2756 and 21,820 against water with-
out insert. Moreover, for the water in a plain tube and with
coiled wire insert of p/d of 1.00, the Ap which is increased
to 10.80% and 15.83% at Re is equal to 2756 and 21,820
against to water without insert.

Figure 10b indicates the Ap values of 0.05% vol. in
a tube and with various coiled wire inserts under differ-
ent Reynolds numbers. For 0.05% vol. in a plain tube and
with coiled wire insert of p/d of 3.67, the Ap which is
increased to 8.79% and 13% at Re is equal to 2649 and
21,678 against to 0.05% vol. without insert. However, for
¢ =0.05% nanofluid in a plain tube and with coiled wire
insert of p/d of 2.34, the Ap which is increased to 10.78%
and 14.80% at Re is equal to 2649 and 21,820 against to
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0.05% vol. without insert. Moreover, for 0.05% vol. in a
plain tube and with coiled wire insert of p/d of 1.00, the
Ap which is increased to 12.99% and 17.32% at Re is equal
to 2649 and 21,678 against to 0.05% vol. without insert.

Figure 10c presents the Ap values of ¢p=0.1% nanofluid
flow in a tube and with various coiled wire inserts under
different Reynolds numbers. For 0.1% vol. in a plain tube
and with coiled wire insert of p/d of 3.67, the Ap which is
increased to 11.96% and 16.79% at Re is equal to 2574 and
20,886 against to 0.1% vol. without insert. However, for
0.1% vol. in a plain tube and with coiled wire insert of p/d
of 2.34, the Ap which is increased to 14.81% and 18.56%
at Re is equal to 2574 and 20,886 against to ¢ =0.1% nano-
fluid without insert. Moreover, for 0.1% vol. in a plain
tube and with coiled wire insert of p/d of 1.00, the Ap is
increased to 17.87% and 22.47% at Re is equal to 2574 and
20,886 against to 0.1% vol. without insert.

Figure 10d notes the Ap values of 0.2% vol. in a tube
and with various coiled wire inserts under different Reyn-
olds numbers. For 0.2% vol. with p/d of 3.67, the Ap
which is increased to 16.01% and 19.17% at Re is equal
to 2516 and 20,095 against to 0.2% vol. without insert.
However, for 0.2% vol. with p/d of 2.34, the Ap which
is increased to 17.95% and 22.33% at Re is equal to 2516
and 20,095 against to 0.2% vol. without insert. Moreover,
the 0.2% vol. with p/d of 1.00, the Sg!H which is increased
to 20.96% and 26.90% at Re is equal to 2516 and 20,095
against to 0.2% vol. without insert. With the coiled wire
inserts, the pressure drop is increased which is further
increased for decrease in p/d value of coiled wire insert.

The obtained pressure drop is converted into non-
dimensional friction factor from Eq. (13) for the case of
water and nanofluids in a tube and with coiled wire inserts.
The friction factor for water (Fig. 11a), 0.05% nanofluid
(Fig. 11b), 0.1% nanofluid (Fig. 11c) and 0.2% nanofluid
(Fig. 114) at different concentrations, particle loadings and
various p/d values were calculated and noticed that a max-
imum of 1.39-fold enhancement for 0.2% nanofluid with
p/d of 1 was compared to water at a Reynolds number of
20,095. However, the used nanoparticle volume concentra-
tion in this study is very low concentrations, and hence,
the prepared hybrid nanofluids will not increase the pump
wear and also no corrosion was observed after the end of
the experiments.

Figure 12 indicates the comparison of experimental fric-
tion factor of ND + Fe;0, nanofluid with coiled wire inserts
with Sundar et al. [58] of Fe;O,/water nanofluid. Decreas-
ing p/d from 3.67 to 1.00, the friction factor is increased,
and the similar nature has been observed by [58]. Sundar
et al. [58] considered Fe;O,/water nanofluids with coiled
wire inserts of 1.00, 1.34 and 1.79. The present data of
ND + Fe;O,/water nanofluids with coiled wire inserts predict
higher friction factor values compared to Sundar et al. [58]
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data. This is caused because of the use of hybrid nanofluids
in the present study.

Equation (14) is used to estimate the pumping power
of the nanofluid flow in a tube. With coiled wire inserts
also, the pumping power is further estimated. The pumping
power for water (Fig. 13a), 0.05% nanofluid (Fig. 13b), 0.1%
nanofluid (Fig. 13¢) and 0.2% nanofluid (Fig. 13d) at differ-
ent concentrations, particle loadings and various p/d values
were calculated and noticed that pumping power is increased
with an increase in Re, ¢ and decrease in coiled wire inserts
p/d values. At lower Reynolds number, the pumping power
is lower and it is higher at higher Re values. For ¢=0.2%
and coiled wire inserts of p/d of 3.67, 2.34 and 1.00, the
maximum of 0.459, 0.471 and 0.489 W was noticed at Re
of 20,095, whereas for 0.2% nanofluid without inserts, it
is 0.386 W. The pump power gain is there with the use of
nanofluids, but compared to heat transfer enhancement, the
pumping power enhancement is negligible.

Bejan Number

Equation (16) is used to calculate the Bejan number of
hybrid nanofluid and with coiled wire inserts in a tube.
When the Bejan number is reaching to 1, the influence of
frictional exergy destruction of the system with influence
of pressure drop is decreased. Large value of Bejan num-
ber shows the increase in entropy generation due to heat
transfer in comparison with frictional entropy generation.
Figure 14a—d indicates the Bejan number of water, 0.05%,
0.1% and 0.2% volume concentration of nanofluids and with
coiled wire inserts. In all the figures, the Bejan number is
nearly equal to 1 when the Reynolds number is lower, but
with the gradual increase in Reynolds number, the Bejan
number is decreased due to the increase in pressure drop
and pumping power.

Exergy efficiency

Equation (8) estimates the exergy efficiency of water and
hybrid nanofluids with and without coiled wire inserts. Fig-
ure 15a indicates the exergy efficiency of water flow in a
tube and with various coiled wire inserts at different Reyn-
olds numbers. From the figure, the exergy efficiency value is
increased with an increase in Re and decrease in coiled wire
p/d values. At the lower Re values, the exergy efficiency is
lower, whereas at higher Re values, the exergy efficiency is
higher. Hence, the higher exergy efficiency values are pre-
sented here. The exergy efficiency for water in a plain tube
and with coiled wire insert of p/d of 3.67, 2.34 and 1.00
which is 18.95%, 28.61%, 31.65% and 37.88%, respectively,
at Re is equal to 2756.

Figure 15b shows the exergy efficiency values of
¢ =0.05% nanofluid flow in a tube and with various coiled
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Fig. 11 Friction factor with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢ ¢$=0.1% and

d ¢=0.2% nanofluids

wire inserts under different Reynolds numbers. The similar
fashion of increased exergy efficiency with an increased Re
and decreased p/d of coiled wire inserts was noticed. The
exergy efficiency for ¢ =0.05% nanofluid flow in a plain tube
and with coiled wire insert of p/d of 3.67, 2.34 and 1.00
which is 21.73%, 34.33%, 37.53% and 44.64%, respectively,
at Re is equal to 2649.

Figure 15c indicates the exergy efficiency of ¢p=0.1% nano-
fluid flow in a tube and with various coiled wire inserts at dif-
ferent Reynolds numbers. The nature of increased exergy effi-
ciency value with an increased Re and decreased p/d of coiled
wire inserts was noticed. The exergy efficiency for the Poisson
structure on=0.1% nanofluid flow in a plain tube and with
coiled wire insert of p/d=3.67, 2.34 and 1.00 which is 22.62%,

37.42%, 40.76% and 47.89%, respectively, at Re is equal to
2574. Figure 15d predicts the exergy efficiency of ¢=0.2%
nanofluid flow in a tube and with various coiled wire inserts
under different Reynolds numbers. The exergy efficiency for
¢=0.2% nanofluid flow in a plain tube and with coiled wire
insert of p/d of 3.67, 2.34 and 1.00 which is 24.06%, 40.85%,
44.22% and 51.58%, respectively, at Re is equal to 2516.

Proposed correlations
Nusselt number

Sundar et al. [58] and Hamid et al. [41] developed Nusselt
number correlation for Fe;O,/water nanofluid with coiled
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° pid=1.34 factor correlation for Fe,;O,/water nanofluid with coiled wire
0.02 e , , , inserts and TiO,~Si0,/60:40% EG/W nanofluid with coiled
0 5000 10000 15000 20000 25000 30000 wire inserts. Their correlations are presented below:

Reynolds number

Fig. 12 Comparison of experimental friction factor of ND+Fe;0,
nanofluid with coiled wire inserts with Sundar et al. [58] of Fe;0,/
water nanofluid

wire inserts and TiO,-Si0,/60:40% EG/W nanofluid with
coiled wire inserts. Their correlations are presented below:
Sundar et al. [58],

0.4 0.06

Nu = 0.0565Re" Pr (1 + ¢py>0%! (1 + g)

16000 < Re < 30000:5.42 < Pr < 6.68 20)

0<¢<0.06%;0<p/d<1.79

Hamid et al. [41],
i 0705 2.64 b 8.58 P\ 0411
Nu=1.65% 10*Re"7 Pr 1+ - (-)
7 X 107 Re r < + 100) p
21

2000 < Re < 11000;
0<¢<3.0%0.83<p/d<417

From the experimental data, Nusselt number correlation
which is developed in similar lines of Sundar et al. [58] and
Hamid et al. [41] by considering non-dimensional param-
eters of Reynolds number, Prandtl number, Nusselt num-
ber, particle volume concentration and pitch/diameter ratio
is used to develop the correlation.

@ Springer

Sundar et al. [58],

1.535 p 0.04143
£ =0.2891Re™024(1 + )\ (1 + 3)
16000 < Re < 30000; (23)
0<¢<0.06%0<p/d<1.79
Hamid et al. [41],
3.31 —L17
—416r (14 2 ) (142
/ ¢ * 700 < * d>
(24)

2000 < Re < 11000;
0<¢<3.0%0<p/d<4l17

From the experimental data, friction factor correlation
which is developed in similar lines of Sundar et al. [58] and
Hamid et al. [41] by considering non-dimensional param-
eters of Reynolds number, friction factor, particle volume
concentration and pitch/diameter ratio is used to develop
the correlation.

p >0.07188

£ =0.2969Re~0383(1 + ¢)°~5874(1 +Z

2516 < Re < 21820: 25

0<¢<02%0<p/d<3.67

The experimental friction factor is compared with
Eq. (25) data in Fig. 17.
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Fig. 13 Pumping power with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢ ¢p=0.1% and
d ¢=0.2% nanofluids
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Fig. 14 Bejan number with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢ $=0.1% and
d ¢=0.2% nanofluid
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Fig. 15 Exergy efficiency with effect of Reynolds numbers, volume concentrations and coiled wire inserts for a water, b ¢=0.05%, ¢ ¢$=0.1%
and d ¢ =0.2% nanofluid
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Fig. 16 Comparison between experimental Nusselt number and
Eq. (22) data
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Fig. 17 Comparison between experimental friction factor and

Eq. (25) data

Conclusions

Experiments were conducted to analyze the heat transfer
coefficient, Nusselt number, friction factor, pumping power,
thermal and frictional entropy generation of ND + Fe;0,/
water hybrid nanofluid flow in a tube and with coiled wire
inserts under turbulent flow conditions. When the particle
loadings are increased from 0.05% to 0.2%, the heat trans-
fer coefficient, Nusselt number, pressure drop and friction
factor are increased and it is further increased by inserting
coiled wire inserts inside the nanofluid flow. By using 0.2%
vol. of hybrid nanofluid and at Re of 20,095 in a tube, the

@ Springer

to 107.19% and 66.36% by inserting coiled wire insert of
p/d=1 compared to base fluid data.

Moreover, for 0.2% vol. of hybrid nanofluid in a tube,
the friction factor, pressure drop and pumping power are
raised to 11.1%, 29.58% and 39.49%; and those are fur-
ther enhanced to 38.84%, 64.44% and 76.53% by inserting
coiled wire insert of p/d =1 compared to water data at Re
of 20,095. The thermal entropy generation is decreased
to 30.80% and it is further decreased to 46.34% by using
coiled wire insert of p/d=1 at 0.2% vol. and at Re of
20,095 compared to water. When using the water in a
tube, the exergy efficiency is 18.95% and it is increased to
24.06% by using 0.2% vol. of nanofluid and it is further
increased to 51.58% by using 0.2% vol. of nanofluid and
with coiled wire insert of p/d=1 at Re of 20,095.

Finally, the study provides information of hybrid nanofluids
and with coiled wire inserts is the promising opinion for better
heat transfer and exergy efficiency of the tube. Similarly, ther-
mal entropy generation is further decreased by using the coiled
wire inserts. In the other side, the friction factor, pressure drop
and pumping power are slightly increased.

Appendix A: uncertainty analysis

The procedure of Kline and McClintock [61] is used for
error analysis. The errors are based on the least counts and
the sensitivities of the measuring instruments used in the
present study, and those are shown in Table 6. The equa-
tions for Reynolds number, Nusselt number, friction factor,
entropy generation and exergy efficiency are given below.
The calculated uncertainty values are indicated in Table 7.

Reynolds number,

Re = 7[4’%“ (AD)
eeleenT
ARe _ _<7.01 X 10—“)2 (0.0002)21 . (A3)
Re — |\ 02647 0.019

ER ~ 00108 = 1.08% (A4)

Heat flux,

o
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35.67

Table 6 Uncertainty analysis

S. No Quantity Maximum value Probable error
1 D 0.019 m 0.0002 m
2 ] 0.2647 kg 7.01 x 107*
3 14 220 0.1 °C
4 1 20 1
5 T 50.92 °C 0.1°C
6 T, 35.67 °C 0.1°C
7 T, 30°C 0.1°C
8 T, 30°C 0.1°C
9 Tyt 40.51 °C 0.1°C
10 Ap 1600 Pa 0.1 Pa
Table 7 Uncertainty values
S. No Parameter Uncertainty
1 Reynolds number, Re 1.08%
2 Heat flux,q 5.00%
3 Heat transfer coefficient, h 5.011%
4 Nusselt number, Nu 5.011%
5 Friction factor, f 2.16%
6 Thermal entropy generation 11.93%
7 Exergy efficiency 12.94%

The velocity v in Eq. (A17) is expressed in terms of Reyn-
olds number, and then, it becomes Eq. (A18).

Thermal entropy generation and exergy efficiency analyses of coiled wire inserted nanodiamond ... 7941
0 _VvxI Ah
=== — =0.05011 =5.011% Al2
1= A7 7D (A9 h ’ (A12)
05 Nusselt number,
Ag AVN? | (AIN?
Aq _ [(_) (A1) (A6) )
q 1% 1 Nu = - (A13)
Ag [roay?, (11" 2105
(2= —_ A7 ANu Ah
7 [(220) +(5) R [(7) ] (Al4)
Ag _ _ ANu
— =0.0500 = 5.00% (A8) =0.05011 = 5.011% (A15)
q Nu
Heat transfer coefficient, Pressure drop
— 9 A(A
h= —— (Ap) 0.1
A9 — = —— =0.0000625
(T, - Ty) (49) Ap 1600 (A10)
~ Friction factor,
Ah A\2 /AT \? AT\
o[ (2)] we
[\ 9 s m _<£><p_> (A17)
D 2
- ) 2705
Ak _ (0.05)2+( 0.1 ) +< 0.1 )] (A11)

Re-7-D- Re-7-D-
T K ,u’ thenv2=<—e d K

2
_ Al8
YTTA A 4 5-A ) (AL8)

The terms 7, D, u, p, AandL are numbers only, and then,
v depends on Reynolds number. Rewrite Eq. (A17) into Eq.
(A19).

_ 0.5
Af | (A@P)\ | [ARe)?
r (AP>+<Re> (A19)
A (/a2 are]”
e
= H2nRe
7 < AP>+< Re)] (A20)
A
Tf = [(0.0000625)* + (2 x 0.0108)?] (A21)
A
Tf = 0.0216 = 2.16% (A22)
Thermal entropy generation,
2
§ = Que (A23)
gH Nu-m-k-T, T

L

out ’
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(A24)
AS ) 2705
¢H _ 2 2 E £
S (2 % 0.0500)* + (0.05011) +(30) +<4o.51)]
(A25)
AS,
_°— =0.1193 = 11.93% (A26)
Sen
Exergy efficiency,
rl _ 1 Ta M Sg,H
o = L= (A27)
1= ()]e.
. 2
Mo _ | (A +<AT3>2+<ATS>2+<AQag>2
Hex Sg,H Ta TS Qag
(A28)
A, 2 (002 (012 |
Sl = 1(0.1193 (—) (—) 0.050
~ [( P+ 30) *5002) +OO0
(A29)
Afex
—= =0.1294 = 12.94% (A30)
nex
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